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Titre : Synthése et auto-assemblage de nanoparticules plasmoniques
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Résumé: Les nanoparticules (NPs) de métaux nobles (par ex. I'or ou I'argent) ont attiré beaucoup d'attention
par leurs propriétés optiques fascinantes, comme des résonances de plasmon de surface. Ces propriétés
optiques dépendent fortement de la morphologie des NPs, ainsi que de la distance entre les particules et de
I'environnement local. En particulier, la mise en forme de NPs distinctes dans des nanostructures assemblées
rend possible le couplage entre les plasmons des particules individuelles et I'émergence de propriétés
collectives. Le travail présenté dans cette thése peut étre divisé en quatre parties.

Dans la premiére partie, la croissance hétéro-épitaxiale d'argent sur des nanospheéres et des bipyramides d'or
a été étudiée en détail par plusieurs techniques comme la microscopie électronique environnementale
(LCTEM), la diffusion des rayons X aux petits angles (SAXS) et la spectroscopie d'absorption (AS). Parmi les
faits marquants, nous avons montré que l'acide ascorbique (AA) a un effet thermodynamique (en stabilisant
les facettes {100}) et joue ainsi un double role (dans la réduction du précurseur et dans la définition de la
forme des nano-objets) en présence de CTAC.

Nous avons révélé le mécanisme de remodelage de nanotétrapodes d'or (GNTPs) par AS, LCTEM, et SAXS
dans la deuxiéme partie. La cinétique de remodelage est contrélée par la température, la présence ou
I'absence d'un environnement liquide, et par I'ajout d'ions iodure, alors que des GNTPs recouverts d'argent
sont trés stables. Nous avons aussi exploré la génération de seconde harmonique par des solutions de GNTPs
a symétrie tétraédrique. Alors que le réseau cristallin de I'or est centrosymétrique, la forme des particules ne
I'est pas, ce qui confére a la premiere hyper-polarisabilité une symétrie presque parfaitement octupolaire. En
laissant les GNTPs évoluer vers des sphéres, nous montrons que leur réponse non-linéaire est contrélée par
leur morphologie. Ces résultats ouvrent la voie vers de nouveaux types de plateformes plasmoniques non-
linéaires et de marqueurs pour l'imagerie.

Dans la troisiéme partie, nous avons suivi la cinétique d'assemblage de GNPs recouvertes de tensioactif dans
des chaines unidimensionnelles en présence d'ions sulfate. Leur évolution en deux étapes a pu étre élucidée
uniquement en combinant AS et SAXS. Qui plus est, il y a des différences significatives en termes de
rendement et de constante de réaction entre des sphéres, des batonnets et des bipyramides, mettant en
valeur l'influence de la courbure de surface sur la formation de contacts. En outre, le processus d'auto-
assemblage a pu étre arrété a tout moment par I'ajout de tensioactif en excés au milieu de réaction. Au niveau
du contact, I'interaction est forte et tres directionnelle, comme on a pu le prouver par LCTEM. De plus, on
peut cibler avec précision les « points chauds » des chaines plasmoniques et déposer un deuxieme métal a
ces endroits. Nous avons suivi la formation des chaines et la déposition du deuxiéeme métal (argent ou
palladium) par AS, et nous avons résolu les propriétés plasmoniques a la nano-échelle en utilisant la
technique EELS.

Finalement, nous avons obtenu des supracristaux (SCs) tridimensionnels bien ordonnés de bipyramides
pentagonales d'or (GBPs). En combinant SAXS, tomographie FIB-SEM et simulations Monte Carlo (MC), nous
avons prouvé que les SCs ont une symétrie triclinique, avec deux particules par maille et une densité de 0,835.
De surcroit, la réponse optique des SCs dépend de I'orientation des facettes : les surfaces “a pointes” et
“lisses” ont respectivement des rendements SERS élevés et réduits. Ce résultat ouvre la perspective de la
détection sélective d'analytes tres dilués.
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Abstract: Noble metal (e.g. gold or silver) nanoparticles (NPs) have been attracting considerable attention
because of their fascinating optical properties such as localized surface plasmon resonances. These optical
properties are strongly dependent on the NPs" morphology as well as on the interparticle distance and the
local environment. In particular, integrating discrete NPs into assembled nanostructures enables interparticle
plasmon coupling, thereby generating new collective properties. The work described in this thesis can be
separated into four parts.

In the first part, the heteroepitaxial growth of silver on gold nanospheres and bipyramids was studied in detail
using techniques such as liquid-cell transmission electron microscopy (LCTEM), UV-Vis-NIR absorption
spectroscopy (AS) and small-angle X-ray scattering (SAXS). We revealed that ascorbic acid (AA) has a
thermodynamic effect (by stabilizing the {100} facets) and thus plays a double role (i.e. both reducing and
shape-directing agent) in the presence of CTAC.

The reshaping mechanism of gold nanotetrapods (GNTPs) is demonstrated by AS, LCTEM, and SAXS in the
second part. The reshaping kinetics is controlled by the temperature, the presence/absence of a liquid
environment, and the addition of iodine, while GNTPs coated with silver are shown to be very stable. We also
explored the second harmonic scattering response from colloidal GNTPs with tetrahedral symmetry. While
the crystal lattice of gold is centrosymmetric, the particle shape is not, conferring to the first
hyperpolarizability an almost purely octupolar symmetry. By reshaping the GNTPs into spheres, we show that
their nonlinear response is controlled by the morphology. These results open the way for new kinds of
nonlinear plasmonic platforms and imaging probes.

In the third part, the assembly kinetics of surfactant-stabilized GNPs into one-dimensional chains in the
presence of sulfate ions was investigated. Their two-step evolution could only be revealed by combining AS
with SAXS. Moreover, there are marked differences in reaction yield and rate constant between spheres, rods,
and bipyramids, highlighting the role of surface curvature in contact formation. In addition, the self-assembly
process can be stopped at any stage by adding an excess surfactant to the reaction mixture. The contact
interaction is strong and highly directional, as shown by LCTEM. Furthermore, the “hot spots” in the plasmonic
chains could be precisely targeted and a second metal deposited at their location. We followed the chain
formation and the deposition of the second metal (i.e. silver or palladium) via AS, and the plasmonic
properties could be mapped at the nanoscale using electron energy loss spectroscopy (EELS).

In the end, we obtained well-ordered three-dimensional supercrystals (SCs) of pentagonal gold bipyramids
(GBPs). Combining SAXS, focused ion beam-scanning electron microscopy (FIB-SEM) tomography analysis
and Monte Carlo (MC) computer simulations, we proved that the SCs have a triclinic symmetry, with two
particles per unit cell and a packing fraction of 0.835. Moreover, the SCs exhibit a facet-dependent optical
response, with spiky and smooth facets displaying respectively high and low SERS efficiency. This result opens
the perspective of selectively detecting trace-level analytes.




Résumé en francais

Par rapport aux métaux en volume, les nanoparticules (NPs) de métaux nobles (par
exemple, l'or ou l'argent) ont attiré une attention considérable en raison de leurs
propriétés optiques fascinantes, telles que les résonances localisées des plasmons de
surface. Ces propriétés optiques dépendent fortement de la morphologie des NPs, ainsi
que de la distance interparticules et de I'environnement local. En particulier,
I'intégration de NP discretes dans des nanostructures assemblées permet le couplage
des plasmons individuels, générant ainsi un champ électromagnétique plus fort dans les
espaces interparticules, appelés « points chauds », engendrant de nouvelles propriétés
collectives. Par exemple, ces points chauds peuvent grandement améliorer l'intensité
vibratoire des molécules présentes a la surface des NPs d'or. La polarisabilité des
molécules est affectée en raison du fort champ électrique, de sorte que nous pouvons
augmenter l'intensité de la diffusion Raman de plusieurs ordres de grandeur, un effet

appelé « diffusion Raman exaltée en surface » (SERS).

Par conséquent, la morphologie des NPs influe sur leurs propriétés et leurs applications.
Il est assez intéressant de travailler et de comprendre la fabrication de NPs avec un bon
controle de la taille et de la forme. Dans notre travail, plusieurs types de NPs d'or ont
d'abord été préparés par la méthode de croissance germée impliquant deux étapes
distinctes : la nucléation et la croissance. Nous utilisons d'abord un agent réducteur tres
puissant (borohydrure de sodium) pour réduire rapidement le chlorure d'or en tres
petites graines d'or. En utilisant des graines monocristallines, nous pouvons obtenir des
nanosphéres d'or (GNS), des nanotiges d'or (GNR) et des nanotétrapodes d'or (GNTP)
en utilisant différents additifs. Les GNTP branchés a longs bras peuvent étre
cinétiguement contrdlés et obtenus en quelques minutes en augmentant le pouvoir
réducteur de I'acide ascorbique (AA) a pH élevé. La cristallinité des graines influencera
également la morphologie finale des NP, car une polycristallinité de la graine fournit
suffisamment d'anisotropie pour briser la symétrie des particules pendant la croissance.
Par exemple, des bipyramides d'or pentagonales sont préparées a partir de graines
penta-maclées. En plus des produits chimiques et des protocoles de synthése, je
présente également les principales techniques de caractérisation physique au chapitre 2.
En particulier, la diffusion des rayons X aux petits angles (SAXS) est une technique de

caractérisation treés puissante, qui peut fournir des informations non seulement sur la



forme et la taille des NPs isolées en solution, mais aussi sur la structure des NPs

agrégées.

Par rapport aux NPs homogenes, les NPs cceur-coque sont prometteuses pour la
fabrication et la réalisation de nouvelles fonctionnalités en introduisant d'autres
composants, avec par ex. des propriétés semi-conductrices ou magnétiques. Le contréle
fin de la forme des NPs cceur-coque peut également étre utilisé pour ajuster leurs
propriétés optiques. Cependant, bien que les états initiaux et finaux des NPs cceur-coque
aient été bien étudiés, leurs états intermediaires sont encore inconnus. Ainsi, nous avons
¢étudié la croissance d'une coque d'argent sur un cceur d'or au chapitre 3. Premierement,
la croissance de nanosphéres d'or enrobées d'argent a été étudiée a l'aide de quatre
techniques complémentaires ex-situ. L'estimation de la morphologie et de la
concentration en particules des solutions obtenues nécessite une analyse fine du SAXS
enregistré pour des solutions ayant un rapport molaire croissant d'argent sur or
(K= Ag/Au, estimé lors de la synthése et en accord avec l'analyse chimique a
posteriori). De maniere remarquable, les populations de particules ont une excellente
monodispersité p (entre 5 et 10%) mesurée par SAXS et TEM et confirmée par lI'accord
entre I'épaisseur de coque calculée et prédite. L'analyse des images TEM montre une
transition entre des formes quasi-sphériques et cubiques entre K =1, 4 et 2, alors que
la qualité des ajustements SAXS trouve la transition vers K = 2: les deux techniques
sont en trés bon accord! Les valeurs de la concentration en particules n obtenues par
trois techniques sont en bon accord (a 40 % pres de leur moyenne), a I'exception de
quelques points SAXS de faible valeur. La différence systématique entre les techniques
est inférieure a I'écart des valeurs pour chaque technique, soulignant I'importance
d'utiliser des protocoles d'échantillonnage soigneux : agitation des échantillons pour
assurer I'nomogénéité et éviter I'apparition de gradients de concentration, contrdle de la
température pour éviter la cristallisation des tensioactifs, peser des aliquots plutdt que
s'appuyer sur les volumes de pipetage (qui ne sont pas toujours précis pour les solutions
de tensioactifs). Parmi les quatre méthodes utilisées, la SAXS donne le plus
d'informations sur les particules : la taille, la polydispersité, la forme et la concentration
sont déterminées avec précision, comme le montre un tres bon accord avec les autres
techniques. Ce reésultat valide l'utilisation de SAXS pour I'étude de nano-objets
complexes (bimétalliques et asphériques), en statique ou au cours de leur croissance.

Cependant, les particules doivent étre raisonnablement monodisperses pour profiter



pleinement de cette technique. Bien sdr, les méthodes de diffusion ne donnent que des
informations indirectes et les techniques d'imagerie restent essentielles pour identifier
les formes des particules et choisir le modéle approprié: la TEM doit donc toujours étre
utilisée en complément. Dans la deuxiéme partie, nous avons discuté des aspects
cinétiques de la croissance de l'argent sur les bipyramides d'or. Nos investigations
LCTEM confirment le réle directeur de I'AA dans la croissance de l'argent sur Il'or.
Communément décrit comme un agent réducteur doux, nous démontrons ici que I'AA,
combiné a des ions halogénures, est également un agent de direction de forme qui
favorise la formation de NRs en arrétant la croissance cristalline le long des directions
(001). Plus généralement, le travail présent montre que de telles études multimodales
in situ permettent de mieux appréhender les mécanismes de croissance des
nanomatériaux. Premiérement, corroborer les investigations a grande échelle et a
I'échelle nanométrique nous permet de contourner les limitations inhérentes et les
artefacts associés a chaque technique. Deuxiémement, cette approche permet de
déterminer si la croissance cristalline est sous contrdle cinétique ou thermodynamique
et, enfin, elle fournit un moyen d'identifier le role individuel des produits chimiques
dans les mécanismes de croissance, aidant notre compréhension de la synthése des

nanomatériaux.

Les nanotétrapodes d'or (GNTP) avec des bras pointus proéminents et réguliérement
espacés ont attiré notre attention, car leur taille et leur homogénéité de structure les
distinguent des nanoétoiles d'or étroitement apparentées. Les GNTP sont généralement
instables et ont tendance a se remodeler en d'autres morphologies a température
ambiante, modifiant ainsi leurs propriétés plasmoniques. Par conséquent, nous avons
exploré les processus physico-chimiques qui régissent la stabilité des GNTP au chapitre
4. Ce processus de remodelage des GNTP est fortement lié aux températures, a la
présence/ou & I'absence d'un solvant et & I'ajout éventuel d'iodure. A savoir, le processus
de remodelage est plus rapide a température élevée. De plus, le remodelage des GNTP
se produit également a I'état sec (suggérant un mécanisme de migration des atomes),
mais la cinétique est beaucoup plus lente que celle en solution. Le taux de remodelage
augmente considérablement lors de I'ajout d'iodure, indiquant que I'évolution de la
déformation de la forme est bien liee a la présence de divers solutés, confirmant le
mécanisme de dissolution et redéposition. Une caractéristique intéressante est que le

processus de remodelage peut étre blogué avec une fine couche d'argent (Ag/Au = 0.2)



a toute étape de I'évolution. De cette maniere, la morphologie des GNTPs peut étre
parfaitement stabilisée, empéchant également I'évolution des propriétés optiques. De
plus, les GNTP recouverts d'argent sont trés stables a température ambiante pendant 2
mois, ainsi que pendant quelques heures a 70°C. Cette stabilisation a long terme nous
permet de consacrer la deuxieme partie de ce chapitre aux mesures optiques par une
approche d'optique non linéaire. Les GNTP présentent une forte génération de seconde
harmonique (SHG), essentiellement due a leur forme (et donc avec la méme symétrie
octupolaire que les objets eux-mémes) et qui diminue a mesure qu'ils se reforment en
sphéres, atteignant un plateau dont l'origine est due a des défauts de surface.
Initialement, le retard est faible et la réponse SHG est dominée par la non-
centrosymétrie de forme. Au fur et a mesure que les GNTPs évoluent vers des spheres,
cette source s'affaiblit et se complete par une origine due au retard. La longueur des
bras (et donc le spectre d'extinction) des GNTPs peut étre réglée sur une large plage, ce
qui est tres intéressant du point de vue des applications. Par exemple, on pourrait placer
soit la valeur maximale (le pic) soit la pente la plus raide de la bande longitudinale de
plasmon a la fréquence d'excitation pour une efficacité ou une sensibilité maximales,
respectivement. La présence de deux bandes plasmon ouvre la voie vers des systemes
a double résonance, ou les fréquences fondamentale et harmonique coincident
respectivement avec les bandes longitudinale et transversale. Des applications possibles
a I'imagerie non-linéaire peuvent également étre envisagées, puisque le signal SHG est
spectralement pur et cohérent, contrairement a la luminescence a deux photons, par
exemple. Ces avantages ont déja incité l'utilisation de matériaux ferroélectriques (par
exemple le BaTiO3) comme sondes de microscopie. Les nanoparticules d'or ont
I'avantage supplémentaire d'une chimie de surface trés polyvalente, ce qui les rend

adaptables a pratiqguement tous les milieux d'intérét (biologiques ou autres).

Dans le chapitre 5, la cinétique d'assemblage des GNP stabilisés par un tensioactif en
chaines unidimensionnelles en présence d'ions sulfate a été étudiée. Leur évolution en
deux étapes n'a pu étre révélée qu'en combinant I'AS avec du SAXS. Le processus
d'assemblage des GNPs est induit en diminuant la concentration de CTAB bien en
dessous de la CMC : immédiatement (quelques minutes, au plus) apres cette étape, de
gros objets sont présents dans la solution, comme le révéle I'augmentation du signal
SAXS aux petits angles. A ce stade, I'AS est toujours inchangée, car les distances

interparticules sont supérieures a quelques nm, vraisemblablement imposées par les
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bicouches de tensioactifs qui les recouvrent. Les chaines, si elles sont présentes, n'ont
pas un espacement bien défini (nous n'‘observons aucun pic dans les données SAXS).
De plus, il existe des différences marquees dans le rendement de la réaction et la
constante de réaction entre les sphéres, les tiges et les bipyramides, soulignant le réle
de la courbure de surface dans la formation de contacts. De plus, le processus d'auto-
assemblage peut étre arrété a tout moment en ajoutant un exces de tensioactif au milieu
de réaction. Divers oligoméres aux propriétés optiques définies ont ainsi été stabilisés
pendant une longue période (au moins 15 jours). Les assemblages sont tres stables sous
dialyse, et I'interaction entre particules est assez forte, tel que montré par la LCTEM.
Apres traitement des données AS en utilisant la méthode SVD, I'assemblage peut étre
simplement décrit comme la conversion de I'espece initiale (particules isolées) vers
I'espece finale (chaines), avec une cinétique apparemment du premier ordre. Cette
conclusion vaut trés bien pour les batonnets et les sphéres, mais pas pour les
bipyramides, ou I'évolution est plus compliquée, a la fois en termes de nombre d'especes
impliquées et d'évolution temporelle. Nous avons postulé qu'une telle évolution en deux
étapes, qui ne peut étre découverte qu'en combinant I'AS avec une technique structurelle
(par exemple SAXS), peut aussi avoir lieu dans d'autres processus présentant une
cinétique apparemment du premier ordre, par exemple lorsque des NP d'or s'assemblent
en raison de l'induction d'un dip6le électrique a leur surface. De plus, nous pouvons
ajuster le décalage de la bande plasmon vers la gamme de l'infrarouge moyen et générer
avec précision les « points chauds » dans les assemblages de NP en concevant des
jonctions conductrices utilisant divers métaux. Des catalyseurs tels que le palladium et
le platine peuvent également étre déposés aux « points chauds ». Bien que la réponse
plasmonique soit amortie, une telle configuration est idéale pour la photocatalyse car
des porteurs de charge chauds seraient générés au voisinage du catalyseur. De méme,
notre méthode pourrait étre appliquée pour déposer des matériaux semi-conducteurs a
I'emplacement des points chauds pour former des doubles barrieres Schottky. Dans
I'ensemble, cette méthode de préparation est simple et évolutive et donne des
nanostructures a rapport d'aspect élevé avec des propriétés optiques qui peuvent étre
adaptées sur une tres large gamme spectrale, du visible a l'infrarouge moyen. Nous
pensons que ce travail constitue un saut en avant pour toutes les applications
plasmoniques qui peuvent bénéficier de la conception précise des « points chauds »

dans les polymeéres plasmoniques.



Enfin, nous avons obtenu des supracristaux (SC) tridimensionnels bien ordonnés de
bipyramides d'or pentagonales (GBP). En combinant le SAXS, l'analyse par
tomographie par microscopie électronique a faisceau ionique focalisé et les simulations
Monte Carlo, nous avons prouve que les SC ont une symeétrie triclinique, avec deux
particules par maille et une fraction de volume de 0.835. De plus, les SC présentent une
réponse optique dépendante des facettes, avec des facettes pointues et lisses affichant
respectivement une efficacité SERS élevée et faible. Ce résultat ouvre la perspective

d'une détection sélective d'analytes a I'état de trace.

Dans I'ensemble, les travaux de recherche élaborés dans cette thése ont porté sur divers
aspects concernant le contréle synthétique de la taille, de la forme et de la composition
des nanoparticules, ainsi que sur la conception de nanostructures auto-assemblées avec

des applications prometteuses telles que la diffusion Raman exaltée en surface.
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1 General introduction

1.1 Nanoscale and nanotechnology

Nanotechnology, considered by many to be the third industrial revolution, is one of the
most exciting scientific domains and has attracted the attention of researchers within
interdisciplinary areas, from physics to chemistry to biology and engineering.! Indeed,
nanotechnology is one of the largest technological leaps in human history and promises
breakthrough solutions to many of the challenges that threaten our future. For instance,
lightweight, high-strength nano-composite materials and ceramics are exploited for
aerospace and defense as well as stronger hip prostheses for increased life quality are
one of the numerous benefits offered in the biomedical field.? As a matter of fact, in the
survey of the 2011 investigation of the Engineering and Physical Sciences Research
Council on the grand challenges of material science for the next century, two of four
indications are extremely concerning to nanotechnology, namely “assembly and control

at the nanoscale” as well as the “smart design of functional materials”.?

The scientific and technological challenges at the nanoscale were first proposed by
American physicist Richard Feynman, who gave his famous lecture “There is Plenty of
Room at the Bottom” in 1959 at Caltech.* Starting from both the “top to down” and
“bottom to up” methods, he brought forward the possibility of molecular writing,
miniaturizing the computer as well as rearranging individual atoms. This discovery
would open up a whole new world and his prediction was regarded as a herald of
nanotechnology. Based on this cogitation, the term “nanotechnology” was coined by
Norio Taniguchi in 1974, he described that “nanotechnology mainly consists of the
processing of separation, consolidation, and deformation of materials by one atom or
one molecule” to define the “top to down” fabrication of semiconductor.® Later, Eric
Drexler® popularized the word “nanotechnology” through his biologically inspired
“bottom to up” visions of building molecular machines and initiated the germ of the
idea of the assembler, a universal nanoscale assembling machine, is capable of creating
not only nanostructured materials but also other machines, including duplicating itself.
This vision tells us the nano-era would certainly arrive when a large number of
assemblers laboriously built atom-by-atom with universal manufacturing capability

became available, which was indeed seen as the ultimate purpose of nanotechnology.’



What is nanotechnology? Is it simply “technology at the nanoscale”? If so, we only
need to define “nanoscale” to properly understand nanotechnology. In general,
“nanoscale” describes a physical length scale that is on the order of a billionth of a
meter long, or nanometer (nm), which is four times the size of an atom and much
smaller than one-thousandth the length of a single bacterium.>® However, this
definition does not explicitly include the aspects of “fundamentally new properties” or
“novel” and “unique” that nanotechnologists usually insist upon. As a consequence, the
US National Nanotechnology Initiative declares that “nanotechnology is concerned
with materials and systems whose structures and components exhibit novel and
significantly improved physical, chemical, and biological properties, phenomena, and
processes due to their nanoscale size”.® In the same vein, the US Foresight Institute
specifies that “nanotechnology is a group of emerging technologies in which the
structure of matter is controlled at the nanometer scale to produce novel materials and
devices that have useful and unique properties”. Or stressed in: “the design, synthesis,
characterization and application of materials, devices and systems that have a functional
organization in at least one dimension on the nanometer scale”. This is emphasized
even more strongly in “nanotechnology pertains to the processing of materials in which
structure of a dimension of less than 100 nm is essential to obtain the required functional
performance”.? All these definitions insist on the novel combination that emerges as
the size is reduced. We can conclude that such groundbreaking properties have to be
intimately related to the dimensions of the research objects and that they must be size-

dependent and different from those on the atomic and macroscopic scales.*°

In the essence, nanotechnology relies on the assertion that “less is different”, indicating
that, as the size decreases, a whole family of new phenomena arises, with the need for
a new level of description.” However, the specificity of nanomaterials is determined by
their atom-scale structure, but also by their specific interface and surface structures.!!
For instance, the emission color of semiconductor CdSe nanoparticles (NPs) can be
continuously tuned from red to blue by changing their size, owing to the quantization
of electron energy levels.*2 Not only do semiconductors, metals, insulators, and semi-
metals absorb and emit light, but they also have electrical and magnetic properties.
These properties are greatly affected by quantum confinement and the discreteness of
states just as with the aforementioned optical properties.! Because of the special

graphite layer structure, carbon nanotubes exhibit quantum conduction effects at room



temperature, in stark contrast with ordinary wires.**> Moreover, the melting point of gold
is lowered from 1337 K in the bulk to 700 K in 2 nm NPs due to surface atomic
effects.* Furthermore, the optical properties or commonly referred to as plasmonic
properties of gold nanoparticles (GNPs) also depend on size but not only.*>’
Additionally, crystalline catalysts can exhibit better performance resulting from a
decrease in interatomic spacing despite the size-dependent nature of the lattice
parameters.'®® Plasmons properties,?®2* among the more striking properties, will be

described in the following section, as they represent one of the main topics of this thesis.

How to fabricate nanomaterials? A great number of methodologies and tools have been
exploited by scientists and engineers over the years. Two distinguished approaches “top
to down” and “bottom to up” are also mentioned above. Briefly, the “top to down”
approach refers to the methods of fabrication via etching away bulk material to achieve
the required smaller architectures, generally achieved by lithographic processes.?>?
This “top to down” approach is dominantly used to fabricate a variety of artificial
materials, a prime example being the semiconductor industry, where features of metal
oxide semiconductor field-effect transistor are imprinted onto a silica wafer via a
lithography-based procedure termed photolithography.?” The miniaturization of
transistors was described by Moore’s law,?® a term postulated in 1965 that the number
of transistors that can be packed into a given unit of space will double about every two
years. The goal was to miniaturize electronics equipment to include increasingly
complex electronic functions in limited space with minimum weight. However, experts
agree that computers should reach the physical limits of Moore’s Law at some point in
2020.2° In a 2007 interview, Moore himself admitted that ...the fact that materials are
made of atoms is the fundamental limitation and it’s not that far away...We’re pushing
up against some fairly fundamental limits so one of these days we’re going to have to
stop making things smaller.”*° The slowing of Moore’s law has prompted many to ask,
“Is Moore’s law dead?” This in fact is not occurring. While Moore’s law is still
delivering exponential improvements, the results are being delivered at a slower pace.
Jim Keller,?® who took over as Intel’s head of silicon engineering in 2018, noted that
keeping Moore’s Law going can involve more than a hundred variables, each offering
different benefits and facing its own limitations. That means there are many ways to
keep doubling the number of devices on a chip-innovations such as three-dimensional

(3D) architectures and new transistor designs. This new design trend donated as “more
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than Moore” is driven by systemic complexity.3! This ideology of multidimensional
nanomaterial fabrication is enlightened by an opposite approach text where the
nanostructures can be built up atom-by-atom or molecule-by-molecule through
covalent or supramolecular interactions?®>*? in a similar manner to how a house is built
brick by brick, so-called the “bottom to up” method.*®* Such multidimensional
architectures increase the complexity of the whole system and in the emergence of
intriguing structures and collective properties. P.W. Anderson®* wrote a paper entitled
“More is different”, in which he developed the idea of qualitative changes emerging
when a sufficient number of particles are aggregated together. That’s the foremost
proposition of assemblers in the emergence of new collective electronic, magnetic, and
optical properties which are unattained from the individual components, especially the
appearance of a new electromagnetic field owing to the collective plasmonic properties

that have attracted numerous attention® (see Chapter 5 and 6).

To date, nanomaterials such as metals, ceramics, semiconductor materials, etc. have
been fabricated and utilized maturely. In this thesis, we will focus on the metal NPs,
gold nanoparticles (GNPs) in particular. A variety of innovative procedures for GNPs
synthesis have been explored, including advanced nanolithography techniques and
sacrificial templates, etc. These techniques furnish high-quality nanomaterials, whereas
scale-up fabrication and precise control are challenges because of potentially
complicated and expensive processes.*® In this respect, the “bottom to up” strategy as a
complementary and alternative approach was originated, which does not suffer in
principle from such limitations and is thus of immense interest in plasmonic NPs design.
The “bottom to up” method for the synthesis and assembly of plasmonic NPs is

exploited in our works.
1.2 Plasmonic properties of metal nanoparticles

The vivid optical properties of noble metal NPs have been fascinating since ancient
times. The most famous examples are the Lycurgus cup®’ fabricated in the late Roman
period and medieval stained glasses windows® with ruby red tints which arise from the
use of GNPs as coloring agents (see Figure 1.1). These characteristics have aroused
people’s interest for hundreds of years, while the first scientific research on metal NPs
should be traced back to the work of Michael Faraday, who published an extensive

paper on the optical properties of thin films and colloidal suspensions of GNPs.* In
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this work, he attempted to explain the properties of the Purple of Cassius® and
concluded that the distinct optical properties were directly related to the dimensions of
the GNPs and the thickness of the thin films.*® He first discovered the synthetic and
stabilization process of GNPs in water.*! The unique optical properties of such small
metal NPs displaying collective electronic resonance were later widely known as

plasmonic properties.*?

Figure 1.1 Photographs of stained glass from (a) Cologne Cathedral, (b) Santa Maria Sopra
Minerva church in Rome, and (c) the Lycurgus cup. Adapted from Ref. 36.

1.2.1 The Drude theory of metals

When dealing with the plasmonic properties of metal NPs, we can start by considering
only the negatively conduction electrons, assumed to move freely against a fixed
positive background of heavy immobile ions.**-¢ The transport properties of the free
electron gas define its response to applied electromagnetic (EM) fields. When a metal
is irradiated by incident light characterized by an electric field Ey(w), with a
wavelength much larger than the NP dimension (A(w) > r), the electron cloud is
polarized and creates surface charges that accumulate on opposite ends of the particles,
engendering a dipole moment.® This oscillating polarization creates an electric field
opposed to the excitation field and results in a restoring force arising from Coulomb
attraction between electrons and ions, the electron cloud oscillates thus in response to
the oscillating electric field of the incident wave.** When these two oscillations meet
resonant conditions at a specific wavelength, generating a plasmon wave. Surface
plasmons can thus be defined as collective coherent oscillations of the conduction band
electrons of metal at the metal-dielectric interface. The interaction between electrons

and the electric fields is described by the dielectric function e(w) of the material.
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Applying kinetic theory to the free electron gas yields a very simple and useful
description of the dielectric function of metals: the Drude-Lorentz-Sommerfeld model

(generally known as the Drude model).*”*® The Drude dielectric function can be written

as.
w2 w2
= 1—-——" ~1-_-22 )
&(w) w?—ilw w? (1-1)

where I' is the damping constant, and w,,, the plasma frequency, is given by

4mne?

wp = - (1-2)

m is the mass of the conduction electrons and n is the electron density. The Drude

dielectric is generally rewritten as:
g(w) =¢e'(w) +ic"(w) (1-3)

separating the real part €' (w) , which describes how strongly the material is polarized
upon exposure to an external electromagnetic field, from the imaginary part " (w) ,
which guantifies how strongly the plasmons are damped, e.g. due to electron-phonon
collisions and electron scattering from the surface.*** Note that the very simplified
Drude model only accounts for the free electrons (intraband transitions) and completely
neglects the contribution from the bound electrons (interband transitions). Since
interband transitions play an important role for GNPs, corrections to the Drude model

are often used.8

The electron cloud of the NPs is entirely affected by the electric fields owing to a size
comparable to the metal skin depth which means the electric field of incident light can
penetrate the metal and polarize the conduction electrons, resulting in a plasmon
oscillation distributed over the whole particle volume, called localized surface
plasmons resonance (LSPR).*>*® For instance, in the case of a spherical NP (isotropic)
with a size much smaller than the wavelength of light (quasistatic approximation), a
dipole is induced along the electric field vector of the incident light wave** (see Figure
1.2). This corresponding moment ;,,4 is determined by the incoming EM field E,(w)

and the polarizability a of the NP: y;,q = aEq(w).*®
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Figure 1.2 (a) Schematic illustration of LSPR excitation for spherical NP. (b) A typical LSPR
absorption band of spherical NP. Adapted from Ref. 15,44.

How about anisotropic NPs? A gold nanorod (GNR) for example, as shown in Figure
1.3, exhibits two dipole modes resulting in two different plasmon peaks. Electron
oscillation perpendicular to the GNR main axis gives the transverse LSPR, the
longitudinal LSPR corresponds to the electron oscillation parallel to the main axis of
the GNR.2>®! The wavelength of the longitudinal mode is significantly red-shifted with
respect to that of the transverse mode because of a higher a.>>°3
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Figure 1.3 (a) Schematic illustration of LSPR excitation for GNRs, longitudinal (top) and
transverse (bottom) electron oscillations and (b) LSPR absorption bands of GNRs. Reprinted
from Ref. 44.

1.2.2 Factors affecting the plasmon resonance of metal nanoparticles
Tunable plasmonic properties are not only their size dependence but also the
morphology of the NPs as well as changes in the interparticle distance and local

environment.*2°* Engineering of plasmon resonances in metal NPs is of great interest

for numerous applications, such as sensing, light and energy harvesting, optoelectronics,
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biomedicine and catalysis.® In this section, we will then give the details on how the

plasmon resonance wavelength and bandwidth are affected.
1.2.2.1 The nature of metal

As we mentioned above, the plasmonic properties of nanomaterials are defined by their
dielectric function e(w). For instance, silver and gold NPs exhibit different dielectric
constants, for similar NP sizes, the positions of the plasmon peak will be different.#5:5°%
The comprising two parts of dielectric constants are shown in Figure 1.4, providing us
the first approximation of the position of the maximum of the plasmon peak for gold
and silver NPs. The plasmon peak position is 520 nm for gold whereas 390 nm for

silver.
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Figure 1.4 Plot of the real part €’(w) (A) and the imaginary part &”’(®) (B) for gold (black) and
silver (green), as reported in Ref. 55. Adapted from Ref. 45.

1.2.2.2 Plasmon resonances and particle morphology

The features of the extinction spectra, such as the number, position, and width of the
plasmonic peaks vary significantly with the NP’s morphology.®’ Various morphologies
of NPs and their corresponding extinction spectra are shown in Figure 1.5. Advances
in the synthesis of plasmonic nanostructures made it possible to produce NPs with many
different shapes, such as nanospheres, nanorods, nanoshells, nanowires, nanocubes,
nanostars, nanotriangles, etc.* In addition, size tuning will also be capable of modifying
the plasmon resonance. Murphy et al.>®-®1 have shown that the larger aspect ratio (AR)
of the GNRs, the more red-shifted their plasmon peak is. Furthermore, the
experimentally observed size dependence of the plasmonic bandwidth can be explained

by electron collisions with the particle surface and the retardation effects.®
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Figure 1.5 GNPs with different morphologies and corresponding optical extinction spectra.
Reprinted from Ref. 45.

Branched GNPs, such as nanostars, have drawn particular interest since their sharp tips
can lead to a strong localized electric field (the so-called lightning rod effect)®® and a
significant enhancement in the Raman signal.®*® Recently, a class of branched
particles known as nanotetrapods (GNTPs), with prominent and regularly spaced sharp
tips have attracted our attention, since their size and structure homogeneity distinguish
them from gold nanostars.®” Monodisperse GNTPs with tunable arm lengths were
synthesized via a seed-mediated growth method by K. Liu’s group.®® Adjusting the arm
length makes it possible to control their longitudinal plasmonic resonance properties

(see Figure 1.6).
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Figure 1.6 (a) Extinction spectra of GNTPs with different sizes were obtained using different
amounts of seed solution. (b-e) TEM images of GNTPs. Scale bars: 50 nm. Reprinted from Ref.
68.
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The nature of the metal itself can affect the optical performance, the optical properties
of NPs containing two or more metals are of course distinct from their homogeneous
counterparts. One of the notable examples is core-shell NPs, whose surface plasmon
resonance depends not only on the overall size and shape but also on the relative size
of the individual components.®®" Therefore, one can tune the properties of any core-
shell nanostructures by varying the dimensions of the core or shell individually.”* As
an example, GNRs@Ag core-shell NPs were produced by our group (see Figure 1.7).
The silver shell was epitaxially grown onto GNRs and its thickness was controlled by
adjusting the silver to gold ratio. A strong color shift of the colloidal suspensions is
observed, due to the blue shift of the longitudinal plasmon peak and the appearance of

new peaks as the silver shell grows thicker.”
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Figure 1.7 (A) Scheme depicting the preparation of GNRs@Ag. (B) Photograph of the
GNRs@Ag suspensions. (C) Corresponding AS spectra, (D) SAXS curves (dots) with full-
curve fits (full lines) and (E) TEM images. Scale bars: 20 nm. Reprinted from Ref. 72.

The LSPR band of gold bipyramids coated with silver NPs (GBPs@Ag) can also be
tuned by controlling the amount of silver grown over the GBPs, see Figure 1.8. The
authors also indicated that the SERS enhancement of core-shell GBPs@Ag using 4-
MBA as the analyte was found to be 4 times higher than that of single AgNRs because
of the very high EM field contribution as well as the much wider surface area for
adsorption of the analytes.”* The cited work used a simple, low-cost synthesis of core-
shell Au@Ag NRs with very high yield, better stability, and a new approach for

plasmon tuning over a wide range and higher sensitivity and has strong implications in
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SERS applications. Moreover, the remarkable changes in the structure and optical
features of epitaxially-grown core-shell Au@Ag NPs have motivated our inquiry into

the growth kinetics of such objects and their applications.
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Figure 1.8 AS spectra, TEM images and SERS spectra of 4-MBA taken for single AgNRs and
GBPs@Ag NRs, respectively. Adapted from Ref. 71.

1.2.2.3 Optical response of coupled nanoparticles

Plasmons of distinct NPs can reciprocally influence each other, depending on the
interparticle distance, arrangement, geometry, and relative light polarization, with the
emergence of “coupled” plasmon modes, quantitatively and qualitatively distinct from
the isolated plasmon modes observed when the NPs are far from each other in the
suspensions.”" When the NPs are close together, this coupling generates a strong

electric field in the interparticle gaps, so-called “hot spots”.

The simplest case of coupling between two NPs is that of gold nanosphere (GNSs)
dimers.” The representative extinction spectra of randomly oriented GNS dimers are
shown in Figure 1.9 for different interparticle distances (from infinitely far away to 0.2
nm). These GNSs 40 nm in diameter, are irradiated with unpolarized light. When the
interparticle distance is large enough, there is a single plasmon peak resulting from the
isolated particles (isolated mode) in the extinction spectrum (spectrum a). As the
distance gradually decreases, the plasmon peak first becomes a little wider and then
red-shifts relative to the isolated mode, with the generation of new plasmon peaks.
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Figure 1.9 Extinction efficiency, Q,, Simulated in the scope of the generalized multiparticle
Mie theory for pairs of coupled 40 nm GNSs with different distances between their surfaces: oo

@), 7 (b), 4 (c), 2 (d), 0.7 (e), 0.4 (f), and 0.2 nm (g). Adapted from Ref. 75.

To better understand the plasmon coupling phenomenon for various NP shapes, the
plasmon modes of typical GNR and GNS dimers under linearly polarized light are
represented in Figure 1.10. We assume here that the dimers are randomly oriented in
the medium so that we measure average overall configurations in AS, the final
absorbance is thus equivalent to the sum of contributions from three equivalent space
directions (x, y, z). The incident light is linearly polarized along z and propagates along
x, from left to right of the Figure. Due to NP coupling, a new coupled plasmon mode
(highlighted in red) appears next to that of isolated NPs. GNSs coupling, for instance,
a new coupled-mode appears when the coupling direction is parallel to the polarized
direction, we could thus observe two plasmon peaks in the AS spectrum (see Figure
1.10a). As for anisotropic GNRs, there are two plasmon peaks, transverse and
longitudinal for isolated nanorods. After coupling, the new longitudinal peak is
contributed from the coupling peaks, while the transverse plasmon peak is insensitive
(see Figure 1.10b). Noted we just discuss the dimers here but ignore the angle and

distance between them.
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Figure 1.10 The different plasmon modes of GNPs under incident light, with and without
coupling, A) GNSs and B) GNRs. The propagation direction of the light is along the x axis and
the polarization direction is along the z axis.

NPs coupling causes a change in polarizability, so the position of the coupling plasmon
peak shifts as the number of coupled NPs increases. In Ref. ’®, the authors showed the
extinction band for end-to-end GNRs configuration, giving us the information that the
longitudinal plasmon peak shifted towards the longer wavelengths gradually known as

the red shift when the number of coupled NPs increases.
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Figure 1.11 AS spectra of end-to-end CTAB-GNRs assemblies. Adapted from Ref. 76.
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1.2.2.4 Influence of the environment

The position and amplitude of the plasmon peak are linked to the refractive index n of
the surrounding medium as well. Figure 1.12 displays simulations of the plasmon
response of GNSs in three different surroundings: air, water, and silica, respectively.
As the refractive index increases, the intensity of the extinction peak increases and its

position red shifts.”’
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Figure 1.12 Calculated extinction spectrum of GNSs 50 nm in diameter as the local refractive
index is increased. Reprinted from Ref. 77.

In addition, the variation in optical properties due to pressure and temperature results
from the deformation or reshaping of the NPs. T. Cui and co-workers’® fabricated GNPs
into new shapes and tuned the LSPR of GNPs under pressure. J. Yang et al.”® studied
the evolution of the plasmon resonance through the thermal reshaping of GNRs in an
aqueous solution. Liz-Marzan and co-workers® studied the thermal reshaping of sub-
monolayer GNRs on a glass slide: the GNRs would rapidly contract into spherical
particles as the temperature increased (see Figure 1.13), although the temperature was

much lower than the melting point of bulk gold.
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Figure 1.13 Time evolution AS of GNRs after heating at different temperatures and the TEM
images of the final state of the nanorods after 20 h of heating. Adapted from Ref. 80.
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On the other hand, gold nanobranches are generally unstable and tend to reshape into
other morphologies at room temperature, thereby changing their plasmonic
properties.8! The variation rate of reshaping depends not only on the temperature but
also on subtle changes in solution composition. Liz-Marzan et al.? demonstrated a
strong dependence of the nanostars’ reshaping process on the presence of different
chemicals in the solution, such as halide ions. The reshaping rate was following the
order I'CTA* >Br CTA" > CI' CTA", so the fastest reshaping rate was achieved when
iodide was added. Moreover, the reshaping process can be completely quenched by
simply adding Ag" ions, thereby obtaining NPs with any intermediate morphology and
LSPR wavelength. Novel Gold nanotetrapods (GNTPs) also displayed poor stability at
room temperature, resulting in quick changes in their morphology and corresponding
LSPR peaks over a few hours, see Figure 1.14a.%® This reshaping process can be
quenched by the addition of monome-thoxy-poly(ethylene glycol)-thiol (MPEG-SH).
The LSPR of PEGylated GNTPs showed negligible peak shifts at room temperature for
a month, or 75°C for 30 min, while the peak width was a little broadened relative to
that of initial GNTPs, see Figure 1.14b. These results prompted us not only to reveal
the reshaping mechanism but also to prevent it, thereby obtaining stable GNTPs with

the desired morphology and optical properties.
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Figure 1.14 The stability of GNTPs. (a) Time evolution AS of aqueous GNTPs, the blue-
shifting of LSPR indicated the shape change of GNTPs to more rounded structures. (b) AS of
PEG-modified GNTPs stored at 25°C. Adapted from Ref. 68.

1.2.3 Surface-enhanced Raman scattering
Raman scattering, inelastic light scattering by the vibrational excitations of molecules
and materials, can provide a rich variety of information on the structure and

composition of matter by revealing its vibrational fingerprints. This information can be
obtained by monitoring the frequency shifts between excitation and scattering light.®
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However, the Raman effect is an extremely inefficient process: the Raman cross-section
of molecules ranges from 10° to 102° cm?, whereas fluorescence spectroscopy, based
on the absorption and emission of light, exploits effective cross-sections between 10/
cm? and 1071 cm?2.3 This obstacle can however be overcome when the molecules are
located near rough metal surfaces or metal NPs, which results in enhanced Raman
scattering via a process referred to as surface-enhanced Raman scattering (SERS).*®
This effect was first observed in 1974 by Fleischmann et al., who reported an
unexpectedly strong Raman signal from a monolayer of pyridine adsorbed on an
electrochemically roughened silver electrode.® To date, SERS has become an attractive
and powerful technique that exploits the interaction of light and molecules on the
metallic nanostructures to boost the Raman signal, in some cases up to a remarkable 14
orders of magnitude! It opens the perspective of ultrasensitive detection, identification
and, sometimes, quantitation of a broad range of molecules, even at the single-molecule
level. Furthermore, SERS has contributed to the development of plasmonic and the

related field of near-field optics, which are revolutionizing optics and spectroscopy.&3#

Researchers have revealed that the excitation of surface plasmons resonances in the
metal NPs could explain the enhanced Raman signals, which is known as an
electromagnetic mechanism.8-%° As described above, the interaction with the electric
field (Ey(w)) of incident light induces an electromagnetic field (LSPR) inside the NPs.
The presence of LSPR excitation E,,.(w) increases the polarizability a by 1 to 3 orders
of magnitude of the molecule compared to free molecules, resulting in the mutual
excitation between induced dipole in the molecule and NPs, shown in Figure 1.15
(bottom).*® By comparison, the ordinary Raman scattering can be described by the
modulation of the incident field through a molecule vibrating with an eigenfrequency
w;p bY irradiating field with a shifted frequency E,(wg), as schematically shown in
Figure 1.15 (top). The SERS intensity Iszzs thus depends on both the incident
(incoming) E,(w) and the scattered (outgoing) fields E;,.(wg) and SERS
enhancement is achieved when incoming and outgoing fields are in resonance with the

LSPR of the GNPs, known as an electromagnetic mechanism, it can be written as:

Isprs = (Ezoc(w))z X (Eloc(wR))z (1-4)

As molecular vibration frequencies w,,;;, are small compared to the excitation frequency

wg, the shift (wgz = wy — Wy = wy) of the outgoing field is also small and the
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enhancement factor (EF) can be approximated to the fourth power of the local EM field

enhancement at the NP surface:

EF =
Iraman (Eo(a)))z X (Eo(wR))Z

which illustrates how LSPR enhances the SERS output. A 100-fold enhancement in the

(1-5)

Lspgrs _ (Eloc((‘)))z X (Eloc(wR))Z _ (Eloc(w)>4
Ey(w)
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Figure 1.15 Ordinary Raman scattering and SERS measuring without and with GNP as
substrate. Reprinted from Ref. 35.

The high electromagnetic enhancement can be strongly amplified by NPs coupling
because of “hot spots”, which is of great interest in detecting molecules. The Raman
scattering spectra collected from the individual and end-to-end assembled NPs are
shown in Figure 1.16, there are more significant Raman signals that can be observed in
the assembled NPs spectra compared to in the individual ones. More interesting, the
amplification of the Raman signal is higher for both individual and assembled

bipyramids than those of the nanorods because of sharper tips.*®
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Figure 1.16 SERS spectra of 4-aminothiophenol (4-ATP) modified from individual GNRs and
GBPs and end-to-end assembled GNRs and GBPs. Reprinted from Ref. 90.
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Another attractive example of SERS in the biomedical field is 3D supercrystals
assembled from GNPs as substrates due to their larger area of “hot spots”. For instance,
the SERS signal of a prion protein at low concentrations was obtained using GNR

supercrystals.®

o Y 2
R VST W PP NI - SR

— 600 800 1000 1200 1400 1600 1800
500 nm 200 nm Raman shift/cm"'

Figure 1.17 SEM images of a typical nanorod supercrystal island film and SERS spectra of (a)
natural and (b) spiked human blood; (c) natural and (d) spiked human plasma. (e) SERS spectra
spiked human plasma after spectral subtraction of the matrix (human plasma). (f) SERS spectra
of the scrambled prion. Adapted from Ref. 88.

In addition to the electromagnetic enhancement owing to the LSPR of GNPs we
described above, there is another contribution, the charge transfer between
intermolecular and intramolecular, i.e. resonance Raman, known as the chemical
mechanism. Whereas chemical mechanism only applies to substances whose surfaces
have already formed chemical bonds, so cannot explain all the observed enhanced
signals. Therefore, in particular, when a molecule binds to the GNPs surface, the
electronic interaction between the molecular orbital and the conduction band of the
GNPs can generate a new charge transfer resonance, which can be coupled to the
vibrational state of the molecule, leading to additional SERS enhancement with EF of
101-10%. This combinational enhancement, so-called surface-enhanced resonant
Raman scattering (SERRS), is generally much smaller than the electromagnetic effect

but can improve significantly the sensitivity of the SERS signal.®
1.3 Synthesis strategy of plasmonic nanoparticles

The design of a general method for the synthesis of plasmonic NPs with well-defined
and controllable morphologies is needed to exploit fully their unique properties for
practical applications. Numerous synthesis approaches have been developed to prepare

plasmonic NPs, including electrochemical, photochemical, sonochemical, and
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microwave-assisted methods as well as chemical reduction. Generally, the chemical
reduction method occurs in the liquid phase with the advantages of large-scale synthesis

and precise control to provide uniform and monodisperse NPs.%
1.3.1 Chemical reduction of gold precursors

The reduction of gold salts is a relatively simple operation that requires the mixing of
several chemical reagents under well-controlled conditions. These conditions include
the type of the reducing agent and stabilizer, as well as the reaction temperature that
can affect the final morphology of the particles.®! The first preparation method of metal
NPs in an aqueous medium was presented in a lecture at the Royal Institution by
Faraday in 1857. He synthesized aqueous dispersions of small GNPs by reducing a
chloroauric salt with white phosphorous and recognized that the resulting color of the
solution was due to the small size of the NPs in the dispersion.*! Since then, a large
number of synthetic protocols have been developed for metal NPs. In 1951, Turkevich
et al. reduced gold salts with sodium citrate forming monodisperse colloids in water,
in the range of 10-20 nm. In this method, the citrate behaves both as a reducing agent
and as a capping agent that stabilizes the NPs. Starting from Turkevich’s results, Frens®?
refined this protocol in 1973 by adjusting the molar ratio of citrate to gold to achieve a
better size tunability of the particles. This readily accessible synthesis often denoted as
the citrate reduction method is still popular nowadays. Another well-known synthesis
procedure is the Brust-Schiffrin method published in 1994,%* using two-phase (water-
toluene) reduction of gold salts by sodium borohydride (NaBH4) in the presence of an
alkanethiol to yield GNPs 1-3 nm in diameter bearing a surface coating of thiol. During
the past two decades, C. Murphy and El-Sayed®®-%! have worked on the seed-mediated
synthesis of GNRs by exploiting ascorbic acid (AA) reduction of gold salts in the
presence of cetyltrimethylammonium bromide (CTAB). The sizes of GNRs can be
easily manipulated by varying the ratio of seed to the metal salt, the concentration of
the reducing agent, and the tail length of surfactant CTAB. This approach used for the
large-scale synthesis of GNRs is the most prevalent at present in an aqueous medium.
Moreover, other synthetic conditions exist such as the so-called Polyol process.® In
addition, the preparation of silver NPs by reduction of Ag® ions in/by N, N-
dimethylformamide (DMF), in the presence of polyvinylpyrrolidone (PVP) was

reported.®®
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Among the different available approaches for NP synthesis, seed-mediated growth
methods are most commonly used for the preparation of monodisperse NPs. In general,
the growth mechanism of plasmonic NPs involves nucleation and growth steps, and the
nucleation step must be separated from the growth step to prevent simultaneous
secondary nucleation and growth.®”% An artificial separation between the nucleation
and growth processes can be achieved by introducing seed particles into the precursor
solution below the critical supersaturation, see Figure 1.18.
Strong
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Figure 1.18 Simplified schematic representation of the two steps of the seed-mediated synthesis
of GNPs: (1) nucleation, rapid reduction of Au(lll) to Au(0); (2) slow growth, controlled
deposition of gold onto the preformed seeds in the presence of shape-directing additives.
Reprinted from Ref. 98.

The different mechanisms® that explain the formation of uniform NPs are presented in
Figure 1.19. LaMer and Dinegar et al. (curve 1) proposed the classical concept of “burst
nucleation”, where many nuclei are simultaneously generated as the concentration of
constituent species reaches critical supersaturation, and the existing nuclei are allowed
to grow uniformly by diffusion of solute to their surface until the final size is reached.'®
Nevertheless, uniform NPs can also be obtained after multiple nucleation events by a
self-sharpening growth process, called Ostwald ripening'® (curve I1lI), which
corresponds to the growth of larger NPs at the expense of smaller NPs, which gradually
dissolve. Moreover, uniform NPs can also be obtained from the aggregation of smaller
subunits'®? (curve 11). Ostwald ripening or aggregated growth can be avoided by precise
control of reaction conditions involving strongly stabilizing ligands that passivate the

NPs surface.36
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Figure 1.19 Different growth mechanisms of uniform particles in solution: curve | represents
single nucleation and uniform growth by diffusion; curve 1l displays the nucleation, growth and
aggregation of smaller subunits; curve Il shows multiple nucleation events and Ostwald
ripening growth. Adapted from Ref. 99.

1.3.2 Shape control of plasmonic nanoparticles

Plasmon resonances in isotropic spherical NPs can only span a relatively small
wavelength range (a few tens of nm) by varying the NP diameter, whereas anisotropic
NPs are capable of providing an additional degree of freedom that allows controlling
the plasmon resonance wavelength, ranging from the visible through the near-infrared
region as a function of NPs size, shape as well as aggregation state and local
environment.® Moreover, the presence of sharp edges or tips significantly promotes
electric field enhancement, which can enhance the catalytic, electronic, and optical
properties of the NPs such that they can be used in a broader range of
applications.*>1931%% In addition, the morphology of the NPs can also determine their
assembled structures, as well as emerging collective properties which provide
promising applications and motivate a growing number of structural studies on the
packing of novel assemblies and their applications. % Gold and silver, in particular, are
face-centered cubic (FCC) lattices, therefore, anisotropic structures can be obtained
using a symmetry breaking from the monocrystalline seeds, as well as control over the
growth Kinetics.®! The factors that determine the final morphology of NPs will be

elucidated below.
1.3.2.1 Nucleation and formation of seeds

As shown in Figure 1.18, metal salts are firstly reduced with a strong reducing agent

NaBHsto yield 1-5 nm small “seed” particles at room temperature. These faceted seeds
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can be monocrystalline or polycrystalline, the latter being characterized by the presence

of stacking faults and/or twin boundaries in the lattice structure. In the seed-mediated
growth process, the crystallinity of the seeds capped with a variety of stabilizing agents
(citrate, surfactants, etc.) is very important for directing NP’s morphology. Y. Xia et
al.1%19” suymmarized most major shapes that have been grown from different seeds

under different experimental conditions (see Figure 1.20).
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Figure 1.20 Scheme illustrating most major shapes obtained from the different seed
crystallinity. Seeds grow from the initial nuclei into either monocrystalline or polycrystalline
structures, which in turn can be singly twinned or multiply twinned and/or contain stacking
faults. The green, orange, and purple colors represent {100}, {111} and {110} facets,
respectively. Twin planes are delineated in the drawing with red lines. The parameter R is
defined as the ratio between the growth rates along [100] and [111] directions. Reprinted from
Ref. 107.

For instance, a single-crystal seed capped with hexacethyltrimethylammonium bromide
(CTAB) can grow into an octahedron, cube or cuboctahedron with corner truncation by

controlling the ratio of growth rates along the [100] and [111] directions, which is
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typically achieved through the introduction of a capping agent,'® see Figure 1.21.
Additionally, single-crystal cuboctahedrons and cubes can be made to grow
anisotropically into one-dimensional nanorods with octagonal cross-sections and
nanobars with rectangular cross-sections, respectively, by the activation of a specific
side face through oxidative etching.%® From singly twinned seeds, right bipyramids or
nanobeams are typically produced.!*® Multiply twinned seeds such as pentatwinned
capped with citrate can be directed to grow into pentagonal nanorods or bipyramids.!!
Finally, plate-like seeds will evolve into hexagonal and then eventually triangular plates
whose top and bottom faces are {111} facets and whose side surface is enclosed by a
mix of {100} and {111} facets.!'? From these examples, it is critical to control the
crystallinity of the seeds to produce the plasmonic NPs with the desired shape.
Furthermore, the addition of the number of seeds is also crucial to regulate the size of
NPs during the synthetic process. Introducing a larger amount of seeds at a given
concentration of precursor ions results in smaller particles, while for anisotropic NPs
both the AR and the peak absorption wavelength generally decrease. Conversely, larger
NPs are generated when fewer seeds are used.’
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Figure 1.21 Schematic illustrations showing the role of capping agents in directing the growth
of a single-crystal seed made of an FCC metal. The shape of resulting nanocrystals can be
manipulated in a controllable fashion through the introduction of a capping agent (represented
by red or blue dots) that can selectively bind to a specific type of facet, altering the order of
surface free energies and eventually leading to the formation of a nanocube enclosed by {100}
facets and an octahedron enclosed by {111} facets, respectively. Reprinted from Ref. 108.

1.3.2.2 Reducing agent

In the second step, the seeds are rapidly injected into a growth solution including more
metal precursors, stabilizing, reducing agents and shape directing agents. At this

moment, the following reaction occurs in the growth solution:
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AUt + 2AU° = 3AU* (1-6)

which means that the equilibrium is displaced toward the comproportionation between
Au(ll1) and Au(0), therefore, Au(0) from GNPs will still be oxidized in the presence of
Au(111).11311% 1n this case, selecting a rational reducing agent to keep the Au(l) as the

most stable species plays a central role in obtaining the final particles.

The weak reducing agent, ascorbic acid (AA), is one of the most popular choices, which
by itself is not capable of reducing completely the metal salt to the elemental metal, but
upon addition of the seeds, the reaction is thought to take place on the seed surface and
be autocatalytic, to produce larger NPs.2% Specifically, AA can reduce Au(lll) into
Au(l), as reflected in the solution color change from yellowish to colorless.}1>116 AA
commonly functions as a one-electron reducing agent because of the ascorbate radical,
the one-electron (1e°) oxidation product of ascorbic acid is relatively unreactive with
nonradical species.!!” The Pourbaix diagram for the first 1e- oxidation of AA in water
is shown in Figure 1.22. At higher pH, its electrochemical potential decreases,
enhancing its reduction strength. Therefore, the reduction strength of AA can be easily
tuned via adjustment of the solution pH.'8 But noted if the pH is above 9, AA will be
able to reduce Au(l) into Au(0) directly, even in the absence of seeds, thus

compromising the seeded growth mechanism.*®
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Figure 1.22 Pourbaix diagram for the first 1e- oxidation of ascorbic acid in water. The solid
line and dashed line are calculated and obtained from experiment values of the pH-dependent
reduction potential, respectively. Adapted from Ref. 117.

1.3.2.3 Shape-directing agents
As we discussed above, capping agents can adsorb onto certain families of crystal facets
and passivate them, so that the resulting particle overexpresses such facets, thereby
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directing the particle’s shape. Specifically, there are two effects of halides (denoted as
X) on particle growth, namely, on the reduction rates of the gold ion species and the
binding of the halide to the gold particle surface.!'® Firstly, the halides will complex
gold ions, thereby affecting the reduction potential and solubility of the gold ions in the
[CTA-X-AuX;]" complexes and thus changing their reduction rate.*?® The reduction
potentials and the solubility for [AuXz]- complexes follows the sequence [AuClz] >
[AuBrz]” > [Aulz]".*?* Secondly, halides can also bind to the surface of the GNPs,
inhibiting the subsequent growth of the particles. The binding strength of the halides to
particles surface follows the order I > Br> CI.1?? Thus, the addition of bromide or
iodide will slow the rate of GNPs formation as compared to the rate in the presence of
chloride alone, both by lowering the reduction potential and solubility of the gold ion
species in solution and by binding strongly to the surface of the GNPs.!'® Additionally,
it appears from experimental evidence that the halide ion CI" is used widely in isotropic
particles synthesis like nanospheres,%* Br is often claimed to induce the formation of
anisotropic NPs such as nanorods and bipyramids, whereas I~ preferentially stabilizes
the {111} facets and promotes the growth of nanoplates (such as triangular NPs) while
preventing the growth of oblong NPs.1*2123 Moreover, the tail length of the surfactant
is surprisingly important for GNPs synthesis: it was found that as the length of the

surfactant chain increased, the resulting GNRs’ AR increased.®

The shape of the GNPs can also be controlled by introducing silver ion additives in a
growth solution. One interpretation of the mechanism is the so-called silver
underpotential deposition, in which a silver layer would be deposited preferentially on
high-index facets. Once silver deposits onto a particular facet, it slows further growth
of that facet by inhibiting gold deposition, and therefore that facet is retained in the final
NP’s morphology.?#1?> Note that the effects of halides on particle growth are more
complicated once silver ions are added, because the halides interact not only with the
gold ions in solution and the GNP surface but also with the silver ions and the silver
layer, forming AgX.*?® In addition, Murphy and co-workers® have demonstrated the
highest AR of high-yield GNRs obtainable with silver ion is about 6, whereas low-yield
GNRs obtainable with the highest AR 25 in the absence of silver.

It is worth noting that AA is not only a common reducing agent: we demonstrated in

our work that AA, combined with halide ions, is also a shape-directing agent that favors
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the formation of nanorods by stabilizing the {100} facets of the silver cubic lattice, see
Section 3.4.

1.3.3 Core-shell bimetallic nanoparticles

The seed-mediated growth of NPs is based on slow growth at the surface of preformed
nanocrystal seeds. This approach is promising for fabricating core-shell nanocrystals
with new functionalities by introducing other components, e.g. semiconductor or
magnetic properties. The growth of platinum or palladium as shells on gold or silver
cores has also been widely used to tune or enhance their optical and catalytic properties.
In this text, we will take gold and silver as examples. Silver coated onto GNPs (core-
shell GNPs@Ag) can be easily prepared by seed-mediated growth in which gold seeds
are injected rapidly into a growth solution comprising silver salt as well as mild
reducing, shape directing and stabilizing agents. Nevertheless, fabricating core-shell
Ag@GNPs is still challenging, because of the oxidation of the silver core by the gold
ions. This effect is well known as galvanic replacement reaction in which the silver core

acts as a sacrificial anode for the cathodic reduction of gold ions.*?’

As described above, the crystallinity of the seeds will also determine the final
morphology of the core-shell NPs (Figure 1.23). How the silver shell grows will not
only depend on the surface energy of the exposed seed facets but can also be further
tuned through the addition of halides or other additives. Furthermore, silver shells can
also be adjusted into different morphologies by tuning the silver to gold ratio.
GNPs@Ag cubes are readily generated from isotropic gold seeds, such as
octahedrons®?® as well as spheres*?®. The silver shell could be easily discerned from the
gold core by high-angle annular dark-field scanning TEM (HAADF-STEM) (Figure
1.23D), in which the contrast is due to variation of the atomic number between the two
different components. In addition, the silver will overgrow preferentially at the sides or
the ends on either single crystalline or pentatwinned nanorods and bipyramids as seeds.
Since halides stabilize the {100} silver facets, they lead to preferential growth of other
silver facets.128130.131 Apart from the tunable morphology, core-shell GNPs@Ag exhibit
a higher extinction cross-section compared to the initial individual GNPs, and thus
enhanced optical properties. Also, GNPs@Ag show a more complex set of plasmon
resonances than those in any single-metal nanoparticles. Notably, the plasmon
resonance peaks of the gold cores are shifted toward higher energy as the silver shell
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thickness increases and additional higher energy peaks develop due to the better
plasmonic performance of silver.®®® Although numerous core-shell NPs have been
produced, the growth mechanism, the role of agents, and the process of morphological

evolution are still of considerable interest.

Figure 1.23 Core-shell GNPs@Ag synthesis. (A) Scheme illustrating the distinct types of seed
crystallinity to define the shape of the silver shell: single crystalline rods, octahedrons,
pentatwinned rods and pentatwinned bipyramids are represented before and after silver
deposition. Adapted from Ref. 127. (B)-(L) electron microscopy images characterizing the
above-mentioned particles. GNPs@Ag were prepared from gold seeds of different crystallinity
(B)-(D) octahedrons, (E)-(G) single crystalline rods, (H)-(J) pentagonal twinned rods and (K)-
(L) pentagonal twinned bipyramids. Three types of electron microscopy techniques were used:
(B)-(K) TEM (and SEM in B), (C)-(L) STEM-HAADF, (D)-(J) Electron tomography. (M) 3D
visualizations of the reconstructed GBPs@Ag. (B-M) were adapted from Refs. 128, 130, 131.
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It is well known that the plasmonic properties of NPs are very sensitive to particle
morphology. Therefore, determining the morphology and concentration of NPs is a
crucial step towards understanding their formation and a prerequisite for any
applications. While measuring these parameters for single-metal NPs is by now rather
routine, reliably characterizing bimetallic NPs is still a challenge. In addition,
understanding the individual contributions of additives would benefit the rational
nanoparticle design. Through the combination of various complementary
characterization techniques, we expect to gain some novel information during

bimetallic synthesis, see Section 3.3 and Section 3.4.
1.4 Self-assembly of plasmonic nanoparticles

Self-assembly of colloidal NPs into superstructures offers a flexible and promising
pathway toward materials with the increased overall size, dimensionality, and
complexity and thus toward the emergence of new collective electronic, magnetic and
optical properties which are unattainable with the individual components. These
assembly structures could be one-dimensional (1D) chains, two-dimensional (2D)
sheets and three-dimensional (3D) supercrystals (see Figure 1.24).

Figure 1.24 A typical illustration of NPs self-assembly. (A) Schematic illustration of the
organization of nanospheres into 1D chains, 2D sheets and 3D supercrystals. TEM images of
1D chain (B) and 2D monolayer sheet (C) and SEM image of 3D supercrystal (D), the insets in
C and D show the TEM images of NPs. Adapted from Ref. 132, Ref. 133 and Ref. 134,
respectively.
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In addition, “hot spots”, the electric field enhancement, are utilized widely in numerous
applications, such as SERS, plasmon-enhanced fluorescence, amplification of non-
linear optical signals, nanoscale lasing, plasmon assisted photolithography, light-
harvesting, photocatalysis, and chemical and biological sensing.**?13* Furthermore, the
structures of assemblies with directionality and long-range order could also be

investigated if the spacing and alignment of individual NPs can be controlled.**®
1.4.1 Driving forces for self-assembly

Self-assembly can provide a simple and low-cost procedure for producing NP
assemblies in a controllable manner, in which pre-existing isolated components form
an organized structure or pattern.*3® All self-assembly processes are typically driven by
a minimum in the free energy of the final assembled structure, which will exist in
equilibrium or metastable states at least.’*"1*® The free energy landscape is governed
by the balance of attractive and repulsive interactions, such as Van der Waals, Coulomb,
hydrogen bonding or hydrophobic interactions, to name a few.'° Many routes have been
explored to fabricate NP assemblies, but they can all be divided into three categories:
interparticle interactions, applied external field forces, and spatial confinement

strategies that use templates and solvent evaporation.!3®
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Figure 1.25 Schematic illustration of NP self-assembly driving forces: (A) inter-particle
interaction, (B) external field and (C) spatial confinement strategies. Adapted from Ref. 139.

The assembly initiated by internal forces is strongly related to the morphology and

surface chemistry of NPs. This driving force can be classified as physical, such as
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140 142

or chemical, for
144

electrostatic interactions**! and depletion attractions
143

hydrophobic,
instance, hydrogen bonding,** covalent or non-covalent interaction,”** and even
biological, including DNA hybridization,!* antibody-antigen recognition'*® and
avidin-biotin bonding.}*” Moreover, diverse NP assemblies have also been successfully
produced in the presence of external fields, such as electric field,**® magnetic field'4
and flow field.*™ In addition, solvent evaporation as a simple method has been widely
utilized to drive assembly at a solvent-air drying interface by depositing NPs on a solid
substrate such as a glass coverslip, carbon-coated copper grid or silicon wafer.®>!
During evaporation, the volume of solvent is reduced and the NP concentration is
gradually increased until a certain threshold, where the NPs undergo a transition from
the disordered state to ordered assemblies driven by the relatively weak Van der Waals
force and ligand-substrate chemisorption interaction.’®>  Multidimensional
superstructures with large scales can be achieved by increasing the NP concentration in
droplets and by using a relatively slow evaporation rate.*>® In this way, 2D thin films
can be readily generated on the substrate and 3D supercrystals can be obtained in a
sealed environment at a significantly slower drying rate as well.*>* Furthermore, the
template approaches (complementary to the evaporation) are capable to guide the
assembling NPs into desired configurations via spatial confinement.>® To achieve well-
defined 3D assemblies, cavities of discrete sizes were patterned into Si wafers through
a soft lithography technique and then NPs were brought into these wells and yielded

assemblies via evaporation,'®®*> see Figure 1.26.

Solvent evaporation

T~

/

‘ e mom.
e / \ Supercrystals / \
. | — |

~12h

Figure 1.26 Schematic of spontaneous assembly of NP superstructures through slow solvent
evaporation (A) without and (B) with templates. Adapted from Ref. 153 and Ref. 157.
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1.4.2 One-dimensional chains

Fabricating one-dimensional (1D) assemblies chains is of particular interest since NPs’
1D assemblies can directionally transport excitons, photons, or phonons, and shows
considerable applications in waveguiding, highly sensitive sensors, microcircuits, logic
computations, biomedicine, etc.'3*146158 When the interparticle distances are short
enough (1-10 nm), a collective plasmon mode emerges in the extinction spectrum.
Elongated or facetted NPs particularly, such as nanorods (GNRS), bipyramids (GBPs),
nanocubes, and nanotriangles, generate strong “hot spots” concentrated at their sharp
tips.® For instance, the 1D assembly of anisotropic GNPs like GNRs or GBPs in the
end-to-end configuration causes a redshift in the longitudinal plasmonic band compared
to the isolated particles (see Figure 1.27D), while the side-by-side configuration causes
a blueshift.14¢1%0 End-to-end assemblies are of particular interest for biological sensing
and SERS applications, which usually take place in solution.8161162 \/arious
approaches have been developed to assemble anisotropic GNPs into 1D chains (Figure
1.27). For example, Z. Bao et al.'®® aligned nanorods within the hydrophilic region of
a template. J. Zhu et al.*5 demonstrated the confined assembly of polymer-tethered
gold nanorods in cylindrical nanopore channels with the assistance of an electric field.
In addition, molecular recognition methods were exploited to connect GNPs. J. J.
Gooding et al.*® showed that GNR or GBP chains can be induced by coordination
between copper ions and the amino group of 4-aminothiophenol (4-ATP) molecules
attached via their thiol group to the tips of the particles (where they replaced the CTAB).
These assembled chains are capable of detecting the SERS signal of 4-ATP molecules
due to the Raman activity. Furthermore, the use of Hg?* as a bridge connecting nanorods

functionalized with DNA was demonstrated.16°
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Figure 1.27 Schematic illustration showing the assembly strategies for one-dimensional chains:
(A) template-assisted, (B) external electric field, (C,D) molecular recognition method for chains
and corresponding extinction spectra and TEM images. Adapted from Ref. 163, Ref. 164 and
Ref. 90.

Although these strategies are well established and yield assembled chains, the removal
of templates, introduction of an external electric field, or the functionalization of the
NPs require extensive additional procedures to the fabrication process. S. Mann et al.1%¢
investigated the mechanism of GNS chains associated with the induction of electric
dipole-dipole interactions arising from the partial ligand exchange of surface-adsorbed
citrate ions by facile addition of 2-mercaptoethanol (HS-(CH.)2-OH, MEA). They
confirmed a first-order Kinetic process of chain assembly by analyzing the evolution of
the extinction peaks at 520 nm and 730 nm. Peter J. Vikesland et al.”® illustrated a
simple method in which sulfate ions are used to facilitate end-to-end GNR chains in
aqueous suspension. In this case, sulfate as a divalent anion effectively interacts with
the quaternary ammonium headgroup of CTAB on the GNRs surface and bridges the
tip facets of adjacent GNRs. This bridging produces chainlike end-to-end assemblies of
GNRs and the length of chains can be controlled by the sulfate ion concentration, the
particle concentration, and the reaction time. In contrast with end-to-end assembly,
side-by-side and end-to-side assemblies are hindered by strong electrostatic repulsion
between the dense CTAB bilayers present on the side facets. Furthermore, the authors
track the formation and growth of the chains over time by analyzing separately the
evolution of the extinction spectrum for both the transverse and longitudinal bands

using a simple second-order aggregation model.
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Figure 1.28 Sulfate-mediated end-to-end assembly of GNRs. Reprinted from Ref. 76.
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Comprehending the mechanism of NP self-assembly is of critical significance in
developing synthetic strategies for complex nanostructures, whereas the capability to
visualize and analyze emerging nanostructures using characterization techniques can
provide insight into intelligent molecular design and the mechanisms of chemical
reactions. So far, monitoring the assembly process via AS and the subsequent analysis
of the extinction bands as the function of reaction time has been widely reported.’6.166:167
However, the new plasmon bands comprise two different plasmon modes when the NPs
coupled (see Figure 1.10), discriminating those modes is thus essential for
understanding the assembly mechanism since their analysis is capable of providing
information about the assembly kinetics, the yield of assembly, and the distribution of
each species in the reaction system. In this respect, the singular value decomposition
(SVD) method has been exploited to analyze the absorption spectrum quantitatively for
extracting the time-dependent fraction of the principal components. This method
reduces all the information to a few principal components and allows extracting the
relative importance of each component as a function of time.1%8-17% Conventional TEM
provides direct-space images and yields a statistical description of the NP assemblies
on a local scale. Liquid-cell TEM displays the assemblies in the suspension solution
and gives useful information on the position and the orientation of the objects.
Synchrotron-based SAXS provides further insight by revealing the evolution of the
structure factor of the assemblies. Understanding the assembly mechanism, controlling
the kinetics, and thereby obtaining the desired 1D assemblies is one of our goals. The
study of NP assemblies using techniques such as UV-Vis-NIR absorption spectroscopy
(AS), electron microscopy and synchrotron-based small-angle X-ray scattering (SAXS)
measurements is demonstrated in Chapter 5.

1.4.3 Two-dimensional sheets

Freestanding 2D plasmonic superlattice nanosheets also termed plasmene
nanosheets,’* have attracted a lot of attention because of GNPs coupling producing
unconventional collective properties including enhanced conductivity,*’? coherent
vibrational modes,*”® unusual mechanical properties,}’* magnetic properties and
plasmonic properties.!”>1® Several assembly strategies have been exploited, including
the drop-casting method,'”” DNA-mediated self-assembly,*’® the Langmuir-Blodgett
technique®” and fluid-fluid interface assembly, including air-liquid,*®° vapor-liquid

and liquid-liquid as media combinations.*82
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Encouraging progress has been made in the fabrication of 2D assemblies over the past
decade, with current achievements extending from simple GNSs**? to binary'® and
other more complex NP shapes, such as GNRs,'’® core-shell GNPs@Ag nanocubes
(NCs),}"t gold rhombic dodecahedrons (GRDs) and gold nanostars (GNstrs).!®* The
plasmenes fabricated from some elongated NPs, such as GBPs and GNRs, have led to
ordered arrays with different orientations.*’®8 More interestingly, the interparticle
spacing in the plasmene nanosheet can be controlled by tailoring the size of the NPs or
the ligand length, thereby adjusting their optical properties.!8>8 W. Chen et al.'>

summarized the development of the 2D assembly fabrication (see Figure 1.29).
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Figure 1.29 Development of plasmene superlattice nanosheets. The first plasmene nanosheet
was obtained in 2011 using GNSs;*** The concept of “plasmene” was introduced in 2014;7
The complex NP shapes, such as GNRs,’® core-shell GNPs@Ag NCs,'"* GRDs and GNstrs!84
were then developed from 2012 to 2015. A binary plasmene system!® was built in 2018.
Control of plasmene orientation, spacing and shape was realized.17618418 Reprinted from Ref.
151.

1.4.4 Three-dimensional supercrystals

The organization of NPs into 3D supercrystals with both long-range translational and
orientational order not only offers exciting opportunities to design a variety of
intriguing and complex superstructures but also provides access to the emerging
collective properties deriving from their ordered arrangements. Supercrystals, a class
of ordered structures obtained by arranging individual NPs in lattices with a well-
defined order, are sensitive to the morphology and concentration of NPs as well as to
the type of surfactant and solvent used in the process.'®”'% In general, spherical NPs
are organized into face-centered cubic (FCC) or hexagonal close-packed (HCP)
superlattices.!®3! On the other hand, anisotropic NPs with asymmetric shapes and

inequivalent particle orientations are capable of producing far richer (and intriguing)
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packing structures. For instance, the symmetry shift of the GNR superlattice from a
typical hexagonal to a tetragonal by Rhodamine 6G (R6G) modification has been
successfully achieved by Y. Liang and co-workers, the unit cell parameters were
obtained by SAXS measurements (see Figure 1.30).1% Recently, the self-assembly of
uniform GdFs nanoplates with defined shapes via a liquid interfacial method has led to
the formation of diverse ordered superstructures over large areas.'®® In addition, Zhang
et al.?% reported that gold triangular nanoplate@Ag right bipyramids are capable of
self-assembly into a four-leaf-clover-like structure with a face-to-face configuration.

Such behavior was explained by a depletion attraction mechanism.

Figure 1.30 Symmetry control of the GNR superlattice from a typical hexagonal to tetragonal
order by Rhodamine 6G (R6G) modification. In a typical SEM image of the hexagonal
superlattice (a) and tetragonal superlattice (b), the scale bar is 200 nm. Reprinted from Ref. 192.
Controlling the symmetry of GNRs@AQg supercrystals with tunable cross-section was
investigated by our group.” The hexagonal arrangement shifts to a square superlattice
as the thickness of the silver coating increases, as demonstrated by SAXS. Moreover,
the shift in lattice symmetry is also confirmed by the Fast Fourier Transform (FFT)
analysis of the TEM images, which reveals six-fold symmetry shifts to four-fold
symmetry (see Figure 1.31). This work opens the way toward an optimized architecture

design for a broad range of plasmonic applications.

42



Figure 1.31 (A) Structure factors of GNR@AQg supercrystals with tunable silver to the gold
ratio obtained from SAXS. The ratio is arranged on each SAXS spectra. The two spectra in red
correspond to a hexagonal arrangement whereas the ones in black exhibit square symmetry. (B)
Typical TEM images and associated FFT of GNR@Ag monolayers. The scale bar is 100 nm.
Adapted from Ref. 72.

Moreover, in polyhedral particle assemblies, NPs with well-defined facets and high
shape symmetries tend to mutually align with the flat facets towards their neighbors to
maximize entropy.'®® In the past few years, experimental investigations on polyhedral
NPs have included nanocubes, nanotetrahedra, nanoctahedra, dodecahedra and other

polyhedral NPs with more complex facets. Z. Tang et al.1*®® investigated the entire self-

assembly process from disordered suspensions of spheres, cubes, octahedra and
rhombic dodecahedra to large-scale ordered superlattices induced by nanocrystal
sedimentation and eventual solvent evaporation (see Figure 1.32). For instance, each
rhombic dodecahedron (RD) contacts with twelve neighbors’ facet-to-facet (Figure
1.32a-d), and diffraction peaks of RD with varying sizes were indexed to the FCC
lattice (SRD, mRD and IRD) (Figure 1.32g-s). The superlattices of the smallest particles
(sRD) exhibit the sharpest and most intense diffraction spots of a single crystalline
character (Figure 1.32q). This suggests that, despite the relatively small size of sRDs,
their ordered domains are the largest. SAXS patterns of octahedron supercrystals have
several well-defined peaks that cannot be assigned to a single lattice type (Figure
1.320,t). The SEM analysis reveals octahedron NPs frequently assemble in two
crystallographically distinct stacking modes of close-packed hexagonal layers, a base-
centered monoclinic superlattice with a two-particle unit cell (Figure 1.32e,h) and a
simple hexagonal superlattice (Figure 1.32e-g). In addition, it is evident from SEM

images that cubes arrange into a simple cubic lattice (Figure 1.32i,j). SAXS data
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demonstrates that it is more challenging to achieve order with cubes over large areas as
compared with rhombic dodecahedra and octahedra (Figure 1.32p,u). Among the
possible polymorphs for the octahedron supercrystals, the simple hexagonal
arrangement was most frequently observed. Visual inspection shows that the size of the
ordered domains of octahedron superlattices typically reaches only 100 microns, much
smaller than sRD, mRD and IRD domains indicating that shape, rather than size,

determines the quality of the assembly.
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Figure 1.32 Determination of the symmetry of gold supercrystals using SEM and SAXS. (a-d)
Rhombic dodecahedra form a face-centered cubic superlattice visible along with different
projection directions. (e-h) Octahedra are found predominantly in two crystallographically
distinct superlattices: simple hexagonal (e-g) and monoclinic (e, h). (i, j) Cubes assemble into
a simple cubic lattice. (k) A macroscopic view shows a complete superlattice film. (I-p) Two
dimensional and (g-u) radially averaged SAXS images of assembly products exhibit clear
diffraction spots and peaks, respectively, highlighting long-range order in superlattices of SRD
(1, ), mRD (m, r), IRD (n, s), octahedra (o, t) and cubes (p, u). Scale bars, (i) 200 nm; (k) 10
mm; all others are 100 nm. Reprinted from Ref. 195.
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Designing high-quality dense supercrystals with increased structural complexity
assembled by some particularly shaped nanoparticles is of notable interest. However,
to date, the vast majority of the efforts have focused on isometric particles (with a
similar size along with the three space directions, as we described above) and elongated
shapes have received much less attention.*>"1% Pentatwinned gold bipyramids (GBPs)
with pentagonal cross-section and shape anisotropy are outstanding due to the high-
yield synthesis as well as the tunability of the optical properties and the sharper
tips.111197 The self-assembly of GBPs has been studied within 1D chains and 2D
monolayers, which both exhibit high SERS enhancements.®*® The first SEM images
of 3D supercrystals have been reported by J. Wang group,®® which reveals the surface
arrangement of the particles, but this technique does not provide effective 3D
information. Therefore, the complex packaging structure remains unknown and even
more fascinating to date. In addition, high-quality crystallization also requires a high
size and shape homogeneity of the particle assemblies, as well as a favorable set of
experimental conditions, including the concentration of particle and of stabilizing
surfactant. Moreover, investigating the structure of the supercrystals by electron
microscopy in real space is challenging, as the electrons typically interact too strongly
with the NPs to penetrate the bulk of supercrystals and reveal their 3D packing order.
Therefore, self-assembly of pentagonal GBPs of varying truncation into 3D
supercrystals was carried out by tuning the concentrations of particles and surfactants.
Using a combination of experimental characterizations and computer simulations, we

expect to reveal their 3D arrangement, see Chapter 6.
1.5 Scope of the thesis

This thesis work has been carried out within the frame of the Memorandum of
Understanding between the Chinese Scholarship Council and Université Paris-Saclay
(CSC NO. 201806870029), which focused on the fabrication of plasmonic NPs and the
self-assembly of NPs. More specifically, the thesis was first oriented toward the
observation of the growth of core-shell GNPs@Ag (gold nanospheres@Ag and gold
bipyramids@Ag) and the characterization of their growth process through various
experimental techniques. We then revealed the reshaping kinetics and the nonlinear
optical properties of acicular gold nanotetrapods (GNTPs). The plasmonic NPs were
finally assembled into one-dimensional (1D) and three-dimensional (3D) structures. In

45



particular, the enhanced electric field “hot spots” were exploited to detect molecules by

the surface-enhanced Raman scattering (SERS) spectroscopy.

The experimental part was carried out mainly in the Laboratoire de Physique des
Solides (LPS) at Orsay. Importantly, part of some major results included in the thesis
stem from collaborations with external groups, mainly regarding the synchrotron-based
small-angle X-ray scattering measurements with our collaborator Dr. Thomas Bizien at
the SWING beamline of the SOLEIL synchrotron, liquid-cell TEM measurements with
our collaborator Dr. Damien Alloyeau at Université de Paris, focused ion beam-
scanning electron microscopy (FIB-SEM) tomography analysis with our collaborators
Dr. Evgeny Modin and Dr. Andrey Chuvilin at Electron Microscopy Laboratory and
Basque Foundation of Science (Spain), second-harmonic scattering experiments with
our collaborators Prof. Pierre-Francois Brevet and Dr. Fabien Rondepierre at University
Lyon 1, as well as the inductively coupled plasma mass spectrometry (ICP-MS)
measurements by our collaborator Dr. Valérie Geertsen at CEA, the STEM-electron
energy loss spectroscopy (EELS) experiments by our collaborators Dr. Xiaoyan Li and
Dr. Mathieu Kociak and the Monte Carlo computer simulations by our collaborator Dr.
Frank Smallenburg at LPS.

We give a brief outline of each chapter in the following:

In Chapter 1, we presented the general introduction about the main concepts that will
be addressed throughout this thesis. Initially, we gave a brief description of
nanotechnology and nanoscale phenomena, then focused on presenting a broad
overview and the factors affecting the plasmonic properties of metal nanoparticles,
introducing the importance of the assembly to obtain novel optical features, and their
application in surface-enhanced Raman scattering (SERS) spectroscopy. We then
continued with a detailed description of the synthesis strategy of plasmonic
nanoparticles via the seed-mediated growth method, in particular the shape control of
gold nanoparticles. We finally moved into the self-assembly of gold nanoparticles to

produce plasmonic structures with novel optical properties.

In Chapter 2, we gave the details of all the chemical materials as well as the synthesis
approaches for the various plasmonic NPs (i.e. gold nanospheres, nanorods, bipyramids,
tetrapods and core-shell objects) and characterization techniques in this thesis.
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Then, in Chapter 3, we focused on monitoring the growth of core-shell GNP@Ag
nanoparticles, determining the morphology and concentration of core-shell gold
nanospheres@Ag nanoparticles and then observing the anisotropic growth of Ag on
gold bipyramids in-situ, revealing the roles of additives (AA and CTAC).

We next revealed the reshaping mechanism of GNTPs by demonstrating their reshaping
kinetics, as well as controlling their stability with a thin silver layer. We also studied

their nonlinear optical properties, i.e. the second harmonic generation signal of GNTPs.

Various types of surfactant-stabilized GNPs (spheres, rods and bipyramids) were
assembled into 1D chains using sulfate ions in Chapter 5. We investigated the assembly
kinetics by AS and SAXS, controlling the process with excess CTAC and then tuning
the nature of the chains junction by depositing a metal at the hot spots’ location in

chains.

In Chapter 6, we obtained long-range 3D supercrystals of pentagonal gold bipyramids
and revealed their structure via a combination of several characterization techniques:
synchrotron-based SAXS and focused ion beam-scanning electron microscopy (FIB-
SEM) tomography analysis, in agreement with the Monte Carlo (MC) computer
simulations. The crystalline order of the GBPs supercrystals results in a facet-dependent

optical response, which is demonstrated by SERS spectroscopy.

As a whole, this thesis presents significant advancements in both the synthesis and self-
assembly of different plasmonic nanoparticles, improving the knowledge of core-shell

NPs growth as well as assembly mechanisms and arrangements.
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2 Materials and methodology

This chapter starts by covering the chemical reagents we used, as well as general
protocols and tips for the synthesis of various nanoparticles (NPs), i.e. gold nanorod
(GNRs), gold nanospheres (GNSs), gold bipyramids (GBPs), gold nanotetrapods
(GNTPs), and core-shell GNPs@Ag. Furthermore, we present the main
characterization and measurement techniques used in our work. UV-Vis-NIR
absorption spectroscopy (AS) is an essential tool for providing information on the
plasmon peak positions, gold concentration and the density of the particles from the
extinction spectrum of the suspensions. Scanning electronic microscopy (SEM) and
transmission electron microscopy (TEM) were used to obtain direct images of the
samples. In situ liquid-cell TEM (LCTEM) is an emerging technique for interpreting
the mechanisms of formation of nanostructures with nanoscale resolution in real time.
Focused ion beam-scanning electron microscopy (FIB-SEM) tomography analysis
revealed the internal structure of NPs assemblies. Synchrotron-based small-angle X-
ray scattering (SAXS) was utilized to investigate the morphology, polydispersity,
concentration and organization of the NPs under a realistic environment throughout
almost the entire thesis, helping us achieve a deeper understanding of the systems.
Inductively coupled plasma mass spectrometry (ICP-MS) was carried out to yield the
individual elemental concentration of the GNPs@Ag solution. To gain knowledge of
the nonlinear optical properties and the second harmonic generation signal of GNTPs,
hyper Rayleigh scattering (HRS) was employed. Additionally, surface-enhanced
Raman scattering (SERS) spectroscopy is a sensitive technique that allows detecting

trace amounts of molecules deposited on the GNP supercrystals.
2.1 Synthesis protocols of nanoparticles

All the starting materials were obtained from Sigma-Aldrich and used without further
purification: hydrogen tetrachloroaurate trihydrate (HAUCIls-3H20, >99.9%),
hexadecyltrimethylammonium bromide (CTAB, >99%), silver nitrate (AgNOs3,
>99.0%), hexadecyltrimethylammonium chloride (CTAC, 25 wt % in H20, 90%), 5-
bromosalicylic acid (5-BrSA, 90%), L-ascorbic acid (AA, >99%), sodium borohydride
(NaBH4, 99%), trisodium citrate dihydrate (CsH3NazO7-2H20, >99.0%), sodium
hydroxide (NaOH), and hexamethylenetetramine (HMT) were purchased from Sigma-
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Aldrich. Magnesium sulfate (MgSQO4, > 95%) was purchased from Prolabo. Water

purified by reverse osmosis with a resistivity (>15 MQ.cm) was used in all experiments.

Gold nanoparticles (GNPs) were synthesized via the seed-mediated method according
to the previously reported works.?%2% As we mentioned in Section 1.3, the final
morphology of the GNPs is governed by various parameters, including the crystallinity
of the seeds,”’ the type of surfactants with different halide ions as capping agents and
reducing agents and the ratio of the metal salt to reductant.?%22% |n addition, changing
the redox potential by adjusting the pH of the reducing agent can also affect the shape
of the NPs.® VVarious GNPs have been synthesized in our work, see Figure 2.1. Among
them, GNSs, GNRs and GNTPs can grow on monocrystalline spherical seeds, while
the GBPs are formed with pentatwinned seeds. In growth solution, the surfactants
CTAB and CTAC act as capping agents and AgNOs acts as a shape-directing agent.
Especially, AA typically as a reducing agent also plays a shape-directing role. HMT is
widely used as a surface capping agent, and it also acts as a reducing agent for HAuCl4
in the process of GNTPs synthesis. The details of synthesis protocols will be presented

below.
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Figure 2.1 Schematic representation of GNPs synthesis with different shapes.

2.1.1 Monocrystalline gold nanorod synthesis

Gold nanorods (GNRs) were synthesized according to previously reported
methods. 2% For the preparation of the seeds, 50 pL of 0.025 M HAuCI4 solution was
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added to 4.7 mL of 0.1 M CTAB solution, after mixing, 300 uL of freshly prepared
0.01 M NaBHz3 solution was injected under vigorous stirring. The color of the solution
changed from yellow to brownish-yellow and then stirring was stopped after 2 min. The
seed solution was aged at 30°C for at least 30 min before injection into the growth

solution.

The growth solution was prepared by mixing 50 mL of 0.05 M of CTAB with 45 mg
of 5-BrSA dissolved, 480 pL of 0.01 M AgNOsz and 1 mL of 0.025 M HAuClj4 solution.
The process of prereduction was monitored by AS, when the absorbance at 396 nm
reached 0.65 (the optical path of the cuvette is 1 cm), 130 pL of 0.1 M AA solution was
injected quickly under fast stirring. When the solution turned colorless, 80 pL of
previously synthesized seed solution was added quickly as well, the mixture was then
kept at 30°C for 4 h. After synthesis, the suspension was purified by 2 rounds of
centrifugation (6000 rpm, 40 min) to remove the excess CTAB and then re-dispersed
in 1.8 mM CTAB solution.

2.1.2 Gold bipyramid synthesis

Gold bipyramids (GBPs) were synthesized following the publications.t!1:2% For the
preparation of pentatwinned seeds, 2645 uL of 0.756 M CTAC, 32.96 mL of purified
water and 400 pL of 25 mM HAuUCI4 were injected into the flask in sequence, then 4
mL of 50 mM sodium citrate was added under vigorous stirring. The solution was kept
in a water bath at 30°C for 10 min. 1 mL of freshly prepared 25 mM NaBH, solution
was injected under vigorous stirring, then the reddish-purple seed solution was obtained
after aging at 40°C for 5 days. The seed solution can be stored for at least one month at

room temperature.

The growth solution was prepared by adding successively 100 mL of 0.1 M CTAB, 1
mL of 10 mM AgNQO3, 2 mL of 25 mM HAuCls and 2 mL of 1 M HCI. Then 800 pL
of 100 mM AA solution was added quickly under vigorous stirring, followed by the
addition of 600 uL of seed solution when the solution turned colorless. The mixture
was left undisturbed at 30°C for 4 h. After synthesis, the particles were purified by at

least 2 rounds of centrifugation and pellet redispersion in 1.8 mM CTAB.

2.1.3 Gold nanosphere synthesis
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Gold nanospheres (GNSs) were obtained following three steps as in the literature.?%

Specially, SO seeds: 50 pL of 0.025 M HAuCl4 solution was added to 4.7 mL of 0.1 M
CTAB solution. After mixing, 300 pL of freshly prepared 0.01 M NaBHj4 solution was
injected under vigorous stirring, the seed solution was then kept at 30°C.

S1 spheres: 120 pL of 0.025 M HAuUCI4 solution and 10.38 mL of purified H20 were
added to 1.5 mL of 0.756 M CTAC solution, then 4.5 mL of 100 mM AA solution was
added quickly under vigorous stirring, followed by the addition of 300 pL of SO seed

solutions when the solution turned colorless. The solution was kept at 30°C.

S2 spheres: 120 pL of 0.025 M HAuCI4 solution and 10.38 mL of purified H20 were
added to 1.5 mL of 0.756 M CTAC solution, then 4.5 mL of 100 mM AA solution was
added quickly under vigorous stirring, followed by the addition of 300 pL of the
solution of S1 spheres when the solution turned to colorless. The mixture was left
undisturbed at 30°C for 1 h. After synthesis, the particles were purified by at least 2

rounds of centrifugation and pellet redispersion in 1.8 mM CTAB.
2.1.4 Gold nanotetrapod synthesis

The gold nanotetrapod (GNTPs) were prepared by a method reported previously.®® Seed
solution: 3.5 mL of a0.14 M CTAB solution was mixed with 125 pL of 15 mM HAuUClI4
and 0.50 mL of freshly prepared 10 mM NaBHa4. The brownish-yellow solution was
kept at 30°C.

Solution A: 0.38 mL of 15 mM HAuUCIs, 3.0 mL of 0.10 M CTAB, 3.0 mL of 0.10 M
HMT, 1.0 mL of 10 mM AA, and 0.62 mL of purified water were added in turn to a 50
mL centrifugation tube. Solution B: 6 mL of purified water, 60 uL of 1.0 M NaOH and
5 pL of seeds solution were added to a 20 mL glass. Solution B was added quickly to
solution A under rapid stirring. The mixture went from colorless to deep blue in a few

minutes, indicating the complete formation of GNTPs.

After synthesis, 8.44 mL of a 29 mM CATC was injected into the mixture, the final
gold concentration was 0.25 mM and the CTAC concentration was 10 mM. This step
not only prevents the crystallization of CATB in the solution at room temperature to
help us continuously monitor the reshaping of the GNTPs with AS but also facilitates

our subsequent experiments of introducing a thin layer of silver.

2.1.5 Synthesis of core-shell gold@silver nanoparticles
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Core-shell gold@silver were prepared by depositing silver onto the GNPs, AA as a
reducing agent and a shape-directing agent and the thickness of silver can be tuned by
adjusting the amount of silver precursor and AA in the reaction mixture.?%2% As shown
in Figure 2.2, taking GBPs coating with silver as an example, the specific experimental
process refers to the previous work of our group,’? 0.25 mM GNP solution purified with
10 mM CTAC was put into a centrifugation tube, followed by the addition of AgNOs
and AA. The molar ratio between the silver precursor and AA was fixed to 4 in all
experiments. After mixing, the solutions were kept at 60°C for 3 h. After synthesis, the
particles were purified by 2 centrifugation rounds (6000 rpm, 40 min) to remove the
excess of reactant and pellet redispersion in 1 mM CTAB. The final gold concentration

of all samples was 0.25 mM.

AgNO;

N

60 °C

CHOD

Figure 2.2 Schematic description of GBPs@Ag synthesis.

What needs special mention here is the preparation of gold nanotetrapods@Ag
(GNTPs@AQ). As described earlier, the branched GNPs show poor stability and tend
to reshape their morphology, which can change their plasmonic properties.®! Therefore,
maintaining the shape of GNTPs in the shortest time is essential for further application.
Here the reducing power of AA was increased by increasing the pH in the solution, thus
the silver thin layer can be formed and stop the reshaping of GNTP in several seconds.
Specifically, 0.25 mM GNTPs solution purified with 10 mM CTAC was put into a
centrifugation tube, followed by the addition of 10 mM AgNOs, 40 mM AA and 0.2 M
NaOH. GNTPs@Ag were obtained at room temperature after a few minutes. The
thickness of silver can also be adjusted by tuning the amount of silver precursor and
AA.
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2.1.6 General tips for gold nanoparticles synthesis

Every step in the synthesis process plays an important role in the quality of particles
and reproducibility of the results. The following general practical tips are displayed

combined with the recommendations from Ref. 1® and our experience.
- Stock Solutions:

+ CTAB - stable over a long time in a 30°C water bath to prevent crystallization at

low temperature.

+ HAUCIls - prepared by dissolving all contents in a sealed bottle due to
hygroscopicity. Then the stock can be split into small glass vials and stored in the
refrigerator, protected from sunlight, and kept for several months.

+ AgNO:s - weigh silver salt with a plastic spatula to avoid contact with metal surfaces.
The solution should be freshly prepared every week, stored in the fridge protected
from sunlight.

+ AA - freshly prepared every week, stored in the fridge protected from sunlight.
+ HCI - stable over a long period at room temperature.

+ NaBH4 - freshly prepared every time and weighed quickly as the powder is

hygroscopic.

+ Stock solutions should be discarded if significant changes are observed, e.g. dark
lid for AgNOs, yellowish color for ascorbic acid and dark insoluble matter for
HAUCI,.

- CTAB/CTAC foam:

Shaking or stirring the solution causes CTAB or CTAC to form foam above the solution.
When adding reagents with a micropipette, the micropipette tip should be inserted
directly into the solution. Because the reagents entering the foam may not be properly

mixed, thereby affecting the synthesis conditions.
- Seed solution:

The reducing agent (NaBH4) should be injected instantly into the solution to achieve
the simultaneous generation of all nuclei so that they are evenly distributed throughout

the solution volume.
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- Growth solution:

AA is injected into the solution under rapid stirring. After the solution and foam have

completely turned colorless, then add quickly the seed solution.
- Centrifugation step:

After synthesis, centrifuge the particles solution at least twice to re-disperse the
particles in a low concentration of surfactant. For larger-sized nanoparticles, lower-
speed centrifugation should be used to avoid the aggregation of nanoparticles. The size
of the nanoparticles can be estimated based on the position of the LSPR peak in the AS.

- Glassware and stirring bar cleaning:

All glass bottles and stirring bars must be washed with soap and water firstly, then

soaked in aqua regia, rinsed thoroughly with water, ethanol, acetone and then dried.
2.2 UV-Vis-NIR absorption spectroscopy

The extinction spectrum of all dispersion GNPs was measured using the Cary 5000 UV-
Vis-NIR absorption spectroscopy (AS) at room temperature, using disposable
polystyrene cuvettes (VWR European Cat. NO. 634-0675) with an optical path of 1 cm.
The absorbance of purified water in the same cuvette used for the solution was
measured in a double-beam configuration and used as a reference in all experiments.
The AS spectrum of monocrystalline GNRs is shown in Figure 2.3 as s typical example,
which exhibits two different plasmon peaks and the position of the longitudinal peak
compared to the transverse peak gives us a quick estimate of the aspect ratio (AR
=length/width).'® How the dispersion of the particles can be known from the full width
at half maximum (FWHM), which is fitted by the Lorentzian function. The GNPs
concentration can be derived from the absorbance at 400 nm, as well as the presence of

a shoulder on the transverse band shows the presence of by-products.6:2%°

In addition, the reshaping process of GNTPs was monitored by a V-630 UV-Vis
spectrophotometer (Jasco) in a double-beam configuration to measure the absorption
spectrum of dilute particle solutions between 250 and 1000 nm. The solutions were held
in quartz cuvettes (Hellma) with a 1 cm optical path, at a temperature fixed by a

Lakeshore 340 temperature controller.
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Figure 2.3 Typical AS spectrum of monocrystalline GNRs. Adapted from Ref. 16.

2.3 Microscopy techniques
2.3.1 Standard transmission electron microscopy

The morphology of NPs is commonly performed by standard transmission electron
microscopy (TEM). TEM images were obtained on 300 mesh carbon-coated copper
grids using a JEOL 1400 microscopy, operating at an acceleration voltage of 120 kV.
Transmitted through the grids of the deposited sample, a broad beam of electrons
arrived at a detector below and then the 2D images were created directly on a
fluorescent screen or onto a computer screen using a charge-coupled device (CCD)

camera. The microscopy images are recorded using Gatan Digital Micrograph software.

The visual state of the samples is extremely related to the preparation process. Re-
disperse and concentrate the particles in a surfactant solution with a low concentration
(below 0.5 mM) by mild centrifugation at 2300 rpm, the final gold concentration is
around 1 mM. 10 pL of particle deposition was dropped on a carbon-coated grid and

dried fast at 70°C to prevent particle aggregation during the drying process.
2.3.1.1 Particle analysis

The dimensions of NPs were extracted by using the ImageAnalyzeParticles operation
in Igor Pro 7.0. GNSs for example, the individual particles were modeled as ellipses
with half-axes a and b, their equivalent radius R was computed as R = va x b. Due to
the low relative contrast between gold and silver, only the outer boundary of the

particles was detected, so R corresponds to the radius of the complete object. The size
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distribution of the GBPs or GNRs was determined by manual TEM image analysis

using the ImageJ software.

As for GNTPs with obvious arms, the size distribution of particles was obtained
manually using the ImageJ software. The core diameter 2R was estimated by drawing
the inscribed circle centered on the particle, while the arm length L was estimated as
the distance from this circle to the tip of the arms and corrected for the arm tilt a with
respect to the substrate (with a tilt angle of a =19.5°). Whereas for the GNTPs (where
the arms are no longer present), the analysis procedure was the same as what we dealt
with for GNSs.

The distribution of 1D chains was obtained using the ImageJ software as well. We
determined the average area of the isolated particles and used it to normalize the area
of all identified objects. The objects were sorted according to the normalized area and
the number of chains with n monomers was calculated by summing objects between
n — 0.5and n + 0.5. The contact distribution was obtained by manually counting all

the contacts in 5 images.

Note that the dimensions of NPs are represented as X + o, where X is their mean value
X = %zﬁlxi, X; are the values of each measurement and N is the number of

measurements. The standard deviation, o, is determined as follows:

= ﬁZ(xi —X)? (2-1)

2.3.1.2 Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) available on TEM is a common spectroscopy
technique and is in principle capable of measuring the amount of energy loss owing to
some of the electrons undergoing inelastic scattering, resulting in lost energy and
having their paths slightly and randomly deflected. A prominent form of inelastic
scattering in solids involves plasmon excitation. This phenomenon arises from the fact
that outer-shell electrons (conduction electrons in a metal, valence electrons in a
semiconductor or insulator) are only weakly bound to atoms but are coupled to each

other by electrostatic forces.?!® In our case, the plasmonic response of the
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nanostructures was studied using EELS in the NION CHROMATEM monochromated
Cs-corrected scanning transmission electron microscope. The 15 nm thick SizNs
support membrane grids were used for NPs deposition to provide a carbon-free
background at the low energy range for a better observation of the plasmonic peaks.
The EELS spectrum images were acquired at 60 keV, with a spatial resolution of 0.5
nanometers and a typical energy resolution of 20 meV. The EELS spectra were
extracted by summing a few hundreds of spectra in a region of interest close to the
nanostructures and normalized by the intensity of the zero-loss peak (ZLP).

2.3.2 Liquid-cell transmission electron microscopy

LCTEM imaging was performed on a JEOL ARM 200F microscope operating at 200
kV, using a liquid-cell TEM holder (Poseidon select, Protochips inc.). The microscopy
was operated in scanning transmission electron microscopy (STEM) mode with a beam
current of 225 pA using a high-angle annular dark-field (HAADF) detector. The
geometry of the scanning electron beam, liquid-cell and HAADF detector?'! are shown
in Figure 2.4a, the electron beam passes through two SiN membranes which separated
the liquid from the microscope vacuum. Compared with standard TEM, the specimen
is preceded by deflection scan coils and the objective lens in the STEM mode?'? (see
Figure 2.4b) and a parallel beam used enables focus on a small part of the sample and

scanning uniformly the samples.
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Figure 2.4 (a) Schematic of the LCTEM geometry (left) and a cross-sectional schematic of the
arrangement of the SiN membranes (right). (b) Experimental setup of STEM mode. Adapted
from Ref. 211 and Ref. 212.

For the growth of GBPs@Ag, a colloidal suspension of GBPs seeds (with a gold

concentration of 0.25 mM) dispersed in a CTAC aqueous solution (10 mM) was
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encapsulated in the liquid cell by using the conventional loading process.?3?1 When
AA was present in the reaction media, its concentration was 2.25 mM. The gold spacers
of the liquid cell were 150 nm thick and the experiments were performed in the corners
of the observation window, where the liquid thickness is minimum. The liquid cell was
used in static mode. Growth experiments were performed before and after the formation
of a hydrogen bubble in the liquid cell improves the signal-to-noise ratio of images. We
did not notice any difference in the growth processes of GNPs@Ag with or without the
hydrogen bubble. STEM HAADF imaging was performed with a pixel dwell time of 5
us and probe current ranging from 7.7 X 107 to 4.7 x 108 electron/s. The electron dose
rate of each growth experiment was calculated in electrons.s®-nm by dividing the
probe current by the irradiated area (i.e. the image area in STEM mode). STEM
diffraction was performed after the formation of the hydrogen bubble with a probe

current of 108 electron/s.?®

In the case of 1D chains, a colloidal suspension of chains (with a gold concentration of
2.5 mM) dispersed ina CTAC aqueous solution (10 mM) was encapsulated in the liquid
cell by using the conventional loading process. Videos were acquired with a frame rate
of 25 frames per second. From each movie, we extract every third frame and determine
the outlines of the two particles using the ImageAnalyzeParticles operation in Igor Pro
7.0 (we discard the frames where the algorithm identifies more or less than two objects).
The useful information is the position of the center of mass and the orientation of the
objects, given by the angle of the major axis for the fitted ellipse. In the videos, the
center of mass is indicated by a red dot and the ellipse is drawn in blue.

2.3.3 Scanning electron microscopy

Scanning electronic microscopy (SEM) characterization for supercrystals was
performed at the Laboratoire de Physique des Solides (LPS, Orsay, France) with a Zeiss
Supra55VP with an acceleration voltage of 5 keV.

Focused ion beam scanning electron microscopy tomography (FIB-SEM) was
performed at CIC Nanogune (San Sebastian, Spain), in a Helios Nanolab 450 FIB-SEM
(Thermo Fisher Scientific). After defining the area of interest, a standard preparation
protocol was followed: deposition of an = 1 um Pt protective layer (starting with
electron beam-induced deposition to prevent surface damage and followed by ion

beam-induced deposition), trenches were milled around the examined volume and the
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cross-section was polished to reveal the structure and perform a final optimization of
imaging conditions in the electron beam. Slicing was then performed with the ion beam
at an accelerating voltage of 30 kV and a beam current of 24 pA. After each FIB cut,
an electron image was acquired using the high-resolution mode at 5 kV and 25 pA. The
resulting image had a field of view of 2.1 x 1.4 um? at 1536 x 1024 px resolution, which
corresponded to a pixel size of 1.4 x 1.4 nm?. A series of 200 slices were acquired, with
a target slice thickness of 7 nm. Further data processing, including alignment, filtration,
and visualization was performed using the Aviso 8.1 software (Thermo Fisher).

2.4 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) is a structural characterization technique that
enables researchers to investigate NPs’ behavior in solution as well as crystal growth
and hierarchical structure at nanometer and angstrom length scale in real-time and
under a realistic environment.?®?1" In addition, X-ray scattering makes use of the
variation of a sample’s electron density to generate contrast. A typical SAXS
experimental set-up?'® is shown in Figure 2.5, a monochromatic X-ray beam of the
incident wave vector k; is selected and passes though the sample, one part of this beam
is absorbed and transformed into heat and/or fluorescence radiation, another part is

scattered into another direction of propagation.

X-Ray —_—
beam

Incident beam

Wave vector :

Figure 2.5 Schematic for the optical components of the SAXS beamline. Adapted from Ref.
218.

Generally, a two-dimensional (2D) area detector is used to collect the angle-resolved
SAXS signal that is elastically scattered by the sample.?'® Elastic interactions are
characterized by zero energy transfers, such that the final wave vector kg is equal in
modulus to k;. The relevant parameter to analyse the interaction is the momentum

transfer or scattering vector g = kg — k;, defined by:
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=77 (2-2)
where A is the wavelength of the X-ray and 26 is the scattering angle.

After the scattered signal is recorded by a 2D detector, a series of standard 2D data
correction processes are performed, including dark current subtraction, image distortion
and linear correction, and flat field correction. Then, the position of each pixel on the
2D image is converted into the 1D profile via a simple integration.?'® The process of

data conversion and a typical 1D profile are shown in Figure 2.6.2%°

_ 4m sin @
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Figure 2.6 The process of data conversion in SAXS experiments. Adapted from Ref. 219.

The intensity I(q) is plotted versus g, in the range gmin — Gmax defined by the
experimental set-up and usually fixed by geometric limitations, a measurement made

at a given q, allows investigating the density fluctuations in the sample on a distance

scale D, = z—" . Itis equivalent to observing the system through a 2—” diameter "window"
0 0

in real space.?? It is well known that I(q) can be obtained by calculating the squared

modulus of the amplitude function, defined in the reciprocal space (g space), of those

. The scattering amplitude

2
waves scattered over the whole volume i.e. I(q) = —'F(g)l

F(q) is given by the Fourier transform of the electronic density p(r):

0 .
F@) = [ peyemrar (2-3)

%4

which corresponds to the probability to find a scattered at position r in the sample and
the reference scattered at position 0, revealing the spatial correlations in the sample.

When the particles are randomly oriented, the I(g) can be represented as:
Np 2
1 .
1@ =3 F@e™ (2-4
N, -
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where N, is the number of identical particles, F(q) and r is the form factor amplitude

and position of the particle, respectively. The exponential term e ~%" s called the phase

factor.
Size Shape Surface
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Figure 2.7 (a) Hllustration of different g region at different observation windows. (b) Three
distinct regions of the SAXS profile. Adapted from Ref. 217.

The SAXS profile is generally divided into three distinct regions, according to the range
of q (see Figure 2.7). The high g domain (blue zone) with a small window provides
information about surfaces such as the surface-to-volume ratio and specific surface
estimation for compact particles. There is a contrast only at the interface between the
two media, the so-called Porod’s region. In the intermediary zone (Fourier region), the
window is of the order of the elementary bricks in the system, which gives significant
information about the size, shape and internal structure of one particle. And the pair
distribution function p(r) can be given by an indirect Fourier transformation of the
experimental form factor P(q), which refers to the distribution of electrons averaged

over the radius r:

p(r) =

. ]O qP(q) sin(gr) dq (2-5)

The left is the Guinier region at the low g region gives information about the radius of
gyration (R,) of the particles by fitting a line to the natural log of the intensity as a
function of the square of the scattering vector q.?'” The structural order can also be
obtained, it is the so-called structure factor S(q), which allows to calculate the
interactions in the system. After assembly of NPs, the NPs come closer to each other,
and their relative interparticle distance may no longer be random. Thus Eq. (2-4) should
be:
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2
Np

1 .
1@ = 3-P@ ) Fl@e (2-6)
P 1

and then the sum of the absolute square of the phase factor is defined as the structure

factor:

Np 2
S@) = | F@ e @)
P

to this end, the S(g) can be represented as:

1)
S@W =30 (2-8)

In general, a quantitative analysis of S(q) can provide the strength and range of the
potential of mean force between the NPs’ variety of ordered states, revealing their
structure and long-range order in the case of high-resolution synchrotron-based SAXS
such as supercrystals. The common lattices are extracted by the Bragg peaks position

ratios of S(q). That is calculating the ratio of qi, where g, denotes the first-order
0

scattering peak with the largest interparticle distance. Typically, Bragg peaks in a
1: 2: 3: 4: 5 progression signal lamellar symmetry, the 1:+/3: 2:4/7: 3 progression is
characteristics of the hexagonal arrangement, the 1:v/2: v/3: 2: /5 sequence indicates

a body-centered cubic symmetry and the 1:+/2:2:4/5:+/8 progression indicates a

square lattice arrangement. 21
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Figure 2.8 The lamellar and hexagonal arrangement. Adapted from Ref. 219.
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As for our measurements, the SAXS data was collected at the SWING beamline of the
SOLEIL synchrotron (Saint-Aubin, France), at a beam energy of 16 keV and two
sample-to-detector distances (1.42 and 6.52 m). The beam size was approximately 500
X 200 um? (H x V). The solutions were filled into round glass capillaries (Mark-
Rdrchen, Germany), and placed vertically in a motorized holder. The capillaries were
filled with the sample solution and sealed at the top using a glue gun to prevent
evaporation. The scattered signal was recorded by an Eiger 4 M detector (Dectris Ltd,
Switzerland) with a pixel size of 75 pm. Preliminary data treatment (angular averaging
and normalization) was done using the software Foxtrot developed at the beamline and
yielded the intensity as a function of the scattering vector I(q) in absolute units.
Subsequent data modeling was done in Igor Pro 7.0 using functions available in the
NCNR SANS package.??

Some SAXS data were collected at the LPS using a rotating anode (Cu Ka, 4 =1.542
A), and a sample-to-detector distance of 1.396 m. Data treatment (angular averaging

and normalization) was done using the Nika 2D SAS macros in lgor Pro 7.0.2%2

Moreover, the SAXS/WAXS measurements of GNTPs reshaping were performed on
the ID02 beamline of the ESRF synchrotron (Grenoble, France) at a sample-to-detector

distance of 3.0 m, with a photon energy E = 11.5 keV.
2.5 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) vyields the elemental
concentration in solution with very few assumptions.?? It is therefore a very robust
technique, but it provides no information as to the size and shape of the objects. The
gold and silver concentrations were determined using an iCAP Q Thermo Electron
instrument after external calibration by dilution of multi-element standard solutions
(SPEX, MS3 for gold and MS2 for silver). Measurements were repeated six times
before averaging. All dilutions (samples and standards) were prepared by weight. Gold
determination was performed at mass 198 in hydrochloric media. Silver was measured
at mass 107 and 109 and before averaging. The silver determination is performed in
nitric media. Sample dilutions were performed as follows: samples were heated in a
bath at a temperature of 30°C to avoid CTAB solidification. A 10 pL aliquot of sample
was added to a polypropylene vial. On the aliquot was poured 10 mL of aqua regia

saturated with NH4Cl to dissolve both gold and silver.??* Sample dilution was then
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realized by the addition of diluted hydrochloric or nitric acid. Both hydrochloric acid
and nitric acid were purified previously by distillation. The same protocol was repeated

for standards except that stock standard solutions were not heated.
2.6 Hyper Rayleigh scattering

The hyper Rayleigh scattering (HRS) setup?® is sketched in Figure 2.9. Briefly, it
comprises a mode-locked Ti: sapphire laser tuned to 800 nm and delivering pulses of
about 180 fs at a repetition rate of 80 MHz. The mean power was set at about 450mWat
the sample level to avoid any heating or deterioration as checked by simple extinction
spectroscopy of the sample cell before and after each measurement. The fundamental
laser beam was focused with a 16 objective (NA 0.32) into a quartz cell with a 5 mm-
long optical path (Q107 cell, Hellma). The intensity IHRS scattered at a right angle
from the incident beam was collected with a lens and sent to a spectrometer coupled to
a cooled CCD camera. Color filters were inserted to remove any unwanted harmonic

light before the cell and fundamental light after the cell.

7/2 plate

Figure 2.9 Diagram of the experimental setup. Adapted from Ref. 225.

The hyper Rayleigh scattering (HRS) experiment to determine the first
hyperpolarizability of an NP consists of the measurement of the linear dependence of
the HRS intensity with the number density of particles in the solution N and with the

square of the fundamental intensity, I. Indeed, the HRS intensity is given by:

Iyrs = G[Ns(BZ) + N{B?)]I? exp(—€eNL) (2-9)

where the average (-) is taken over all orientations. G is an overall prefactor including

all geometrical factors as well as absolute constants, I is the fundamental intensity, N
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and B are the number density and the first hyperpolarizability of the NPs, while N and
Bs are the same parameters for the solvent. € is the molecular extinction coefficient due
to the self-absorption of the HRS signal in the cell with optical path L. Note that, strictly
speaking, €L = 2€,L,, + 2€,,L-,,, t0 account for extinction and optical path length at
the fundamental w and harmonic 2w frequencies. The HRS intensity of the neat solvent
provides the internal reference for the absolute determination of . In order to achieve
this absolute calibration, the spectrum around the HRS line is always performed to
subtract any photoluminescence background that can lead to an overestimation of S.

This subtraction procedure is valid since HRS and photoluminescence are uncorrelated

processes. Note that in our case, we report first hyperpolarizabilities as g = /(B2) for

vertically polarized fundamental and harmonic light.

The polarization-dependent HRS intensity can be written as:

Iiirs = a' cos*(y) + b' cos?(y)sin®(y) + c' sin*(y) (2-10)

where y is the angle of polarization of the input fundamental beam, I" is the polarization
of the harmonic (V or H for vertically and horizontally polarized light, respectively)

and al , bT and ¢! are three real coefficients.

The polarization analysis yields two parameters: the depolarization ratio D and the
retardation parameter {7, defined as:

cv bV —av —cv all —cH

D:_; ZV: bV ) ZH_

- (2-11)

D provides information on the origin of the HRS response through the tensor symmetry,

whereas {" quantifies the extent of retardation.
2.7 Surface-enhanced Raman scattering

Raman scattering measurements were performed in a Raman microscope (Witec UHTS
300, Germany) equipped with a 633 nm diode laser as an excitation source. The
configuration involved a 600 grooves/mm diffraction grating and a front illuminated
Peltier-cooled CCD camera (1650x200 pixels), and a 100x objective (N.A.=0.8). 10 puL
of CV (10 M in ethanol) dropped cast on the sample after preparation (no cleaning
procedure was involved). SERRS spectra and mappings were obtained with a laser

power of 0.1 mW (on the sample) and an integration time of 400 ms. SERRS signals
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are displayed after cosmic ray removal and background subtraction, using the WITio
toolbox in MATLAB (https://gitlab.com/jtholmi/wit_io). To check the reproducibility,
the measurements were repeated on at least 10 supercrystals for each sample (see
Chapter 6).

2.8 Simulations

2.8.1 Boundary Element Method

The boundary element method (BEM) is a method for searching for approximate
numerical solutions to boundary integral equations, which is a typical tool for analyzing
boundary value issues.??® The optical properties of plasmonic nanoparticles can be
simulated using the BEM approach as implemented by the MNPBEM toolbox

developed in the MATLAB environment.?%"228
2.8.2 Monte Carlo computer simulations

Monte Carlo (MC) computer simulation is a type of simulation that relies on repeated
random sampling and statistical analysis to compute the results. This simulation is
immensely related to random experiments, i.e. experiments for which the specific
outcome is not known in advance. In this situation, MC simulation can be considered

as a methodical approach, so-called what-if analysis.??°

The packing of NPs can be investigated by the crystal structure prediction method using
variable box shape MC simulations introduced in Ref. 230. In this method, we
performed Monte Carlo simulations of perfectly hard bipyramids in a small simulation
box with a variable box shape in the isotension-isothermal ensemble. The number of
particles in the simulation box is deliberately chosen to be small (on the order of a single
unit cell), to ensure that the system can easily reach a compact structure. During the
simulation, the pressure of the simulation box is gradually increased, followed by a

final quench at the end at essentially infinite pressure (see Chapter 6).
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3 Monitoring the growth of core-shell bimetallic

nanoparticles

The results in this chapter were published in references | and VI:

I. Lyu, J.; Geertsen, V.; Hamon, C.; Constantin, D. Determining the Morphology and

Concentration of Core—Shell Au/Ag Nanoparticles. Nanoscale Adv. 2020, 2 (10), 4522—
4528. https://doi.org/10.1039/DONA00629G.

VI. Aliyah, K.; Lyu, J.; Goldmann, C.; Bizien, T.; Hamon, C.; Alloyeau, D.; Constantin,
D. Real-Time In Situ Observations Reveal a Double Role for Ascorbic Acid in the
Anisotropic Growth of Silver on Gold. J. Phys. Chem. Lett. 2020, 2830-2837.
https://doi.org/10.1021/acs.jpclett.0c00121.

3.1 Introduction

Synthesizing nanoparticles with carefully chosen properties (optical, magnetic,
catalytical, etc.) is one of the main goals of materials science. These properties depend
on the shape and composition of the particles, and measuring these parameters
accurately is an essential prerequisite to developing a reliable formulation process.
Noble metal nanoparticles are particularly interesting due to their optical properties,
related to the presence of plasmon resonances (very sensitive to the particle shape) and
due to the richness of synthesis methods that can yield a large variety of shapes and
sizes, with very good vyield and relatively low polydispersity. Bimetallic particles
consisting of a gold core covered with a silver shell offer further control over the optical

properties and exhibit lower dissipation in the visible range,28207.231-233

Before any application, it is indispensable to determine the particle concentration, as
well as their average morphology (size, shape, rounding) and their distribution. Ideally,
these parameters should be determined by non-invasive techniques, directly applicable
in the reaction medium and time-resolved. The typical example is UV-Vis-IR
absorption spectroscopy (AS), but several groups have shown that small-angle X-ray
scattering (SAXS) can also provide valuable information.?32% Although the presence
of two constituents complicates the application of these methods to bimetallic objects,
recent studies point the way towards a deeper understanding of their structure and

evolution.®>?% An important source of progress over the last decade has been the
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improvement in synthesis protocols, yielding particle populations with better size and
shape monodispersed, and allowing the extraction of more information using the
various characterization techniques. In turn, this information can be used to further

improve the synthesis protocols.

Depending on the gold core crystallinity, the silver shell will grow at different
locations,'®” changing the overall morphology of the particle which results from a
competition between the rate of atom deposition and NP faceting driven by possible
preferential adsorption sites and surface diffusion, in other words, Kkinetics versus
thermodynamics.2%24° Experimentally, different NP morphologies can be obtained by
varying the deposition rate onto the seeds via reaction parameters such as the pH, the
temperature, and the nature and concentration of reductant and surfactant
species.30131207.233 The description of the synthetic pathways of anisotropic AU@Ag
NPs has mostly relied on spectroscopy measurements and ex situ TEM.?#1242 Although
this approach has greatly expanded the available library of particle shapes and
compositions, time-resolved information on the growth mechanisms and reaction
intermediates remains limited. Diffraction and spectroscopy techniques can be used to
follow NPs formation in the growth medium, with high temporal resolution,?16:243-245
However, given their limited spatial resolution and the necessity to develop models to
retrieve the NP morphology, these in situ approaches provide an indirect and
incomplete overview of the nucleation and growth processes implied in wet-chemical
synthesis. Over the past few years, liquid-cell transmission electron microscopy
(LCTEM) has become a leading method for directly visualizing the dynamics of single
nanostructures in their formation medium.?#¢24" An important feature of this technique
is that the electron dose rate can be used to control reaction kinetics because NP
formation is generally driven by radiolysis processes.'? This opportunity to control the
growth rate and chemical environment of nanostructures has been exploited to reveal
the growth mechanisms of various metallic and bimetallic NPs,?1*248-20 including core-
shell nanostructures.?®-2% However, exploiting this in situ information in high-yield
synthesis remains difficult because radiochemical effects are not involved in
conventional protocols. Therefore, an important challenge is to reduce the gap between
nanoscale in situ observations and bench-scale synthesis, by correlating LCTEM results
with in situ techniques based on light-matter interactions, which probe large

nanoparticles ensembles without radiolysis effects.
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In this chapter, we first apply AS and SAXS to a series of samples where the particle
morphology is modified systematically by changing a reaction parameter and validate
the information by cross-checking the results and by comparing them with two other
methods: TEM and ICP-MS which, require extracting the particles from their
environment. More specifically, we synthesize core-shell Au@Ag nanoparticles by
growing a silver shell on top of a spherical gold seed, for various values of the molar
ratio K between silver precursor and gold. At low K, the shell is quasi-spherical
(probably rhombicuboctahedral®®), while at higher K, it becomes cubic. We measure
the size and shape of the objects by SAXS and TEM and their concentration by SAXS,
AS and ICP-MS and compare the results of the various techniques.

Then, we study the anisotropic growth of silver shells on preformed gold bipyramidal
seeds. The seeds are injected into an aqueous growth solution containing silver salt
(AgNOs), a mild reducing agent (ascorbic acid, AA), and the ionic surfactant
cetyltrimethylammonium chloride (CTAC). The formation of these bimetallic
nanostructures was monitored in real-time by using multimodal and multiscale in situ
measurements. LCTEM was exploited to follow the formation of single NPs and
confirm the growth pathway inferred from using a combination of in situ SAXS and
AS techniques on bulk solutions. In the different experiments, the growth rate differs
by more than one order of magnitude, yet yields similar anisotropic nanoproducts,
suggesting that the reaction is under thermodynamic control. Furthermore, we show
that ascorbic acid is essential to obtaining anisotropic bimetallic NPs, not only as a

source of electrons but also as a shape-directing agent.
3.2 Single gold nanoparticles

We first synthesized various single GNPs with different shapes for further use.

The synthesis protocols of GNPs were shown in Section 2.1. After synthesis, the optical
properties of gold nanoparticles (GNPs) with different shapes were characterized by
AS. Gold nanorods (GNRs), for instance, the longitudinal LSPR peak is at 695 nm,
while the transverse LSPR peak is at 516 nm, see Figure 3.1al. The shape of the GNRs
can be observed directly by TEM, as shown in b1l. The size distribution obtained from
at least 200 particles in the TEM images is presented in ¢3. From the histogram, the
length was estimated at L = 48.6 = 2.5 nm (mean + SD) and the width at W =17.0 =
4.5 nm, for an aspect ratio AR = L/W =2.9 £ 0.4. The length and width of the gold
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particles were measured using the particle analysis functions in Igor Pro. For the gold
bipyramids (GBPs), the longitudinal LSPR peak is observed at 714 nm, while the
transverse LSPR peak is at 512 nm and the gold concentration in the cuvette is 0.09
mM from the AS spectrum in a2. From the TEM images b2, the length of 47.4 + 2.0
nm, the width of 17.5 £ 2.5 nm and the AR is 2.8 + 0.3. In a3, the LSPR peak of gold
spheres (GNSs) is observed at 522 nm. After TEM characterization b3, the diameter of
19.1 £ 1.0 nm was obtained by the same size measurement method. The diameter
distribution of all NPs was fitted by Gaussian functions. We also synthesized gold
nanotetrapods (GNTPs) with four sharp arms, however, GNTPs displayed poor stability
at room temperature.®® Fortunately, we found that coating with a thin silver layer can
stop their reshaping and stabilizer their morphology. I will show you the details in the
next chapter.
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Figure 3.1 Characterization results of the different types of GNPs. a) AS spectra of GNPs
colloid: al) GNRs, a2) GBPs and a3) GNSs. Experimental data (diamonds), fits with a
quasistatic analytical model (red lines) and BEM simulations (blue lines). b) TEM images and
c) Size distributions of GNPs with different shapes. Fits the diameter distribution with Gaussian
(red lines). Fits with a quasistatic analytical model and BEM simulations were done by Dr.
Doru Constantin.
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3.3 Determining the morphology and concentration of gold

nanospheres@Ag nanoparticles

Accurately measuring the shape, structure and concentration of NPs is a crucial step
towards understanding their formation and a prerequisite for any applications. While
determining these parameters for single-metal NPs is by now rather routine, reliably
characterizing bimetallic NPs is still a challenge. To deeper understand the structure
and evolution of bimetallic NPs, isotropic GNSs first attracted our attention compared
with other anisotropic GNPs. The silver shells are formed by epitaxial growth on the
GNSs seeds.

The synthesis protocol of core-shell GNSs@Ag NPs was shown in Section 2.1.5. The
silver-to-gold molar ratio K (Ag ions per Au atoms in the GNSs, at the beginning of the
process) was varied between 0.1 and 8. For instance, in the case of K = 2, 50 uL of a
0.1 M AgNOs solution was injected in 10 mL GNSs suspension. After brief shaking,
the solution was supplemented with 50 uL of a 0.4 M AA solution, shaken again and
kept at 60°C for 3 h. The gold concentration keeps at 0.25 mM.

The particle shape evolved from spherical to cubic as silver coating increased (see
Figure 3.4). To describe the particle geometry, we built two different models: sphere-
in-sphere and sphere-in-cube (see Figure 3.2). The particles are described as GNSs with
radius R centered within silver shells of thickness ¢, and hence with outer radius R + t

(sphere-in-sphere model), or within cubes of size a (sphere-in-cube model). In the latter

situation, we define the thickness t = % — R. We denote by K = zﬂ the molar Ag/Au
Au

ratio for the individual particles. The corresponding volume ratio is given by fK, with

f="49P49 _ 1008, If K is known, ¢ is given by:

May Pag
t =R[(1+ fK)Y/3 —1] 3-1)
for a sphere-in-sphere and by:
t=R [(1 + fK)V/3 (g)l/3 - 1], for K > (% - 1) (3-2)

for a sphere-in-cube. Note that, in Eq. (3-2), the sphere-in-cube model is only defined
above a minimal Ag/Au ratio K, = f~¢ (g — 1) ~ 0.903 below which the silver

amount is not enough to form a complete cubic shell around the core sphere.
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Figure 3.2 Diagram of the sphere-in-sphere (left) and sphere-in-cube (right).
3.3.1 AS spectra of gold nanospheres@Ag

After synthesis, each 150 uL suspension was diluted with 2250 uL. 10 mM CATC, and
the optical properties were first observed using AS. In Figure 3.3, as the ratio K (and
hence the amount of silver) increases, the initial plasmon peak of gold (around 525 nm)
flattens and is gradually replaced by a peak around 440 nm, characteristic of silver. At
the same time, a dip at 320 nm and a peak at 350 nm becomes more and more marked,

due to the interband transitions of silver.2%®
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Figure 3.3 AS spectra of GNSs@Ag with variable Ag/Au molar ratio K.

3.3.2 Particle size and shape
3.3.2.1 TEM images

We performed TEM measurements on nine samples, with K =0, 0.4, 0.7, 0.9, 1.2, 1.4,
2, 4, and 8. Additional TEM images are shown in Appendix Figure 8.1.
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Figure 3.4 TEM images for different values of the molar ratio K. The K values are indicated in
each panel.

The size of the gold core was extracted from the initial population, before the addition
of silver (molar ratio K = 0), yielding a radius R, = 13.0 nm. The shell thickness for
each K > 0 was obtained by subtracting R, from the mean equivalent particle radius

(Rg) at that given K. The polydispersity is computed as the standard deviation of the
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radius distribution divided by its mean: px = R These parameters are shown in
K
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Figure 3.5 a) Particle radius histograms extracted from the TEM images. The mean and standard
deviation (SD) are shown as diamonds and bars. For clarity, the curves are shifted upwards in
steps of 0.4. The dashed line is a guide to the eye. Quadraticity parameter Q: b) average value
(Q) as a function of K (mean and SD, solid dots and error bars) with the linear fit (solid line).
The limiting values for a perfect circle and square are shown as dashed lines; ¢) histograms of
Q for each K value (shifted vertically for clarity). The mean and SD from b) are shown under
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each curve. Colors (black, blue and red) distinguish three types of curves. The molar Ag/Au
ratios K are (from bottom to top): 0, 0.4, 0.7, 0.9, 1.2, 1.4, 2, 4, and 8. The calculation of Q was
done in MATLAB by Dr. Cyrille Hamon.

The shape of the particles can be assessed using the quadraticity @, defined as the ratio

between the area of the smallest circumscribed square and that of the particle projection.
This parameter is 1 for a perfect square, % for a perfect circle and can be even larger for

anisotropic or irregular shapes. The mean quadraticity (Q) is shown in Figure 3.5b. at
first glance, it seems to decrease linearly with K, as shown by the fit. However, the
large standard deviations call for a more refined analysis. To this end, we plot in the
same figure (Figure 3.5¢) the histograms of Q for each K value. We can separate three

regimes, identified by line color: at low K < 0.7 (black line), the distributions are
monomodal, relatively narrow and centered around the % value corresponding to a

perfect circle. Almost all particles are spherical. At intermediate K (blue line) the
distributions are wide and possibly bimodal, with one spherical subpopulation and one
with @ = 1.15. At high K > 2 (red line) the distributions are once again monomodal,
with a decreasing mode but with a substantial contribution at higher Q. This
contribution is almost absent for K = 8, as shown by the reduced standard deviation.
The cubes become predominant at K = 2, so we can locate the shape transition between
1.4 and 2.

3.3.2.2 SAXS measurement

We recorded the azimuthally averaged scattered intensity I(q) as a function of the
scattering vector g for all samples in dilute solutions. The data is shown in Figure 3.6,
along with fits using both sphere-in-sphere and sphere-in-cube models (Eg. (3-1) and
(3-2), respectively). For coherence, the latter model was only used for molar Ag/Au
ratios above K,i, =~ 0.903, attempts to fit curves at lower ratios yield unphysical results
(cube sizes a < 2R). We fixed throughout the core radius R = 12.4 nm, the value
obtained by fitting the data for K = 0.
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Figure 3.6 Scattered intensity I as a function of the scattering vector q for all solutions (dots,
various colors). The spectra were shifted vertically for clarity. The molar Ag/Au ratio K is
indicated above each curve. Fits with the sphere-in-sphere model (solid lines) and with the
sphere-in-cube model (dashed lines) are displayed for each curve. The fits were done by Dr.
Doru Constantin.

The goodness-of-fit function x? divided by the number of experimental points Ny is
shown in Figure 3.7 for all the fits displayed in Figure 3.6. The fit quality is better for
the sphere-in-sphere model below K = 1.4 and for the sphere-in-cube model above K =
2, in agreement with the visual inspection of Figure 3.6. The oscillations between 0.03
and 0.1 A are very revealing: they are deep for spheres and shallow for cubes and are
very well described by the corresponding model at low and high K, respectively. In the
intermediate range (0.9 < K < 1.6) both models are unsatisfactory due to the shape

polydispersity illustrated in Figure 3.5.
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Figure 3.7 Goodness-of-fit function for the SAXS models in Figure 3.6, shown as solid squares
(for the sphere-in-sphere model) and as open circles (for the sphere-in-cube model) as a
function of the Ag/Au ratio K.

We then plot the thickness t extracted from the fits in Figure 3.6 (solid squares for
sphere-in-sphere and open dots for sphere-in-cube) and the TEM values (diamonds).
We also plot the thickness values predicted by Eq. (3-1) and (3-2) (solid and dashed
line, respectively) assuming that the Ag/Au ratio for each particle is the experimental
one K in the reaction medium (i.e. that all the Ag ions are used to form shells and that
all particles have the same morphology). The SAXS models include a homothetical
polydispersity, plotted in Figure 3.8b, alongside the TEM values. The latter is in good
agreement with the sphere-in-sphere model up to K = 2 and with the sphere-in-cube

model above this value.
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Figure 3.8 a) Shell thickness extracted from the fits in Figure 3.6 for the two models and
corresponding geometrical predictions. The TEM values are shown as red diamonds. b)
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Relative polydispersity extracted from the SAXS fits in Figure 3.6 for the two models (solid
squares for sphere-in-sphere and open dots for sphere-in-cube). The circled points with
abnormally low values (for K = 0.8 and 0.9) have very poor fit quality (see Figure 3.7). Relative
polydispersity extracted from the TEM data (solid dots).

3.3.3 Silver-to-gold ratio

Using ICP-MS, we can determine the Ag/Au ratio within the particles. We plot it
against their ratio in solution, K, see Figure 3.9. The diagonal line is the expected value
if the reaction proceeded to completion and the two parameters are equal. The same
line corresponds to the solid/dashed curve for the spherical/cubical shell model in
Figure 3.8a. The experimental values follow K with considerable variability: their ratio
fluctuates between 0.74 and 1.74. ICP-MS experiments were done by our collaborator
Dr. Valérie Geertsen at CEA.
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Figure 3.9 The Ag/Au ratio in the particles, measured by ICP-MS, versus the same ratio in
solution, K (diamonds). The dashed line marks the expected values if all the silver is deposited
onto the gold cores.

3.3.4 Particle concentration

The concentration of particles in solution is of course a very important parameter: it can
be obtained from full-curve fitting of the AS?’ or SAXS?%® curves or, for homogeneous
GNPs, in an easier manner from the near-UV extinction?%%2° or the integrated invariant,
respectively.?*® ICP-MS gives access to the molar concentration of gold and silver
separately (in different measurements). Each of these techniques uses a completely

different principle. A full analysis of the SAXS data gives access to both the size and

77



the number density of the particles, while the other techniques only yield their product,
i.e. the volume concentration. For bimetallic objects, no simple method exists, either in

SAXS or AS, it is therefore necessary to model the entire experimental curve.

Since the scattered intensity I(g) is measured in absolute units, it is directly
proportional to the number density n. We plot (as solid squares) this parameter as a
function of the molar ratio K for the sphere-in-sphere model (the results of the sphere-
in-cube model are within 9% of these values), see Figure 3.10. The number density also
appears in the model for the extinction spectra. We fit the experimental data with the
sphere-in-sphere model, where only n and a constant background are adjustable
parameters: the core radius R and the shell thickness t are fixed at the values obtained
from the SAXS data using the same model. The results are plotted as open dots in Figure
3.10.

From the mass gold concentration, Cay measured via ICP-MS we determine n =

Cau 3
p Ay 4TR3

(where R = 12.4 nm is the radius determined by SAXS) and plot it as

diamonds in Figure 3.10. The SAXS values for n are more scattered than the AS ones
and some points (circled in Figure 3.10) are very low. The ICP-MS results are close to
the SAXS ones at low K < 1 and above the AS at K > 2.
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Figure 3.10 Number particle density n as a function of the Ag/Au ratio K, extracted from fitting
the SAXS data in Figure 3.6 (solid black squares), from the AS data (open red dots) and ICP-
MS (blue diamonds). Anomalously low SAXS values are circled. Data analysis was done by
Dr. Doru Constantin.
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3.3.5 Conclusions

The particle populations have excellent monodispersity p (between 5 and 10%) as
measured by SAXS and TEM (see Figure 3.8b) and confirmed by the agreement
between the calculated and predicted shell thickness (see Figure 3.8a). Analysis of the
TEM images (see Figure 3.5) shows a transition between quasi-spherical and cubic
shapes between K = 1.4 and 2, while the quality of the SAXS fits finds the transition at
about K = 2: the two techniques are in very good agreement! The values for the particle
concentration n obtained by three techniques are in good agreement (within 40% of
their average), except for some low-value SAXS points. The systematic difference
between the techniques is lower than the spread of values for each technique,
highlighting the importance of careful sampling protocols: sample agitation to ensure
homogeneity and avoid the appearance of concentration gradients, temperature control
to prevent surfactant crystallization, weighing the aliquots rather than relying on
pipetting volumes (which are not always accurate for surfactant solutions).

Among the four methods used, SAXS yields the most information about the particles:
the size, polydispersity, shape and concentration are accurately determined, as shown
by very good agreement with the other techniques. This result validates the use of
SAXS for studying complex (bimetallic and aspherical) nano-objects, statically or
during their growth. However, the particles must be reasonably monodispersed in order
to take full advantage of this technique. Of course, scattering methods only yield
indirect information and imaging techniques remain essential for identifying the
particle shapes and choosing the appropriate model, so TEM should always be used as

a complement.

3.4 Real-time in situ observations of the anisotropic growth of silver on

gold bipyramids

Rational nanoparticle design is one of the main goals of materials science, but it can
only be achieved via a thorough understanding of the growth process and the respective
roles of the molecular species involved. We monitored the growth of long aspect ratio
silver rods from gold pentatwinned seeds by three in situ techniques (SAXS, AS, and
LCTEM). Understanding the mechanism of the anisotropic growth and the role of the

composition can easily be applied to a wide variety of synthesis strategies.
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3.4.1 Characterization of gold bipyramids@Ag

The synthesis protocol of GBPs@Ag nanoparticles was described in Section 2.1.5. We
first synthesized GBPs@Ag with different silver-to-gold molar ratios K, the AS spectra
are shown in Figure 3.11. As the ratio K increases, the initial longitudinal plasmon peak
of the GBPs (around 754 nm) is first blue-shifted and then red-shifted. The reason for
this phenomenon is the ellipsoid particles formed (see TEM images below) and the
optical properties of silver are dominantly inducing a blue shift for a low silver ratio (K
< 0.8). Then the size effect becomes more important, an increase in aspect ratio leads
to a redshift for a high silver ratio. Peaks between 350 nm to 450 nm are due to the
interband transitions of silver.?® More interesting, the longitudinal LSPR peak of
GBPs@Ag as K = 8 shifts to infrared range, so we can’t observe it at 300 to 1200 nm,
which can be proven by BEM simulation or observation of AS spectra using deuterated

water to disperse particles.
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Figure 3.11 AS spectra of GBP@Ag with variable molar Ag/Au ratio K.

From standard TEM images (see Figure 3.12), we can observe that silver is first
deposited onto the facets of the GBPs (K < 0.6), followed by a gradual shape rounding
that yields ellipsoidal objects (K = 0.8) and finally anisotropic growth leading to long
cylinders (K > 0.8). Note that the particle diameter changes very little, remaining
essentially equal to that of the initial GBP. Additional TEM images are provided in
Appendix Figure 8.2.
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Figure 3.12 Standard TEM images for different values of the molar ratio K. The K values are
indicated in each panel.

3.4.2 In situ observations of the anisotropic growth of silver on bipyramids

We then followed the growth of GBPs@Ag at K = 3 in real-time by AS and SAXS.
GBP seeds exhibit a longitudinal LSPR centered at 752 nm. Upon silver overgrowth,
the AS extinction spectra show a blue shift of this peak by 102 nm after 9 min and a red
shift by 512 nm after 48 min, the time at which the system stops evolving (see Figure
3.13a). The blue and redshifts correspond to a decrease and increase in aspect ratio,
respectively, consistent with the growth of the initial bipyramid into a short rod which

then increases in length.

Corresponding SAXS measurements (Figure 3.13b) describe the evolution of the form
factor with oscillations of increasing definition, indicating the formation of particles
with a more homogeneous thickness, consistent with a shape transformation from a
bipyramid to a rod. After about 38 min, the features no longer changed in the large g

range (q > 0.025 A=) while still evolving in the lower g range (q < 0.025 A1),
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indicating that the objects have a fixed width but an increasing length. The rod length
can also be extracted directly from the SAXS curves,?° but this method is unreliable
for particles longer than the reciprocal of the minimum scattering vector. We use a more
precise strategy, obtaining the aspect ratio AR of the particles from boundary element
method (BEM) simulations of the experimental AS (Figure 3.13a). With W obtained
from SAXS, L (Figure 3.13d) can be better estimated. A rigorous determination of L(t)
is essential for understanding the growth kinetics, especially in the case of very

anisotropic particles. We model this parameter using a version of the Avrami

261

equation,“®** with the distinction that, in our case, saturation occurs due to precursor

exhaustion, not to the lack of free space, then yields the longitudinal growth rate of
GBPs@Ag as 0.046 nm/s after fitting the experimental data. The fits were done by Dr.
Cyrille Hamon.
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Figure 3.13 Presentation of the system and ensemble time-resolved measurement of GBPs@Ag
rods. a) (Top) Scheme depicting the synthesis of GBPsS@AQg rods and the shape transition from
a bipyramid to a rod. (Bottom) Time-resolved AS of GBPs@Ag rods synthesis. For clarity, we
show only three spectra, representing three important stages of the reaction: GBPs seeds (black),
seeds completely covered in silver, yielding a short rod (red) and a long rod obtained as the
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final result (blue). The dashed lines correspond to BEM models. b) Time-resolved SAXS curves
(black) with fits (red) of diluted suspension of GBPs@Ag rods during their synthesis. Curves
are shifted vertically for clarity. c) TEM image of GBPs@Ag rods obtained in ex-situ synthesis.
The scale bar is 100 nm. d) Determination of the length of GBPs@AQg rods as a function of time
(black dots) by the combined AS, SAXS, and BEM modeling approach and corresponding fit
with the Avrami equation (red line). Data analysis was done by our intern Kinanti Aliyah and
BEM simulation was done by Dr. Cyrille Hamon.

We also conducted LCTEM experiments in STEM-HAADF mode to distinguish gold
and silver nanocrystals by their difference in Z-contrast. An identical reaction mixture
to that studied above was confined in the liquid cell and investigated in ambient
conditions. Although the reaction rate in bulk synthesis is rather slow at room
temperature, bimetallic NPs were obtained within minutes in the irradiated area,
confirming that silver reduction is speeded up by radiolysis. The image sequence in
Figure 3.14a shows clearly the anisotropic deposition of silver on the bipyramidal
template alongside the formation of faceted silver NPs that nucleate on the SiN
membrane. As many silver-based crystal phases could form under the electron beam,26?
we exploited the STEM nanodiffraction technique®®® to confirm that the shells around
the gold seeds and the faceted NPs are all made of metallic silver, with a face-centered

cubic structure and a lattice parameter of 0.41 nm, see Figure 3.15.

Extracting contour plots of the GBPs@Ag nanostructure from the entire image series

revealed the spatiotemporal evolution of the overgrowth reaction (Figure 3.14b). These

T zZ

n n
contour plots were fitted with a superellipsoid model: (a) + (Z) = 1, where r? =
x2 + y? is the radial distance, z is parallel to the long axis of the NP, and parameters
a= %and b = %are the half-width and half-length, respectively (Figure 3.14c). It is

well established in the literature that the rods have a pentagonal cross-section in the
(x,y) plane, perpendicular to their long axis z. For simplicity, we assume this cross-
section to be circular; growth in the direction normal to the image is taken as identical
to that along the small axis of the object. The parameter n describes the “bluntness” of
the particles: n = 1 describes a diamond, n = 2 an ellipse and then, as n increases, a less
and less rounded rectangle. During the first 40 seconds, sizes a and b remain constant
and only the bluntness varies, as the initial bipyramid “fills up” to yield a short rod. As
illustrated in Figure 3.14a, this shape transformation goes through the deposition of
silver from the common base of the GBP toward its two tips. This growth process

explains the conservation of the 5-fold symmetry of the nanostructure, as the (001)
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edges forming the pentagonal base of the bipyramid generate the five {100} side facets
of the nanorods (see Figure 3.16). Once the nanostructure reaches a rodlike shape, it
starts elongating, whereas the increase in width does not exceed 1 nm. It should be
noted that systematic discrepancies persist between the experimental particle shapes
and the superellipsoid model, which fails to capture the high curvature at the tip of the

particles.
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Figure 3.14 Time-resolved growth of GBPs@Ag rods by LCTEM. (a) Time-lapse STEM
images showing the anisotropic deposition of silver on a gold bipyramid as well as
homonucleation. The scale bar is 50 nm on all images. b) Contour plots of the GBPs@Ag rods
were extracted every second from image analysis. c) Corresponding fit with a superellipsoid
model. (d) Time dependence of length, width, and bluntness of the same GBPs@Ag rod as
determined from the superellipsoid model. The color code of these parameters corresponds to
that of the outlines in (b) and the fits in (c). The LCTEM experiment was done by Dr. Damien
Alloyeau and the fit was done by Dr. Doru Constantin.
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Ag <001>

Ag <112>

Figure 3.15 In-situ structural analysis of Ag and GBPs@Ag NPs. (a) Image series of a growth
experiment performed without ascorbic acid. We observe the growth of facetted nanoparticles
and isotropic shell on the GBPs. (b) STEM nanodiffraction analyses were performed after 5
min of growth on a facetted nanoparticle (diffraction 1) and the shell of a bimetallic
nanostructure (diffraction 2). The positions of the STEM nanoprobe (convergence angle of 7.4
mrad) are selected directly on the STEM HAADF image (left) and the diffractions of individual
nano-objects (right) are acquired on a CCD camera. The diffractions 1 and 2 correspond to the
FCC structure of metallic silver oriented along the and directions, respectively. No other silver
crystalline phase was observed in the reaction media.

Electron beam

Figure 3.16 HRTEM image of a bipyramidal seed. The Fast Fourier Transform (FFT)
corresponds to the superposition of two FCC crystals oriented along the (100) and (112) zone
axes. Such atomic contrasts are characteristic of a pentatwinned nanostructure with one of its
lateral {100} facets (or edge for bipyramids) perpendicular to the electron beam.

To provide a deeper understanding of this anisotropic growth mode, it is crucial to
evaluate kinetic and thermodynamic effects on the shape of NPs. Interestingly, the

growth rate of the GBPs@Ag was very different in our nanoscale and bulk-scale in situ
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investigations. Indeed, the longitudinal growth rate deduced from AS and BEM
simulations were 0.046 nm/s (Figure 3.13d). We further show that the growth rate of
the GBPs@Ag rods can be varied between 0.0045 and 0.13 nm/s by performing the
overgrowth reaction at other reaction temperatures and precursor concentrations
(Figure 3.17a). In the LCTEM experiments, the longitudinal growth rate of the NPs
varies from 0.54 to 1.25 nm/s (Figure 3.17b). The graph shows that the average growth
rate does not increase with the dose rate. It is worth noting that the growth of silver is
only observed in the irradiated area, but the reaction kinetics is not controllable with
the electron beam. The radiolysis of water generates several radical and molecular
species, including aqueous electrons and hydrogen radicals, which are two strong
reducing agents. As demonstrated by many groups both experimentally and
theoretically,1?32°0262 these radiolytic products can reduce metal precursors and activate
the nucleation and growth of metallic nanoparticles within the liquid cell. Therefore,
the much higher longitudinal growth rate observed in the liquid cell is very likely due
to radiolysis boosting the silver atom supply. Surprisingly, the growth rate did not scale
with the electron dose rate but seems rather dependent on the local availability of silver
precursor feedstock. This absence of kinetic effects on the shape of the NPs indicates
that the anisotropic growth along the (110) direction is governed by thermodynamic

effects, most likely due to the passivation of the lateral {100} facets by capping ligands.
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Figure 3.17 a) Investigation of the growth kinetics at other reaction temperatures and precursor
concentrations. b) Evolution of the nanorod length observed by LCTEM as a function of time
for two different electron dose rates (i.e. different magnification).

In LCTEM, metallic precursor reduction can be driven by radiolysis alone. We took
advantage of this feature to conduct an overgrowth reaction without AA in the reaction
medium and reveal the role of this chemical in the anisotropic growth process. Figure
3.18 shows that isotropic silver shells were obtained without AA, suggesting a dramatic
modification of the growth pathway. The transformation of bipyramids into nanorods
in the first stage of shell formation is similar to that of AA. However, the subsequent
growth proceeds at a similar speed in the longitudinal and lateral directions (0.66 and
0.23 nm/s, respectively), suggesting an isotropic radial growth in three dimensions
(Figure 3.14c). The dose rate range used in the experiments performed with and without
ascorbic acid is the same. These in situ observations indicate that AA drives the
anisotropic growth of silver on gold, but a direct correlation with batch synthesis was
needed to support LCTEM results, in particular, to ensure that radiolysis effects, such
as the possible transformation of AA, do not impact these directional growth processes.
In order to confirm the role of AA in bulk experiments, halides had to be removed from
the reaction medium due to their known role in stabilizing the {100} facets of
silver.128283 This was challenging because the positively charged headgroups of the
surfactant (i.e. CTA™) are balanced with halides counterions (i.e. CI"). Fortunately, we
successfully stabilized the GBPs with sodium polystyrene sulfonate (NaPSS)?%* and

conducted the silver overgrowth reaction in an aqueous solution (Figure 3.19).
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Figure 3.18 Time-resolved growth of GBPs@Ag rods by LCTEM without AA. a) Time-lapse
STEM images showing the isotropic deposition of silver on a gold bipyramid as well as
homonucleation. The scale bar is 50 nm on all images. b) Contour plots of the GBPs@Ag rods
were extracted every second from image analysis. The contour plots were first extracted by
image analysis and then fitted by a superellipsoid model. ¢) Graphs show the time dependence
of length, width, and bluntness of the same GBPs@Ag rod as a function of time as determined
from the superellipsoid model. The color code of these parameters corresponds to that of the
outlines in b).

AA was substituted by hydroquinone (HQ), which was used previously as a weak
reducing agent in the synthesis of gold nanorods?® and we studied the influence of
halides by means of supplementing the reaction medium with KCI aliquots. First, the
reaction was conducted with 0.003 M of AA and varying the concentration of chlorine
ions (i.e. trace amounts or 0.01 M). Remarkably, GBPs@Ag rods were obtained in the
presence of chlorine ions and ascorbic acid, using NaPSS as a stabilizer (Figure 3.19).
Although silver deposition was observed without chlorine ions, the growth was not

anisotropic in this case.

Second, the synthesis was performed in the same way by replacing AA with HQ but
we did not observe the formation of GBPs@Ag rods, even by adding 0.4 M of HQ in
the reaction medium (Figure 3.19f). Halide ions are known to play multiple roles in the
synthesis of GBPsS@AQg rods, such as modifying the silver redox potential, forming
complexes with silver, capping the {100} facets and influencing the shape of the
surfactant micelles.?5® Although our results tend to demonstrate that the nature of the
surfactant is not relevant in directing the anisotropic growth of silver onto GBPs, we
cannot neglect the other possible functions of chlorine ions in the synthesis. Overall,
this set of experiments confirms that LCTEM results did not originate in radiolysis
effects and confirm the key role of AA, in synergy with chlorine ions, as a shape-

directing agent in the synthesis of GBPs@Ag rods.
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Figure 3.19 Bulk synthesis of GBPs@Ag rods using NaPSS as a stabilizer and various reaction
conditions a), (b) AS of the GBPs@Ag rods obtained by using AA or hydroquinone (HQ) as
reducing agent, respectively. Experiments are systematically conducted with (blue solid lines)
and without (red solid lines) chlorine ions. References spectra of the GBPs (black solid line)
and GBPs@Ag rods obtained in CTAC and AA (black dashed line) are displayed for
comparison. (c)-(f) Corresponding TEM images.

3.4.3 Conclusions

In conclusion, our LCTEM investigations confirm the key role of AA in guiding silver-
on-gold growth processes. Commonly described as a mild-reducing agent, we
demonstrate here that AA, combined with halide ions, is also a shape-directing agent
that favors the formation of nanorods by stopping crystal growth along with the (001)
directions. This is an important result for future optimization and all applications
already using those particles, such as sensing?®® and biomedical technologies?®’.
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More generally, the present work shows that such multimodal in situ studies provide a
clearer image of the growth mechanisms of nanomaterials. First, corroborating large-
scale and nanoscale investigations allow us to sidestep the inherent limitations and
artifacts associated with each technique. Second, this approach allows determining
whether crystal growth is under kinetic or thermodynamic control and finally it
provides a way of identifying the individual role of chemicals in the growth

mechanisms, helping our understanding of nanomaterial synthesis.

We should emphasize that our result differs from the work of Visaveliya and Koshler,*
which describes the synthesis of Ag nanowire by a seedless approach, through the
polyol process at 160°C, and it uses PVP as a stabilizer and shape-directing agent.
These authors also conclude that AA is essential for the anisotropic growth of silver
rods, but only consider the reducing role of AA in their study and ascribe to it a kinetic
effect (due to an increase in reaction rate) on the formation of multitwinned particles,

which then act as seeds.

In our work, we use preformed seeds and demonstrate that AA has a thermodynamic
effect (by stabilizing the {100} facets). Our method can readily be extended to other
chemicals that are believed to have a double role (e.g., both reducing and shape-
directing agents). For instance, citric acid is widely used as a reducing agent, but it also
appears to stabilize the {111} facets of Pd?® and Au®®. Experiments and density
functional simulations?’® indicate that polyvinylpyrrolidone binds more strongly to the
{100} than to the {111} facets of Ag crystals. Our strategy would allow decoupling of
the two roles of these compounds and hence a thorough analysis of the growth process,

as shown above for AA.
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4 Reshaping kinetics of acicular nanoparticles and their

nonlinear optical properties

The results in this chapter were published in references 1V and VII:

IV. Lyu, J.; Rondepierre, F.; Jonin, C.; Brevet, P.-F.; Hamon, C.; Constantin, D. Shape-
Controlled Second-Harmonic Scattering from Gold Nano-Tetrapods. J. Phys. Chem. C,
2022, 126, (23), 9831-9835. https://doi.org/10.1021/acs.jpcc.2c01867.

VII. Lyu, J.; Alloyeau, D.; Matthews, L.; Zinn, T.; Hamon, C.; Constantin, D.

Reshaping Kinetics of Nano-Tetrapods. In preparation.
4.1 Introduction

Considerable force is required to deform macroscopic metal pieces. At the nanoscale,
however, surface forces are enough to change the shape of nanoparticles (NPs).2’* That
is why we can obtain remarkably regular NP populations, but also why some
geometrical shapes are difficult to reach or maintain. Understanding and controlling
(for instance, blocking) this shape remodeling process is of course very important for
further use of NPs. Such reshaping can be understood in a comparison between Ostwald
ripening and surface melting, while the former involves the dissolution of weakly bound
surface atoms at areas with high convex curvature and re-deposition at concave areas
(i.e. it strongly depends on the moieties present in solution), the latter originates from
the heat-induced atom motion, the solution composition is irrelevant.82 However, there
is very little work on the dissolution/re-deposition process, which is dominant in
solution at room temperature. A system where this process occurs spontaneously and
reproducibly would be ideally suited for studying the phenomenon.

Acicular shapes are not thermodynamically stable, so they are obtained in fast processes
and often reshape into spheroids over time.?’2 Among acicular NPs, especially
nanotetrapods (GNTPs)® are particularly interesting due to their well-defined and non-
centrosymmetric structure. This feature distinguishes them from nanostars,®” which
have an uncontrolled surface distribution of short tips. Studying the evolution of these
objects is a challenge due to their complex shape, which is difficult to characterize
solely via indirect techniques such as small- or wide-angle X-ray scattering (SAXS or

WAXS) or absorption spectroscopy (AS). Time-resolved visualization techniques such
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as liquid-cell transmission electron microscopy (LCTEM) do exist, but only a few
particles can be observed at a time and the electron beam can drastically modify the
process. A comprehensive picture of the synthesis process can thus only emerge from

a combination of several methods.

Another fundamental problem in nanoscale physics concerns the relation between the
shape of NPs and their linear and nonlinear optical properties. As an example, in the
nonlinear optical domain, second harmonic generation (SHG) from nanoscale objects
with centrosymmetric shapes and composed of centrosymmetric materials (which is the
case of all noble metals) can only result from retardation effects over the particle size
and from surface imperfections, precluding large conversion efficiencies for particle
sizes well below the wavelength. Here too, a non-centrosymmetric model system where
the various aspects (size, shape, symmetry, surface state) can be tuned independently is

needed to understand this effect and harness it in view of applications.

In this chapter, we follow in detail the evolution of the GNTPs reshaping as a function
of temperature by a combination of techniques, namely time-resolved SAXS, AS, and
LCTEM. Not only concern with the evolution of the GNTPs in solution, but we also
monitor their reshaping in the dry state to reveal their reshaping mechanism. Moreover,
we monitor the SHG properties of the solutions, as the non centro-symmetric
distribution of the arms on the GNTP surface and their flattening during reshaping into
centrosymmetric shapes has a dramatic effect on the optical properties of these objects.
The SHG efficiency is also strongly affected by the surface properties, such as the

density and nature of ligands.
4.2 Growth and reshaping of gold nanotetrapods

The synthesis protocol of gold nanotetrapods (GNTPs) was described in Section 2.1.4.
Injected the seeds solution into the growth solution, we noted as time 0. Then inserted
the mixture into a cuvette to monitor the optical properties of GNTPs by AS at room
temperature. In Figure 4.1, the intensity of the plasma peak initially increases (from 0.5
min, aqua line) until it reaches its maximum after 6 min, we believe that the GNTP has
been fully formed. There exhibit also two plasmon peaks like GNRs, one is transverse
LSPR at 520 nm, and another is a longitudinal LSPR peak around 670 nm. However,
the longitudinal LSPR peak blue-shifted gradually and evolved to one peak over time,

which shows the GNTPs are not stable and will reshape to spherical GNPs.
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Figure 4.1 Time-resolved AS spectra of GNTPs at room temperature.

To understand better the reshaping mechanism of GNTPs, we controlled the reshaping
process using several parameters, such as temperature, silver coating, presence/absence

of solvent, and the type of solution such as the addition of iodine.
4.2.1 The role of temperature

We first followed the reshaping of GNTPs by AS at different temperatures, i.e. 9°C,
20.8°C, and 60°C. From the AS spectra, the reshaping process is faster at higher
temperatures. For instance, GNTPs reshaped into spheroids in 1 h at 60°C, indicating

the high temperature will speed up the reshaping process.
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Figure 4.2 AS spectra of GNTPs reshaping over time at different temperatures.

The reshaping process was also monitored by a combined time-resolved AS,
SAXS/WAXS and LCTEM under a temperature control setup at the ESRF synchrotron.
The AS spectra of the GNTPs reshaping process at different temperatures are shown in
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Figure 4.3, in which the interval time is 1 min. It is evident that the higher the
temperature, the faster the reshaping rate. At 60°C, GNTPs reshaped completely into a
spherical shape in almost an hour. We are treating the AS data using the singular value
decomposition (SVD) method to extract the spectral signature of the relevant species
and their time evolution and the data analysis of SAXS/WAXS is in progress.
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Figure 4.3 Time evolution AS spectra of GNTPs reshaping at different temperatures, i.e. 40°C,
50°C and 60°C, the time spacing is 1 min.

Due to the crystallization of CTAB during the synthesis of GNTPs, it is difficult to
monitor the synthesis process by in situ LCTEM. We therefore tracked the reshaping
of GNTPs pre-coated with a thin silver layer at 150°C. From the video, one GNTP we
zoomed reshaped to spheres, supporting atom migration occurs at high temperatures.
However, GNTPs without zoomed hardly evolve when we move the observation
window, indicating the reshaping process is speeded up by radiolysis. After extracting
the images from the video (see Figure 4.4), we can notice the shape revolution over
time. Furthermore, we are now trying to treat more videos and draw the contour line of
particles during the reshaping process, thereby obtaining the revolution of arm’s length
and core diameter of GNTPs and then helping us to understand deeply their reshaping

kinetic.

94



Figure 4.4 Time-resolved images of GNTPs reshaping extracted from LCTEM video.

4.2.2 Silver coating

With the experience of the core-shell bimetallic NPs synthesis, we expect to apply this
strategy to quench the reshaping process and obtain objects with the same morphology

to the greatest extent.
4.2.2.1 Stabilizing GNTPs with different Ag/Au molar ratios K

Firstly, the prepared GNTPs were coated with different Ag/Au molar ratios K (from
0.01 to 8). The optical properties and the morphology of GNTPs@Ag were obtained
by AS and TEM separately. Note here that the silver coating is performed directly after
the longitudinal plasma peak of GNTPs reaches the highest value.

Some of AS spectra were selected to be shown here, the GNTPs will still reshape to
spherical when K is below 0.2, but the morphology of GNTP will be changed due to
the overgrowth of silver when K is larger than 0.2. Therefore, a thin silver coating, K
= 0.2, can efficiently block the reshaping of GNTPs and prevent the morphology from

evolving.
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Figure 4.5 AS spectra of GNTPs coated with variable Ag/Au molar ratio K. The K values are

indicated in each panel.

The reshaping is still slowly proceeding over time when K is below 0.2. It’s difficult to
capture the morphology of the particles, we thus took the TEM images of GNTPs coated
with silver when K between 0.2 to 8. We can observe distinctly the GNTPs core and

silver shell when K increases. Therefore, we used Ag/Au molar ratio K = 0.2 for the

following experiments. Additional TEM images are shown in Appendix 8.2.1.

Figure 4.6 TEM images of GNTPs coated with variable Ag/Au molar ratio K. The K values are

indicated in each panel.
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Thus, any state during GNTPs growth and reshaping can also be blocked by a thin layer
of silver. The AS spectrum in Figure 4.7 (left panel) is after the silver coating of the
GNTPs in Figure 4.1. The SAXS spectra of the same samples are shown in the right
panel, the oscillation peak significantly occurred between 0.03 and 0.1 A indicating
that spherical NPs formed after 1 week. In addition, several samples were then selected
for TEM (Figure 4.8). GNTPs was fully generated 6 min after the addition of the seed
solution and had the longest arm lengths. After that, GNTPs start to reshape, manifested
by a blue shift of the plasma peak and a gradual decrease in arm length. The details are

shown below.

Extinction
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Figure 4.7 AS (left) and SAXS (right) spectra of GNTPs coated with silver over time.

6 min 21 min

Figure 4.8 TEM images of GNTPs coated with silver at different times.

The size distribution of particles is shown in Table 4-1, the details of measurements are
provided in Section 2.3.1.1 and Appendix 8.2.2.
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Table 4-1 Particle sizes extracted from the TEM images (mean + SD): arm length L and core
diameter 2R for the GNTPs.

Sample L (nm) 2R (nm)
GNTPs-2 min 13.2+25 158+ 1.2
GNTPs-6 min 13.7+£2.0 15.4+0.8
GNTPs-21 min 126+24 16.2+1.2

GNTPs-5h 10.7+2.0 169+1.2
GNTPs-24 h 7.7+21 186+2.1
GNTPs-1 W 0 224+£21

4.2.3 Presence/absence of solvent

We are not only concerned with the evolution of the GNTPs in the solution but also
studied their reshaping in the dry state, for two main reasons: i) this process can serve
as a reference and a source of complementary information for the solution kinetics, and
i) the possibility of preserving the tetrapodal shape or, conversely, of inducing the
transition at will, makes these objects very attractive for applications. Specifically, 10
uL of GNPs droplets were deposited immediately on the glass coverslip and carbon
grid for AS and TEM measurements over time respectively, once GNTPs formed
completely. Of particular note is that these two samples have to be dried under a vacuum
as soon as possible until in the dry state to avoid the influence of the solvent in the
droplets. The rest of the suspension were extracted into aliquot and then stabilised with
silver at different times. Their properties were monitored over time with AS and TEM.
Time 0 coresponds to the time at which the seeds solution is injected into the growth
solution. The general procedure is shown in Figure 4.9.
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Figure 4.9 Scheme of monitoring GNTPs reshaping process in the solution and the dry state.
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As described above, the plasmon peak blue shift and lead to a strong color shift of the

colloidal suspensions, from deep blue-green to red. The TEM images of GNTPs

obtained after various reshaping times are shown in Figure 4.10C, various arm lengths

L and core diameter 2R are shown in Table 4-2.
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Figure 4.10 Time-resolved AS spectra (A) and photograph (B) of GNTPs suspensions. (C)

Corresponding TEM images.

Table 4-2 Particle sizes of GNTPs in the solution extracted from the TEM images (mean *

SD): arm length L and core diameter 2R for the GNTPs.

Sample L (nm) 2R (nm)
GNTPs-8 min 10.1+31 9.1+ 0.8
GNTPs-1 h 9.3+28 9.4+ 0.7
GNTPs-3 h 79+25 96+1.6
GNTPs-5h 74426 10.0+£ 0.6
GNTPs-26 h 48+21 104+ 0.6
GNTPs-4 d 0 16.8+24
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It took around 30 min to make sure the GNTPs were in the dry state under vacuum,
after that, the particles deposited on the coverslip were monitored by time-resolved AS,
see Figure 4.11A. The plasmon peak blue shift obviously but still exhibits two peaks
until 111h later (around 5 days), demonstrating the GNTPs reshaping process occurred
in the dry state but the reshaping process is slower than in suspension. From the TEM
images (see Figure 4.11B), one could still observe definitely the arm of GNTPs two

months later. Various arm lengths L and core diameter 2R are shown in Table 4-3.
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Figure 4.11 (A) Time-resolved AS spectra of GNTPs deposited on a glass coverslip. (B) TEM
images of GNTPs deposited on the carbon grid.

Table 4-3 Particle sizes of GNTPs in the dry state extracted from the TEM images (mean +
SD): arm length L and core diameter 2R for the GNTPs.

Sample L (nm) 2R (nm)
GNTPs-27 h 10.1+3.1 9.1+ 0.8
GNTPs-4 d 93+28 9.4+ 0.7
GNTPs-1 W 79+25 96+1.6
GNTPs-2 W 74+26 10.0+£0.6
GNTPs-1 M 48+21 104 +£0.6
GNTPs-2 M 0 16.8+24

The dimensions of GNTPs obtained after various reshaping times in the different states
are shown in Figure 4.12. We can conclude that reshaping of GNTPs occurs both in the
solution and dry state, but the reshaping rate is relatively slow in the dry state. Atom
migration plays a key in the reshaping process in the dry state, while atom migration
and dissolution/redeposition are both mechanisms that are at play in the solution.
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Figure 4.12: The dimensions of GNTPs obtained after various reshaping times in the different
states.

4.2.4 The addition of iodine

The reshaping of GNTPs was apparent in the solution, we then carried out the
experiments where Au® concentration was fixed at 0.25 mM and CTAB concentration
was at 12.8 mM, and 0.01 mM Kl was added in the other one. As shown in Figure 4.13,
the reshaping rate drastically increase when iodide was added, which is in agreement
with the previous works of Liz-Marzan et al.? The reason is that they can also adsorb
(displacing bromide) and then coordinate and solubilize the weakly bound gold atoms,
which will re-deposit onto more favorable sites, thus driving the reshaping. This
experiment indicates that the shape deformation is indeed related to the solutes in the
solution, confirming the Ostwald ripening occurred, which usually refers to a
dissolution and redeposition process. Meanwhile, confirmed the iodide ions’ stronger
coordination affinity to gold.®?
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Figure 4.13 AS spectra of GNTPs dispersed in the different solutions: CTAB (left) and CTAB
+ Kl (right).
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4.2.5 Stability of gold nanotetrapods

The stability of GNTPs after being coated with a thin layer of silver at different
temperatures was investigated by AS and SAXS. From AS, the plasmon peak didn’t
evolve showing the GNTPs are very stable at room temperature for at least 2 months

and still keep well at 60°C, which is very critical for our following experiments.
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Figure 4.14 AS spectra of GNTPs coated with silver at different temperatures. The black dashed
line is the initial GNTPs coated with silver as a reference.

The SAXS spectra were shown in Figure 4.15, without silver on the left panel, the
number of the oscillation peaks increase in 1h and shift to lower g indicating the
spherical formed, but after being coated with silver, the oscillation peak didn’t change

proving the GNTPs coated with silver are stable at 70°C.
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Figure 4.15 Time evolution SAXS spectra of GNTPs coated without (left) and with (right)
silver at 70°C.
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4.2.6 Seeds volume tunability

Like ordinary seed-mediated methods, we can also tune the morphology of GNTPs via
adjusting the content of seeds. By decreasing the seed solution without changing other
experimental parameters, the intensity of the longitudinal plasmon peak decreases, and
a new third plasmon peak occurs at the middle wavelength. From the TEM images, the
polydispersity GNTPs with longer arm lengths while few complete four arms were
obtained at lower seeds content. These results explain the existence of other plasmon
peaks in the AS spectra and illustrate that reducing continually the volume of the seeds

to obtain the GNPs with longer and sharper arm lengths is not the ideal GNTPs.
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Figure 4.16 AS spectra of GNTPs synthesized with different seed volumes.

Figure 4.17 TEM images of GNTPs synthesized with different seed volumes.

427 Conclusions
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This reshaping process of GNTPs is related strongly to the temperatures,
presence/absence of a solvent, and the addition of lodine. In detail, as the higher
temperatures, the fast reshaping process. Also, reshaping of GNTPs occurs in the dry
state as well suggesting an atom migration mechanism, but the kinetic is much slower
than one in solution. In addition, the reshaping rate drastically increased when iodide
was added, indicating that the shape deformation is indeed related to the various solutes,

confirming the dissolution and redeposition mechanism.

One interesting thing is that the reshaping process can be blocked with a thin silver
layer at a different stage (Ag/Au=0.2). Using this way, the morphology of GNTPs can
be well stabilized to the greatest extent, thereby also preventing the evolution of optical
properties. Moreover, the GNTPs coated with silver are very stable for 2 months as well
as at 70°C.

In end, we also give general recommendations for the synthesis of GNTPs. Different
from the common seed-mediated method, the regulation of seed content cannot
precisely adjust the morphology of GNTPs, while some particles with other

morphologies will appear.

4.3 Nonlinear optical properties: shape-controlled second-harmonic

scattering from gold nanotetrapods

In the search for efficient building blocks for nonlinear metamaterials, plasmonic NPs
have received considerable attention. Their quadratic nonlinear optical properties result
from a complex interplay between the nature of the bulk material, the object shape,
surface defects and retardation effects. This versatility can be used to tailor the
properties of the resulting material. However, despite extensive investigation,
separating and controlling these contributions is still a challenge. In this section, we
explore the second harmonic scattering response from colloidal GNPs with tetrahedral
symmetry. The material itself is centrosymmetric but not the shape, conferring to the
first hyperpolarizability an almost purely octupolar symmetry. By reshaping the
nanoparticles into spheres, we show that their nonlinear response is controlled by
morphology. These results open the way for new kinds of nonlinear plasmonic

platforms and imaging probes.

4.3.1 Gold nanotetrapods reshaping and stabilizing
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After GNTP formation, the solution was diluted by an appropriate amount of 10 mM
CTAC solution in order to bring the Au® concentration to 0.25 mM and then put in a
water bath at 60°C to induce fast reshaping. Several mL was extracted at different times.
We then injected 10 mM AgNOs, 40 mM AA, and 0.2 M NaOH sequentially into the
GNTPs solution to block the reshaping. We lightly shook the solutions up and down

after each injection.

We applied a thin silver layer at an Ag/Au molar ratio of 0.2 at different times after
particle formation, obtaining nano-objects with the same morphology and total volume,
but various arm lengths L and core diameters 2R, as shown in Figure 4.18a-e. Gold
nanospheres (GNSs) were also covered with silver (Ag/Au= 0.2), an operation that does
not change the morphology of the particles (see Figure 4.18f). All particles were
dispersed in an aqueous solution of 10 mM cetyltrimethylammonium chloride (CTAC),
at an Au® concentration of 0.17 mM (GNTPs) or 0.22 mM (GNSs). Their dimensions
are given in Table 4-4 and their AS spectra are displayed in Figure 4.18g, along with
boundary element method (BEM) simulations.

Extinction

Figure 4.18 a) TEM images of (a-e) GNTPs obtained after various reshaping times: 3 min, 18
min, 33 min, 48 min and 12 h, (f) GNSs, and (g) AS spectra of particle suspensions,
renormalized to the extinction of 0.5 at A =400 nm (solid lines) and spectra of the model shapes,
simulated using BEM (dashed lines). The GNTPs are represented above each curve, and BEM
simulations were done by Dr. Doru Constantin.

Table 4-4 Particle sizes extracted from the TEM images (mean + SD): arm length L and core
diameter 2R for the GNTPs, diameter 2R for the GNSs. Simulation parameters: BEM
simulations were done using the TEM values for 2R and the slightly higher values L, for the
arm length in order to yield a good agreement between the fits and the data in Figure 4.18g.
HRS parameters: first hyperpolarizability 3, depolarization ratio D and retardation parameter
¢V (see the text below for details).
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Sample | Age L (nm) 2R (nm) Lo £ (102 esu) D 7’
(nm)
GNTPs-1 | 3min | 17.1+2.3 15.2+1 19 6.04+£0.06 | 0.61+0.01 | 0.01+0.002
GNTPs-2 | 18 min | 11.1+2.6 | 158+0.8 | 13 | 2.56+0.03 | 0.52+0.02 | (4+0.5)107
GNTPs-3 {33min | 87+23 | 16.6+0.8 9.5 142 +0.11 | 0.48+0.01 0.13+0.01
GNTPs-4 | 48 min | 6.3+2.2 | 17.0+0.6 7.5 1.3+£0.09 | 0.38+0.01 | 0.11+0.01
GNTPs-5| 12h 0 196+1.2 0 1.5+0.17 0.20+0.01 | 0.08+0.01
GNSs - - 28.1+2.1 - 0.56+0.05 | 0.27+0.01 | 0.33+0.06

4.3.2 Second-harmonic scattering

The linear polarization of the fundamental beam was controlled with a half-wave plate,

defining the angle y with respect to the laboratory vertical direction. The polarization

angle I of the harmonic light was selected with a linear polarizer placed either

vertically (I" = 0) or horizontally (I = m/2), denoted in the following by V and H,

respectively. For the two I positions, we measured I}zs(y) over a complete 27 range,

see Figure 4.19A. The concentration dependence of I§,s(y = 0) normalized to the

solvent signal yielded the first hyperpolarizability g in absolute esu units using water

as the reference while the dependence of the signal intensity on the polarization angle

(Figure 4.19B) yielded the depolarization ratio D and the retardation parameter ¢ . All

these quantities are given in Table 1 for each sample.
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samples (red and black symbols) and the GNS (green symbols) and fits with Eq. (2-10) (solid
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lines ). Iy isonly shown for GNTP-1 and GNS. (B)HRS intensity I;;zs(N) for all the samples
discussed in the text (symbols) and linear fits (lines). Note the split x axis for the GNS data.

The first hyperpolarizability 8 (solid dots in Figure 4.20) decreases markedly as the
GNTPs reshape. The initial GNTPs (sample GNTP-1) have a hyperpolarizability
over 10 times higher than that of the reference nanospheres (sample GNS), although
their volume is three times lower! For the more symmetric shapes (GNTP-3 to 5) S
reaches a plateau of the order of 10% esu that we attribute to surface defects (leading

to effective asphericity).
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Figure 4.20 Left axis: first hyperpolarizability g for all the samples, identified on the bottom
axis (solid black dots). Error bars are smaller than the symbol size. For GNTPs, the arm length
L is given on the top axis.

More information can be gleaned from the polarization dependence of I},(y). The
depolarization ratio D (Figure 4.21, left) is initially rather high (D = 0.61), indicating a
harmonic response with almost purely three-dimensional octupolar symmetry (Doct=
2/3), as expected from the shape of the GNTPs. This parameter decreases along the
reshaping process, spanning the range from Doct to Daip = 1/9 for purely dipolar
symmetry. The retardation parameter ¢V (Figure 4.21, right) remains low for all
samples, as expected for objects much smaller than the wavelength. For spheres (GNS),
where the shape is perfectly centrosymmetric and the surface free from defects, the only
source of SHG is retardation, hence a high ¢ value. This contribution is however
ineffective at small sizes and therefore the hyperpolarizability is small. The

determination of a depolarization ratio D is, in this context, a measure of the distribution
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of the defects at the nanoparticle surface, since it is indefinite for a pure retardation
contribution (D being the ratio of two vanishing intensities). The experimental value,
markedly different from the pure dipolar 1/9 theoretical value, indicates a rather general

defect distribution over the entire surface.
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Figure 4.21 Depolarization ratio D (left) and retardation parameter ¢V (right) for all the samples.

4.3.3 Conclusions

Gold nanotetrapods exhibit strong SHG, essentially due to their shape (and hence with
the same octupolar symmetry as the objects themselves) and which decreases as they
reshape into spheres, reaching a plateau, the origin of which is driven by the surface
defects. Initially, retardation is weak and the SHG response is dominated by the shape
non-centrosymmetry. As the GNTPs evolve into spheres, this source weakens and is

complemented with an origin due to retardation.

The arm length (and hence the extinction spectrum) of the GNTPs can be tuned over a
wide range, which is very interesting in view of applications. For instance, one could
place either the maximum value (peak) or the steepest slope of the longitudinal plasmon
band at the excitation frequency for maximum efficacy or sensitivity, respectively. The
presence of two plasmon bands opens the way toward doubly resonant systems,?”
where the fundamental and harmonic frequencies coincide with the longitudinal and

transverse bands, respectively.

Possible applications to nonlinear imaging can also be envisioned, since the SHG signal
is spectrally sharp and coherent, in contrast with two-photon luminescence, for instance.

These advantages have already prompted the use of ferroelectric materials (e.g. BaTiO3)
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as microscopy probes.?’*2”® Gold nanoparticles have the added benefit of very versatile
surface chemistry, making them adaptable to practically all relevant media (biological

or otherwise).
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5 Assembling gold nanoparticles into one-dimensional

chains

The results in this chapter were published in references Il and V:

Il. Lyu, J.; Alloyeau, D.; Hamon, C.; Constantin, D. Two-Step Assembly Kinetics of
Gold Nanoparticles. J. Mater. Chem. C 2021, 9 (5), 1730-1739.
https://doi.org/10.1039/DOTCO05076H.

V. Li, X.; Lyu, J.; Goldmann, C.; Kociak, M.; Constantin, D.; Hamon, C. Plasmonic
Oligomers with Tunable Conductive Nanojunctions. J. Phys. Chem. Lett. 2019, 10 (22),
7093-7099. https://doi.org/10.1021/acs.jpclett.9b03185.

5.1 Introduction

One-dimensional nanoparticle chains (also called “plasmonic polymers”2’%) exhibit
fascinating optical properties, such as multiple surface plasmon resonance peaks and
the generation of a strong electromagnetic field at the interparticle gaps, as “hot spots”,
which are very different from those of the isolated objects.?’” Gold nanoparticles (GNPs)
are easily assembled into compact structures, e.g. by Van der Waals or depletion forces,
but it is much more difficult to obtain open or elongated patterns. End-to-end assembly
into long chains is of particular interest,3since the longitudinal plasmon peak of the
aggregate can be red-shifted over a very wide wavelength range, depending on the
number of NPs in the chain and on the tip-to-tip distance. However, by increasing
further the number of particles in the chain, the plasmon band red-shift to a finite value

due to the so-called “infinite chain limit effect”.278279

Plasmonic polymers have been obtained by wet chemical approaches,?° including but
not limited to molecular recognition!#6281-285 or solvophobic interaction?2¢’ or
mediated by templates.?®® In many cases, the self-assembly reaction progresses until
flocculation and can be difficult to handle. In this respect, it is crucial to control the
assembly process and stabilize a preferred configuration with defined optical properties.
This requires the ability to controllably manipulate the reaction rate, which can be
achieved by an external stimulus. A light-controlled synthetic procedure has been
demonstrated, but this technique necessitates a femtosecond laser tuned to the plasmon

frequencies of the NPs.?8°-2°1 Benchtop methods relying on purely chemical strategies
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have been developed to prevent the growth of larger structures such as a molecular
competitor?®29 (e.g. addition of an excess of mono-thiol to compete a dithiolated
linker mediated assembly) or through encapsulating the oligomers.2%32% In these cases,
the surface of the oligomers, as well as the particle junctions, are passivated by strongly
bound ligands, which may impede further use. This shortcoming can be avoided by a
simpler strategy, which involves adding salt to a particle suspension in various solvents,
such as DMF,?*® ethanol®®® or a DMF-water mixture.'®’ In a recent study, sulfate ions
were used to self-assemble gold nanorods into chains in water. They think the end-to-
end assembly is attributed to the localized association of sulfate with exposed
ammonium head groups of CTAB at the GNRs tip and the assembly kinetics follows

the second-order after analyzing the plasmon band of extinction spectra.’®

After assembly, the region of “hot spots” generated has led to many applications
(ranging from biosensing to metamaterial design) that strongly depend on the detailed
geometry of the metal surfaces.?®” Therefore, controlling the shape and chemical nature
of the “hot spots” in colloidal plasmonic nanosystems has a very wide range of
applications. For instance, one can tailor plasmon coupling by bridging NPs together
with molecular junctions whose conductivity can be switched at will.?*32%° Controlled
melting of adjacent NPs has been performed at the single-particle level by an electron
beam to connect gold nanospheres into solid networks featuring low-energy plasmon
modes.>® Colloidal approaches include welding NP assemblies using ultrafast laser
pulses.?8%2%0 In another example, conductive connections were engineered by
controlling the sintering of GNP dimers within a silica shell.*®* Another group has
controlled the silver thickness at the junction of asymmetric dimers linked with DNA.3%
Although some colloidal-based strategies have been demonstrated, engineering
plasmonic assemblies with tunable conductive junctions remains challenging. Current
methods rely on the controlled fusing or melting of NP assemblies but do not allow
control over the metallic nature of the nanojunction. Moreover, most studies have
focused on dimers rather than on larger objects, which are however more interesting for

the directional control of light.

We therefore followed the protocol to prepare GNPs chains using sulfate ions. In the
present work, various types of surfactant-stabilized GNPs (spheres, rods and
bipyramids) were self-assembled into chains. The self-assembly process can be stopped

at any stage by adding an excess surfactant to the reaction mixture. We investigated the
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reaction kinetics by AS and SAXS and found a two-step mechanism: (1) an initial fast
aggregation process (detected by SAXS), in which particles are loosely bound and (2)
a slow self-assembly step whereby the particles come into intimate contact. During this
step, the AS spectrum of the GNPs changes, and we analyzed it quantitatively by
singular value decomposition (SVD) method to extract the time-dependent fraction of
monomers and chains as well as the short-scale structure of the latter. The chain’s size
and structure were also studied by ex-situ and liquid-cell transmission electron
microscopy (TEM and LCTEM, respectively). We also could characterize this
interaction between NPs by LCTEM and explore the stability of chains by dialysis

experiments.

After obtaining the stable chains of GBPs, we deposit a metal of choice at the hot spots’
location in chains via the seed-mediated growth procedure. We focused on silver due
to its notable plasmonic and photocatalytic properties, respectively. AS and electron
energy loss spectroscopy (EELS) were used to describe the evolution of the collective
plasmonic response of the nanostructures. Upon bridging the NPs, we observed a strong
variation of the optical properties, which can be tuned by the nature of the metallic

junction.
5.2 Assembly procedure

Various types of GNPs comprising spheres, rods, and bipyramids were assembled into
one-dimensional chains using sulfate ions as initiators. It is worth mentioning that the
low concentration of CTAB is the key to the assembly reaction. Typically, 5.7 pL of
the stock GNPs suspension (at 88 mM Au and 1.8 mM CTAB) were injected into a
polystyrene cuvette, then add 10.2 pL of 1.8 mM CTAB and 16.1 pL water in sequence,
and then 1968 pL 1mM MgSOQg, the scheme is shown in Figure 5.1. The final CTAB
concentration is just 14.3 uM. Note that the order of mixing is important: premixing the
CTAB and MgSOs solutions before adding them to the stock GNP suspension often
leads to rapid (a few second) precipitations of the particles, revealed by a grayish color
of the solution. The detailed information on well-dispersed NPs is shown in Section 3.2.
Atany time of the process, 26.5 pL of a 0.756 M CTAC or CTAB solution can be added
to the mixture to quench the assembly. A reminder that the amount of CTAB is crucial
to the reaction but the CTAB solution is easy to crystallize at low temperature, so be

sure to prevent the crystallization of CTAB before assembly.
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Figure 5.1 Scheme of assembling various GNPs into chains.

In general, we monitored the assembly process by time-resolved AS. The mixture
solution was prepared in a 2 mL polystyrene cuvette and inserted within 30 seconds
into the instrument to start recording. The spectrum was taken every 30 min.

5.3 Stop and stabilizer the assembly reaction

The assembly process was stopped by the addition of 10 mM CTAC at 0 h, 5 h, and 20
h. For instance, assembly of GNRs and GBPs with 0.25 mM Au®, 14.3 uM CTAB and
1 mM MgSOyg, the evolution of the plasmon band is the same trend as the assembly of
GNRs and GBPs (see Figure 5.2). The transverse plasmon peak around 510 nm did not
change noticeably, but the longitudinal plasmon band decreased in intensity and new
red-shifted broad bands appeared compared with the AS of initial isolated GNPs. This
evolution is an indication of particle assembly in a tip-to-tip configuration,®3% which
we confirmed by our TEM images shown later. After 14 days, the extinction spectra of
the suspensions did not evolve (dashed line). This experiment shows that the assembly
process can be controlled by excess surfactant and stabilized chains with defined optical
properties, which is also fundamental for our further characterizations and applications.
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Figure 5.2 Stopping and stabilizing the assembly process of GNRs (a) and GBPs (b) by adding
excess CTAC. AS of various plasmon polymers just after stopping (solid line) and the same
dispersions after 14 days (dashed line). 0.25 mM Au°, 14.3 uM CTAB and 1 mM MgSO, were
used for assembly.

5.4 Following the kinetics by TEM

We present TEM images taken at the beginning (0 h) and the end (20 h) of the assembly
process for the three-particle shapes in Figure 5.3. In the right column, we zoom in on
individual chains. We can observe the beautiful chains with tip-to-tip configurations

from the images.

a)

Figure 5.3 TEM images of the assembly state at 0 h and 20 h. (a) GNRs, (b) GBPs and (c)
GNSs. The rightmost panel shows individual chains under higher magnification.

5.5 The role of experimental parameters
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The concentration of reactant (in our case, the initially isolated GNPs) Cayor Au® is a
very important parameter, and its influence on the kinetics can reveal the reaction
mechanism. The presence of sulfate ions is necessary for the formation of chains, and
the content of CTAB is also a crucial factor for tip-to-tip chains formation. Therefore,
to understand the assembly mechanism, we adjusted these reaction parameters through

the controlled variable method.
5.5.1 The role of gold concentration and the reaction order

Firstly, we assembly the GNRs with varied gold concentrations (Cau or Au®) from
0.0163 to 0.3 mM, while fixed at 14.3 uM CTAB and 1 mM MgSOas. A part of the AS
data is shown in Figure 5.4, taking the spectrum of assembly at 0.0163 mM Au®as an
example, the transverse plasmon peak did not change noticeably, but the longitudinal
plasmon band decreased in intensity and new red-shifted broad bands appeared
compared with the AS of initial isolated GNRs.
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Figure 5.4 AS spectra of GNRs assembly as a function of Ca, in the presence of 1.0 MM MgSO4
and 14.3 uM CTAB. The Cau Vvalues are indicated in each panel.

We then treated all the AS data using SVD method to extract the spectral signature of
the relevant species and their time evolution. In the AS, the assembly reaction is a
limited process within 20 hours of monitoring relative to the general chemical reaction
kinetic. The details of general and limited reaction kinetics and the SVD method are
provided in Appendix 8.3. To obtain the yield n and understand the assembly reaction
order, we fitted the time coefficient of the isolated particle concentration C1(t) with an

exponential function (first-order kinetic) and a reciprocal function respectively
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(second-order kinetic), see Figure 5.5. Due to €1(0) =1 is the time-dependent
normalized concentrations of isolated particles at t = 0, the first-order kinetic Eq. (8-8)

can be written as an exponential function:

() =ne X+ (1-1n) (5-1)

and the second-order kinetic Eq. (8-11) can be written as a reciprocal function:

GO =+ (=) (5-2)

n kt

where the yield 7 is
n=1- [A]final (5'3)

Each function has two free parameters: the yield n (constrained to the [0,1] interval),
and the rate constant k. The fits are shown in Figure 5.5 for various Cay values and the
corresponding goodness-of-fit parameter y?2 is displayed in Figure 5.6. Below Ca, =
0.15 mM, the exponential model is better than the reciprocal one, while above 0.25 mM
the quality fit is indistinguishable. We conclude that the data is better described by first-

order Kkinetics.
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Figure 5.5 Fit of the time coefficient of the isolated particle concentration €, (t) with an
exponential (solid red line) and a reciprocal (black dashed line) function. The Cay values are
indicated in each panel.

Therefore, the time-dependent normalized concentrations of final aggregates C,(t) is:
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C)=1-C () =n(1-eX) (5-4)

the yield n ~ n, = C,(o0) is the particle fraction that belongs to the aggregates (defined

as objects characterized by S2(4) at the end of the process.
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Figure 5.6 Goodness-of-fit values y? corresponding to the fits in Figure 5.5.

After that, | took one of the SVD results of GNRs assembly at 0.263 mM Ca, for an
example (see Figure 5.7). §;(A) is slightly different from the first experimental
spectrum (red open dots) because we only took K = 2. The yield n is 72% and the rate
constant is 0.13 h't after fitting C,(t) with exponential function Eq. (5-4). From Figure
5.7c, we see that the first two singular values are greater than the other, which also
proves that there are only two components that contributed significantly to the

experimental spectra.
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coefficients €, (t) and C,(t) of the identified species with an exponential fit (red solid line). c)
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The values of the yield and rate constant for GNRs assembly as a function of Cay in the
presence of 1.0 MM MgSOs4 and 14.3 uM CTAB are shown in Figure 5.8. The yield
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decreased with Cay by about 30% over the studied range, while the rate constant was

virtually unchanged, supporting our conclusion that the reaction is apparently first-
order in the gold concentration.
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Figure 5.8 a) Yield and b) reaction rate constant for GNRs assembly as a function of Cayin the
presence of 1.0 mM MgSO4 and 14.3 uM CTAB. Dashed lines are linear fits to the data.

5.5.2 The role of sulfate

We studied the kinetics for three different MgSQ4 concentrations at 0.25 mM Au® and
14.3 uM CTAB, the AS data is shown in Figure 5.9.
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Figure 5.9 AS of GNRs assembly as a function of the MgSO. concentration for Ca, = 0.25 mM
in the presence of 14.3 uM CTAB. The sulfate values are indicated in each panel.
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Figure 5.10 a) Yield and b) reaction rate constant for GNRs assembly as a function of the
MgSO4 concentration for Ca, = 0.25 mM in the presence of 14.3 uM CTAB.
After SVD, the values of the yield n and rate constant k are shown in Figure 5.10. The

yield was roughly linear in the MgSOa4 concentration, which did not affect the rate.
5.5.3 The role of surfactant

The density of CTAB on the particle surface is different due to the different curvatures
of the particle surface. Therefore, we assembled three types of GNPs comprising
spheres, rods, and bipyramids by adjusting the concentration of CTAB in the presence
of 1 mM MgSOs. The Cay was fixed at 0.25 mM.
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Figure 5.11 AS of GNPs assembly as a function of the CTAB concentration for Ca, = 0.25 mM
in the presence of 1 mM MgSOQ.. a) GNRs, b) GBPs and c) GNSs. The concentrations of CTAB
are indicated in each panel.

Some of AS data are shown in Figure 5.11. For all particle shapes, new absorbance
bands appeared in the spectra and red-shifted with respect to the initial ones, indicating
the formation of close contacts between particles. In the case of spheres, the plasmon
band centered at 525 nm decreased slightly, while a moderately intense band appeared

at 700 nm. In contrast, the spectra of rods and bipyramids varied significantly under
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otherwise similar experimental conditions. Their transverse band around 510 nm did
not change noticeably, but the longitudinal plasmon band decreased in intensity and a

new red-shifted broad band appeared.

Both the yield C2(o0) and the reaction rate constant k are shown in Figure 5.12 as a
function of the CTAB concentration in the presence of 1 mM MgSOa4. From these
results, it is clear that the self-assembly yield increases as the CTAB concentration
decreases. This experiment confirms that sulfate ions mediate the self-assembly of
GNPsbut also highlights the role of surfactant concentration in this process. Decreasing
the CTAB concentration in solution well below the CMC (1 mM) ultimately leads to
disruption of the bilayer at the surface of the NPs, weakening their electrostatic
repulsion and rendering their surface accessible for conjugation with sulfate moieties.
Moreover, the CTAB density is lower at the tips of anisotropic NPs due to the higher
local curvature compared to the lateral facets.>** As discussed below, there is not

enough place between the particle tips for two surfactant bilayers.

Our explanation entails that various particle shapes, with different curvatures, should
evolve differently. This is indeed the case, as one can see in Figure 5.12, the yield
increased with the curvature (from spheres to rods to bipyramids). As expected, the
reaction rate constant of nanorods was higher than that of spheres, but that of
bipyramids showed a significantly different trend, decreasing steeply with the CTAB
concentration. This might indicate a different mechanistic pathway, which requires

further study to elucidate.
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Figure 5.12 a) Yield and b) reaction rate constant for particle assembly as a function of the
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5.6 Two-step assembly process

Taking the assembly nanorods as an example, we followed the assembly reaction
process at high and low CTAB concentrations in the presence and absence of sulfate
solution by in-situ AS and SAXS. Here, the gold concentration was fixed at 0.25 mM.
For AS, the mixture solution was prepared in a 2 mL polystyrene cuvette and inserted
within 30 seconds in the instrument to start recording. The spectrum was taken every
30 min. For SAXS, we filled the mixture solutions into round glass capillaries, with an
outer diameter of 1.2 mm and 10 micron-thick walls, purchased from WJM-Glas
(Berlin, Germany), and placed them vertically in a motorized and temperature-
controlled holder. Preliminary data treatment (angular averaging and normalization)
was done using the software Foxtrot developed at the beamline and yielded the intensity
as a function of the scattering vector I(q) in absolute units. Specially, we determined
the (isotropically averaged) form factor P(q) of the particles by measuring a well-

dispersed solution and obtained an approximate structure factor as

S(q) =1(q)/P(q).
5.6.1 First Step: fast aggregation due to surfactant dilution
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Figure 5.13 a) SAXS structure factors of nanorods at CTAB and MgSOa. concentrations
indicated on top of the curves, for various times after preparation (different colors and markers).
b) Extinction spectra for the solutions in a) immediately after preparation and after 20 h. For
the solution at 14.3 uM CTAB and 1.0 mM MgSOs, intermediate spectra (taken every 30 min.)
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are also shown. Curves shifted vertically for clarity: SAXS and corresponding AS data for the
same solution are at the same level.

As shown in Figure 5.13a, at high CTAB concentration, the structure factor S(q)
remained flat, indicating well-dispersed particles. At low CTAB concentration, 8 to 10
min after preparation there was already an increase in S(q) at low g, signs that the
particles aggregated. The aggregation process continued until about 20 min and then
there was no change until the end of the experiments (1 h). Note that the presence of
MgSOs did not affect the SAXS results. We can conclude that the first step of the

assembly process is fast aggregation due to the reduction in surfactant concentration.
5.6.2 Second step: slow assembly due to the presence of sulfate

The AS data (Figure 5.13b) at high CTAB concentration showed no change over 20 h,
confirming good particle dispersion as well. Although no AS change occurred at low
CTAB concentration and in the absence of MgSOs, the SAXS data clearly shows the
particles were aggregated. It is only when both conditions (low CTAB and presence of
MgSO.) are met that the assembly occurred, as seen by the gradual changes in the
spectrum. To get more insight into the structure of the assemblies, we performed a
longer (20 h) time-resolved SAXS study (see Figure 5.14) for a sample in appropriate
conditions (0.22 mM Au®, 1.0 mM MgSOsand 28 uM CTAB). At this point, we find
that the change in AS only occurs in the second step. Therefore, the influence of the
various parameters on assembly is in fact contained in this step. Also, we emphasize
that the first-order assembly kinetics only applies to the second step of the process.
Presumably, the rapid first step is collective in nature so we would expect it to have

higher-order kinetics, but we could not test this hypothesis with the techniques we used.
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Figure 5.14 Assembly kinetics for GNRs with 1.0 mM MgSO4 and 28 uM CTAB. SAXS curves
were acquired at 30 min intervals and color-coded from red to violet.

5.7 Properties of the final state

5.7.1 Chain spectra and modeling

One major advantage of the SVD technique is that it yields the spectra S, (A) of the
final assemblies using a minimal number of assumptions. These spectra contain
information on the inner structure of the assemblies, in particular on the contact
configuration (tip-to-tip, side-to-side, etc.) and the interparticle distance at contact.
Aided by BEM simulations, we then can describe these spectra with different

contributions.
5.7.1.1 Plasmon coupling simulations

As we mentioned earlier, the changes in AS spectra of the particles are attributed to the
coupling of the plasmon modes. This coupling is extremely sensitive to the reciprocal
position and orientation of the objects, as shown in Figure 5.15. All simulations are
performed using the MNPBEM toolbox.??’ The dielectric constant for gold is that given
by Johnson and Christy®® (with no finite-size correction) and the host medium is water.
We report the extinction efficiency Q,,, defined as the ratio of the extinction cross-
section C,,; to the geometrical cross-section of the particle. All coupling simulations

were done by Dr. Doru Constantin.

-~

Figure 5.15 System geometry for the plasmon coupling simulations, in a) tip-to-tip b) tilted and
c) side-to-side configuration of a particle dimer.

Both the GNRs and the GBPs are anisotropic, so the simulations of anisotropic GNRs

assembly and isotropic GNSs assembly are taken as examples.

(1) Plasmon coupling simulations of GNRs assembly
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+ Tip-to-tip assembly

It is well-known that tip-to-tip assembly of nanorods leads to a red shift of their
longitudinal plasmon resonance.®® In this section we quantify the shift as a function of
separation distance and number of particles in the chain for the nanorod morphology
used in our experiments (AR = 2.9). In Figure 5.16, the extinction spectrum depends not
only on the distance between particles but also on the number of particles. We then
plotted the position of the longitudinal peak (LSPR) as a function of the surface
separation d for dimer to hexamer and fits with the Hill equation. Empirically, we find
that the dependence of the peak maximum on the interparticle separation A,,,.(d) is

much better described by the Hill equation:3%

Amax (d) = Apax (00) + Amax (0) = Amax ()
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Figure 5.16 a) Simulated extinction spectra for an isolated gold spherocylinder with AR = % =

2.9 (black line) and for a tip-to-tip dimer, trimer and tetramer of such objects with a minimal
surface separation d varying from 0.25 to 50 nm (green, blue and red line, respectively). b)
Position of the longitudinal peak (LSPR) as a function of the surface separation d for dimer to
hexamer (symbols) and fits with the Hill equation.

4 Side-to-side assembly

We also quantify the shift as a function of separation distance for a side-to-side dimer
(see Figure 5.17), the blue-shifted from the longitudinal band of the isolated nanorods

is attributed to side-to-side assembly.
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Figure 5.17 Simulated extinction spectra for a side-to-side dimer with a minimal surface
separation d varying from 0.25 to 50 nm. The isotropic average is shown as a solid black line.

+ Tilt effect

Aside from the tip-to-tip and side-to-side configurations, the particles can of course be
tilted, with an angle 6 between 0 and . We simulated a dimer with a constant minimal
surface separation d = 2 nm, for different tilt angles 6 (see Figure 5.18). As already
shown in the literature,®® the spectra have two well-defined peaks, corresponding to
the bonding and anti-bonding plasmon modes (observed in the tip-to-tip and side-to-
side configurations, respectively) with varying amplitudes. Thus, particle tilt changes
the relative amplitude of these modes in the final spectrum but not their position so it

is not relevant for our discussion.

Tilt angle 8 [rad]
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— 0.25
— 0.50
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Figure 5.18 Simulated extinction spectra for a dimer, with a minimal surface separation d = 2
nm, for different tilt angles indicated on the graph (different colors). The position of the
longitudinal peak for the isolated particle is shown as a dashed line.
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(2) Plasmon coupling simulations of GNSs assembly

As for the GNSs assembly, we plotted the position of the plasmonic peak as a function

of the surface separation d for dimer to hexamer (symbols) as well.
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Figure 5.19 Position of the coupled peak as a function of the surface separation d between
spheres for dimer to pentamer chains.

5.7.1.2 Chain spectra of final state
(1) GNRs chains

After the SVD technique, the spectra S, (1) of the final GNRs assemblies are shown in
Figure 5.20 for various CTAB concentrations. These spectra can be described in terms

of four contributions aided by BEM simulations.
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Figure 5.20 Extinction spectra S,(4) of the nanorod aggregates, for various CTAB
concentrations (different colors). The position of the longitudinal peak for the isolated particle
is shown as a dashed line. Relevant plasmon bands are marked by gray shading.

+ The transverse band (500-520 nm) is not modified with respect to that of the isolated

nanorods.

+ A narrow peak around 660 nm, slightly blue-shifted from the longitudinal band of
the isolated nanorods is a signature of side-to-side assembly (often observed in the
TEM images); from the amplitude of this shift, we infer that the interparticle
distance was between 6 and 10 nm, enough to accommodate two CTAB layers, with
a thickness of 3.2 nm.2%” The amplitude of this peak increased with the CTAB

concentration.

+ Two wide and superposed modes, centered around 850 and 950 nm, respectively.
Both are significantly red-shifted with respect to the longitudinal band of the
isolated nanorods, marking the presence of even more anisotropic objects. We
assign them to tip-to-tip chain assemblies (very frequently observed in the TEM
images). The red shift depends on the number of particles in the chains, but also,
very sensitively, on the tip-to-tip distance (Figure 5.16). Even for hexamers,
reaching such a large shift requires close contact, below 3.5 nm for the first peak
and below 1.5 nm for the second. Allowing for possible systematic errors in the
BEM simulations at very short distances, we can however conclude that a vast
majority of the contacts are “intimate”, with at most one intervening bilayer for the
first one and practically no surfactant for the second. This conclusion is supported
by the fact that the amplitude of the second mode decreases with increasing CTAB
concentration in solution (presumably also leading to more surfactant being present

on the NP surfaces).
(2) GBPs chains

Similar to GNRs assembly, we can also describe four different contributions to GBPs
chains. The transverse band (500-520 nm) is not modified with respect to that of the
isolated bipyramids. A narrow peak around 682 nm, slightly blue-shifted from the
longitudinal band of the isolated bipyramids is a signature of side-to-side assembly.

Two wide and superposed modes, centered around 836 and 1000 nm, respectively. we

127



can also conclude that the first one has at most one intervening bilayer and practically

no surfactant for the s
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Figure 5.21 Extinction spectra S, (1) of the GBPs aggregates, for various CTAB concentrations
(different colors). The position of the longitudinal peak for the isolated particle is shown as a

dashed line. Relevant p
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spectra S, (A) of the coupled modes of sphere assemblies, for various
(different colors). The position of the plasmon peak for the isolated

particle is shown as a dashed line. Relevant plasmon bands are marked by gray shading.

For sphere assemblies, we performed an analysis similar to that done for rods, but for

clarity, we consider

the spectra §,(A1) of the coupled modes, before applying

the “mixing matrix” M as discussed above to yield the physical spectra S’ (1) of the
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chains. This data is shown in Figure 5.22, like rods, exhibit two bands (shaded in gray)
red-shifted with respect to the peak of the isolated particles (dashed line) by about 35
and 130 nm. There may be a slightly blue-shifted band (by less than 10 nm), but its

amplitude is very low.

Based on MNPBEM simulations of sphere chains with varying particle numbers and
spacing (Figure 5.19) we conclude that the red-shifted bands correspond to an
interparticle distance d of above 2 nm (consistent with one bilayer thickness) and below

0.5 nm (less than one monolayer), with the same interpretation as for nanorods.
5.7.2 Chain statistics from TEM

The time-resolved AS measurements yield the assembly rate C,(t), but the method is
indirect, so we confirm it by direct inspection of the individual objects. We have seen
that the kinetics can be controlled by adjusting the surfactant concentration. In addition,
we have shown that the reaction can be arrested by increasing the CTAB concentration
up to the millimolar range. After supplementing the dispersion with 10 MM CTAC, the
optical properties did not significantly change over one month, demonstrating the

stabilization of the assemblies.

We used TEM to check for one system (bipyramids in 1 mM MgSOs) the aggregation
state at the beginning of the process (0 h) and after 5 and 20 hours. Some images are
shown in Figure 5.3. Aside from the number of particles in aggregates of various sizes,
we are also interested in the relative position of the particles so we sort the interparticle
contacts into tip-to-tip, tip-to-side and side-to-side. From Figure 5.23, we extract C, (t)
=0.19, 0.57 and 0.69 at t = 0, 5 h and 20 h, respectively, in good agreement with the
AS data. The tip-to-tip configuration is the most, about 48%.
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Figure 5.23 a) Statistics of the aggregate size measured by TEM for three different times (0 h,
5 h and 20 h) after the beginning of the process. Each count represents one object (isolated
particle or aggregate) and we analyzed at least 400 objects each time. b) Statistics of the contact
distribution after 5 hours. Each count represents one contact and we analyzed 625 contacts.

The Carothers equation predicts a degree of polymerization X,,(t) = ﬁ, where p is

. - —lAlfina H H
the fraction of reactant conversion: % =1—C, (t) = C, (t) in our experiment,

i.e. values of 1.2, 2.3 and 3.2 after 0, 5 and 20 h, in excellent agreement with the
experimental TEM results: 1.1, 2.3 and 3.3. Therefore, the second step of the assembly
seems to follow a step-growth mechanism (both monomers and oligomers can self-
assemble®®), albeit with apparent first-order kinetics, unlike for organic polymers, for
which the kinetics is generally second or higher order.2%® This unusual behavior is
probably due to the rapid aggregation in the first step, which already brings the particles

close together.
5.7.3 Particle interaction
5.7.3.1 Dialysis tests

We assembled GNR chains at Cay = 0.125 mM in 14.3 uM CTAB with 1 mM MgSOsa.
After 20 h, we stopped the assembly process by adding CTAC to a final 10 mM
concentration. We then inserted 2 mL of chain solution in a dialysis bag (MWCO 10K,
at width: 32 mm, Spectrum Laboratories, Inc., CA, USA), sealed the ends with clips
and placed it in 1 L of an aqueous solution with the same surfactant concentration (10
mM CTAC and 14.3 uM CTAB). We also prepared a reference sample in the same
conditions but without MgSO4.We renewed the dialysis solution twice a day. After 1
week, we retrieved the chain solution and reference sample from their dialysis bags. AS

spectra were measured immediately after preparation (0 h), after 20 h and after dialysis.

From the AS, the intensity of LSPR of chains solution changed from 0.72 to 0.41, and
the intensity of LSPR of the reference sample changed from 1.42 to 0.91. The decrease
in intensity is due to the change in the concentration of the solution in the dialysis bag
under the effect of osmotic pressure. Therefore, the assemblies are very stable under
dialysis.
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Figure 5.24 AS results for dialyzed samples: a) with 1 mM MgSO,and b) without MgSOa. In
both panels, we show the initial spectrum (black), the one after 20 h of reaction (red) and the
one after a subsequent 1W dialysis (green).

5.7.3.2 LCTEM experiments

Direct information on the interparticle distance can be obtained by TEM. In
conventional TEM the particles are deposited on a substrate and dried, so there is no
guarantee that this distance is preserved. We therefore used LCTEM to characterize the
particles. Specifically, 10 pL of a colloidal suspension of GBPs assemblies (2.5 mM
AP, 28 uM CTAB) dispersed a CTAC aqueous solution (10 mM), was encapsulated
in the liquid-cell by using the conventional loading process. Throughout the experiment,
the assemblies were attached to the membrane by injecting water to reduce the
surfactant concentration, the flow rate was 5 pL/min. LCTEM experiments could be

conducted thanks to a collaboration with Dr. Damien Alloyeau at Université de Paris.

Figure 5.25 Measurements of tip to tip (a, b) and side to side (c, d) distances between gold
bipyramids in water. (Left) LCTEM images were extracted from videos acquired with a frame
rate of 25 images per second. (Right) The signal-to-noise ratio profile was measured along the
arrows seen on the image. The gap between the nanoparticles is indicated in blue on the profile.
It corresponds to the area where the signal-to-noise ratio goes below the noise fluctuations
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measured in the image areas where there are no nanoparticles (< 1.5). Video analysis was done
by Dr. Damien Alloyeau.

We first measured the tip-to-tip and side-to-side distances between bipyramids in
assemblies. Most of the time, the tip-to-tip distances were undetectable (Figure 5.25a).
In our high frame rate imaging conditions, the resolution obtained on GNPs is around
1 nm, suggesting that the tip-to-tip distance is below this value. Occasionally, we could
detect tip-to-tip distances between 1 and 2 nm (Figure 5.25b). The side-to-side distances
can always be measured and vary between 2 and 5 nm (Figure 5.25¢ and d). These
values are in rough agreement with the values inferred from the AS data for nanorods.
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Figure 5.26 LCTEM images: (a) bipyramid-sphere dimer and (b) heptamer. The particle
outlines used to define the center of mass of the single particles or groups of particles on each
side of the analyzed connection point are shown as blue solid lines. The center-to-center
segments are shown as dashed red lines. Analysis: standard deviation of fluctuation amplitudes
for (c) the center-to-center distance and (d) the interparticle angle. Image analysis was done by
Dr. Doru Constantin.

Using time-resolved LCTEM imaging we also could characterize this interaction by
analyzing the positional and orientational fluctuations of objects in an assembly. We
studied a bipyramid-sphere dimer (see Figure 5.26a) and a heptamer of bipyramids
(Figure 5.26b). For the former, we extracted from the images the center-to-center
distance and the tilt of the bipyramid with respect to the center line; for the latter, we
used the distance between the centers of the upper part, consisting of three particles,
and the lower one, consisting of four particles, and the angle between the long axis of

these objects. It should be noted that these objects were attached to the membrane of
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the observation cell at the upper extremity (dimer) or the lower one (heptamer) but were

otherwise free to swing around these points.

We obtained 120 usable frames for the dimer and 202 for the heptamer. The histograms

X—Xo

2
of the distances and angles were fitted with a Gaussian function: exp ( - ) yielding
the standard deviation o and the associated uncertainty, represented in (Figure 5.26¢
and d) as dots and error bars. For the dimer, we also have a shorter segment (23 images)

and we extract s as the standard deviation (point shown without error bars).

The interparticle distance varied by about 2 nm. Surprisingly, the angle only fluctuates
by about 25 mrad (about 1.5°), so the interaction is also extremely directional. We
emphasize that we do not analyze the absolute distance, but rather its fluctuations.
Configuration changes within the two-particle groups would increase the fluctuation
amplitude, so the values in Figure 5.26¢ are upper boundaries for the amplitude of
fluctuations in contact distance.

5.8 Metal deposition at the GBPs chains’ junction

We produced colloidally stable assemblies of gold bipyramids (GBPs) and then grew
metallic patches at the NP junctions. Typically, 1 mL of stabilized GBPs oligomers
(0.25 mM AW, 10 mM CTAC) was supplemented with 5 pL of 10 mM metallic
precursor (AgNOz, KzPdCls, HoPtCle) and 5 pL of 40 mM AA solution. This
corresponds to a molar ratio between the metallic precursor and gold of 0.2. The molar
ratio between the AA and metallic precursor was fixed to 4 in all experiments. After
mixing, the reaction vials were kept at 60°C for 1 h. After synthesis, connected
oligomers were purified from the excess reactant by at least one centrifugation step
(1500rpm, 30 min) and pellet redispersion in a solution of 1 mM CTAC at a final gold

concentration of 0.25 mM in all samples.

We stopped the GBPs assembly process at 5 h and 20 h by adding CTAC, then
deposited with Ag, Pd, Pt. From AS (Figure 5.27), we can observe a clear evolution of
the optical properties after the deposition of metal. In the case of Pd- and Pt-oligomers,
the LSPR bands significantly broaden due to the interband transitions in palladium and
platinum (Figure 5.27B, C).32 In contrast to palladium and platinum, silver deposition
displays a sharp plasmonic response in the visible-IR spectral range that is preserved

when deposited on gold. In the case of silver, the LSPR band of the isolated particles at
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696 nm shifts towards lower energies due to the deposition of Ag thin Ag layers.!! The
plasmon band of the oligomers shifts out of the visible range after connecting the NPs.
We performed electrodynamical simulation by the boundary element method (BEM)
using the MNPBEM17 toolbox,??” and the LSPR of continuous oligomers of different
lengths was shifted systematically beyond 1200 nm. This suggests that the LSPR of the

Ag-oligomers was shifted outside of the experimentally accessible spectral range.
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Figure 5.27 Tunable conductive nanojunctions in plasmonic oligomers engineered by seed-
mediated growth. A) Scheme highlighting the versatility of the seed-mediated growth approach
to engineer tunable metallic nanojunctions. B) AS of two oligomer suspensions in which the
self-assembly process was frozen after 5 h and 20 h. TEM images of corresponding particles
dimer. C-E) AS and TEM image of the dimer of the same suspensions in B) after growing
nanojunctions of silver, palladium and platinum respectively. The scale bar is 20 nm on all
images.

We also used scanning transmission electron microscopy electron energy loss
spectroscopy (STEM-EELS) to study in more detail the collective plasmonic properties
of such structures at the single-particle level. For example, the silver deposition, we can
observe the plasmon modes and the plasmon band of the assemblies shifts to mid-
infrared and lower energy position in Figure 5.28. We think the large spectral shift due
to the transition from capacitive to conductive coupling, which allows charge transfer
between neighboring NPs. STEM-EELS experiments were done by our collaborations

Dr. Xiaoyan Li and Dr. Mathieu Kociak at LPS.
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Figure 5.28 (A) STEM high-angle annular dark-field (HAADF) images and (B) EELS spectra
of oligomers (upper) and Ag-oligomers (bottom).

5.9 Conclusions

The assembly process of GNPs is driven by reducing the CTAB concentration well
below the CMC: immediately (a few minutes, at most) after this step large objects are
present in the solution, as revealed by the small-angle increase in the static SAXS data
(Figure 5.13). At this point, the AS is still unchanged, because the interparticle distances
are above a few nm, presumably imposed by the surfactant bilayers coating them. The
chains, if present, do not have a well-defined spacing (we observe no peaks in the SAXS
data).

The self-assembly process can be stopped at any stage by adding an excess surfactant
to the reaction mixture. VVarious oligomers with defined optical properties have been
stabilized for a long period of time (at least 15 days) in this way. The assemblies are
very stable under dialysis, and the interaction of the interparticle is quite strong from
LCTEM.

The assembly can be simply described as the conversion from the initial species
(isolated particles) to the final one (chains), but with apparent first-order kinetics. This
conclusion holds very well for rods and spheres, but not for bipyramids, where the
evolution is more complicated, both in terms of the number of species involved and of

the time evolution.
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The final objects exhibit both tip-to-tip and side-to-side assembly. While the side-to-
side distance is large enough to accommodate two surfactant bilayers, as expected for
CTAB-covered objects merely coming into contact, the tip-to-tip distance is much
smaller, so the surfactant must have been expelled from the interspace, leaving either
one bilayer or essentially no surfactant. The interparticle distance is relatively well

defined, with a peak in the SAXS structure factor.

The rate-limiting step of the reaction could be related to surfactant expulsion. This is
supported by the apparently first-order character of the reaction, which is in apparent
contradiction with an aggregation process, where the initial particles must first
encounter each other, leading to (at least) second-order Kinetics. To understand it, we
must keep in mind that the AS spectra only change when the particles are in close
proximity: the particles in the same population (described by §; (1)) may very well be
together in a loose clump; it is only when they get together and form chains that their
spectrum shifts to §,(1). While the aggregation step is controlled by the CTAB
concentration, the sulfate ions are involved in the formation of tip-to-tip contacts, in
agreement with the conclusion of Abtahi et al.”® As to the kinetics, we show that it is

apparently first-order, as opposed to the second-order behavior found by these authors.

We posit that such a two-step evolution, which can only be uncovered by combining
AS with a structural technique (e.g. SAXS), may very well occur in other processes
exhibiting apparent first-order kinetics, for instance when gold NPs assemble due to the

induction of an electric dipole at their surface.®

Finally, we can tune the plasmon band shift towards the mid-infrared window and
precise design of the “hot spots™ in NP assemblies by engineering conductive junctions
using various metals. Catalysts such as palladium and platinum can also be deposited
at the “hot spots”. Although the plasmonic response is damped, such a configuration is
ideal for photocatalysis because hot charge carriers would be generated in the vicinity
of the catalyst.3'? Similarly, our method could be applied to deposit semiconductor
materials at the hot spots’ location to form double Schottky barriers. Overall, this
benchtop method is simple and scalable and yields high-aspect-ratio nanostructures
with optical properties that can be tailored across a very wide spectral range, from the
visible to the mid-infrared region. We believe that this work provides a leap forward
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for all plasmonic applications that can benefit from the precise design of the “hot spots”

in plasmonic polymers.
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6 Assembling gold bipyramids into three-dimensional

supercrystals

The results in this chapter were published in reference I11:

1. Lyu, J.; Chadbani, W.; Moadin, E.; Chuvilin, A.; Bizien, T.; Smallenburg, F.;
Impéror-Clerc, M.; Constantin, D.; Hamon, C. Double-Lattice Packing of Pentagonal
Gold Bipyramids in Supercrystals with Triclinic Symmetry. Adv. Mater. 2022, 2200883.
https://doi.org/10.1002/adma.202200883.

6.1 Introduction

Since Greek antiquity, scientists have been fascinated by the way identical bodies pack
together in regular assemblies. Determining their optimal packing, i.e. the one with the
highest possible volume fraction is still a challenging task, even for bodies with simple
geometrical shapes like convex polyhedra or polygons in the plane. Recently, this quest
for optimal packing has been fueled by the design of nanoparticles with increased
structural complexity, which typically self-assemble into dense colloidal supercrystals.
However, the vast majority of these efforts have focused on isometric particles (with a
similar size along with the three space directions)'*>31*-318 and elongated shapes have

received much less attention. 157196319

Fivefold symmetry is ubiquitous, from human-made architecture to floral
symmetries.3? In two dimensions, pentagonal packing is a long-standing issue and a
rich mathematical topic, started by the early work of Johannes Kepler.®?! Tiling the
plane with pentagons can be achieved either with non-regular pentagons in 15 different
ways®?? or combination with other polygonal shapes, giving rise to the fascinating
aperiodic Penrose tilings.3%*32* The optimal packing of regular pentagons is a periodic
lattice with a packing fraction around 0.92 called the “pentagonal ice ray”.%?>3% First
reported in China as a decorative pattern,3? it consists of two vertical columns of
pentagons pointing in opposite directions and stacked along their edges.®?°>3% Since the
two orientations of pentagons form two sublattices that are related to each other via an
inversion center, this results in a double-lattice packing.3?® This organization has also

been observed in numerical simulations of hard pentagons.?°
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Fivefold symmetry is regularly encountered in the shape of gold nanoparticles (GNPs),
as a result of crystal twinning during particle synthesis. For instance, gold bipyramids

consist of two pentagonal pyramids base-stacked together.1"330 Pentatwinned gold
bipyramids (GBPs) were first obtained as a byproduct in gold nanorod synthesis,*** but
since then high-yield synthesis has been achieved by seed-mediated growth.*'1332 The
self-assembly of pentagonal bipyramids has been studied within monolayers,'81% puyt
their self-assembly into 3D supercrystals has not yet been elucidated. In contrast to
many other elongated particles, the cross-section of a pentagonal bipyramid is not
constant along the symmetry axis, and hence their packing in 3D space does not reduce
to its 2D counterpart.?>"1%31% Allowing the section to vary along the length increases
the complexity of the problem, as demonstrated by the case of ellipsoids.®*® For
ellipsoids, the unit cell of the densest lattice contains a motif of two inequivalent
particles having two different orientations.®3* Although the stacking of ellipsoid-like
particles such as bipyramids, prolate spheroids and bicones has been investigated
numerically,3143333% there is to date no experimental evidence on the three-
dimensional packing of elongated particles with varying cross-sections. This may be
due to their relative experimental scarcity: notable exceptions are hematite NPs**’ and
ellipsoidal microparticles,®¥33 put crystallization also requires a high size and shape
homogeneity of the particle ensemble,®*° which was difficult to achieve until about
fifteen years ago. Furthermore, investigating the structure of the supercrystals by
electron microscopy in real space is challenging, as the electrons typically interact too
strongly with the nanoparticles to penetrate the bulk of supercrystals and reveal their

three-dimensional order.

In this work, we obtain long-range supercrystals of pentagonal GBPs with a packing
fraction of 0.835. Their structure is a double-lattice packing, where all bipyramids are
arranged parallel to each other but have two different in-plane orientations of the
pentagonal cross-section. This double lattice generalizes the optimal packing of regular
pentagons in the plane, the “pentagonal ice ray”, in the sense that the two orientations
of the pentagonal GBPs are related to each other by an inversion center. Synchrotron-
based small-angle X-ray scattering (SAXS) and focused ion beam-scanning electron
microscopy (FIB-SEM) tomography analysis reveal a two-particle unit cell with
triclinic symmetry. Monte Carlo (MC) computer simulations show that this

arrangement corresponds to the densest possible packing. The crystalline order of the

139



GBPs supercrystals results in a facet-dependent optical response, which is

demonstrated by surface-enhanced Raman scattering (SERS) spectroscopy.
6.2 Assembly procedure of the supercrystals

GBPs supercrystals were formed via evaporation-induced self-assembly of a sessile
droplet, the scheme is shown in Figure 6.1. Coverslips and Si wafer were used as
substrates and treated firstly by UV/Ozone (ProCleaner) for at least 1 h before
deposition. Typically, a 10 uL. GBPs suspension (64 mM in Au® and 2.5 mM CTAC)
dropped cast on a substrate and dried in a sealed petri dish for about 48 h.

A. Treatment of glass slide: o0, ®0 m©
P 3
0,
UV/Ozone
O3z . R
— oy o —
Hydrophobic Hydrophilic

B. Deposition and evaporation of GBPs dispersion:

Figure 6.1 Schematic representation of the GBPs assembly process.

6.3 Optimization of the conditions for bipyramids supercrystals

6.3.1 Varied morphologies of bipyramids

Four batches of pentatwinned GBPs were prepared by adjusting the volume of seeds
during the synthesis (i.e. 5000 uL, 2000 pL, 1000 puL and 100 puL). The samples are
denoted by GBPs_i where “i” indicates the batch number. The AS and corresponding
representative TEM images of the four batches of GBPs dispersions are shown in Figure
6.2.
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Figure 6.2 Characterization of the GBPs. A) AS of the four batches of GBPs dispersions and
(B) corresponding representative TEM images. The scale bar is 50 nm on all images.

From TEM images, these GBPs with high yields show truncated structures.
Interestingly, when large amounts of seeds were injected, it was possible to grow small
rice-like structures with no sharp edges presenting a longitudinal surface plasmon
resonance below 700 nm. In contrast, in the case of lower amounts, the LSPR was
clearly shifted to the NIR with intense and sharp resonances in the 800 to 1000 nm
range. It is well established that LSPR varies with the aspect ratio of GBPs, while
truncation and the aspect ratio are actually linked to each other. LSPR varies by varying
the truncation of GBPs, in other words, the sharpness of the tips has been illustrated by
S. Parola et al.>*? Enlightened by their works, we gave the details of measurements from
TEM images. As shown in Figure 6.3, where L' represents the overall length of the
non-truncated object, L is the length of the truncated GBPs, D expresses the central
diameter and d is the tip diameter. Thus, the truncation t can be easily calculated using
the ratio of the tip diameter d and the central diameter D of GBPs. These notations are
used in Table 6-1 . Each GBPs batch we synthesized was uniform in size, as shown by

a relative standard deviation of the length and width below 8%.

LI

A
v

di = |D

“ 3 >
Figure 6.3 Schematic representation of a truncated bipyramid (red) superimposed on a non-
truncated bipyramid (black) and corresponding dimensions. Adapted from Ref. 332.
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Table 6-1 Dimensions of the nanoparticles determined by TEM image analysis over at least
100 particles. Vseeds indicate the volume of seeds injected in the growth solution as a mean to
tune the size of the GBPs.

Sample | Vseed (uL) L (nm) D (nm) d (nm) - L’/D | L/D | t=d/D
(nm)

GBPs_1 5000 326+25 | 164+08 | 104+0.9 89.1 543 | 1.99 | 0.634

GBPs 2 2000 47.0+3.2 | 21.5+09 | 11.8%+1.1 104.2 | 4.85 | 2.19 | 0.549

GBPs 3 1000 753+3.6 | 25215 | 97+1.1 1224 | 4.86 | 2.99 | 0.385

GBPs 4 100 159.0£7.0 | 55.7+3.4 | 26.0£2.5 | 298.2 | 535 | 2.85 | 0.467

Self-assembly supercrystals of these four batches of GBPs were conducted by the slow
evaporation (over 48 h) of a sessile droplet and their nanostructurations were probed by
SAXS at SWING. As shown in Figure 6.4, supercrystals obtained from GBPs_3 and
GBPs_4 showed well-defined Bragg peaks, indicating the crystallization of the GBPs.
Although the experimental conditions were identical, GBPs_1 and GBPs__2 did not
crystallize, suggesting that the detailed morphology of the GBPs was important for
obtaining supercrystals. Indeed, the aspect ratio (ratio between the length and width)
and the truncation of the GBPs varied from batch to batch. Smaller GBPs (i.e. GBPs_1
and GBPs_2) were less anisotropic and more truncated compared to larger GBPs (i.e.
GBPs_3 and GBPs_4). Although no quantitative measurements are provided, GBPs_1
and GBPs_2 are likely more rounded than GBPs_3, suggesting that well faceted NPs
are important for regular self-assembly. While the shape of GBP_4 deviated from a
bipyramid by featuring grooves, resulting in another nanostructuration than GBPs_3.
Since this work is focused on the self-assembly of plasmonic bipyramids with

pentagonal cross-sections, only GBPs_3 was selected in the following experiments.
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Figure 6.4 Effect of the bipyramid shape on the long-range order. A) Representative 2D SAXS
images of supercrystals obtained from the four batches of GBPs and B) corresponding structure
factor. These measurements were performed at SWING. The experiments were performed with
2.5mM CTAC and 64 mM Au®.

6.3.2 Tunable concentrations of surfactant and gold

We then optimized the assembly’s formation by screening the varied concentrations of
surfactant (i.e. hexadecyltrimethylammonium chloride (CTAC)) and gold. Three
concentrations of surfactant (i.e. 1 mM, 2.5 mM, 10 mM) and three concentrations of
gold (i.e. 8 mM, 64 mM, 128 mM) were investigated combinatorically. Their
nanostructurations were probed by SAXS at both LPS and SWING (see Figure 6.5 and
Figure 6.6). Interestingly, the macroscale deposition was more homogeneous with
increasing surfactant concentration, as shown by the sample images taken after solvent
evaporation. Assemblies obtained with 1 mM CTAC did not crystallize, as shown by
the absence of Bragg spots on the 2D SAXS images (Figure 6.5A and Figure 6.6). In
contrast, nanostructuration was clearly visible in SAXS for samples obtained with 2.5
mM and 10 mM CTAC, suggesting an influence of depletion forces during the drying
process. At 2.5 mM CTAC, the assemblies exhibited Bragg spots, indicating the
presence of a few oriented supercrystals within the footprint of the X-ray beam
(300x500um?) (Figure 6.6). At 10 mM CTAC, rings rather than discrete spots were
obtained indicating that the supercrystals size was smaller than the one obtained at 2.5
mM CTAC. Results show that not only does the detailed morphology of the GBPs
matter (anisotropy, truncation of the tips) but also that the surfactant concentration has
to be tuned carefully to obtain supercrystals.
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Figure 6.5 Spatially resolved SAXS on GBPs thin films obtained at varying concentrations of
CTAC and Au®. The detailed concentrations are shown in the panel. Insets show photographs
of the deposit, with the scale bar being 1 mm in all images. Beam positions corresponding to
the SAXS measurement are marked on the image, with the same color code as for the SAXS
curves. These measurements were performed on GBPs_3 at LPS.
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Figure 6.6 Evaporation-induced self-assembly of GBPs at different CTAC concentrations.
Three concentrations of CTAC were investigated: 1 mM, 2.5 mM and 10 mM. A) Optical
microscopy image of the sample after evaporation of the solvent. The scale bar is 2 mm. B)
Representative 2D SAXS image of the samples shown in A). SAXS images are displayed on a
logarithmic intensity scale. C) Corresponding structure factors. These measurements were
performed on GBPs_3 with 64 mM Au° and measured at SWING.

6.4 Double-lattice packing with triclinic symmetry
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6.4.1 Combined SAXS and SEM measurements

Measurements by optical microscopy and SAXS alone are not sufficient to reveal the
structure of the supercrystal, we thus supplemented the characterization by SEM. The
combined optical microscopy, SAXS and SEM analysis of a sample comprising GBPs
supercrystals are shown in Figure 6.7. Low-magnification optical microscopy images
show numerous supercrystals, a few micrometers in size and with the same rhomboidal
shape, scattered randomly on the substrate (see Figure 6.7A-C). 2D SAXS image
(Figure 6.7D) and the structure factor S(q) (Figure 6.7H) are exhibited here again to
combine these results together. In which the structure factor S(q) is the ratio between
the intensity scattered by the supercrystal and the one for isolated GBPs. As shown in
Figure 6.7H, the Bragg peak positions are in agreement with a triclinic lattice. To
confirm the lattice symmetry, GBPs supercrystals were investigated by SEM. Analysis
of the surface of the supercrystal revealed that all GBPs are oriented in the same
direction and parallel to the substrate (Figure 6.7F). Further investigation of the internal
structure was carried on by FIB-SEM tomography, allowing the 3D rendering of a
portion of the supercrystal.>*13%2 2D analysis of the images allowed identifying the
lattice vectors of the triclinic unit cell (Figure 6.7F-G). 3D analysis of the supercrystal
revealed that all layers were identical and were stacked in an ABA fashion, with a
relative offset along the 2¢ + a triclinic lattice direction. From the SEM image analysis,
we confirmed that the supercrystal belongs to the triclinic symmetry, in agreement with
the SAXS indexing of the Bragg peaks. Additional SEM images of the sample (in 2D
and 3D) are provided in Appendix 8.4.1. The FIB-SEM tomography characterization
could be conducted thanks to our collaborations with Dr. Evgeny Modin and Dr.
Andrey Chuvilin at Electron Microscopy Laboratory and Basque Foundation of Science,

Spain.
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Figure 6.7 Multiscale characterization of pentagonal gold bipyramid supercrystals obtained by
evaporation-induced self-assembly. A-B) Optical microscopy image of rhomboidal
supercrystals at different magnifications. C) SEM micrograph of a rhomboidal supercrystal. D)
Representative 2D SAXS image, displayed on a logarithmic intensity scale. E-G) SEM
micrographs of a GBP supercrystal viewed at different magnification and different orientations.
In E), the supercrystal was sliced by FIB to reveal the NPs’ organization from the top (F) and
the side (G). The insets in F, G) show the lattice parameters a, b, ¢, 8, y of the triclinic unit cell.
H) SAXS data with experimental structure factor, S(q). Vertical lines indicate the expected
positions of some Bragg peaks of the triclinic lattice. I) Three-dimensional reconstruction of a
portion of the supercrystal. In SAXS and SEM, 64 mM in Au® and 16 mM in Au® were used
for the preparation of the sample, respectively. A fixed concentration of CTAC of 2.5 mM was
used in all cases.

6.4.2 Monte Carlo computer simulations

We next performed Monte Carlo (MC) computer simulations to investigate the effect
of the detailed morphology of the GBPs on the lattice symmetry. In particular, we use
a crystal structure prediction technique based on MC simulations of small numbers of
particles in a simulation box with a variable shape.?®® Here, we make the assumption
that the interactions between the bipyramids are dominated by the hard cores, and
neglect other possible interactions due to e.g. charges, Van der Waals attractions, or
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ligands. Note that since the bipyramids used in this work are large compared to the size
of the CTAC ligands, we do not expect the ligands to modify the effective shape of the
nanoparticles. Hence, our model consists of perfectly hard truncated bipyramids, with
a varying number of vertices on the polygonal base: n =3, 4, 5, 6, 7, 10, 12 and 20. For
each particle shape, we simulate on the order of 300 compression runs, in which a small
variable unit cell containing between 2 and 6 particles is compressed slowly under
gradually increasing pressure. After compression, we examine the final structures and
calculate their packing fractions. In practice, structures that are commonly found using
this method tend to be good candidates for entropically favored phases in the system,
and the densest-packed phase is expected to be the stable phase at sufficiently high
packing fractions.?2%3*3 Note that the anisotropy and the truncation of the object
corresponded to the ones obtained experimentally and, if these parameters were varied,
the simulation outcome would change, especially if the anisotropy decreased
significantly. We show the results of the simulations in histograms of the number of
observations of predicted structures as a function of packing fraction, together with two
snapshots of the corresponding densest structure (Figure 6.8A-B). Interestingly, five
recurrent structures were found for n = 5, but only one for both n =4 and n = 6 and at
most three for the other shapes. For n = 4 and n = 6, the packing fraction of the
predicted structure was about 0.94 and 0.87 respectively. For n =5, the packing fraction
of the recurrent structures varied between 0.69 and 0.83, the structure as highest
packing fraction 0.83 is shown in Figure 6.8, other three major structures are displayed
in Figure 6.9. In Figure 6.8C, we plotted the packing fraction of the densest recurrent
structure as a function of n. For n < 10, results show an odd-even effect of the number
of sides on the packing density: bipyramids with an odd number of vertices yield less
dense structures. We attribute this to the non-centrosymmetry of the odd shapes,
imposing lattices with two NPs in the unit cell in a double-lattice configuration,32®
whereas those of centrosymmetric nanoparticles (i.e. with even n) have only one NP in
the unit cell (Figure 6.8B). Pentagons do not tile the plane, inducing the emergence of
more open lattice polymorphs compared to the other shapes. For n < 10, the packing
fraction of the densest structure evolves significantly with n (i.e. between 0.83 and 0.92),
whereas for n > 10, it converges towards 0.84. It is noteworthy that, although these NPs
are faceted, for large n the problem converges to the closest packing of perfectly

rounded truncated bicones. In this limit (n — ), the densest phase has a packing

147



fraction of approximately 0.84, but the second densest (and quite frequently occurring)
structure, with a packing fraction of 0.77, corresponds to an ellipsoid packing (the
densest to date), in which the particles are stacked in alternating layers with differing
orientations.®* Our results point towards an even denser packing than previously
reported for ellipsoids due to the noncircular cross-section of the objects. Overall, two
regimes for the structuration of faceted bipyramids were identified, depending on n: a
“faceted” regime for n < 10 and a “smooth” regime for n > 10. Among these different
shapes, bipyramids with n = 5 exhibit a particularly rich variety of observed structures
and low maximum packing, confirming the specificity of the pentagonal cross-section.
Monte Carlo computer simulations could be conducted thanks to our collaboration with
Dr. Frank Smallenburg at LPS.
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Figure 6.8 Monte-Carlo computer simulation of the packing of truncated bipyramids with
varying cross-sections. A) Histograms of the packing fraction of predicted phases for n-sided
bipyramids with, n=3,n=4,n=5,n=6,n=7 and n = 20. B) Representation along with
two directions of the predicted phase with the highest packing fraction, for each shape,
corresponding to the phase highlighted by a red dotted circle in (A). For odd n values, two
colors (blue and red) are used as the unit cell is composed of two particles with different
orientations. C) Graph representing the packing fraction of the densest phase for each
bipyramidal shape as a function of n. The packing fraction determined experimentally (for n =
5) is added as an open black pentagon for comparison.
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Figure 6.9 Monte-Carlo computer simulation of the packing of truncated bipyramids with a
pentagonal cross-section. A) Histogram of the packing fraction of predicted phases of
pentagonal bipyramids. B-D) Representation along with two directions of predicted phases at
a certain packing fraction, corresponding to the phase highlighted by a colored dotted circle in
(A). Two or three colors are used when the unit cell is composed of two or three particles
respectively.

6.4.3 Comparison of simulations and experimental characterizations

We then compared the simulation results with the experimental analysis in real space
(SEM) and reciprocal space (SAXS), see Figure 6.10. Among the five predicted
structures for pentagonal bipyramids, the densest one matched the lattice determined
experimentally. In agreement with the simulations, we find a double-lattice
arrangement, where all pentagonal bipyramids are parallel to each other but have two
different orientations colored in blue and red in Figure 6.8 and Figure 6.10. The periodic
arrangement is a triclinic lattice with two particles in the unit cell with each type of

orientation (Figure 6.10A-B). The two-particle orientations are related by an inversion
center, so their pentagonal cross-sections are turned by an angle of i—g = 36° (Figure

6.10B). The whole structure can be decomposed into two identical lattices, each one
containing all particles with the same orientation (blue or red). The space group is P1,
with the inversion center located in-between the centers of the two particles in the unit
cell, in agreement with the SAXS model. Note that the long axis of the bipyramids is
along a direction close to a + 2c. The structure can also be decomposed in alternate

layers with the two orientations (ABA stack), as can be seen from the projection of the

149



structure onto the (a, b) plane displaying pentagons with the two orientations (Figure
6.10D). We conclude that the supercrystals are oriented along the ¢ and ¢ — a vectors
of the triclinic lattice, by superimposing the model lattice composed of a few NPs on

an SEM image of one supercrystal (Figure 6.10E).

Aa+zc

Figure 6.10 Comparison between the model and the experiment. A-B) P unit cell predicted
numerically, composed of two bipyramids drawn in red and blue. C) View of the lattice in
which the cut is orthogonal to the [1,0,2] direction. D) Projection of the packing along with the
[1,0,2] direction (i.e. the longitudinal axis of the bipyramids). E) SEM image of a rhomboidal
supercrystal, with superimposed model: both exhibit an angle of 30° at their tips. On top of the
supercrystal, the (010) facet forms a rhomboid. The inset at the top shows a magnified SEM
image of the supercrystal surface in the (010) facet where the bipyramids are lying flat. The
inset at the bottom shows the unit cell of the model-oriented along the ¢ and ¢ — a vectors of
the triclinic lattice. 16 mM in Au® and 2.5 mM of CTAC were used for sample preparation.
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We could now give the 3D reconstruction of our supercrystals in Figure 6.11. In
addition, we found it’s possible to generate rhomboidal supercrystals a few microns in
size at 16 mM Au®, whereas at 64 mM Au® and 400 mM Au®, a thin film was obtained.
The 2D SAXS image of the supercrystals at 400 mM AuC is shown in Figure 6.12, by
indexing the Bragg spots with the appropriate Miller indices corresponding to the
triclinic lattice in the software SingleCrystal, we can indicate the crystal symmetry is
still triclinic. Combined with the simulation and experiments, the two-particle unit cell
in triclinic can be demonstrated in Figure 6.13, we then can also obtain the hkl indices
and peak positions of the supercrystals in Figure 6.7H (see Table 6-2) in the software
CrystalMaker.

Figure 6.11 A) Three-dimensional reconstruction of a large portion of the supercrystal and B)
a small portion of a supercrystal, obtained by FIB-SEM tomography and viewed along different
orientations. These experiments were performed with GBPs_3 with 2.5 mM CTAC and 64 mM
AUC. The three arrows represent the Cartesian coordinates.
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Figure 6.12 2D SAXS image (on a logarithmic intensity scale) of a few supercrystals in which
Miller indices corresponding to the triclinic lattice are indicated on some Bragg spots. Two
colors (red and white) are used for the indexation of two supercrystals with different
orientations defined by the corresponding zone axis [UVW]. A few Bragg spots were obtained
on the 2D SAXS images, indicating the formation of a few oriented supercrystals. By indexing
the Bragg spots with the appropriate Miller indices, the supercrystals were found to be mainly
oriented along the [110] and [010] directions, which corresponds to the orientation of the
supercrystal displayed in Figure 6.10E. 400 mM in Au® and 2.5 mM of CTAC were used for
the preparation of the sample.

Figure 6.13 Representation of the triclinic unit cell used to index the peaks in Figure 6.7H.
Using the positions of the observed diffraction peaks (see Table hereafter), a refinement of the
triclinic cell was performed. We assume that the angle y is equal to 90°, as per the numerical
simulations of the structure. Accordingly, we take vector a along OX and vector b along OY,
where OXYZ is an orthogonal basis. The refinement vyields: a = 41.35 nm
{ax, ay, az}={41.35,0,0}; b = 37.24 nm {bx, by, bz}={0,37.24,0}; ¢ =47.74 nm {cx, cy, cz}={-
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15.54,-12.35,43.42}; a = 104.99°; B = 109°; y = 90°. The volume of the unit cell is 66861.33
nmé,

Since there are two bipyramids per unit cell, the packing fraction () can be determined

as follow:
2Vbipyramid
n=———— -
Vunit cell (6 l)
Vbipyramia could be determined as follow:
1 5 .2 L 5 . 2 L
Vbipyramid =2X 5 X [((;Tg X Sln?n) X ;)- <(ET:92 X sm?n) X (; —
(6-2)

NV = 377 2 « cin 2© _ )3

2))] —3L 1L X sin= X(1-1t)

where r; is the radius at the base of the bipyramid and r is the radius of the pyramid at
one tip, the relationship between both quantities is ry; = r;, X t. Other quantities such as

L, t and L'are defined in Figure 6.3 and Table 6-1. The radius r;, is defined as follow:

Figure 6.14 Definition of the width D, of the radius r._ and of the apothem a of the pyramid base.
Therefore, r; can be determined from the TEM images using the following relation:

D=a+rL=rL><cos(g)+rL (6-3)
To the particle width determined via TEM we toad the thickness of a CTAC bilayer,
which is about 3.2 nm.3%73% The experimental packing fraction was thus determined to
be 0.835, in excellent agreement with the one determined from the MC computer

simulations (0.83), see Figure 6.8.
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Table 6-2 Attribution of the hkl indices for the peaks observed in Figure 6.7H and comparison
of the peak position with the ones expected from the model corresponding to the unit cell. The
model (gca) Was determined in the software CrystalMaker.

h k| | d(hkl) (nm) Qexp (NM1) Qeal (NM?) Delta=Qexp-Qcal
0 0 1 43.41501 0.1465 0.1447 0.0018
1 0 O 38.93043 0.1642 0.1614 0.0028
0 1 0 35.81765 0.1755 0.1754 0.0001
1 0 -1 35.54431 0.1780 0.1768 0.0012
0o 1 -1 32.30918 - 0.1945 -

1 -1 0 27.66104 0.2286 0.2271 0.0015
1 1 -1 27.20377 - 0.231 -

1 1 O 25.22465 0.2447 0.2491 -0.0044
1 0 1 25.08483 0.2501 0.2505 -0.0004
01 1 24.52863 - 0.2561 -
10101 23.63118 0.2696 0.2659 0.0037
1 -1 1 23.03705 - 0.2727 -

1 0 -2 22.44895 0.2860 0.2799 0.0061
0 0 2 21.70751 0.2891 0.2894 -0.0003
1 1 -2 21.35897 - 0.2942 -
01 -2 21.33206 - 0.2945 -

2 0 -1 20.53203 - 0.306 -
20 0 19.46522 0.3271 0.3228 0.0043
11 1 18.72163 0.3334 0.3356 -0.0022
0 2 -1 18.42917 - 0.3409 -

2 1 -1 18.06513 - 0.3478 -

0/ 2 O 17.90883 0.35169 0.3508 0.0004

So far, the agreement between the model and the experiments is very good, as shown
by the identical orientation of the particles at the nanoscale and a similar angle of 30°
between the micrometer-sized rhombohedra tips and the angle defined by the c and ¢ —
a vectors of the unit cell. The lattice parameters of the triclinic unit cell were found to
be a=41.35 nm; b = 37.24 nm; ¢ = 47.74 nm; a = 105°; B = 109°; y = 90° (Figure

6.13). The experimental packing fraction was determined as 0.835, in excellent
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agreement with the one determined from the MC computer simulations (0.83). The
triclinic pinacoidal lattice (P1) defines a low-symmetry architecture of low symmetry
with only the center inversion as symmetry operation.3* To the best of our knowledge,
this is the first experimental realization of the shape-directed self-assembly of a triclinic

supercrystal 4
6.5 Facet-dependent SERS experiments

The optical properties of the supercrystals were finally investigated by SERS, allowing
the detection of the spectral fingerprint of a probe molecule in contact with the
plasmonic surface.53*7 As an analyte, we used crystal violet (CV), which is resonant
with the laser frequency, resulting in surface-enhanced resonance Raman scattering
(SERRS). This analysis was performed on a faceted supercrystal (Figure 6.15A-B). The
SERRS signal intensity was uniform on each facet due to the periodic arrangement of
the nanoparticles (Figure 6.15C). Moreover, the average signal is found to be facet-
dependent, with the (121) facets displaying the highest SERRS intensity (Figure 6.15D).
This phenomenon can be ascribed to the varying local arrangement of the NPs on the
different facets, directly affecting electromagnetic hotspots formation at the
interparticle gaps.834” The orientation of the longitudinal axis of the bipyramids with
respect to the surface plays a key role. When the longitudinal axis of the bipyramids is
parallel to the surface facet (i.e. the (010) one), the Raman enhancement is small (201
CPS) whereas a much higher enhancement (560 CPS) is observed when the bipyramids
point outwards (i.e. the ( 121 ) facet) (Figure 6.15).351%° Additional SERS
characterizations of the supercrystals are provided in Appendix 8.4.1. In contrast,
similarly mapping SERRS intensity on gold nanosphere (GNSs) supercrystals resulted
in a uniform response (Figure 6.16). Here we show facet-dependent SERS properties
that originate from the anisotropy of the GBPs, opening an avenue for tailored SERS
performances using supercrystals with spiky and smooth facets displaying respectively
high and low SERS efficiency. SERS measurements were done by my colleague Dr.
Wajdi Chaabani at LPS.
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Figure 6.15 Facet-dependent surface-enhanced resonance Raman scattering on a gold
bipyramid supercrystal. A-B) SEM micrographs of a GBP supercrystal viewed at different
magnification. The largest facet (010) is surrounded by lateral facets. The surface facets of the
supercrystal, (121), (110) and (010), are outlined with pink, green and black frames
respectively. C) SERRS image obtained by mapping the SERRS intensity of the crystal violet
vibrational peak over 1618-1632 cm™. D) (top) representative SERRS spectrum of crystal
violet measured on the (110) facet (green) and Raman spectrum of CV measured
without gold in the same experimental conditions (black). The red-shaded area indicates
the spectral range integrated for generating the SERRS images in (C). (bottom)
histogram of the mean SERRS intensity at 1620 cm™ on the different facets, with the
error bars indicating the standard deviation on each facet. The concentration of CV in
the solution was 10 M, the acquisition time was 100 ms, and the laser power at the
sample was ~ 0.1 mW, at an excitation wavelength of 633 nm. E) Model of the triclinic
lattice for the supercrystal. The (010) facet is constructed with the edge vectors ¢ and
¢ — a of the unit cell. The GBPs are lying flat onto the (010) facet and they are pointing
outwards of the (121) facet.
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Figure 6.16 Combined spectroscopic and structural characterization on supercrystal composed
of spherical NPs. A-C) Characterization of three supercrystals composed of nanospheres. Each
supercrystal is characterized by optical microscopy (top), corresponding SERRS image
obtained by mapping the SERRS intensity of the crystal violet vibrational peak over 1618-1632
cmt (middle), corresponding SEM micrograph (bottom). For SERRS, the concentration of CV
solution was 10 M, acquisition time was 100 ms, and laser power at the sample was =~ 0.01
mW, at an excitation wavelength of 633 nm. 16 mM in Au® and 2.5 mM of CTAC were used
for the preparation of the sample. Contrary to the GBPs supercrystals, the SERRS image shows
a uniform signal due to the isotropy of the NPs.

6.6 Conclusions

This work shows that fivefold symmetry and anisotropy can be combined to crystallize
complex nano-objects into triclinic pinacoidal supercrystals. Pentagonal gold
bipyramids pack into crystals with two particles per unit cell, corresponding to the
densest packing predicted by Monte Carlo (MC) computer simulations. Further
simulations show how the cross-section influences the arrangement (symmetry and
packing fraction) of the particles, beyond pentagonal bipyramids. Objects with an odd-
sided base are non-centrosymmetric but the two-particle unit cell retrieves inversion
symmetry, explaining the double-lattice arrangement. Surprisingly, their packing

fraction is lower than that of even-sided particles. The double-lattice packing
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generalizes the optimal packing of regular pentagons in the plane, the “pentagonal ice
ray” in a non-trivial manner (as can be seen in Figure 6.10D), since the section of the
bipyramids is not constant along their long axis. This gold bipyramid supercrystal has
a facet-dependent optical response, with spiky and smooth facets displaying
respectively high and low SERS efficiency. Its low-symmetry triclinic structure is also
useful for metamaterials applications and fundamental studies of self-assembly

processes.
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7 Conclusions and perspectives

7.1 Conclusions

On the whole, the research work elaborated in this thesis dealt with various aspects
regarding synthetic control of nanoparticle’s size, shape, and composition, as well as
the design of self-assembled nanostructures with promising applications such as

surface-enhanced Raman scattering.

Various types of plasmonic NPs were synthesized via seed-mediated growth throughout
our entire work, comprising gold spheres (GNSs), gold nanorods (GNRs), gold
bipyramids (GBPs), gold nanotetrapods (GNTPs) and core-shell GNPs@Ag. All the
NPs with tunable size and shape were characterized by UV-Vis-NIR absorption
spectroscopy (AS) and transmission electron microscopy (TEM).

Core-shell NPs were demonstrated in Chapter 3, we studied the morphology evolution

and concentration of GNSs@Ag bimetallic NPs using four complementary techniques:

TEM, AS, small-angle X-ray scattering (SAXS) and inductively coupled plasma mass

spectrometry (ICP-MS) in Section 3.3. We then monitored the anisotropic growth of

silver shells on preformed gold bipyramidal seeds by three in situ techniques (SAXS,

AS and liquid-cell TEM) in Section 3.4. In addition, we revealed that ascorbic acid (AA)
has a thermodynamic effect (by stabilizing the {100} facets) and plays a double role

(e.g., both reducing and shape-directing agent) in the presence of CTAC.

In Chapter 4, we revealed the reshaping mechanism of GNTPs by the way of
demonstrating the reshaping kinetics as well as controlling their stability with a thin
silver layer. This reshaping of GNTPs is related strongly to the temperatures,
presence/absence of solvent, and the addition of iodine. In detail, the reshaping process
is faster at higher temperatures, and the reshaping of GNTPs also occurs in the dry state
suggesting atom migration, but the kinetics is much slower than in solution. In addition,
the reshaping rate drastically increased when iodide was added, indicating that the
shape deformation is indeed related to the various solutes, confirming the dissolution
and redeposition mechanism. The reshaping can be blocked with a thin silver layer
(Ag/Au=0.2): GNTPs coated with silver are very stable for 2 months at room
temperature as well as at 60°C-70°C for at least 1 day. We also showed that the GNTPs

exhibit strong SHG, essentially due to their shape and which decreases as they reshape
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into spheres, reaching a plateau, the origin of which is driven by the surface defects.
Initially, retardation is weak and the SHG response is dominated by the shape non-
centrosymmetry. As the GNTPs evolve into spheres, this source weakens and is

complemented with an origin due to retardation.

In Chapter 5, several types of surfactant-stabilized GNPs (i.e. GNSs, GNRs and GBPs)
were self-assembled into one-dimensional chains using sulfate ions. We showed that
such a two-step evolution can only be uncovered by combining AS with a structural
technique (e.g. SAXS). The assembly can be simply described as the conversion from
the initial species (isolated particles) to the final one (chains), but with apparent first-
order kinetics by analysis of AS with a single value decomposition (SVD) method. This
conclusion holds very well for rods and spheres, but not for bipyramids, where the
evolution is more complicated. Moreover, the self-assembly process can be stopped at
any stage by adding an excess surfactant to the reaction mixture. Various oligomers
with defined optical properties were stabilized for a long period of time (at least 15
days) in this way. The assemblies are very stable under dialysis, and the interaction of
the interparticle is quite strong, as seen in LCTEM. Finally, the “hot spots” in plasmonic

polymers could be precisely targeted and a second metal deposited at their location.

In Chapter 6, we obtained long-range three-dimensional supercrystals of pentagonal
GBPs and revealed that the structure is a triclinic arrangement. GBPs pack into crystals
with two particles per unit cell, as shown via a combination of several characterization
techniques: SAXS and focused ion beam-scanning electron microscopy (FIB-SEM)
tomography analysis, in agreement with the Monte Carlo (MC) computer simulations.
The crystalline order of the GBPs supercrystals results in a facet-dependent optical

response, which is demonstrated by SERS spectroscopy.

All in all, in these four years, | am proficient in the synthesis and purification of various
high-yield NPs. In addition, using several combinations of techniques such as AS, TEM,
SAXS, etc to monitor the nanoparticle growth. With the experience of core-shell NPs
synthesis, we found the reshaping of gold nanotetrapods can be blocked with a thin Ag
layer. We also found a two-step assembly kinetics of gold NPs into one-dimensional
chains in combination with the SAXS and the SVD treatment of AS data and built a
double-lattice packing of pentagonal gold bipyramids in supercrystal with triclinic

symmetry. All these experiences are the strong foundation for my follow-up scientific
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research in particle synthesis, self-assembly as well as characterization techniques, and

data analysis in the future.
7.2 Perspectives

Optimizing architecture design for a broad range of plasmonic applications is
encouraging. The assembly of core-shell NPs into supercrytals is still fascinating, due
to the variation of cross-sections. We have known the optical properties and
morphology of gold bipyramid@Ag can be tuned by adjusting the Ag/Au ratio. Based
on the triclinic lattice of single GBPs supercrystal and the hexagonal symmetry of long
rods supercrystals, we are interested in probing the structure evolution of core-shell

GBPs@Ag supercrystals and exploring the utilization in the SERS.

Furthermore, we are building upon the findings of triclinic symmetry of pentagonal
bipyramids to explore the self-assembly of other NPs of interest with five-fold
symmetry. Decahedra can be seen as bipyramids with shorter aspect ratios, we have
preliminarily assembled five gold decahedrons of different sizes. The preliminary
SAXS results show that flatter decahedra self-assemble into ordered structures showing
that faceting is also a very important parameter in the self-assembly process. Therefore,
revealing their packing structure by other techniques such as 3D FIB-SEM tomography

analysis as well as simulations is our following research plan.

A great majority of supercrystals are formed by the deposition of NPs on substrates,
which can indeed limit their wide application. Therefore, we are looking forward to
developing a method for supercrystals that can be easily retrieved, for instance, using a

non-stick but very cheap Teflon as a substrate, or using a levitation method.

We are also assembling various gold NPs in confinement to build a long-range crystal,
this work has collaborated with my colleague Dr. Wajdi Chaébani.

In the future, I expect to synthesize other metal NPs (Cu, Ni, Co...) with different
morphologies, monitor their growth via various techniques, and self-assembly of NPs
into a long-range crystal to fabricate the application devices, such as sensing,

catalyst...etc.)
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8 Appendix

8.1 Synthesis of core-shell bimetallic nanoparticles

8.1.1 Additional TEM images of gold nanospheres@Ag
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Figure 8.1 TEM images of GNS@Ag for K = 0 through 8 at low magnification. The K values
are indicated in each panel.

8.1.2 Additional TEM images of gold bipyramids@Ag

500 nai’

Figure 8.2TEM images of GBPs@Ag for K = 0 through 8 at low magnification. The K values
are indicated in each panel.

8.2 Reshaping kinetics of acicular nanoparticles and their nonlinear

optical properties

8.2.1 Additional TEM images of gold nanotetrapods stabilized with different Ag/Au

molar ratios K
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Figure 8.3 TEM images of GNTPs for K = 0 through 8 at low magnification. The K values are
indicated in each panel.

8.2.2 Additional TEM images of gold nanotetrapods stabilized with silver at different

times

Figure 8.4 TEM images of GNTPs obtained after various reshaping times at 60°C and
construction used to determine manually the core diameter 2R and the arm length L, illustrated
using an GNTP-1 particle.

8.3 Assembling gold nanoparticles into one-dimensional chains
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8.3.1 Reaction kinetics

During the assembly process, the plasmon band red-shift to a finite value due to the
infinite chain limit effect and the intensity changes weakly. Therefore, it is difficult for
us to continue to monitor the evolution of the plasma band in the AS. I will call this
type of reaction is limited reaction to facilitate the subsequent discussion. Studying the
kinetics of such reactions based on the general chemical kinetics is essential for

understanding the assembly process of GNPs.
8.3.1.1 General chemical kinetics

To give a simple example, suppose that the reactant is only A and the product is B. The

rate of A is the slope of variation of concentration %. The kinetics of the ideal reaction

are3*e:
Zero-order law:

__diAl 8-1
v = It =k (8-1)

which means the reaction rate is independent of the concentration of the reactant. After

integration, we can get

[A]c = [A]lo — Kt (8-2)
First-order law:
v = —% = k[A] (8-3)

After the same integration, the final solution can be gotten:

In[A] = In[A], — kt , [Al, = [A],e ¥t (8-4)
Second-order law:
_ _M — 2 8-5
V== k[A] (8-5)
the solution is
1 _ 1 I G 8-6
g AL T A= T, &9
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8.3.1.2 Limited reaction kinetics
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Figure 8.5 (a) The definition of the rate as the slope of the tangent drawn to the curve shows
the variation of concentration with time for the general chemical reactions. (b) The approach of
reactant’s concentration decreases to a finite value for a reaction A to B. Adapted from Ref.
348.

When a reaction is limited, the concentration of reactant A will decrease from [A], to a
finite value marked as [A]n4 instead of arriving at 0 (see Figure 8.5b), and changes
weakly afterward. In this case, if this reaction follows the first-order law, then its

reaction rate is

d[A
V= _% = k([A] - [A]final) (8_7)
the solution can be known:
[A] = ([A]O - [A]final) e_kt + [A]final (8-8)

If this reaction is a second-order reaction, the rate of the reaction is

d
v = —% = k([A] = [Alfina)? (8-9)

then we can get the solution as well,

1 1
- 8-10
[A] - [A]final [A]o - [A]final +kt ( )

or
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[A] = T + [Alfinal (8-11)

Finally, the yield n can be known:

_[A]o_[A]final_ _[A]final 8-12
TSN T o

8.3.2 Singular value decomposition

As shown in all the above reaction kinetics equations, studying the assembly kinetics
of GNPs requires us to indicate the initial concentration [A], and the finite
concentration [A]gna Of the reactants A. Therefore, how to extract effective
information from the numerous AS data and describing all the data are the key to

understanding our assembly Kinetics.

Singular value decomposition (SVD) is a factorization of a real or complex matrix A
that generalizes the eigendecomposition of a square normal matrix to any M X N matrix

via an extension of the polar decomposition. The matrix A can be expressed as**°:
A=UwWVT (8-13)

Where U is M x M orthogonal matrix and VT, the conjugate transpose of V, is N X N
orthogonal matrix, W is an M x N diagonal matrix with non-negative elements W;; >
0, known as singular values. A common practice is to arrange the singular values from

large to small, which is W;; = Wj; for i = j. In this way, one can obtain a very good

approximation to A by truncating W to keep only the K largest singular values:
A~ Ag=UWgVT (8-14)
In other words, we can use K important components to describe all the matrix data.

In our experiments, the experimental AS data A(A, t)measured as a function of the
wavelength A and the time t can be organized as an M X N matrix A with M
wavelength values and N time points, such that 4;; is the value for A, at ¢;, where t; =
0 and t, = tg,4 (the beginning and the end of the Kkinetics, respectively). Using SVD,
the matrix A can be factorized into A = U W VT, the columns of U can be seen as basis
vectors that, when multiplied by the time-dependent coefficients in V and weighted by

the singular values, yield back the experimental absorbance spectra.

167



We keep K largest singular values, the Wy is obtained from W by setting W;; = 0 for
i > K, which means only K species contribute to the absorbance over the duration of
the process. The signal of each species, S;(41), i =1,2,...,K can be accurately
described as a linear combination of the first K columns of U (which form U), but the
combination coefficients are a priori unknown and must be constrained by physical
considerations. Explicitly, the signal matrix S given by S;; = S;(4;) is related to the
truncated Ak via a generalized "rotation” matrix R: S = U Wx R, SO we can rewrite
Eq.(8-14) by inserting the identity 1 = R R™1:

A =Ug W RR™W T =5CT (8-15)

with €T the time coefficient matrix. Ay is of size M x N, Ux and S are M X K, Wi, R

and R~'are K x K while V§ and CT are K X N.

Guided by the presence of isosbestic points (where the signal remained constant in time)
from the AS (see Figure 5.4a) during the process of assembly, we infer that only two
components contributed significantly to the experimental spectra.®>® We can describe
the data very well using only K = 2 components, which is easily explained by the
conversion between the initial population (isolated particles) and the final aggregates.
This interpretation imposes a strict condition on the matrix R, namely that one of the
basis spectra S, is simply the first column of U (since only the first species is present
in the beginning. The second species does not contribute at the beginning of assembly,
so €,(0) =1 and C,(0) = 0. More precisely,

¢t = [R"T].. = (1,0,0,0,..,0)T (8-16)

i1
The second condition is that the amount of gold is constant during the assembly process.
It is well known that the extinction of gold nanoparticle solutions at a wavelength
Anorm = 400 nm is relatively independent of the shape, size and aggregation state of
the gold nanoparticles?®, so we can normalize the second and subsequent components
such that $;(1horm) = S1(Anorm)-

As we mentioned before, the final relation stems S, is free of any contribution from S,
we therefore adjust R by hand that S, has no peak at the position of the LSPR of the
initially isolated particles for GNRs and GBPs. This is the last condition to define the

matrix R.

168



When a beam of polarized incident light interacts with GNPs, the transverse plasmon
peak of GNRs and GBPs is not sensitive before and after assembly, the new peak is
contributed by the change of longitudinal peak (see Figure 1.10). But the situation is
more complicated for spheres because the isolated objects have three equivalent space

directions, so the final spectrumis S; = §35iso, while those assembled into chains are
described by S, = g(ZSiso + Scoupl) » Where Scoupr is the (red-shifted) coupled

plasmon resonance excited when the incident polarization is along the chain. Applying
here the final relation used for rods and bipyramids yields a spectrum matrix S

containing the two distinct modes S;s, and Scoyp1-

Separating the different modes is crucial to understanding the kinetics of the assembly
process. We must “remix" the modes in the proportions defined above, by inserting into
Eq.(8-15) the matrix M to yield:

A=SMMICT=5¢CT (8-17)

The resulting $'now contains the desired S} and S5, while €' holds the corresponding

time coefficients, the matrix M is:

2
Mz[l 1/ 3] (8-18)
0 /3
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8.4 Assembling gold bipyramids into three-dimensional supercrystals

8.4.1 Additional SEM images of bipyramids supercrsystals

Figure 8.6 SEM images at low magnifications show the uniform formation of gold bipyramid
supercrystals on the substrate obtained by drop-casting. These experiments were performed
with GBPs_3 with 2.5 mM CTAC and 16 mM Au°.
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Figure 8.7 SEM images at different magnifications showing rhombohedral supercrystal on the
substrate obtained by drop-casting. These experiments were performed with GBPs_3 with 2.5
mM CTAC and 16 mM Au’.
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Figure 8.8 SEM images on a gold bipyramid supercrystal “slice” after FIB cutting. These
experiments were performed with GBPs_3 with 2.5 mM CTAC and 64 mM Au®.
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8.4.2 Additional SERS characterization of gold bipyramids supercrystals
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Figure 8.9 Combined spectroscopic and structural characterization of the supercrystal. A)
Optical microscopy image and B) corresponding SERRS image obtained by mapping the
SERRS intensity of the crystal violet vibrational peak over 1618-1632 cm™. The concentration
of CV solution was 10® M, acquisition time was 100 ms, and laser power at the sample was =
0.01 mW, at an excitation wavelength of 633 nm. C) SEM micrograph of a GBPs supercrystal
viewed at different magnification. The arrows show the orientation of the bipyramids with the
red arrows indicating the spiky facets whereas the green arrows indicate the smooth ones
displaying high and low SERRS efficiency, respectively.
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Figure 8.10 Combined spectroscopic and structural characterization of the supercrystal. A)
Optical microscopy image and B) corresponding SERRS image obtained by mapping the
SERRS intensity of the crystal violet vibrational peak over 1618-1632 cm™. The concentration
of CV solution was 10® M, acquisition time was 100 ms, and laser power at the sample was =
0.01 mW, at an excitation wavelength of 633 nm. C) SEM micrograph of a GBPs supercrystal
viewed at different magnification. The arrows show the orientation of the bipyramids with the
red arrows indicating the spiky facets whereas the green arrows indicate the smooth ones
displaying high and low SERRS efficiency, respectively.

174



Micrometers (um)
N

5
Micrometers (um)

Figure 8.11 Combined spectroscopic and structural characterization of the supercrystal. A)
Optical microscopy image and B) corresponding SERRS image obtained by mapping the
SERRS intensity of the crystal violet vibrational peak over 1618-1632 cm™. The concentration
of CV solution was 10 M, acquisition time was 100 ms, and laser power at the sample was =
0.01 mW, at an excitation wavelength of 633 nm. C) Model of the triclinic lattice oriented along
the ¢ and a + c vectors of the unit cell. D) SEM micrograph of a GBPs supercrystal viewed at
different magnification. The arrows show the orientation of the bipyramids which is identical
along to the four lateral facets and displays similar SERRS efficiency.

175



List of Figures

Figure 1.1 Photographs of stained glass from (a) Cologne Cathedral, (b) Santa Maria
Sopra Minerva church in Rome, and (c) the Lycurgus cup. Adapted from Ref. 36....12

Figure 1.2 (a) Schematic illustration of LSPR excitation for spherical NP. (b) A typical
LSPR absorption band of spherical NP. Adapted from Ref. 15,44. ..........c.cceovenneee. 14

Figure 1.3 (a) Schematic illustration of LSPR excitation for GNRs, longitudinal (top)
and transverse (bottom) electron oscillations and (b) LSPR absorption bands of GNRs.
Reprinted from RET. 44. ... 14

Figure 1.4 Plot of the real part £’(w) (A) and the imaginary part ¢”’(®) (B) for gold
(black) and silver (green), as reported in Ref. 55. Adapted from Ref. 45. .................. 15

Figure 1.5 GNPs with different morphologies and corresponding optical extinction

spectra. Reprinted from Ref. 45. .. ... 16

Figure 1.6 (a) Extinction spectra of GNTPs with different sizes were obtained using
different amounts of seed solution. (b-e) TEM images of GNTPs. Scale bars: 50 nm.
Reprinted from Ref. 68. ..........coi i 16

Figure 1.7 (A) Scheme depicting the preparation of GNRs@Ag. (B) Photograph of the
GNRs@AQg suspensions. (C) Corresponding AS spectra, (D) SAXS curves (dots) with
full-curve fits (full lines) and (E) TEM images. Scale bars: 20 nm. Reprinted from Ref.

Figure 1.8 AS spectra, TEM images and SERS spectra of 4-MBA taken for single
AgNRs and GBPs@Ag NRs, respectively. Adapted from Ref. 71. ........cccoovvvinnnen. 18

Figure 1.9 Extinction efficiency, Qext, simulated in the scope of the generalized
multiparticle Mie theory for pairs of coupled 40 nm GNSs with different distances
between their surfaces: « (a), 7 (b), 4 (c), 2 (d), 0.7 (e), 0.4 (f), and 0.2 nm (g). Adapted
TrOM RET. 75, et e s e e e teere e reebeaneenre s 19

Figure 1.10 The different plasmon modes of GNPs under incident light, with and
without coupling, A) GNSs and B) GNRs. The propagation direction of the light is

along the x axis and the polarization direction is along the z axis. ...........ccccccevvernnn. 20

176



Figure 1.11 AS spectra of end-to-end CTAB-GNRs assemblies. Adapted from Ref. 76.

Figure 1.12 Calculated extinction spectrum of GNSs 50 nm in diameter as the local

refractive index is increased. Reprinted from Ref. 77. ..., 21

Figure 1.13 Time evolution AS of GNRs after heating at different temperatures and the

TEM images of the final state of the nanorods after 20 h of heating. Adapted from Ref.

Figure 1.14 The stability of GNTPs. (a) Time evolution AS of aqueous GNTPs, the
blue-shifting of LSPR indicated the shape change of GNTPs to more rounded structures.
(b) AS of PEG-modified GNTPs stored at 25°C. Adapted from Ref. 68. ................... 22

Figure 1.15 Ordinary Raman scattering and SERS measuring without and with GNP as
substrate. Reprinted from Ref. 35. .......ccooiiiiiee e 24

Figure 1.16 SERS spectra of 4-aminothiophenol (4-ATP) modified from individual
GNRs and GBPs and end-to-end assembled GNRs and GBPs. Reprinted from Ref. 90.

Figure 1.17 SEM images of a typical nanorod supercrystal island film and SERS spectra
of (a) natural and (b) spiked human blood; (c) natural and (d) spiked human plasma. (e)
SERS spectra spiked human plasma after spectral subtraction of the matrix (human
plasma). (f) SERS spectra of the scrambled prion. Adapted from Ref. 88.................. 25

Figure 1.18 Simplified schematic representation of the two steps of the seed-mediated
synthesis of GNPs: (1) nucleation, rapid reduction of Au(l11) to Au(0); (2) slow growth,
controlled deposition of gold onto the preformed seeds in the presence of shape-
directing additives. Reprinted from Ref. 98.........ccocoiiiiiiiiiii 27

Figure 1.19 Different growth mechanisms of uniform particles in solution: curve |
represents single nucleation and uniform growth by diffusion; curve Il displays the
nucleation, growth and aggregation of smaller subunits; curve Il shows multiple

nucleation events and Ostwald ripening growth. Adapted from Ref. 99..................... 28

Figure 1.20 Scheme illustrating most major shapes obtained from the different seed
crystallinity. Seeds grow from the initial nuclei into either monocrystalline or

polycrystalline structures, which in turn can be singly twinned or multiply twinned

177



and/or contain stacking faults. The green, orange, and purple colors represent {100},
{111} and {110} facets, respectively. Twin planes are delineated in the drawing with
red lines. The parameter R is defined as the ratio between the growth rates along [100]
and [111] directions. Reprinted from Ref. 107. .......cccccveveiiieii e 29

Figure 1.21 Schematic illustrations showing the role of capping agents in directing the
growth of a single-crystal seed made of an FCC metal. The shape of resulting
nanocrystals can be manipulated in a controllable fashion through the introduction of a
capping agent (represented by red or blue dots) that can selectively bind to a specific
type of facet, altering the order of surface free energies and eventually leading to the
formation of a nanocube enclosed by {100} facets and an octahedron enclosed by {111}

facets, respectively. Reprinted from Ref. 108..........c.cccevviiiiieeii e, 30

Figure 1.22 Pourbaix diagram for the first 1e- oxidation of ascorbic acid in water. The
solid line and dashed line are calculated and obtained from experiment values of the

pH-dependent reduction potential, respectively. Adapted from Ref. 117. .................. 31

Figure 1.23 Core-shell GNPs@Ag synthesis. (A) Scheme illustrating the distinct types
of seed crystallinity to define the shape of the silver shell: single crystalline rods,
octahedrons, pentatwinned rods and pentatwinned bipyramids are represented before
and after silver deposition. Adapted from Ref. 127. (B)-(L) electron microscopy images
characterizing the above-mentioned particles. GNPs@Ag were prepared from gold
seeds of different crystallinity (B)-(D) octahedrons, (E)-(G) single crystalline rods, (H)-
(J) pentagonal twinned rods and (K)-(L) pentagonal twinned bipyramids. Three types
of electron microscopy techniques were used: (B)-(K) TEM (and SEM in B), (C)-(L)
STEM-HAADF, (D)-(J) Electron tomography. (M) 3D visualizations of the
reconstructed GBPs@Ag. (B-M) were adapted from Refs. 128, 130, 131.................. 34

Figure 1.24 A typical illustration of NPs self-assembly. (A) Schematic illustration of
the organization of nanospheres into 1D chains, 2D sheets and 3D supercrystals. TEM
images of 1D chain (B) and 2D monolayer sheet (C) and SEM image of 3D supercrystal
(D), the insets in C and D show the TEM images of NPs. Adapted from Ref. 132, Ref.
133 and Ref. 134, reSPECLIVEIY. .......ccoviiiiiiiee s 35

Figure 1.25 Schematic illustration of NP self-assembly driving forces: (A) inter-particle

interaction, (B) external field and (C) spatial confinement strategies. Adapted from Ref.



Figure 1.26 Schematic of spontaneous assembly of NP superstructures through slow
solvent evaporation (A) without and (B) with templates. Adapted from Ref. 153 and
] T USRS 37

Figure 1.27 Schematic illustration showing the assembly strategies for one-dimensional
chains: (A) template-assisted, (B) external electric field, (C,D) molecular recognition
method for chains and corresponding extinction spectra and TEM images. Adapted
from Ref. 163, Ref. 164 and Ref. 90.........cooiiiiiiiiece e 39

Figure 1.28 Sulfate-mediated end-to-end assembly of GNRs. Reprinted from Ref. 76.

Figure 1.29 Development of plasmene superlattice nanosheets. The first plasmene
nanosheet was obtained in 2011 using GNSs;**® The concept of “plasmene” was
introduced in 2014;17® The complex NP shapes, such as GNRs,1’® core-shell GNPs@Ag
NCs,'™* GRDs and GNstrs® were then developed from 2012 to 2015. A binary
plasmene system'® was built in 2018. Control of plasmene orientation, spacing and
shape was realized.!’®8418 Reprinted from Ref. 151........ccccoveievvieveicieiece e, 41

Figure 1.30 Symmetry control of the GNR superlattice from a typical hexagonal to
tetragonal order by Rhodamine 6G (R6G) modification. In a typical SEM image of the
hexagonal superlattice (a) and tetragonal superlattice (b), the scale bar is 200 nm.
Reprinted from Ref. 192 ..o 42

Figure 1.31 (A) Structure factors of GNR@AQg supercrystals with tunable silver to the
gold ratio obtained from SAXS. The ratio is arranged on each SAXS spectra. The two
spectra in red correspond to a hexagonal arrangement whereas the ones in black exhibit
square symmetry. (B) Typical TEM images and associated FFT of GNR@Ag
monolayers. The scale bar is 100 nm. Adapted from Ref. 72.........cccciiiiiiiiiennnn, 43

Figure 1.32 Determination of the symmetry of gold supercrystals using SEM and SAXS.
(a-d) Rhombic dodecahedra form a face-centered cubic superlattice visible along with
different projection directions. (e-h) Octahedra are found predominantly in two
crystallographically distinct superlattices: simple hexagonal (e-g) and monoclinic (e, h).
(i, J) Cubes assemble into a simple cubic lattice. (k) A macroscopic view shows a
complete superlattice film. (I-p) Two dimensional and (g-u) radially averaged SAXS

images of assembly products exhibit clear diffraction spots and peaks, respectively,
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highlighting long-range order in superlattices of sSRD (I, g), mRD (m, r), IRD (n, s),
octahedra (o, t) and cubes (p, u). Scale bars, (i) 200 nm; (k) 10 mm; all others are 100

nm. Reprinted from Ref. 195, .. ... 44
Figure 2.1 Schematic representation of GNPs synthesis with different shapes........... 49
Figure 2.2 Schematic description of GBPS@AQJ SYNthesis. ........ccccoeiiiiieniiiiicienn, 52

Figure 2.3 Typical AS spectrum of monocrystalline GNRs. Adapted from Ref. 16...55

Figure 2.4 (a) Schematic of the LCTEM geometry (left) and a cross-sectional schematic
of the arrangement of the SiN membranes (right). (b) Experimental setup of STEM
mode. Adapted from Ref. 211 and Ref. 212. ..o 57

Figure 2.5 Schematic for the optical components of the SAXS beamline. Adapted from
=] A ST 59

Figure 2.6 The process of data conversion in SAXS experiments. Adapted from Ref.

Figure 2.7 (a) Illustration of different q region at different observation windows. (b)

Three distinct regions of the SAXS profile. Adapted from Ref. 217. ........ccccvvvenneen. 61
Figure 2.8 The lamellar and hexagonal arrangement. Adapted from Ref. 2109. .......... 62
Figure 2.9 Diagram of the experimental setup. Adapted from Ref. 225. .................... 64

Figure 3.1 Characterization results of the different types of GNPs. a) AS spectra of
GNPs colloid: al) GNRs, a2) GBPs and a3) GNSs. Experimental data (diamonds), fits
with a quasistatic analytical model (red lines) and BEM simulations (blue lines). b)
TEM images and c) Size distributions of GNPs with different shapes. Fits the diameter

distribution with Gaussian (red lines). Fits with a quasistatic analytical model and BEM

simulations were done by Dr. Doru ConStantin. ...........c.ccovreiirieienene e 70
Figure 3.2 Diagram of the sphere-in-sphere (left) and sphere-in-cube (right). ........... 72
Figure 3.3 AS spectra of GNSs@Ag with variable Ag/Au molar ratio K..................... 72

Figure 3.4 TEM images for different values of the molar ratio K. The K values are

indicated iN €aCH PANEL. .......ciiiiie s 73
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Figure 3.5 a) Particle radius histograms extracted from the TEM images. The mean and
standard deviation (SD) are shown as diamonds and bars. For clarity, the curves are
shifted upwards in steps of 0.4. The dashed line is a guide to the eye. Quadraticity
parameter Q: b) average value Q as a function of K (mean and SD, solid dots and error
bars) with the linear fit (solid line). The limiting values for a perfect circle and square
are shown as dashed lines; ¢) histograms of Q for each K value (shifted vertically for
clarity). The mean and SD from b) are shown under each curve. Colors (black, blue and
red) distinguish three types of curves. The molar Ag/Au ratios K are (from bottom to
top): 0,0.4,0.7,0.9, 1.2, 1.4, 2, 4, and 8. The calculation of Q was done in MATLAB
DY Dr. Cyrille HAMON. ....ooieieice ettt 73

Figure 3.6 Scattered intensity I as a function of the scattering vector g for all solutions
(dots, various colors). The spectra were shifted vertically for clarity. The molar Ag/Au
ratio K is indicated above each curve. Fits with the sphere-in-sphere model (solid lines)
and with the sphere-in-cube model (dashed lines) are displayed for each curve. The fits

were done by Dr. Doru ConStantin. .........ccccveveiieiicie e 75

Figure 3.7 Goodness-of-fit function for the SAXS models in Figure 3.6, shown as solid
squares (for the sphere-in-sphere model) and as open circles (for the sphere-in-cube

model) as a function of the AQ/AU ratio K. ..o 76

Figure 3.8 a) Shell thickness extracted from the fits in Figure 3.6 for the two models
and corresponding geometrical predictions. The TEM values are shown as red
diamonds. b) Relative polydispersity extracted from the SAXS fits in Figure 3.6 for the
two models (solid squares for sphere-in-sphere and open dots for sphere-in-cube). The
circled points with abnormally low values (for K = 0.8 and 0.9) have very poor fit

quality (see Figure 3.7). Relative polydispersity extracted from the TEM data (solid

Figure 3.9 The Ag/Au ratio in the particles, measured by ICP-MS, versus the same ratio
in solution, K (diamonds). The dashed line marks the expected values if all the silver is

deposited oNto the gOId COTES.......ccuviiiiiiecc e 77

Figure 3.10 Number particle density n as a function of the Ag/Au ratio K, extracted
from fitting the SAXS data in Figure 3.6 (solid black squares), from the AS data (open
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red dots) and ICP-MS (blue diamonds). Anomalously low SAXS values are circled.

Data analysis was done by Dr. Doru Constantin. .........c.ccceevveveeviieneciie s 78
Figure 3.11 AS spectra of GBP@Ag with variable molar Ag/Au ratio K. ................. 80

Figure 3.12 Standard TEM images for different values of the molar ratio K. The K

values are indicated in €ach Panel...........ccocveeiiiii e 81

Figure 3.13 Presentation of the system and ensemble time-resolved measurement of
GBPs@Ag rods. a) (Top) Scheme depicting the synthesis of GBPs@Ag rods and the
shape transition from a bipyramid to a rod. (Bottom) Time-resolved AS of GBPS@A(g
rods synthesis. For clarity, we show only three spectra, representing three important
stages of the reaction: GBPs seeds (black), seeds completely covered in silver, yielding
a short rod (red) and a long rod obtained as the final result (blue). The dashed lines
correspond to BEM models. b) Time-resolved SAXS curves (black) with fits (red) of
diluted suspension of GBPs@Ag rods during their synthesis. Curves are shifted
vertically for clarity. c) TEM image of GBPs@AQg rods obtained in ex-situ synthesis.
The scale bar is 100 nm. d) Determination of the length of GBPs@Ag rods as a function
of time (black dots) by the combined AS, SAXS, and BEM modeling approach and
corresponding fit with the Avrami equation (red line). Data analysis was done by our
intern Kinanti Aliyah and BEM simulation was done by Dr. Cyrille Hamon............. 82

Figure 3.14 Time-resolved growth of GBPs@Ag rods by LCTEM. (a) Time-lapse
STEM images showing the anisotropic deposition of silver on a gold bipyramid as well
as homonucleation. The scale bar is 50 nm on all images. b) Contour plots of the
GBPs@Ag rods were extracted every second from image analysis. ¢) Corresponding
fit with a superellipsoid model. (d) Time dependence of length, width, and bluntness of
the same GBPs@AQg rod as determined from the superellipsoid model. The color code
of these parameters corresponds to that of the outlines in (b) and the fits in (c). The
LCTEM experiment was done by Dr. Damien Alloyeau and the fit was done by Dr.

DIOTU CONSTANTIN. ..ttt ettt e e e e e e e e et e e e e e e e e e et ereeaaeeaas 84

Figure 3.15 In-situ structural analysis of Ag and GBPs@Ag NPs. (a) Image series of a
growth experiment performed without ascorbic acid. We observe the growth of facetted
nanoparticles and isotropic shell on the GBPs. (b) STEM nanodiffraction analyses were
performed after 5 min of growth on a facetted nanoparticle (diffraction 1) and the shell
of a bimetallic nanostructure (diffraction 2). The positions of the STEM nanoprobe

182



(convergence angle of 7.4 mrad) are selected directly on the STEM HAADF image (left)
and the diffractions of individual nano-objects (right) are acquired on a CCD camera.
The diffractions 1 and 2 correspond to the FCC structure of metallic silver oriented
along the and directions, respectively. No other silver crystalline phase was observed

IN TN TEACTION MEBAIAL ..eeeeeeeee ettt e et e e e e e e e e et e eeeeaaas 85

Figure 3.16 HRTEM image of a bipyramidal seed. The Fast Fourier Transform (FFT)
corresponds to the superposition of two FCC crystals oriented along the 100 and 112
zone axes. Such atomic contrasts are characteristic of a pentatwinned nanostructure
with one of its lateral {100} facets (or edge for bipyramids) perpendicular to the
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Figure 3.17 a) Investigation of the growth Kinetics at other reaction temperatures and
precursor concentrations. b) Evolution of the nanorod length observed by LCTEM as a

function of time for two different electron dose rates (i.e. different magnification)...87

Figure 3.18 Time-resolved growth of GBPs@Ag rods by LCTEM without AA. a)
Time-lapse STEM images showing the isotropic deposition of silver on a gold
bipyramid as well as homonucleation. The scale bar is 50 nm on all images. b) Contour
plots of the GBPs@Ag rods were extracted every second from image analysis. The
contour plots were first extracted by image analysis and then fitted by a superellipsoid
model. c) Graphs show the time dependence of length, width, and bluntness of the same
GBPs@AGg rod as a function of time as determined from the superellipsoid model. The
color code of these parameters corresponds to that of the outlines in b). .................. 88

Figure 3.19 Bulk synthesis of GBPs@Ag rods using NaPSS as a stabilizer and various
reaction conditions a), (b) AS of the GBPs@Ag rods obtained by using AA or
hydroquinone (HQ) as reducing agent, respectively. Experiments are systematically
conducted with (blue solid lines) and without (red solid lines) chlorine ions. References
spectra of the GBPs (black solid line) and GBPs@Ag rods obtained in CTAC and AA
(black dashed line) are displayed for comparison. (c)-(f) Corresponding TEM images.
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Figure 4.3 Time evolution AS spectra of GNTPs reshaping at different temperatures,
i.e. 40°C, 50°C and 60°C, the time spacing iS L MiN. .......cccccvvveviierinieneere e 94

Figure 4.4 Time-resolved images of GNTPs reshaping extracted from LCTEM video.

Figure 4.5 AS spectra of GNTPs coated with variable Ag/Au molar ratio K. The K
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Figure 4.10 Time-resolved AS spectra (A) and photograph (B) of GNTPSs suspensions.
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Figure 4.11 (A) Time-resolved AS spectra of GNTPs deposited on a glass coverslip.
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Figure 4.13 AS spectra of GNTPs dispersed in the different solutions: CTAB (left) and
CTAB + K1 (FIGIL). 1ottt 101

Figure 4.14 AS spectra of GNTPs coated with silver at different temperatures. The
black dashed line is the initial GNTPs coated with silver as a reference. ................. 102
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Figure 4.18 a) TEM images of (a-e) GNTPs obtained after various reshaping times: 3
min, 18 min, 33 min, 48 min and 12 h, (f) GNSs, and (g) AS spectra of particle
suspensions, renormalized to the extinction of 0.5 at A = 400 nm (solid lines) and
spectra of the model shapes, simulated using BEM (dashed lines). The GNTPs are
represented above each curve, and BEM simulations were done by Dr. Doru Constantin.

Figure 4.19 (A) Polarization-resolved HRS intensity IHRST (y),with I' =V, H for the
GNTP samples (red and black symbols) and the GNS (green symbols) and fits with Eq.
(2-10) (solid lines ). IH is only shown for GNTP-1 and GNS. (B) HRS intensity
IHRS(N) for all the samples discussed in the text (symbols) and linear fits (lines). Note
the split x axis for the GNS data. ...........cccccveiiiiiiecce e 106

Figure 4.20 Left axis: first hyperpolarizability g for all the samples, identified on the
bottom axis (solid black dots). Error bars are smaller than the symbol size. For GNTPs,

the arm length L is given on the tOp aXis. ......cccooeiiiiiiniiiieeeee e 107

Figure 4.21 Depolarization ratio D (left) and retardation parameter ¢V (right) for all the
SAIMPIES. ...ttt et et e e b et e e b e et e e e re e re e e e reereans 108

Figure 5.1 Scheme of assembling various GNPS into chains. ..........cc.ccoceeiivieiennnn. 113

Figure 5.2 Stopping and stabilizing the assembly process of GNRs (a) and GBPs (b) by
adding excess CTAC. AS of various plasmon polymers just after stopping (solid line)
and the same dispersions after 14 days (dashed line). 0.25 mM Au°, 14.3 uM CTAB
and 1 mM MgSO4 were used for assembly. ........ccoocviiiiiiiniieieee e 114

Figure 5.3 TEM images of the assembly state at 0 h and 20 h. (a) GNRs, (b) GBPs and

(c) GNSs. The rightmost panel shows individual chains under higher magnification.

Figure 5.4 AS spectra of GNRs assembly as a function of Cay in the presence of 1.0
mM MgSOg and 14.3 pM CTAB. The Cau values are indicated in each panel.......... 115

Figure 5.5 Fit of the time coefficient of the isolated particle concentration C4(t) with
an exponential (solid red line) and a reciprocal (black dashed line) function. The Cau

values are indicated in each panel...........cccove i 116

Figure 5.6 Goodness-of-fit values y? corresponding to the fits in Figure 5.5. ........... 117
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Figure 5.7 a) SVD-extracted spectra of the first and second species, $;1(1) and S, (4).
b) Time coefficients C(t) and C,(t) of the identified species with an exponential fit

(red solid line). ¢) Singular Values Wii. ........ccccoviriiiiiiniiie s 117

Figure 5.8 a) Yield and b) reaction rate constant for GNRs assembly as a function of
Cauin the presence of 1.0 mM MgSO4 and 14.3 uM CTAB. Dashed lines are linear fits
10 TNE TALA. ...t r e e e 118

Figure 5.9 AS of GNRs assembly as a function of the MgSO4 concentration for Cay =
0.25 mM in the presence of 14.3 uM CTAB. The sulfate values are indicated in each
PANEL .t bbbttt 118

Figure 5.10 a) Yield and b) reaction rate constant for GNRs assembly as a function of
the MgSQO4 concentration for Cay = 0.25 mM in the presence of 14.3 uM CTAB....119

Figure 5.11 AS of GNPs assembly as a function of the CTAB concentration for Cay =
0.25 mM in the presence of 1 mM MgSOs. a) GNRs, b) GBPs and c) GNSs. The

concentrations of CTAB are indicated in each panel............ccccooveveiieieeic e, 119

Figure 5.12 a) Yield and b) reaction rate constant for particle assembly as a function of
the CTAB concentration for Cay = 0.25 mM in the presence of 1 mM MgSO4. The

symbols correspond to different particle shapes. The lines are guides to the eye. ....120

Figure 5.13 a) SAXS structure factors of nanorods at CTAB and MgSO4 concentrations
indicated on top of the curves, for various times after preparation (different colors and
markers). b) Extinction spectra for the solutions in a) immediately after preparation and
after 20 h. For the solution at 14.3 uM CTAB and 1.0 mM MgSOs, intermediate spectra
(taken every 30 min.) are also shown. Curves shifted vertically for clarity: SAXS and
corresponding AS data for the same solution are at the same level.............ccccocn.... 121

Figure 5.14 Assembly kinetics for GNRs with 1.0 mM MgSO4 and 28 uM CTAB.
SAXS curves were acquired at 30 min intervals and color-coded from red to violet.

Figure 5.15 System geometry for the plasmon coupling simulations, in a) tip-to-tip b)
tilted and c) side-to-side configuration of a particle dimer............cccccevevevviirieenenn, 123

Figure 5.16 a) Simulated extinction spectra for an isolated gold spherocylinder with

AR = LD = 2.9 (black line) and for a tip-to-tip dimer, trimer and tetramer of such
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objects with a minimal surface separation d varying from 0.25 to 50 nm (green, blue
and red line, respectively). b) Position of the longitudinal peak (LSPR) as a function of

the surface separation d for dimer to hexamer (symbols) and fits with the Hill equation.

Figure 5.17 Simulated extinction spectra for a side-to-side dimer with a minimal surface
separation d varying from 0.25 to 50 nm. The isotropic average is shown as a solid
DIACK TINE. ... ettt nes 125

Figure 5.18 Simulated extinction spectra for a dimer, with a minimal surface separation
d = 2 nm, for different tilt angles indicated on the graph (different colors). The position

of the longitudinal peak for the isolated particle is shown as a dashed line. ............. 125

Figure 5.19 Position of the coupled peak as a function of the surface separation d

between spheres for dimer to pentamer Chains. ............ccooeeiiiiiiie, 126

Figure 5.20 Extinction spectra S,(A) of the nanorod aggregates, for various CTAB
concentrations (different colors). The position of the longitudinal peak for the isolated

particle is shown as a dashed line. Relevant plasmon bands are marked by gray shading.

Figure 5.21 Extinction spectra S,(A) of the GBPs aggregates, for various CTAB
concentrations (different colors). The position of the longitudinal peak for the isolated

particle is shown as a dashed line. Relevant plasmon bands are marked by gray shading.

Figure 5.22 Extinction spectra §,(4) of the coupled modes of sphere assemblies, for
various CTAB concentrations (different colors). The position of the plasmon peak for
the isolated particle is shown as a dashed line. Relevant plasmon bands are marked by
GrAY SNAGING. ..ttt bbbt 128

Figure 5.23 a) Statistics of the aggregate size measured by TEM for three different
times (0 h, 5 h and 20 h) after the beginning of the process. Each count represents one
object (isolated particle or aggregate) and we analyzed at least 400 objects each time.
b) Statistics of the contact distribution after 5 hours. Each count represents one contact

and we analyzed 625 CONTACTS. .........ccveiiieiiece e 130
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Figure 5.24 AS results for dialyzed samples: a) with 1 mM MgSOQOs and b) without
MgSOsa. In both panels, we show the initial spectrum (black), the one after 20 h of

reaction (red) and the one after a subsequent 1W dialysis (green). ......cccccceeeevvenenne 131

Figure 5.25 Measurements of tip to tip (a, b) and side to side (c, d) distances between
gold bipyramids in water. (Left) LCTEM images were extracted from videos acquired
with a frame rate of 25 images per second. (Right) The signal-to-noise ratio profile was
measured along the arrows seen on the image. The gap between the nanoparticles is
indicated in blue on the profile. It corresponds to the area where the signal-to-noise
ratio goes below the noise fluctuations measured in the image areas where there are no
nanoparticles (< 1.5). Video analysis was done by Dr. Damien Alloyeau. .............. 131

Figure 5.26 LCTEM images: (a) bipyramid-sphere dimer and (b) heptamer. The particle
outlines used to define the center of mass of the single particles or groups of particles
on each side of the analyzed connection point are shown as blue solid lines. The center-
to-center segments are shown as dashed red lines. Analysis: standard deviation of
fluctuation amplitudes for (c) the center-to-center distance and (d) the interparticle

angle. Image analysis was done by Dr. Doru Constantin. ...........ccceeevveerenienrveneene 132

Figure 5.27 Tunable conductive nanojunctions in plasmonic oligomers engineered by
seed-mediated growth. A) Scheme highlighting the versatility of the seed-mediated
growth approach to engineer tunable metallic nanojunctions. B) AS of two oligomer
suspensions in which the self-assembly process was frozen after 5 h and 20 h. TEM
images of corresponding particles dimer. C-E) AS and TEM image of the dimer of the
same suspensions in B) after growing nanojunctions of silver, palladium and platinum

respectively. The scale bar is 20 nm on all images. ........cccccevvevvereniene e 134

Figure 5.28 (A) STEM high-angle annular dark-field (HAADF) images and (B) EELS

spectra of oligomers (upper) and Ag-oligomers (bottom). .........ccccceeveveeveciiccieeneen, 135
Figure 6.1 Schematic representation of the GBPs assembly process. ............cccco...... 140

Figure 6.2 Characterization of the GBPs. A) AS of the four batches of GBPs
dispersions and (B) corresponding representative TEM images. The scale bar is 50 nm
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Figure 6.3 Schematic representation of a truncated bipyramid (red) superimposed on a

non-truncated bipyramid (black) and corresponding dimensions. Adapted from Ref.

Figure 6.4 Effect of the bipyramid shape on the long-range order. A) Representative
2D SAXS images of supercrystals obtained from the four batches of GBPs and B)
corresponding structure factor. These measurements were performed at SWING. The
experiments were performed with 2.5 mM CTAC and 64 mM ALWC. ............cocveneee. 143

Figure 6.5 Spatially resolved SAXS on GBPs thin films obtained at varying
concentrations of CTAC and AuP. The detailed concentrations are shown in the panel.
Insets show photographs of the deposit, with the scale bar being 1 mm in all images.
Beam positions corresponding to the SAXS measurement are marked on the image,
with the same color code as for the SAXS curves. These measurements were performed
0N GBPS_3 At LPS. .. 144

Figure 6.6 Evaporation-induced self-assembly of GBPs at different CTAC
concentrations. Three concentrations of CTAC were investigated: 1 mM, 2.5 mM and
10 mM. A) Optical microscopy image of the sample after evaporation of the solvent.
The scale bar is 2 mm. B) Representative 2D SAXS image of the samples shown in A).
SAXS images are displayed on a logarithmic intensity scale. C) Corresponding
structure factors. These measurements were performed on GBPs_3 with 64 mM Au°
and measured at SWING. ......c.ooiiiee et ens 144

Figure 6.7 Multiscale characterization of pentagonal gold bipyramid supercrystals
obtained by evaporation-induced self-assembly. A-B) Optical microscopy image of
rhomboidal supercrystals at different magnifications. C) SEM micrograph of a
rhomboidal supercrystal. D) Representative 2D SAXS image, displayed on a
logarithmic intensity scale. E-G) SEM micrographs of a GBP supercrystal viewed at
different magnification and different orientations. In E), the supercrystal was sliced by
FIB to reveal the NPs’ organization from the top (F) and the side (G). The insets in F,
G) show the lattice parameters a, b, ¢, 5, y of the triclinic unit cell. H) SAXS data with
experimental structure factor, S(q). Vertical lines indicate the expected positions of
some Bragg peaks of the triclinic lattice. 1) Three-dimensional reconstruction of a
portion of the supercrystal. In SAXS and SEM, 64 mM in Au® and 16 mM in Au® were
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used for the preparation of the sample, respectively. A fixed concentration of CTAC of

2.5 MM WaS USEA 1N A1 CASES. ...ttt e e e e e e, 146

Figure 6.8 Monte-Carlo computer simulation of the packing of truncated bipyramids
with varying cross-sections. A) Histograms of the packing fraction of predicted phases
for n-sided bipyramids with, n = 3, n =4, n=5n=6,n =7 and n = 20. B)
Representation along with two directions of the predicted phase with the highest
packing fraction, for each shape, corresponding to the phase highlighted by a red dotted
circle in (A). For odd n values, two colors (blue and red) are used as the unit cell is
composed of two particles with different orientations. C) Graph representing the
packing fraction of the densest phase for each bipyramidal shape as a function of n. The
packing fraction determined experimentally (for n = 5) is added as an open black

PENtagon fOr COMPAIISON..........coviiiiie et re e ens 148

Figure 6.9 Monte-Carlo computer simulation of the packing of truncated bipyramids
with a pentagonal cross-section. A) Histogram of the packing fraction of predicted
phases of pentagonal bipyramids. B-D) Representation along with two directions of
predicted phases at a certain packing fraction, corresponding to the phase highlighted
by a colored dotted circle in (A). Two or three colors are used when the unit cell is

composed of two or three particles reSpectively. ........ccovveveieiiece e 149

Figure 6.10 Comparison between the model and the experiment. A-B) P unit cell
predicted numerically, composed of two bipyramids drawn in red and blue. C) View of
the lattice in which the cut is orthogonal to the [1,0,2] direction. D) Projection of the
packing along with the [1,0,2] direction (i.e. the longitudinal axis of the bipyramids).
E) SEM image of a rhomboidal supercrystal, with superimposed model: both exhibit an
angle of 30° at their tips. On top of the supercrystal, the (010) facet forms a rhomboid.
The inset at the top shows a magnified SEM image of the supercrystal surface in the
(010) facet where the bipyramids are lying flat. The inset at the bottom shows the unit
cell of the model-oriented along the c and ¢ — a vectors of the triclinic lattice. 16 mM

in Au® and 2.5 mM of CTAC were used for sample preparation. ............c..ccceeveee... 150

Figure 6.11 A) Three-dimensional reconstruction of a large portion of the supercrystal
and B) a small portion of a supercrystal, obtained by FIB-SEM tomography and viewed
along different orientations. These experiments were performed with GBPs_3 with 2.5
mM CTAC and 64 mM AUC. The three arrows represent the Cartesian coordinates.151
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Figure 6.12 2D SAXS image (on a logarithmic intensity scale) of a few supercrystals
in which Miller indices corresponding to the triclinic lattice are indicated on some
Bragg spots. Two colors (red and white) are used for the indexation of two supercrystals
with different orientations defined by the corresponding zone axis [UVW]. A few Bragg
spots were obtained on the 2D SAXS images, indicating the formation of a few oriented
supercrystals. By indexing the Bragg spots with the appropriate Miller indices, the
supercrystals were found to be mainly oriented along the [110] and [010] directions,
which corresponds to the orientation of the supercrystal displayed in Figure 6.10E. 400

mM in Au® and 2.5 mM of CTAC were used for the preparation of the sample....... 152

Figure 6.13 Representation of the triclinic unit cell used to index the peaks in Figure
6.7H. Using the positions of the observed diffraction peaks (see Table hereafter), a
refinement of the triclinic cell was performed. We assume that the angle y is equal to
90°, as per the numerical simulations of the structure. Accordingly, we take vector a
along OX and vector b along OY, where OXYZ is an orthogonal basis. The refinement
yields: a=41.35 nm {ax, ay, az}={41.35,0,0}; b = 37.24 nm {bx, by, bz}={0,37.24,0};
¢ = 47.74 nm {cx, cy, cz}={-15.54,-12.35,43.42}; a = 104.99°; B = 109°; y = 90°. The
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Figure 6.14 Definition of the width D, of the radius r_ and of the apothem a of the
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Figure 6.15 Facet-dependent surface-enhanced resonance Raman scattering on a gold
bipyramid supercrystal. A-B) SEM micrographs of a GBP supercrystal viewed at
different magnification. The largest facet (010) is surrounded by lateral facets. The
surface facets of the supercrystal, (121), (110) and (010), are outlined with pink, green
and black frames respectively. C) SERRS image obtained by mapping the SERRS
intensity of the crystal violet vibrational peak over 1618-1632 cm™. D) (top)
representative SERRS spectrum of crystal violet measured on the (110) facet (green)
and Raman spectrum of CV measured without gold in the same experimental conditions
(black). The red-shaded area indicates the spectral range integrated for generating the
SERRS images in (C). (bottom) histogram of the mean SERRS intensity at 1620 cm™
on the different facets, with the error bars indicating the standard deviation on each
facet. The concentration of CV in the solution was 10 M, the acquisition time was 100

ms, and the laser power at the sample was = 0.1 mW, at an excitation wavelength of
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633 nm. E) Model of the triclinic lattice for the supercrystal. The (010) facet is
constructed with the edge vectors ¢ and ¢ — a of the unit cell. The GBPs are lying flat

onto the (010) facet and they are pointing outwards of the (121) facet.................. 156

Figure 6.16 Combined spectroscopic and structural characterization on supercrystal
composed of spherical NPs. A-C) Characterization of three supercrystals composed of
nanospheres. Each supercrystal is characterized by optical microscopy (top),
corresponding SERRS image obtained by mapping the SERRS intensity of the crystal
violet vibrational peak over 1618-1632 cm™* (middle), corresponding SEM micrograph
(bottom). For SERRS, the concentration of CV solution was 10 M, acquisition time
was 100 ms, and laser power at the sample was ~0.01 mW, at an excitation wavelength
of 633 nm. 16 mM in Au® and 2.5 mM of CTAC were used for the preparation of the
sample. Contrary to the GBPs supercrystals, the SERRS image shows a uniform signal
due to the iSOtropy Of the NPS.........ooiiie e 157

Figure 8.1 TEM images of GNS@Ag for K = 0 through 8 at low magnification. The K

values are indicated in €ach PaNEl..........c.cccveiiiiiii e 163

Figure 8.2TEM images of GBPs@Ag for K = 0 through 8 at low magnification. The K
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Figure 8.3 TEM images of GNTPs for K = 0 through 8 at low magnification. The K

values are indicated in €ach PanEl............cccvoviiiiii e 164

Figure 8.4 TEM images of GNTPs obtained after various reshaping times at 60°C and

construction used to determine manually the core diameter 2R and the arm length L,
illustrated using an GNTP-1 PartiCle. .........ccoooeiiiiieieeee e, 164

Figure 8.5 (a) The definition of the rate as the slope of the tangent drawn to the curve
shows the variation of concentration with time for the general chemical reactions. (b)
The approach of reactant’s concentration decreases to a finite value for a reaction A to

B. Adapted from Ref. 348.......cooiie e 166

Figure 8.6 SEM images at low magnifications show the uniform formation of gold
bipyramid supercrystals on the substrate obtained by drop-casting. These experiments
were performed with GBPs_3 with 2.5 mM CTAC and 16 mM AW...........cccc.c....... 170
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Figure 8.7 SEM images at different magnifications showing rhombohedral supercrystal
on the substrate obtained by drop-casting. These experiments were performed with
GBPs_3with 25 mM CTAC and 16 MM ALC. ........coooiveeeiieeceeeee e 171

Figure 8.8 SEM images on a gold bipyramid supercrystal “slice” after FIB cutting.
These experiments were performed with GBPs_3 with 2.5 mM CTAC and 64 mM Au®.

Figure 8.9 Combined spectroscopic and structural characterization of the supercrystal.
A) Optical microscopy image and B) corresponding SERRS image obtained by
mapping the SERRS intensity of the crystal violet vibrational peak over 1618-1632 cm
!, The concentration of CV solution was 10 M, acquisition time was 100 ms, and laser
power at the sample was ~ 0.01 mW, at an excitation wavelength of 633 nm. C) SEM
micrograph of a GBPs supercrystal viewed at different magnification. The arrows show
the orientation of the bipyramids with the red arrows indicating the spiky facets whereas
the green arrows indicate the smooth ones displaying high and low SERRS efficiency,
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Figure 8.10 Combined spectroscopic and structural characterization of the supercrystal.
A) Optical microscopy image and B) corresponding SERRS image obtained by
mapping the SERRS intensity of the crystal violet vibrational peak over 1618-1632 cm"
!, The concentration of CV solution was 10 M, acquisition time was 100 ms, and laser
power at the sample was = 0.01 mW, at an excitation wavelength of 633 nm. C) SEM
micrograph of a GBPs supercrystal viewed at different magnification. The arrows show
the orientation of the bipyramids with the red arrows indicating the spiky facets whereas
the green arrows indicate the smooth ones displaying high and low SERRS efficiency,
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Figure 8.11 Combined spectroscopic and structural characterization of the supercrystal.
A) Optical microscopy image and B) corresponding SERRS image obtained by
mapping the SERRS intensity of the crystal violet vibrational peak over 1618-1632 cm’
!, The concentration of CV solution was 10® M, acquisition time was 100 ms, and laser
power at the sample was ~ 0.01 mW, at an excitation wavelength of 633 nm. C) Model
of the triclinic lattice oriented along the ¢ and a + ¢ vectors of the unit cell. D) SEM

micrograph of a GBPs supercrystal viewed at different magnification. The arrows show
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