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Abstract

By down-sizing noble metals to the nanoscale, striking new optical properties arise investigated
in the scienti ¢ eld of plasmonics. The steady rise of developments, innovations, and interest
in plasmonics is directly linked with the much broader eld of (colloidal) nanotechnology and
its breakthroughs. In order to harvest the full potential of colloidal plasmonics, optimizing the
synthesis of colloidal nanoparticles, controlling the subsequent assembly of them into complex
architectures, and fully understanding the emerging plasmonic properties is inevitable. Wet-
chemical seed-mediated growth of colloidal building blocks and colloidal self-assembly offer the
tool-sets to tackle the challenges of plasmonic applications.

Due to the intrinsic properties of colloids and the resulting (coupled) assemblies, distinct dif-
ferences are evident in comparison to top-down fabrication based plasmonics. Among these
properties, this thesis focuses on the true three-dimensionality of colloids in vast contrast, top-
down processes always rely on stacking of layered architectures. Strong plasmonic coupling
interactions are predominantly de ned by the inter-particle distances and the geometry of the
cross section area by which adjacent particles interact. Consequently, unique plasmonic fea-
tures emerge from the three-dimensional structure of colloids and the possibility to tune the
dielectric environment by surface functionalization.

The objective of this work is to investigate and understand the plasmonics of coupled colloidal
systems. Following this scope, the rst part of this thesis introduces a new synthetic concept,
which thereby aims to provide colloidal building blocks for plasmonic assemblies. The optical
quality and spectral range can be boosted by applying silver nanoparticles instead of gold as
plasmonic material. Herein, a general synthetic concept is introduced resulting in monodis-
persed and shape-pure silver nanoparticles in a highly controlled manner. By transferring the
concept of living polymerization reactions to nanoparticle growth, secondary nucleation is suc-
cessfully suppressed and the particle dimensions are freely tunable. Finally, chemical stability
toward oxidation and functionalization reactions is obtained by covering silver particles with a
sub-skin depth gold shell.

The second part summarizes the plasmonic properties arising from coupled particle assemblies
fabricated by colloidal self-assembly. Therefore, the complexity of the coupled systems was
systematically increased to observe the transition from local to collective coupling interactions.
Starting from metallic Im-coupled gold nanorods, the presence of a highly sensitive magnetic
mode and its impact on the magnetic permeability were investigated. Next, the transition from
local to collective coupling was observed by stepwise increase of the number of particles in a
linear gold nanoparticle chain revealing the formation of a plasmon band in quasi-in nite particle
chains.

Consequently, this work aims to advance the eld of colloidal metasurfaces by optimizing the
building blocks and by further comprehending the plasmonic coupling effects in colloidal assem-
blies.



Kurzfassung

Durch das Herunterskalieren von (Edel-)Metallen in den Nanometerbereich entstehen neue op-
tische Eigenschaften, die im Wissenschaftsfeld der Plasmonik untersucht werden. Die stetige
Weiterentwicklung, Innovation, und das steigende Interesse an der Plasmonik ist direkt mit dem
weiter gefassten Gebiet der (kolloidalen) Nanotechnologie verbunden. Um das Potenzial der
kolloidalen Plasmonik voll aussch pfen zu k nnen, ist es unumg nglich, die Synthese kolloi-
daler Nanopartikel zu optimieren, deren anschlie ende Anordnung zu komplexen Architekturen
gezielt zu steuern, und die entstehenden plasmonischen Effekte vollst ndig zu verstehen. Das
nasschemische Keim-vermittelte Wachstum kolloidaler Bausteine und die kolloidale Selbstan-
ordnung bieten die geeigneten Werkzeuge f r plasmonische Anwendungen.

Aufgrund der intrinsischen Eigenschaften kolloidaler Partikel und den daraus resultierenden op-
tischen Eigenschaften ihrer Anordnungen, ergeben sich deutliche Unterschiede zur Plasmonik
von Top-down Systemen. Im Gegensatz zu diesen Systemen, die immer aus geschichteten Ar-
chitekturen bestehen, handelt es sich bei kolloidalen Systemen um echte dreidimensionale Ob-
jekte. Starke plasmonische Kopplungswechselwirkungen werden haupts chlich durch die Ab-
st nde zwischen Partikeln und die Geometrie des Querschnitts de niert, ber die benachbarte
Partikel interagieren. Folglich ergeben sich aus der dreidimensionalen Struktur von kolloidalen
Nanopartikeln und der M glichkeit, diese mit verschiedenen dielektrischen Umgebung zu funk-
tionalisieren, einzigartige plasmonische Effekte.

Das bergeordnete Ziel dieser Arbeit besteht darin, die plasmonischen Effekte gekoppelter kol-
loidaler Systeme zu untersuchen und besser zu verstehen. Diesem Ziel folgend, wird im ersten
Teil der Arbeit ein neues Synthesekonzept vorgestellt, das darauf abzielt geeignete kolloida-
le Bausteine f r plasmonische Anordnungen zur Verf gung zu stellen. Verglichen mit Gold als
Bausteinmaterial kann die optische Qualit t und der Spektralbereich durch Nutzung der ber-
legenen plasmonischen Eigenschaften von Silbernanopartikeln gesteigert werden. Hier wurde
ein allgemeines Synthesekonzept entwickelt, das auf kontrollierte Weise zu monodispersen und
formreinen Silbernanopartikeln f hrt. Durch die bertragung des Konzepts lebender Polymerisa-
tionsreaktionen auf das Nanopartikelwachstum, werden Nebenreaktionen (z.B. sekund re Keim-
bildung) erfolgreich unterdr ckt und die Partikelgr e wird dadurch genau einstellbar. Schlie lich
wurde durch die berwachsung der Silberpartikel mit einer Goldschale unterhalb der Leitschicht-
dicke chemische Stabilit t gegen ber Oxidations- und Funktionalisierungsreaktionen erhalten.

Im zweiten Teil werden die plasmonischen Eigenschaften gekoppelter Partikelanordnungen un-
tersucht. Daf r wurde die Komplexit t der gekoppelten Systeme systematisch erh ht, um den

bergang von lokalen zu kollektiven Kopplungsinteraktionen zu beobachten. Ausgehend von
Goldst bchen, die mit einem Metall Im gekoppelt sind, wurde eine hochemp ndliche magne-
tische Mode nachgewiesen und deren Ein uss auf die magnetische Permeabilit t untersucht.
Desweiteren wurde der direkte bergang von lokaler zu kollektiver Kopplung durch schrittweise
Erh hung der Anzahl der Partikel in einer linearen Goldnanopartikelkette beobachtet, was zur
Bildung eines Plasmonenbandes f r quasi-unendlich lange Partikelketten f hrt.

Letztendlich ist das Ziel dieser Arbeit, kolloidale Metaober chen durch Optimierung der Bau-
steine und durch besseres Verst ndnis der plasmonischen Kopplungseffekte voranzubringen.
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[. Introduction




Nanotechnology marks one of the next scienti c revolutions due to its vast number of possible ap-
plications. The use of nanotechnology promises and already partially succeeds by offering faster
computers, medical breakthroughs, smarter surfaces, and also expands the range of material
properties, as in metamaterials.! 3! In fact, miniaturization to and controlling of the nanoscale
is a rather new scienti c topic dating back to the famous lecture There’s plenty of room at the
bottom by Richard P. Feynman in 1959.1%! In this lecture, he envisions this eld, which [...] might
tell us much of great interest about the strange phenomena that occur in complex situations. !
Within his vision, he already de nes the key challenge of nanotechnology, which is still valid:
how to manipulate and control objects on the nanoscale in order to obtain the emergent proper-
ties of the nanoscale. One promising pathway to achieve this, is the wet-chemical fabrication of
nanoscaled building blocks and then, assembling these colloids out of dispersion into the desired
structures.®

In the eld of nanotechnology, plasmonics of colloidal particles is particularly fascinating due
to its possible impact on a wide range of applications,/?®! like plasmonic heating,[”! sensing,®!
polarimetry,!®1% plasmonic lasing,!**! or energy/information transport,[*2 but also futuristic appli-
cations, like super lensing,™*®! optical cloaking,[*¥ or more general, metamaterials./*>! By down-
sizing noble metals into colloidal particles, striking optical properties arise from the noble metal
surface.l*®! These properties originate from the so-called localized surface plasmon resonance
(LSPR), which features extraordinary electric eld enhancement, electrons in excited states, and
light con nement far below the diffraction limit.}”) In general, a plasmon resonance is de ned as
the collective oscillation of conductance electrons excited by an external electromagnetic eld.*®!
Already in 1857, Michael Faraday was enthusiastic about the optical properties of gold colloids
and their remarkable color change, while bringing them to the nanoscale.8! But even before
then, as early as the 4th-century, the vivid colors of gold and silver colloids were embraced in
their use as color pigments, e.g., in the famous Lycurgus Cup.%!

In the last couple of decades, the eld of modern plasmonics grew to one of the most active top-
ics in nanotechnology due to its new, emergent properties, which arise from introducing short-
and long-range coupling interactions between adjacent particles.[t320:21

In this context, the central challenge toward these applications is (again) to manipulate and con-
trol the shape, size, and material of the colloidal building blocks and to place them precisely at
the nanoscale in order to use and understand their magni cent properties. Consequently, pre-
cise hierarchical assembly of nanoscale building blocks, i.e., colloids, is inevitable to fully exploit
the advantages of nanotechnology. Template-assisted colloidal self-assembly is the predomi-
nant bottom-up tool-set to fabricate plasmonically active surfaces with sub-wavelength unit cells,
typically referred to as metasurfaces.?>2%l For this directed self-assembly process, templates
are used in order to irreversibly and selectively trap nanoparticles from a colloidal dispersion.?4!
Typically, the driving force, which brings the colloids in the energetic minima of the trap, are cap-
illarity and capillary forces. Thus, scalability, but also nal resolution, are limited by the template
due to the shear amount of particles within a dispersion.
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As compared to top-down processes, which are based on lithography techniques, such bottom-
up assembly techniques feature several distinct advantages. The most dominantly nhamed ad-
vantage is, that the nal colloidal metasurface can be cost-ef ciently scaled to macroscopic
areas, if an adequate template is used.[?>) One noteworthy template fabrication method is the
exploitation of mechanical instabilities resulting in wrinkled templates with meter-squared extend,
but simultaneously nanoscaled features./?®! For example by using such templates, gold nanopar-
ticles with various morphologies can be assembled into perfectly linear particle chains, thereby
obtaining huge optically anisotropic effects on square centimeters.?” 29I

But based on the intrinsic properties of colloids, plasmonics from colloidal building blocks have
also less obvious advantages. Due to the de ned crystallinity of the wet-chemically synthesized
nanoparticles, the lack of surface roughness and grain boundaries yields lower damping and
optical losses.*% In order to employ these colloids, however, the synthetic protocols need to
yield monodisperse particles, which allow for chemical surface functionalization. To date, only
gold nanoparticles can comply with these synthetic requirements.[?!] Furthermore, the stabilizing
dielectric shell allows to render the immediate refractive index and its tunable thickness allows to
tune the inter-particle distance in the range from microns down to nanometers.!3? %! Especially
the latter one is far below the resolution limit of conventional top-down processes, but at the
same time, essential to yield strong coupling interactions. ¢!

Figure I.1.: Electric eld and electric eld lines of linear trimers. (a) The linear coupling of the three-dimensional
nanoparticles results in a point as the geometry of the cross section area, as shown by the high electric eld between
the particles (red). The electric eld lines illustrate the dipolar character of the excited plasmon mode. (b) In case
of three coupling disks, the geometry of the cross section area is a line and the electric eld is in uenced by the
edges of the disks. The surface plasmons are excited by a planewave light source as indicated by the wavevector q
with its external electric eld E oriented parallel to the trimers.

This thesis, however, focuses on the tunable three-dimensional morphology of colloids one
of the most obvious, but often ignored features of colloids.®”! Some underappriciated chal-
lenges and features arise from their three-dimensionality for the plasmonic interaction of adjacent
nanoparticles not to mention the impact on the assembly process itself, which is not scope of
this thesis. To illustrate this, the simple coupling of colloidal spheres in a line is a demonstra-
tive example, as schematically shown in Figure I.1a. When such colloidal spheres couple, the
cross section area of the coupling geometry between them is reduced to a point resulting in
extraordinary high and focused eld enhancement.[*8l



Contrary, its top-down counterpart, a disk, results in a line as the geometry of the coupling
cross section area (Figure I.1b), and also edge effects and surface roughness need to be
considered.2%%% Duye to the nature of top-down techniques, they always end up with layered
systems. Although quasi-three-dimensional structures are obtainable by stacking of various lay-
ers, the building blocks are cylinders with an arbitrarily shaped two-dimensional base and a
height, which is xed by its layer thickness.[2%4% A sphere is not a disk, a cube with its sharp
corners and edges is not a rectangle, and a cylindrical rod is not a bar. In combination with its
tunable dielectric shell, de ned crystallinity, and the lack of surface roughness, the plasmonics
of colloids differ distinctively from plasmonics of top-down processes and vice versa.*!

In this context, the objective of this thesis is (1) to design colloidal building blocks, which are able
to highlight the aforementioned properties, and (2) to exploit and subsequently, comprehend the
emerging plasmonic effects of the resulting colloidal metasurfaces.

(1) Compared to using the dominating gold as building blocks, the overall performance of col-
loidal metasurfaces can be boosted by utilizing the superior plasmonic quality of silver
nanoparticles.[*243l However, due to the lack of feasible aqueous synthesis concepts for sil-
ver colloids with suf ciently narrow size and shape distributions, the bene t from silver colloids
is marginal.*®! Furthermore, silver is prone to oxidize and decompose, which limits its use in
real-life applications.[* Aim of the rst part of this thesis is to design appropriate silver nanopar-
ticles. Thus, in order to boost the performance of silver-based colloidal metasurfaces, a general
synthesis concept will be introduced to yield monodisperse and stable silver nanoparticles,
which are speci cally designed as building blocks for template-assisted self-assembly.

(2) The second part of this thesis focuses on the plasmonic properties arising from coupled
particle assemblies made via colloidal self-assembly. Within this study, the complexity of the
investigated systems systematically increases from local, isolated coupling effects up to the
collective coupling in a quasi-in nite long particle chain. The thereby observed effects will rely
on the intrinsic properties of the employed colloids.

Consequently, the central aim of my work is to advance the eld of colloidal based metasurfaces
by optimizing the building blocks and by comprehending the plasmonic coupling effects of three-
dimensional colloidal particles. The objected gain of fundamental understanding could then be
exploited in various promising applications.
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1.1 Scope of the Thesis

The scope of this thesis is the investigation and understanding of coupled plasmonic systems
built from colloidal nanoparticles. In this context, colloidal self-assembly offers a tool-set to fab-
ricate coupled plasmonic systems in a controlled, reproducible, and scalable fashion. In com-
parison to top-down and lithographically produced plasmonic systems, colloidal nanotechnology
features a set of apparent differences, but also some non-obvious ones.

Typically, when comparing to top-down methods, advantages such as scalability to macroscopic
areas and cost-ef ciency are being mentioned. However, the aim of this thesis is to focus on the
intrinsic advantages of colloids and the resulting optical properties owed to them. Namely, this
is the true three-dimensional structure of colloidal particles in combination with the possibility to
tune the colloidal properties with thin stabilizing dielectric shells. The thin dielectric shell can be
used to introduce novel functionality and/or to de ne the inter-particle distances, which drastically
in uence the resulting plasmonics.

The impact of the three-dimensional nature of a colloidal approach becomes more evident by
recalling the contrast to top-down processes. Top-down processes rely always on layered struc-
tures. While within a layer the complexity of such structures is only limited by the resolution
of the employed deposition method, the restriction to stacked layouts inhibits the fabrication of
truly three-dimensional structures. Thus, in direct comparison to top-down processes, the col-
loidal approach aims for well-de ned coupling geometries and nanometer ranged inter-particle
distances in all principle directions.

As motivated in the Introduction, this thesis is divided into two main parts: (1) design of colloidal
building blocks and (2) the plasmonics of coupled particle assemblies. The rst part aims to intro-
duce novel synthetic approaches, in order to emphasize and exploit the full potential of colloidal
building blocks. This synthetic concept targets chemically stable particles with narrow size dis-
tributions combined with plasmonic resonances with a high quality factor. Thus, monodisperse
and stable silver nanoparticles will be introduced.

The second part investigates the plasmonic properties of self-assembled colloidal systems. The
plasmonics of these systems exploit and rely on the three-dimensional properties of the em-
ployed building blocks, which de ne the coupling geometry. Hence, plasmonic systems ranging
from local to collective coupling will be studied.

The following sections summarize the content of the individual chapters and put them into context
with the initial scope. Each section of the main chapters is written to form a self-contained story
and is readable independent from the other chapters although being based on each other. In the
last section of this chapter, all co-authors’ contributions to the presented joint publications are
speci ed.
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I.Z  Design of Colloidal Building Blocks

Chapter IV presents a new general synthetic approach to combine the intrinsic advantages of
silver and gold. This is achieved in an environmentally friendly and versatile fully aqueous sys-
tem. In terms of plasmonic and optical properties, silver is the superior material. This is because
of the high quality factor and the accessibility to the complete optical range of the induced plas-
mon resonance. But then, gold colloids feature several experimental advantages. In general
their synthesis is by far more controlled in respect to crystallinity, shape-, and size distribution
control, but gold additionally exhibits chemical stability and a wide range of functionality. Fig-
ure Il.1 summarizes the developed synthesis pathway. Brie y: well-established gold colloids are
used as seeds for epitaxial silver overgrowth in order to pass their crystallinity and dispersity to
the resulting silver nanoparticles (Section 1V.1). Next, the targeted silver plasmonics are pro-
tected by a sub-skin depth gold layer, which offers chemical stability and simultaneously allows
for functionalization (Section 1V.2). Section IV.3 gives a brief excursion to morphology tuning
via oxidative reactions.

(IV.1) (Iv.2)
R
% Control and Plasmonic Stability and
2 Dispersity m—i Properties e Functionality
8 of Gold of Silver of Gold
Spherical AuNP AgNC AuAgNC
Q Seed-Mediated
flo Growth AgNO3 HAuCI4 3l2.7
3 0 0 = g
wulf = +AA +AA
Seeds
Pentatwinned AuNR AgAuAgNWwW / Au@ AgAuAgNW
) Seed-Mediated
'; Growth / AgNO3 HAuClq 3l2.7
twinned _>( : +AA +AA
Seeds

Figure Il.1.: General synthesis concept for the designed colloidal silver nanoparticles. The controlled syn-
thesis of narrowly distributed and pure gold nanoparticles are exploited as seeds in this synthesis concept. By the
introduced living silver growth conditions, these features can be inherited to particles with the superior plasmonic
properties of silver (IV.1). Finally, the silver is protected by an optically invisible gold layer in order to suppress
oxidation reactions (IV.2). Adapted with permission.[Yl Copyright 2017, Wiley-VCH.

Section IV.1 introduces a novel silver overgrowth concept, which can be understood as the con-
sequent further development of seed-mediated growth. Externally enforcing reaction kinetics
increases control of the overgrowth step (process) unprecedentedly. This is crucial to suppress
any side reactions and secondary nucleation, and to avoid unnecessary broadening of the par-
ticle size distribution. Due to the close analogy of these requirement to polymer synthesis, the
concept of controlled living polymerization reactions (CLPR) is employed to seed-mediated silver
growth.
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To emphasize this analogy and to better illustrate the synthesis concept, the new concept of
controlled living silver growth was introduced on the example of one-dimensional colloidal parti-
cles, i.e., nanowire growth. As de ned by the International Union of Pure and Applied Chemistry
(IUPAC),1] a living polymerization is a chain polymerization from which chain transfer and chain
termination are absent. In many cases, the rate of chain initiation is fast compared with the
rate of chain propagation, so that the number of kinetic-chain carriers is essentially constant
throughout the polymerization.

As shown in Figure Il.2a, pentatwinned gold nanorods were used as seeds, or to keep the
polymerization analogy as bifunctional initiators. By ef ciently stabilizing the lateral {100} facets
of these nanocrystals with chloride, the silver precursor is preferentially reduced at the less stable
{111} facets at the tip of the nanorods. Thereby, active reaction sides are formed. Thus, further
silver ions are only reduced at these active sides resulting in the proposed one-dimensional
growth (Figure 1.2b e).

nucleation
Ag* lateral
\ {100}

synthetic

tip plasmonic control
(11} quality

o

(o

50 nm 100 nm

Figure 11.2.: Employing living reaction conditions to silver nanowire growth. The effect of the living reaction
conditions (a) can be best tracked in the one-dimensional growth of silver nanowires (AgAUAgNWSs; b e). Due to
the employed conditions strictly selective silver deposition occurs on the nanorod tips resulting in elongation. As
shown in (e) several micrometers length are achievable without side reactions. Adapted under the terms of ACS
AuthorChoice license.! Copyright 2015, American Chemical Society.

Living reaction conditions are achieved by externally controlling the reaction kinetics and thus,
limiting the available precursor. The precursor addition rate needs to be set below the actual
reaction rate, thereby, enforcing a linear zero-order kinetic. Tracking of the nanowire length and
longitudinal plasmon resonance wavelength proofed the linearity of the growth kinetic. As a
control, even slight increasing the addition rate, above the actual reaction rate, results in sec-
ondary nucleation, growth into width, and accumulation of silver precursor in huge silver chloride
agglomerates.

The extraordinary quality and the low polydispersity of the resulting nanowires allows to detect
up to nine distinguishable plasmonic modes (for an exemplary 900 nm nanowire) in ensemble
averaged UV-vis-NIR measurements. By performing electron energy loss spectroscopy and
mapping of the electron energy loss, the nature of those modes on the single particle level is
assigned and directly linked them to the plasmon modes of the colloidal solution. Furthermore,
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by probing the spatial distribution of plasmon modes along the wires, the negligible in uence
of the initial gold onto the plasmonic properties of the nal particle was shown. Consequently,
seeding with a gold core facilitates the synthesis of highly controlled silver colloids.

In Section V.2, the concept of controlled living silver growth is successfully extended to cubic
particles, starting from single crystalline gold spheres. Further, by adding a sub-skin depth
gold layer, silver is protected from oxidation reactions, and are thereby expanding their surface
functionality. The concept of the designed particle system is exempli ed for a nanocube in
Figure Il.3a. Once again, a general synthetic pathway is developed and later on, transferred
to silver nanowires to proof the independence from the initial silver particle shape.

a
gold seed

synthetic
control

silver nanocube

plasmonic
quality
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j gold layer

chemical

oxidant stability
N e —
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Figure I1.3.: Aqueous gold overgrowth acting as protection layer. Protecting the silver with a thin gold layer
enables oxidant stability and surface functionality of this system without altering the silver-based optical properties
(a). As shown in the elemental maps (b & ¢), a homogeneous and closed gold shell can be achieved independent
of the particle morphology. Adapted with permission.! Copyright 2017, Wiley-VCH.

Due to the high sensitivity of sharp corners and edges in terms of oxidation stability as well as
plasmonic properties, nanocubes mark the perfect environment to test the in uence of a thin
gold shell on plasmonic and chemical properties of silver colloids.

The main challenge in gold overgrowth of silver colloids is to avoid galvanic replacement reac-
tions and oxidative etching by the employed gold precursor. Since gold is the most noble metal,
these reactions are preferred to overgrowth. Thus, to yield a homogeneous layer, the reduction
potential of the gold precursor needs to be drastically lowered. Pre-complexation of the gold
ions with iodide allows for suf cient reduction of this potential. Due to the high af nity and re-
sulting passivation of iodide on noble metal surfaces, the iodide-to-gold concentration needs to
be balanced in order to avoid oxidation as well as passivation. To be able to control the kinet-
ics and thermodynamics of the reaction, external kinetic control, comparable to the introduced
living reaction conditions is inevitable. By externally controlling these parameters, we were able
to directly tune and show the importance of the reduction potentials in nanocrystals growths.
As shown in Figure I1.3b & ¢, an iodide-to-gold ratio of 2.7:1 results in the formation of homo-
geneous and closed gold layer for nanocubes and nanowires with a thickness of approximately
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1 nm. Deviation from this ratio shifts the reaction equilibrium either to oxidative reactions, or to
passivation of the surface with iodide.
As revealed by statistical TEM image analysis and UV-vis-NIR spectroscopy, the morphology of
particles, especially their edges and corners, as well as the plasmonic properties of silver are
only negligible damped by the gold protection layer. However, the thickness of the gold layer
needs to be well-below the skin-depth of the plasmons in order to render it optically invisible .
The experimentally obtained 1 nm layer is by a factor of almost ve below the theoretical skin
depth for this system. By electromagnetic simulations, this observation was validated for the
near- eld properties of both morphologies, nhanocubes and nanowires.
Long-term stability tests against oxidants in both dispersed and also dried state showed the ef-
cient protection properties of the gold shell for several months. On the contrary, unprotected
silver nanocubes oxidized and ultimately degraded under oxidative environments within minutes
and hours in dispersion and dried state, respectively. The obtained oxidation stability reasons
also the gained stability toward surface functionalization. Due to the chemical stability of gold,
chemically reactive functional groups are not able to oxidize the surface, while performing ex-
change reactions of the stabilizing ligands. Therefore, the chemical advantages are successfully
combined with the plasmonic properties of silver colloids.

The brief excursion in Section V.3 describes two opposing pathways to change the morphol-
ogy of silver colloids via oxidative reactions. The rst method presents the catalytic etching by
a copper catalyst resulting in an isotropic plasmonic response, while the rhombicubeoctahedral
shape supports high crystallinity and low polydispersity (see Figure 1l.4a). Monodisperse sil-
ver rhombicubeoctahedra are obtained by balanced etching and simultaneous growing of silver
nanocubes. Such isotropically behaving silver nanoparticles are of great importance for fun-
damental studies including plasmonic applications, since they make the optical range below
500 nm accessible for applications. Furthermore, the plasmonics of silver exhibits a remarkable
high quality factor in this spectral range.

a AgRCO b Nanorattle

50 nm

Figure 11.4.: Silver rhombicubeoctahedra and axisymmetric nanorattles via oxidative reactions (a) Monodis-
perse silver rhombicubeoctahedra via oxidative etching of silver nanocubes. (b) Nanorattles with well-de ned cav-
ities by galvanic replacement of silver@gold cuboids. (a) Adapted with permission and (b) under the terms of
CC-BY-NC license.[*®! Copyright 2019 & 2017, American Chemical Society and Royal Society of Chemistry, re-
spectively.

The second method is galvanic replacement by gold(lll) yielding a cavity in axisymmetric nanorat-
tles (see Figure I1.4b). The obtained plasmonic cavity renders the plasmonics absorption domi-
nated and features high electric eld enhancement. Due to the highly selective growth of Ag@Au
cuboids, the central rod of the nal nanorattles is xed resulting in axisymmetric particles with a
well-de ned nanosized cavity.
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”3 Coupled Particle Assemblies

The key aspect of Chapter V is the plasmonic coupling of colloidal particles assemblies. The
presented coupled systems rely on the features of three-dimensional colloids and the presence
of a homogeneous dielectric shells around them. As Figure II.5 summarizes, the complexity
of theses systems is gradually increased within the sections. The investigated samples are
prepared via templated colloidal self-assembly to ensure macroscopic detection of the effects
and to form reproducible unit cells with nanometer precision. In order to obtain simple and
robust plasmonic coupling, the same monodisperse gold particles, which are used as seeds in
Chapter 1V, are employed as building blocks for the herein investigated coupled systems.

template-assisted (\/'1) (V.Z)
O self-assembly o .
NS — 7%; n
(|
isolated local coupling ===l  collective coupling

Figure 11.5.: Self-assembly concepts for coupled particle assemblies. The coupling complexity of the studied
particle assemblies is gradually increased by the addition of further particles. Firstly, the sensitivity of a gold nanorod
by local coupling with gold Im is observed (V.1). Next, systematically the transition from local coupling of a particle
dimer to the collective coupling of a quasi-in nite particle chain (V.2). Adapted with permission.’®! Copyright 2018,
Wiley-VCH.

The rst level of complexity is the coupling of colloidal nanoparticle with a smooth metallic Im.
The effects, as presented in Section V.1, rely on the lateral attened morphology of a pen-
tatwinned nanorod and its nanometer sized dielectric corona. In Section V.2, starting from a
dimer, the number of particles in a chain is systematically increased in a linear fashion and
thereby, studies the transition of a particle chain from local coupling to collective coupling by
crossing the in nite chain limit.

In Section V.1, the optical properties of metallic Im supported gold nanorods are investigated.
Therefore, pentatwinned gold nanorods were assembled into linear structures by exploiting
wrinkled-templates. The tip-to-tip orientation of the gold nanorods results in a highly anisotropic
optical respond, which allows for selective transversal excitation of the array. Due to the lateral
dimensions of the array over several square millimeters, the optical effects can be detected by
conventional UV-vis spectroscopy methods. To yield a homogeneous optical response, pen-
tatwinned gold nanorods, as introduced as seeds in Section IV.1, were selected due to several
morphological advantages. Most importantly, the attened lateral side of the pentagonal cross
section allows for a well-de ned and reproducible plasmonic coupling to the gold Im. The over-
all performance of the nal metasurface is further improved by the bigger size, in comparison
to single crystalline gold nanorods, resulting in a higher extinction cross section and their high
aspect ratio separating the optical and geometrical axis.



18 Il. Synopsis

As shown in Figure 1l.6a, template-assisted self-assembly on the metallic Im into line arrays
enables ef cient separation of the plasmonic response and an isolated transversal mode, while
keeping a high lling rate. The targeted separation of the modes was evidenced by the averaged
deviation  to the principle alignment direction h i of only 2.69 . Hence, the resulting two-
dimensional order parameter was determined to be close to unity (0.99).

0.03=| Gaussian Distribution

Normalized Extinction Cross-Section / a.u.
Normalized Extinction Cross-Section / a.u.

T T T T T T T T T T T
500 600 700 800 900 1000 600 700 800
Wavelength / nm Wavelength / nm

Figure I1.6.: Sensitivity of gold Im coupled gold nanorods. The self-assembly in particle lines (a) allows for
macroscopic UV-vis-NIR measurement of the induced magnetic mode (b). Due the high sensitivity of the magnetic
mode (MM) toward particle- Im-distance changes, changes in the relative humidity are observable (c) and can
be explained by matching with electromagnetic simulations (e). Adapted under the terms of CC-BY-NC license.[”]
Copyright 2016, Royal Society of Chemistry.

Similar to the well-known hybridization model,®! the plasmonic coupling with the gold Im leads
into splitting of the (transversal) mode into a bonding (magnetic) and into an anti-bonding (elec-
tric) mode. Due to the plasmonic support Im, this coupling can be described as the coupling of
a particle with its induced mirror charges. This coupling scenario induces a circular current ow,
which is educible to a classical inductor-capacitor (LC) model for resonant circuits. Following
Lenz’s law, a magnetic eld is induced counteracting the external magnetic eld of the incidence
electromagnetic wave. Thus, this magnetic eld is the eponym for the induced magnetic mode.
The featured magnetic mode exhibits an exceptional sensitivity toward distance variations. As
determined by electromagnetic simulations, the obtained experimental particle-to- Im distance
was as low as 1.1 nm with a standard deviation of approximately 0.2 nm for ensemble-averaged
measurements (see Figure I1.6b c¢). Due to the Fano-like line shape of the magnetic mode,
the plasmonic shift was easily tracked by its point of in ection. As a proof of concept, the high
sensitivity of the mode was experimentally proven by changing of the surrounding relative hu-
midity (RH). The used protein corona around the particles swells upon humidity changes due
to its hydrophilic nature resulting in directly altering the dielectric media around the particles.
Consequently, the magnetic mode offers the required sensitivity to track the conformal changes
of protein monolayers upon environmental changes.

To probe the macroscopic magnetic metasurface aspect, the induced magnetic mode is linked
to changes of the effective magnetic permeability via electromagnetic simulations based on the
LC model. Indeed, the nanorod on metallic mirror con guration was able to tune the effective
magnetic permeability proo ng the presence of a true magnetic mode.
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This section was able to demonstrate, that the fabricated metasurface strictly relies on colloidal
concepts and on the well-de ned 3D structure of the gold nanorod. Consequently, the proposed
metasurface aims for reproducibility, narrow distributions, and robustness.
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Figure I.7.: Formation of degenerated plasmon modes in quasi-in nite linear particle chains. For particle
chains above the in nite chain limit, an energy band is formed in the central part of the chains (a; top down:
experimental and simulated maps of electron energy loss and simulated surface charge map, respectively). This
degenerated L* mode results from merging of several longitudinal modes, as shown by the spectral positions of
all plasmonic modes and schematically sketched in (c). Adapted with permission. Copyright 2019,° American
Chemical Society.

Section V.2 examines the near- eld properties of linear particle chains. By electron energy loss
spectroscopy and electromagnetic modeling, the formation of the degenerated L* mode was
identi ed as the near- eld cause of the so-called in nite chain limit. Such particle lines and their
optical properties depend strongly on colloidal aspects.

By colloidal self-assembly, inter-particle distances of 1 2 nm are achievable, which are required
to boost the plasmonic effects in order to detect them. The low dispersity, high sphericity, and
single-crystallinity of the in Section V.2 used gold particles is exploited in this section to obtain
reducible coupling scenarios. Furthermore, due the spherical shape of the gold particles, the
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coupling cross section between neighboring particles is reduced to a point cross section. Thus, a
sphere can be approximated by a singe dipole and a particle chain treated as a line of interacting,
i.e., plasmonically coupling, dipoles.

Starting from a simple dimer, the complexity of investigated linear particle chains is gradually
increased by adding additional particles to the chain. As previously shown, adding particles
results in a gradual red-shift of the predominant plasmon mode (L1). The near- eld of these
so-called plasmonic oligomer is dominated by the formation of dipolar non-degenerated modes,
spanning over the complete particle chain. Spectroscopically, the red-shift decreases per particle
and the position of the L1 mode converges to a speci ¢ wavelength. This is typically reached at
about 10 particles and until now, de ned the in nite chain limit.

By the transition from the isolated L1 modes of plasmonic oligomers to plasmonic polymers, a
degenerated collective L* mode emerges (see Figure 1l.7a). The observed L* mode is dominated
by the formation of a band structure in the central part of the chain, restricted by standing surface
charge waves at the chain ends. The convergence of the longitudinal plasmonic modes into the
L* mode is visualized in Figure 11.7b by their spectral positions.

By introducing a simpli ed discrete dipole model, the formation of the degenerated L* mode by
the spectral overlap of plasmonic modes is explained. This model approximates each particle
of the chain with a single discrete dipole, coupling mainly with the nearest neighboring dipoles,
i.e., particles. As simpli ed in the sketch in Figure Il.7c, the formation of the central band origins
in the out-of-phase overlap of the L1 to LX modes, which form the L* mode. Consequently,
the in nite chain limit can be de ned by the appearance of the degenerated L* mode, which
simultaneously is the cause of the in nite chain limit in the near- eld.

To highlight the substantial importance of the degenerated L* mode in the plasmonics of lin-
ear particle chains, its impact on energy transport was investigated in a proof-of-principle study.
Plasmonic energy transport is typically described as one of the most promising applications for
particle chains and its effect is dominated by near- eld effects. As shown via theoretical sim-
ulations, the degenerated L* modes overlapping with the energy band support ef cient energy
transport along the chains.
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| | | 1 Plasmonics and Wet-Chemical Synthesis to
Fabricate Colloidal Plasmonic Metasurfaces

[11.1.1. Optical Properties and Synthesis of Plasmonic Particles

Plasmonic nanoparticles facilitate a variety of applications, including coloring agents (e.g., col-
ored glasst), electronics (e.g., plasmonic solar cells[?), optics (e.g., overcoming the diffraction
limit(]), medicine (e.g., cancer treatment!), and sensing (signal/sensitivity enhancement®)). Al-
though all of these effects are present in isolated, individual plasmonic nanoparticles, these
effects can be further boosted and better controlled by plasmonically coupling of such colloids
in assemblies. Plasmonic coupling imparts tunable interactions with electromagnetic radiation
and new emergent properties. Examples include strong electromagnetic eld enhancement, (€
hybridized plasmon modes,!”! and a dramatic color change when varying the distance between
coupled nanoparticles.!®l Thus, assembling nanoparticles into dimers already results in superior
eld enhancement and improved sensitivity in Raman scattering spectroscopy. [’ Moreover, ad-
vancements in theory, simulations, and computing power have facilitated the rational design of
complex nanoparticles and well-de ned assemblies. 1%

In this rst section, the basics of plasmonics, design rules, and experimental approaches for
tailoring the optical properties of isolated, i.e., non-interacting, nanoparticles will be introduced.
The herein presented theory has been selected to align with the types and properties of nanopar-
ticles that are readily obtained via wet-chemical synthesis. Coupling of plasmonic particles and
their fabrication will be introduced in the next sections.

Figure Ill.1.: Basics of plasmonics: excitation of a subwavelength nanoparticle (a) The electric eld of an
incident electromagnetic eld, e.g., a light wave with the wavevector g, results in a coherent oscillation of the con-
ductance electrons in a metal nanoparticle, as analytically described by Mie theory. (b) Real part of the permittivity
and (c) imaginary part of the permittivity for bulk gold and silver (dielectric d taken from Johnson and Christy!* and
Hagemann et al.,*? respectively).

In metals, incident light can excite coherent oscillations of the quasi-free conductance electrons
atits interface. The resonance condition of this oscillation, known as surface plasmon resonance,
depends on excitation wavelength, polarization, angle of incidence of the light, e.g., g-vector of
the light, as well as the thickness of the metallic Im. [13] |n the case of colloidal nanoparticles,
the wavelength of incident light is much larger than the particle dimension.!*#! The spacial con-
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