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Abstract

This thesis focuses on the controlled assembly afiadisperse polymer colloids into ordered
two-dimensional arrangements. These assemblies,mooiy referred to as colloidal
monolayers, are subsequently used as masks fogeheration of arrays of complex metal
nanostructures on solid substrates.

The motivation of the research presented here ofotd. First, monolayer crystallization
methods were developed to simplify the assemblgatibids and to produce more complex
arrangements of colloids in a precise way. Seceadpus approaches to colloidal lithography
are designed with the aim to include novel featuoesfunctions to arrays of metal
nanostructures.

The air/water interface was exploited for the aifigation of colloidal monolayer architectures
as it combines a two-dimensional confinement wittigh lateral mobility of the colloids that is
beneficial for the creation of high long range arde direct assembly of colloids is presented
that provides a cheap, fast and conceptually simqgthodology for the preparation of ordered
colloidal monolayers. The produced two-dimensiooistals can be transformed into non-
close-packed architectures by a plasma-induced reidection step, thus providing valuable
masks for more sophisticated lithographic procesBeslly, the controlled co-assembly of
binary colloidal crystals with defined stoichiomes on a Langmuir trough is introduced and
characterized with respect to accessible configumatand size ratios.

Several approaches to lithography are presentddathmat introducing different features to
colloidal lithography. First, using metal-complerntaining latex particles, the synthesis of
which is described as well, symmetric arrays ofaheanoparticles can be created by controlled
combustion of the organic material of the colloidie process does not feature an inherent
limit in nanoparticle size and is able to produoenplex materials as will be demonstrated for
FePt alloy particles. Precise control over botle siad spacing of the particle array is presented.
Second, two lithographic processes are introduoecre¢ate sophisticated nanoparticle dimer
units consisting of two crescent shaped nanostreistin close proximity; essentially by using a
single colloid as mask to generate two structumesilsaneously. Strong coupling processes of
the parental plasmon resonances of the two objget®bserved that are accompanied by high
near-field enhancements. A plasmon hybridizationdehois elaborated to explain all
polarization dependent shifts of the resonancetipasi Last, a technique to produce laterally
patterned, ultra-flat substrates without surfagmtwaphies by embedding gold nanoparticles in
a silicon dioxide matrix is applied to construcbust and re-usable sensing architectures and to

introduce an approach for the nanoscale pattewfisglid supported lipid bilayer membranes.
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Introduction 1

1 Introduction

“There’s plenty of room at the bottorfi” With his famous exclamation, Richard Feynman
encouraged scientists to set sail to discover anelal the secrets of a new world: the nanoscale.
2011 — fifty-two years after setting sail, scistgihave not only found land where expected, we
have also learned to live in this small world, whgravity is a mere spectator while other
forces are on the field, where gold can be redue br purple, honey does not necessarily flow
slower than water and nobody knows whether thésaddad or alive.

Yet, even though enormous progress has been madederstanding physical effects and
properties of matter at the nanoscale, we arerstiledibly clumsy as construction workers. We
have been able to build sophisticated equipmertt ¢ha produce feature sizes of several
nanometers and, in some cases, we even manag@dsitdgingle atoms in a controlled way.
Still, these approaches seem unnecessarily cumbersdien compared to the emergence of
incredibly complex structures in nature. Maybe i@st fundamental principle we have started
to adapt from nature is self-assembly. George Whiiés rhetorically asked “Will we ever be
able to put parts of a computer into a bucket, stgdntly, and see a computer spontaneously
emerge?” and gave the answer himself: “Not soohelken small steps in the direction of self-
assembly could save enormous efforts by humansnactines

Though we cannot assemble a computer in a wayntitate assembles a cell, we have started
to explore the possibilities of using simple matisricapable of forming ordered structures by

self-assembly processes to produce more complex, femctional structures.

As a reply to Richard Feynman, my colleague Ulia¥onsed to nonchalantly state that “there is
even more room in the first floor” when referringassembly processes at the mesoscale. This
length-scale of approximately 100 - 1000 nm carcdmasidered as the transition between the
nanoscale and our familiar micro- and macroscomiddy At this scale, enormous progress has
been made in the controlled assembly and desigtrudtures and a variety of applications have
found entry into daily life, e.gto prevent dirt from attaching to facades, glagsem fogging

and reflecting light and to create colorful surlaeethout applying a single dye molecule.
Colloidal particles have long been recognized d&salde building blocks for the construction of
structures at the mesoscale. They are cheap yas@r® design and are able to self-assemble
into well-ordered formations in two- or three dirs@ms.

The game is as old as the author of this thesiscakoids assemble into a two-dimensional
lattice and use the resulting monolayer as a naskeate surface patterns at the nanoscale. 30

years after Pieranskis first report on two-dimenalaolloid crystallizatio! and Fischers idea
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to use a colloid monolayer as lithographic m&sthe subject is far from being old news. When
Richard van Duyne demonstrated the preparationafgular noble-metal nanoparticles in the
1990'sP® the stage was set for colloidal lithography toet@iart in what has remained one of
the most intriguing properties of nanoparticleg éxcitation of collective electron oscillations
known as plasmon resonanéés.

Until now, the field of colloidal lithography haemained very active and increasingly complex
structures have been- and are continued to be n@epa nanoscale dimensions, ranging from
rings, discs and crescent-shaped particles to howelts, or needle€”

A plethora of applications have been demonstratedcblloidal lithography-based structure
arrays that exploit different properties inheremttihe process. The plasmonic properties of
noble-metal nanoparticles have been extensivelyd use detect binding events; e.g. of
biologically relevant molecules and the strong ffedds arising at resonance wavelengths
continue to be used to enhance dye fluores€éhaeRaman signafs? The high symmetry and
nanoscale periodicity of the arrays has been apptiemimic the structural color of butterfly
wings™*® create super-hydrophoBit and self-cleaning surfacBd,and to control the adhesion

of cells®

Even after all of these achievements, the questiorains: What else can we do? In principal,
the combination of a top-down patterning procesh wbttom up approaches to functionalize
these structures in order to yield a desired fonckeaves plenty of room for imagination and
creativity. We can apply different materials, proddarger, smaller or more complex structures,
create sharp edges or soft curvatures, assembifeee-dimensions or drill into the substrate,
introduce hierarchy or responsive functions. Orpiher words, there is still plenty of room

above, below and around a colloidal monolayer. A®G@e Whitesides put it: “Our primary

interest in nano, right now, is in fabrication. Mygument for focusing on fabrication is that
since | don't know what nano is going to be, to theent that our efforts can open

nanostructures, make nanostructures of whateveasoessible to the widest possible variety of

scientists in the easiest possible way, this isy¢éoa good contribution to make”
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2 Motivation and Outline

To continue along the lines of thoughts of Geordaitégides, the primary focus of this thesis is
on fabrication or, to be more precise, the genamati symmetric surface patterns via colloidal
crystallization. As such, the self-assembly proedssolloidal particles to form highly ordered,
two-dimensional crystals is at the heart of thgqmts introduced in this thesis.

As briefly touched on in the introduction, colloidself-assembly offers several attractive
benefits for the creation of surface patterns.tFHowlloids mostly consist of cheap materials and
can be synthesized with enormous precision witlpaetisto their size and size distribution.
Second, they are able to assemble into two-dimeabiarrays with an astonishingly high
overall order that can subsequently be transfaoenostructure arrays when the monolayer is
used as a mask in a lithographic process. As theid® can be synthesized in a broad size
range down to several tens of nanometers, theadtftm limit is conveniently circumvented
and structure arrays with feature sizes as smaleasral nanometers can be created. This
lithographic process does not require any sophisitt equipment. Compared to electron beam
lithography or a focused ion beam, both of whicé able to create arbitrary structures with
similar resolution, colloidal lithography is a plehprocess in which all structures are created
simultaneously during the lithographic processcdntrast, both other techniques mentioned are
serial processes that literally “write” one struetafter another. Hence, colloidal lithography is
both cheaper and faster - and in principal amemrd@bérbitrary large surfaces.

One of the main drawbacks of the colloidal lithgadra process is its inherent restriction to
limited structural designs that are pre-set byairangements of the colloids in the monolayer.
One major research direction is therefore the akbenof accessible structures that can be
created using colloids as masks. Originally, tridag structures that reflect the shape of the
interstitial sites of a densely-packed monolayerenat the forefront of colloidal lithography
and an immense amount of work has been designatesdstigate and exploit their plasmonic
properties; especially in sensing applications.

Only in the last few years has the field widenedtamget more complex organizations of
colloids. First, the controlled creation of nons#epacked monolayers was a milestone for
applications in lithography as the area shadedhieycplloids could be used in lithographic
processes by introduction of rotations and angedaporation and etching steps. Thus, a variety
of different surface structures are now availablesymmetric arrays by colloidal lithography.
On the other hand, several approaches have beeduned for the assembly of binary crystals
consisting of a close-packed monolayer of largeesgh with small spheres present in the

interstitial sites formed by the large spheresbath number and size of the small spheres can
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be adjusted separately, binary monolayers possesh wariety of possible conformations and

crystal structures compared to single particle neyers.

The motivation of this thesis is to further contrd to flexibility and versatility of colloidal
lithography. Several methods for the creation dfoatal crystals with different complexities
are presented and subsequently used in lithograggpcoaches to introduce novel structural
features or functions to nanostructure arrays. Eleagh several applications for the structured
arrays prepared in this thesis can be envisionedaa@ briefly touched on in the individual
chapters, the aim of the work is not the detaibepla@tation of the structures in sophisticated
applications. Instead, structures and fabricatimtgsses are presented and made available to a

broad range of scientists by the simplicity of dodloidal crystallization approach.

The thesis is organized as follows. First, a skarvey about the theoretical foundations of
processes relevant to this thesis is presentegt@h3d). These involve the synthesis of colloids,
forces involved in their stabilization and crystadtion and experimental methods to yield two-
dimensional crystals. Furthermore, a comparison aofloidal lithography to other

nanopatterning methods is given along with a shdroduction on the interaction of metal

nanostructures with light that lead to a resonapisenomenon called plasmon resonances.
Following the theoretical section will be a shartroduction to methods that have been used in

this thesis (chapter 4).

The results and discussion chapter is generallgletvinto three parts: synthesis of functional
colloidal particles, monolayer crystallization pesses and different lithographic approaches.
The three main parts are further divided into sapbérs that present the individual projects that
are subject of this thesis. As several projectsiregsynthesis as well as crystallization and
lithography, the different chapters are generafliericonnected. The unifying motive for all

projects is the use of colloidal particles to gatesymmetric structure arrays.
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3 Theory

3.1 Synthesis of polymeric colloidal particles

All colloids prepared in this thesis were synthediby either miniemulsion or surfactant free
emulsion polymerization. In the next chapters, rtiechanisms, differences and benefits of the

two types of heterophase polymerizations will bscdssed.

3.1.1 Miniemulsion polymerization

A miniemulsion is a heterophase system that cansisismall droplets (~30-500 nm) of one
liquid in an (inmiscible) other. One may distinduidirect miniemulsions (oil in water) and
indirect miniemulsions (water in oif®*?Only direct miniemulsions will be discussed here as
they were exclusively applied in this thesis. Thaiemulsion is created by applying high shear
forces (e.g. ultrasound or high pressure homoggaipa®2? to a two phase mixture of oil (in a

polymerization process typically the monomer) arsdewn (Figure 3.1.1).

= surfactant
= initiator
= hydrophobic agent

® Xp—o

polymerization

Figure 3.1.1. Schematic representation of the miaision process.

Though a miniemulsion is not in the thermodynangjaibrium state, the droplets are critically
stabilized. This stabilization requires the additmf two types of supplementary molecules to
the emulsion. The water phase contains surfactafgaules while a second stabilization agent
(costabilizer), termed ultrahydrophobe is addedh® oil phase. The ultrahydrophobe is by
definition the least soluble substance in the wakerse. Two degradation mechanisms exist for
a non-stabilized emulsion: collision and subsequeralescence of individual droplets and

Ostwald ripening (Figure 3.1.%}:* The latter describes the growth of larger droptetsthe
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account of smaller ones by diffusion of-phase moleules through the water phase. Thi:
caused by the higher Laplace pressure in the snabdplets that is defined as the differenci
pressure 4P) between the inside of a dropléPsi¢e cOmpared to the outsidP,siqd and is

given by the following relation:

AP = Pingige — Pourside =
As can be seen from the equation, the Laplace ymes$s proportional to the surface tensior
the liquid yand inverse proportional to the radius of the detR.

In a miniemulsion, both degretion mechanisms are effectively counteracted. Gualece o
individual droplets is prevented by st or electrostatic repulsion caused by the surfa
molecules present at the droplet surface. The iaddibf the ultrahydrophobe induces
osmotic pessure that counteracts the lace pressure responsible for Ostwald ripel
processes. Figure 3.1szhematically illustrates the proceWithout an ultrahydrophobe, tl
higher Laplace pressure leads to diffusion of mosmofrom smaller droplets to leer ones (a)
until the emulsion is degraded. The presence e&hydrophobic molecules in the dropl
(symbolized as blue dots Figure 3.1.2) counteracts the ripening process (b): if a mornc
molecule diffused from a smaller to a larger drggleeconcentration of ultrahydrophobe in 1
smaller droplets would increase. This imbalancearfcentration would than create an osm
pressure differenciat induced a backwards diffusion towards the Endroplet.

In a system with ultrahydrophobee two pressures are in equilibrium and Ostwaldniipg is

prevented.

Figure 3.1.2Degradation of an emulsion by Ostwald ripening prevention of the process ir
miniemulsion. a) Ostwald ripening leads to the gtwof bigger particles on ttaccount of the smalle
particles. b) By addition of an ultrahydrophobe camotic pressure is build up upon diffusion 1

prevents the ripening process.
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To prepare latex particles by radical polymerizaiio miniemulsion, an initiator is added to the
two phase system with monomer molecules as thesdieg phase. Both, initiation from the
water and from the oil droplets is possible. Aftemiemulsification, polymerization of the
monomer droplets is readily achieved, e.g. by iagirgg the temperature.

The unique feature of the miniemulsion processhis integrity of the droplets during the
polymerization process. In other words, as no iféigion takes place, the miniemulsion can be
regarded as a compartmentalization of the monornasg Any functional molecule initially
added to the latter will be statistically distribdtin the miniemulsion droplets. Each droplet acts
as an individual entity during polymerization (negmctor conceptj:?? Thus, the composition
of the final latex particles resembles the compmsibf the monomer phase. As no diffusion
takes place, the polymerization kinetics resemtiieskinetics of a bulk radical polymerization.
The integrity of the droplets due to the nanoreactmcepts makes miniemulsion a powerful
tool for the incorporation of defined amounts ofidtionalities into latex particles and a rich
variety of different substances has been succégsfigorporated!®? *!including fluorescent
dyes??”  pharmaceutically active substan&8s, metal complexé€! and inorganic
nanoparticle&”

A further benefit of miniemulsion polymerizationtise high versatility towards monomers and
polymerization types that can be applied. As thecess can be conducted as a direct (oil in
water) and indirect (water in oil) process, botlifophobic and hydrophilic monomers can be
polymerized. The process is not limited to radipalymerization mechanisms; step-growth

reactions as well as anionic polymerizations carebéized as welt®

3.1.2 Emulsion polymerization

Emulsion polymerization can be considered as thedstrd preparation technique for latex
particles. Since the first report by William Harkiin 1947%! emulsion polymerization has
been extensively investigated and applied. In @esttrto miniemulsion polymerization,
emulsion polymerization processes entirely relydiffusion. Schematic illustrations of the
mechanisms for the classical emulsion polymerimafimces$® as well as the surfactant-free
emulsion polymerization process introduced by Gdndamnd Ottewilt® and employed in this
thesis are shown in Figure 3.1.3. In both casesy@omer with a low but finite solubility in the
continuous water phase is stirred to created meeopas droplets. In (a), the classical emulsion
polymerization reaction is shown: the presence wfastant molecules above the critical
micelle concentration leads to the formation ofattant micelles that are filled with monomer

by diffusion. The polymerization is initiated frothe water phase where the initiator
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decomposes and starts to add monomer moleculesnpriss small amounts. Eventually, the
oligo-radicals formed in the water phase enter eetl@ and polymerize in the monomer-rich
environment. Further monomer is supplied by diffasto the micelles until all monomer is
consumed. For statistical reasons, the primary ¢dcpolymerization are not the monomer
droplets but the micelles (as they exist in an esrely high number). Figure 3.1.3b
schematically illustrates the surfactant-free emulpolymerization process. In contrast to the
classical method, no surfactant is added and ssdative species are formau situ by the
charged initiator molecules and the presence oemsiluble co-monomers (Figure 3.1.4).
After initiation in the water phase, the radicadadnonomer units until it reaches a critical
chain length (depicted as;ylupon which it becomes too hydrophobic to beldelin the water
phase. Thus, it collapses into a globule and foanmarticle nucleus. Several of these nuclei
subsequently assemble together to form a stabigapyiparticle that is stabilized by charges of
initiator and comonomer molecules. This primarytiple then acts as the polymerization locus
as monomer diffuses into the hydrophobic compartraed is subsequently polymerized to a
latex particle. The mechanisms of the types of smnlpolymerization have been examined in

a very detailed way by HarkiR€ and Hansen and Ugelst&d" respectively.

2 =

N w9

Figure 3.1.3. Schematic representation of the d@omulsolymerization process. a) Classical emulsion
polymerization process with surfactant moleculesvatthe critical micelle concentration. b) Surfatta
free polymerization process.
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x
L
o) OH
so? Naea
NapSS AA

Figure 3.1.4. Typical comonomers used in surfaeti@® emulsion polymerization. Sodium para-styrene
sulfonate (NapSS) and acrylic acid (AA)

3.1.3 Summary and comparison between miniemulsion and enhsion

polymerization

Emulsion polymerization; especially the surfactiae variation is capable of producing latex
particles with an extremely narrow size distribnti@his makes them attractive for colloidal
crystallization and applications where a high degvé order is required, most prominently in
photonic and lithographic applications. In contrast miniemulsion polymerization, the

incorporation of additional, functional moleculssrather limited as the composition of the final
latex particles does not resemble the compositfoithe monomer phase due to differences in
diffusion between the different molecules. Addiadly, the choice of monomers in emulsion
polymerization is more limited and usually resgtttto radical polymerization of styrene and
acrylates. In summary, emulsion polymerizatiornis inethod of choice if applications demand
for plain spheres with a high degree of monodispevghile miniemulsion is preferred if more

sophisticated systems regarding polymer type, la®hitectures and functionalizations are
needed. Table 3.1.1 summarizes the different ptiggerof emulsion and miniemulsion

polymerization.

Table 3.1.1. Comparison between the miniemulsiahtha emulsion polymerization process.

Miniemulsion Polymerization

Emulsion Polymerizatian

Polymerization type

State of initial emulsion
Emergence of particles
Composition of final latex
Particle sizes

Choice of monomer
Incorporation of functionalities

Polydispersity of latex particles

Radical, anionic, polyaddition,...
Critically stabilized miniemulsion
Preformed

As initial monomer phase
~30-300 nm

Variable

Straightforward

Medium

Limited to radical
Macroemulsion
Diffusion controlled
Different from monomer gha
~50-800 nm
Limited
Limited

Extremely low
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3.2 Forces at work in colloidal stability and crystallization

The stability of a colloidal system is the domingtissue for the fundamental understanding of
dispersed matter and its importance reaches farevgry-day life. As very common examples,
one might mention the coagulation of erythrocytesvound-closing processes, the removal of
dirt in laundry processes as well as the staloliteer foam.

The colloidal stability is governed by a balancéwsen attractive van der Waals forces and
repulsive forces that can be of electrostatic atetics nature. Here, only electrostatic
stabilization is considered. The combinations esthforces sums up to a complete interaction
potential for two spheres that is described byDh&'O theory which will be introduced in the
next chapter.

In crystallization processes, especially in two eliisions, another force has to be considered as
the colloidal particles are — in the majority df @ses — deposited from a liquid dispersion onto
a solid substrate. Upon drying, the water levehéwaly reaches a height that is comparable to
the colloids’ dimensions. As a consequence, thaididilm around the particles deforms and
capillary forces arise. Such forces have to beidensd in models to describe crystallization
processes. The same capillary forces also act kitlpa on the air/water surface. The changes
in the interaction potential of colloids due to thesence of an interface will therefore be

discussed below.

3.2.1 Colloid stability in aqueous dispersions

The combination of van der Waals attraction andtedstatic repulsion into an interaction

potential to describe the conditions of colloidalslity has been introduced independently by
Derjaguin and Land&® and Verwey and Overbé&k and became known as DLVO theory.

The individual forces will be introduced brieflyfoee the complete interaction potential will be

presented and discussed. A more detailed discuesithe individual components can be found
for example in textbooks of Bbf and Tadrds™.

3.2.1.1 Van der Waals interactions

At short distances, molecules attract each othertduntermolecular dipole interaction. These

dipoles can be of permanent character (i.e. inrpolalecules) or induced in non-polar
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molecules due to the polarizability of the electmdouds. Three distinct contributions can be
distinguished®! dipole-dipole (Keesom), dipole-induced dipole (Peband induced dipole-
induced dipole (London). All these forces are sumimed as van der Waals interactiddg
They are all inherently attractive and inverselyopartional to the sixth power of the

interatomic distancd:

Corient _ Cinduced _ Cdisp _ CAB

Upaw = Ukeesom + UDebye + Urondon = — a6 d6 d6 - _?

Cag is a constant that includes all distance-indepentigms of the individual contributions of
two molecules A and B, most importantly the polabiity of the molecules and their dipole

moment.

For mesoscopic colloids, two approaches exist fier determination of the van der Waals
interaction energy. The microscopic approach sumpsthe molecular forces while the
macroscopic approach, known as Lifshitz th€8rycalculates the energy by macroscopic
material properties and includes effects of theiomadn between the colloids.

In the (more descriptive) microscopic approach, whe der Waals interaction energy of two
planesUpane is calculated by summing up the van der Waalsggnieetween all molecules of
solid A and solid B. A mathematical treatment, asafibed in textbookd yields for the van

der Waals energy per unit argane

u — Uplane — _T[pA.DBCAB - _ AH
plane A 12 D2 127D?

In the equationp, and gs are the molecular densities of the two solids A 8D is the
distance between the two planes &b is the sum of the molecular contributions. All
constants can be combined into the Hamaker congtamt 770s 05 Cag) that describes the
interactions between the two different materials.

Similarly, the interaction energy between two spkewith the radiR; andR, can be calculated
and simplified by the Derjaguin approximation. Tager simplifies the distance dependence of
two spheres by the distance between two platbég iflistanc® is substantially smaller than the

radii R of the spheres'he approximation yields:

— AH RIRZ _ AHR
Usphere-sphere = = gp " (R T R;) ~ 12D
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3.2.1.2 Electrostatic interactions

Charged surfaces, occurring either by chemical mdaiion of the surface properties,
adsorption of ions (e.g. on metal surfaces) oribgatiation of surface groups (e.g. metal oxide
surfaces) cause an electric field that attractantastions to form an electric double layer.
Several theories to describe the distribution odirghs in this layer have been established.
Helmholtz proposed a model that consists of a dtheyrface and a layer of rigidly adsorbed
solvated ions from the aqueous electrolyte solutfkma result, the surface potential decreases
linearly from the electrode. Gouy-Chapman modelesl ibn distribution as a diffuse double
layer characterized by an excess of counter-ionikdrvicinity of the electrode charges. Due to
thermal motion, the counter-ions are not rigidiefi to the electrode but are able to move away
from the electrode against the electric potential.

Stern combined the existing theories into a mduk features a rigid layer of adsorbed counter-
ions in close vicinity of the charged surface andiffuse layer of non-bound ions at higher
distances of the surfa€é. Figure 3.2.1a shows the model schematically. érrigdly adsorbed
Stern-layer, the surface potential decreases lineath distance. The dependency changes into
an exponential decay in the diffuse layer wherexress of counter-ions decreases the surface
potential to the potential of the bulk electrolg@ution. The complete distance dependence of
the potential is shown in Figure 3.2.1b. The Stayer can either be modeled as a single layer
of hydrated counter-ions or be further divided ihd@ regions: the inner and outer Helmholtz
layer. The inner Helmholtz layer consists of orgehtvater molecules and like-charged ions that
are strongly bound to the surface by van der Whalses or specific interactions with the
surface material while the outer Helmholtz layestsadhe hydrated counter-ions. Figure 3.2.1c
depicts the more complex model of the Stern layer.

The shear plane is defined as the layer of ionsistattracted strong enough to the surface that
closely follow a movement of the surface (e.g. ofddloidal particle). The potential at the
distance of the shear plane is callepotential. It does not necessarily corresponcénStern
potential ¥, as at high electrolyte concentrations, the difflager is more and more
compressed. Thus, a lower potential at the sheaeps detected even though no changes in the

Stern layer occur (Figure 3.2.1d).
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Stern

a) layer ~ Diffuse layer c) Helmholtz layer:

increasing
electrolyte conc.

:_ :_ —
d K;K, Ky d

Figure 3.2.1. Stern model of the electric doubjetaa) Schematic illustration; b) electrostati¢cgmbial
versus distance diagram. c) More complex modeh@fStern layer with inner and outer Helmholtz layer
d) Effect of increasing electrolyte addition; afiag both thel-potential and the Debye lengkf.

Mathematically, the exponential decay in the Stmwodel can be described by the Poisson-
Boltzmann equation. Here, the ion distribution abuhe surface resulting from electrostatic
interaction and thermal motion are described byBb#zmann distribution and the directing
potential of the fixed charges at the surface gurad by the Poisson equatith®® Neglecting
the contribution of the Stern layer and linearizafighe Poisson-Boltzmann equati$hyields a

simple expression for the electrostatic interacfiotential #/in dependence of the distardte

Y(D) =¥, - exp(—kd)

2¢qe?

egokgT

In the formula, kK combines all constantxy( as the ion concentratiorg, & the dielectric
constants of the bulk electrolyte solution and atwum, respectively; arkg the Boltzmann
constant). It is usually presented as the Debysthei,=«* that describes the thickness of the
double layer at which the electrostatic potentatiécayed to 1/e of the surface potential. The
reduction of the Debye length with increasing etdgte addition is schematically shown in

Figure 3.2.1d.
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3.2.1.3 DLVO theory

The DLVO theory combines the electrostatic intaoarst and van der Waals interactions to the
total interaction energy between two like-chargelibidal particles at the distance The hard-
sphere repulsion potential (Born repulsion) thauires strong repulsions at distances smaller

than the particle radius can be included as welliamsually modeled as' dependence.

UpLvo d) = UvdW(d) +¥(d) + Ugorn(d)

AuR Ly ( d) + —
12d o - exp(—kd)

diz

Uprvo (d) = -

b) 1

increasing electrolyte
concentration

A 4

Figure 3.2.2. DLVO theorie: a) total interactiontatial of two spheres according to the DLVO theasy
a sum of the individual contributions. b) Effectedéctrolyte addition.

Figure 3.2.2a shows the DLVO potential in dependenicthe distance of one particle from
the surface of a second. At small distanck®j], the Born repulsion prevents the particles from
overlapping. A primary minimum at small, positivistdnces from the particle surface appears
() that is caused by the strong van der Waals@ttons at close distances. The electrostatic
repulsion — if sufficiently high — induces a primanaximum at larger distances (Il). Finally, a
shallow secondary minimum is visible at even higdietances (lll). In terms of colloidal
stability, the primary minimum is referred to asagalation. Once the particles reach this
minimum, they are irreversibly agglomerated. Thimgulation is prevented by the energy
barrier arising from the electrostatic repulsioheTheight of the energy barrier determines the
stability of the dispersion. The second minimunragerred to as flocculation and is usually
reversible. Figure 3.2.2b shows the effect of changhe electrolyte concentration. As the

electrolytes increasingly screen the charges, tbdyce the electrostatic stabilization. Thus, the
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colloidal dispersion is increasingly destabilizednfi a highly stable dispersion (1) to a slowly
coagulating dispersion with a low energy barriey {@ a completely unstabilized, rapidly
coagulating dispersion (4). The critical coagulat®alt concentration is shown in (3). The
potential at the energy barrier is zero. For alstakectrostatically stabilized dispersion, the

potential is typically 20 mV or higher in magnitd

3.2.2 Colloids at interfaces

The placement of colloids at an interface introduteo additional forces that act on the
particles by the very nature of the interface amast modify the total interaction potential.
These two contributions are capillary forces thadeadue to ability of the liquid interface to
deform in the presence of particles and dipoleraatitons that originate from the difference in
the dielectric constants between the two mediaeHeiqualitative discussion of the two forces

is given.

3.2.2.1 Why particles are trapped at an interface

An inherent property of colloidal particles is thability to attach to interfaces as their presence
at an interface forms an energy well that effetyiveaps the colloid at a fixed position between
two materials. This behavior has been thermodynaligidescribed by Pieranskiin 1980 and
has been exploited for the stabilization of emuisiby other colloids (Pickering emulsions) and
for the crystallization of two-dimensional crystéthapter 3.3.1.2). As the assembly of colloids
at the air/water interface will be used in thissisgthe argumentation of Pieranski is briefly
presented in the following.

The formation of an interface between two materfaland B cost an amount of interfacial
energyE,s that is proportional to the area of the interfand the interface tension between the
materialsyss. The presence of a colloidal particle at the fatse changes the interfacial energy

in dependence of the colloids’ position with reggedhe interface.
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b) Etotaﬂ(zo)

AEair
AEH20 I\/
: — 20
colloid -1 Zo,min 1 colloid
in water in air

Figure 3.2.3. a) Geometrical situation of a polystye sphere at the air/water interface. z denbtes t
deviation of the immersion depth from the symmatrimmersion with the particle’s equator forming th
three-point contact line. b) Energy well causedh®ypresence of the colloid at the interface.

Figure 3.2.3a shows a simplified model of a pgieste colloidal particle at the air/water
interface with the respective interfacial enerdiieserface bending due to capillary forces as
described in chapter 3.2.2.3 is neglected). Usiagneetric arguments, the resulting total
interfacial energy at a certain immersion depthhef particle can be calculateddenotes the
deviation from symmetrical immersion (half-half irarsion of the colloid with the equator
forming the three-point contact line). In analotfye normalized deviation can be defined as

Z=z/R with the particle radiuR. The three contributions to the total interfacergy are:

Eps—qir = Yps—air * 2TR*(1 + ;)
Eps_n20 = Yps—H20 * 27TR2(1 — Zp)

Egir—w20 = —Yair-nz0 ° ”Rz(l - Zoz)

The first equation describes the contribution af #phere-air interface, the second line the
contribution of the sphere-water interface andl#st line represents the energy that is gained
by the reduction of the air/water interface areahwycolloid.

The total interface enerdi, NOrmalized to the size of the sphere, is thus:

Eps_qair ¥ Eps—_t20 + Eqir—n20

. 2
Yair-H20 TR

Etotar =

With the abbreviationg = yy”s—‘“"randb = W the total interface energy with respect to
air—-H20 air—H20

the colloid position can be written as:

Ecota1(20) = zo* + 2(a — b)zy + 2a — 2b — 1
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As depicted in Figure 3.2.3b, the equation hasraqmim atz, i,= b-a:

Etotal,min(zo = (b - a)) =2a+2b—-1- (a - b)z

The results can be generalized and demonstratedHaids are trapped in an energy well at an

interface between A and B as long as:

_ Ycoti-B — Ycoll-A <1

-1<zymm=b—a
Ya-B

In the equation, the gammas represent the intetisions between the different materials;
Z>1 implies colloids completely in phase &x-1 correspond to colloids completely immersed
in phase B.

For the polystyrene sphere at the air/water interf®ieranski calculated the energy well using
values for the different interfacial tensions tattetl by Sheppard (a=0.49;b=0.£%):

Zomin = b —a =-0.35
Etotalmin(Zomin) = 0.14
Euiy(z = 1) = 4a = 1.96 (sphere in air)
Eys0(z = —1) = 4b = 0.64 (sphere in water)

These values can further be used to calculatertaeye needed for the re-entry of the colloid
from its minimum position at the interface intoheit phasedE,; for the re-entry of the colloid
into air and4En,0 for the reentry into water). The absolute valubevs in brackets are

exemplarily calculated for a sphere with a radiu$@® nm:

AEg4ir = Egir — Evotaimin = 1.82 (4.2 -10715] = 1.0 - 10%k5T)
AEyater = Enzo — Evotaimin = 0.50 (1.15-1071°] = 2.6 - 10°kpT)

The results show that there is a minimum energytiponsfor a polystyrene colloid at the
interface and that the removal of the colloid fridssnminimum position at the interface into the
water-phase requires energy of approximately onbomiksT. Thus, a particle in contact with
the interface will not be able to leave into théhase and is very efficiently trapped in the

energy well.
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3.2.2.2 Dipole interactions

+

U bip-bip

Figure 3.2.4. Two colloidal particles at the airferainterface. The asymmetry of the counter-ioudk
induces repulsive dipole moments normal to theriate.

In Figure 3.2.4, two electrostatically stabilizezllaids at the air/water interface are shown. The
distribution of charges, caused by the dissociatibsurface functionalities (e.g. sulfonic- or

acrylic acid groups) is asymmetric with respecthe interface. This is a consequence of the
different dielectric constants of the two media.t@Vastabilizes ions very efficiently and favors

dissociation of surface groups while non-polar ragdir, oil) do not support dissociation. The

resulting counter-ion cloud is asymmetric as wslisgetched in Figure 3.2.4. Associated with
this asymmetric charge distribution are dipole motaeperpendicular to the surface. As the
particles are trapped at the interface, the dipodesiot align and thus induce a repulsive force
in between the particles. Pieranski estimatednteraction potential by assuming a magnitude
of the dipole moments given by the total numberlofrges per particle-edivided by the

Debye screening length in watet:

Z-e\2
R G
dip—dip " 4meg, D3
In the expressiong is the vacuum permittivity angdthe dielectric constant of water. The dipole
dipole interaction is thus a long-range repulsio®¢) and contributes to ordering processes of

colloids that form non-close-packed monolayersitgrfaces (compare chapter 3.3.2.3).
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3.2.2.3 Capillary forces

Capillary forces occur when two or more particles jpositioned at a fluid interface. They are
very long range and attractive for identical calki The origin of capillary forces is a
deformation of the liquid interface around the cials caused by the finite contact angle of the
particles. This deformation translates into a Leglgressure that causes attraction of the
colloids to minimize the bending of the interface.

Two distinct situations where capillary forces accan be distinguished and are illustrated in
Figure 3.2.5. For colloids at solid surfaces, thespnce of a thin film of liquid with a height
smaller than the diameter of the colloids induagemeérsion forces (a) while particles at the
air/water interface experience flotation forces.ttBtypes of capillary forces are of crucial
importance for the assembly of colloids into ordeserays as will be shown in the next chapter.
It is noteworthy that capillary forces can also reeulsive if colloids with different contact
angles are applied (i.e. hydrophilic and hydropbgdairticles) as the curvature of the liquid film

would increase upon closer proximit).

a) Immersion force b) Flotation force

Figure 3.2.5. Capillary forces between two collaidsised by the deformation of the interface. a)
Flotation force; b) immersion force.

The exact mathematical treatment of such forcesnigplex and has been elaborated in detail by
Chat™” and Kralchevsk§*“*? for flotation and immersion forces, respectively.
From the theoretical treatment, the following esgiens for the two types of capillary forces

are derived:

D6
Fflotation~ 7 Ky (qr)

Fimmersion ~D? K, (qr)

The different variables in the equation aeis the colloid diameterythe interfacial tension

andK; the Bessel function of first kind that depend o& thdii of the three phase contact lines
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and the capillary lengtg that is related to the density difference betwtbentwo mediadp and

Apg
o )

the interface tensiop( g% =

The character of the capillary forces is a verngloange attraction that extends to distances of
several hundred nanomet&f5Thus, it governs crystallization processes in dimensions as

will be discussed in the next chapter.

3.3 Two-dimensional colloidal crystallization

At the very heart of this thesis lies the ability monodisperse colloidal particles to form
densely-packed, two dimensional crystals, commoefigrred to as monolayers. The controlled
formation of such monolayers has been attractingense attention as they provide a simple,
fast and cheap means to create diverse nanosgaadtua defined fashion. Such nanostructures
have been used in a plethora of applications, ngnigom fundamental contributions to the field
of plasmonics, the creation of antireflective angpherhydrophobic surfaces, the controlled
placement and the detection of biologically relévanlecules as well the creation of nanosized
membranes (see chapter 3.4.4).

In the following chapters, a detailed overviewddferent crystallization techniques known in
literature is given. First, methods leading to sieal, close-packed monolayers are presented.
Second, more recent developments in 2D - colloidgs$tallization are reviewed that aim at
increasing the versatility of accessible configiorzdé. Two main research directions can be
identified. The creation of non-close-packed moyeia has gained attention as such
architectures significantly increase the flexipildf colloidal lithography to yield more complex
nanostructure arrays. A focused research effortaiss been initiated on binary colloidal
monolayers, comprised of a densely packed monolafytrge particles with smaller colloids
located in the interstitial sites. In contrast tgstals of uniformly sized particles, such binary
architectures feature a rich variety of surfacacttmes and symmetries depending on the size

and number ratios of the large and small collojjgiad.

3.3.1 Close-packed colloidal monolayers

This chapter provides an overview of existing magel crystallization techniques, compares
different mechanisms and critically assesses piiis#® and limitations of the different

processes.
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A variety of different crystallization techniquesiss in literaturd**** From a conceptual point
of view, all these techniques can be divided imto main categories: direct assembly on a solid
substrate and liquid interface-mediated proces&®®n though quality, possibilities, and
limitations strongly differ between the fabricatitechniques, there are certain key differences
between the two main categories that shall be IprdiEcussed before going into detail. In
general, interface-mediated processes possessakawvieerent benefits. i) By nature of the
preassembly at an interface, the resulting crystaécessarily two-dimensional. No precautions
have to be taken to prevent the formation of may#ks. ii) By virtue of the same argument with
the interface being liquid, the colloidal particletain a lateral mobility that allows them to
assemble into a minimum free energy position giveat the energy barrier induced by
electrostatic repulsion is sufficiently high. Henaenhigh order in the resulting monolayer can be
expected. iii) A key parameter that can be explbite tune and control the crystallization
process is the nature and composition of the sidgphret being available for direct assembly
processes. iv) The choice of substrates is lesgariwith respect to material and surface
properties for interface-mediated processes asltise-packed monolayer already assembles at
the interface and only has to be transferred tosthiestrate of choice. In contrast, almost all
direct assembly processes are very restricted énctivice of substrates and require certain
properties (e.g. hydrophilicity, surfaces charge$)in many cases, though exceptions exist,
direct assembly methods are experimentally mogttforward as they do not require any
special instruments. However, the price to be f@idimplicity is a very tight control over both
experimental and ambient conditions that can beadeing to regulate and cumbersome to
optimize.

A strong advantage of direct assembly methodsads thigher flexibility in the preparation of
different colloid arrangements with pre-structureabstrates. This is a consequence of the
crystallization process where the individual callbican adapt to surface confinements of the
substrate directly during crystallization. For miéee-mediated processes, the adaption to
nanoscale morphologies of the substrate is diffieisl — in most cases — the monolayer is
transferred to the substrate in its energeticalbginfavorable, crystalline position and will not
tend to disassemble into different arrangements.

A table (Table 3.3.1) that summarizes and compheedifferent preparation methods described

in the following is presented at the end of thiayutier.
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3.3.1.1 Direct assembly methods

The direct assembly methods can be further divided two subcategories: evaporation
induced processes and processes using externakfof¢hile the latter are usually fast, the
application of strong force fields can lead to guharities in the order of the monolayer. In
contrast, evaporation induced methods are inhgreatther slow. If experimental conditions are
tightly controlled (including ambient temperaturedahumidity), a highly ordered monolayer is
produced. A severe limitation of evaporation indligerocesses is their sensitivity to the
meniscus of the solvent front. Meniscus pinning tluémperfections of the substrate easily

leads to ruptures in the resulting monolayer.

3.3.1.1.1 Evaporation induced methods

Controlled horizontal evaporation (drop casting)

The horizontal evaporation method can be assuméd the easiest method to create colloidal
monolayers. In the simplest case, a drop of thiidal dispersion is placed on a substrate
(typically glass or silicon wafer) and after evagitn, areas covered with a close-packed
monolayer are obtainét.*"!

Pioneered by the Nagayama group in the 1990sntathod has been extensively employed to
study the fundamental mechanism of the crystaibmaprocess. A two stage mechanism was
proposed. Initially, the colloidal particles areagged to each other by capillary fortBsvhen
the height of the liquid film is comparable to tdmmeter of the colloidal particles. Once a
crystallization nucleus is formed, a convectiveMlof further particles sets in that is driven by
the evaporation of water in the formed monolayégyfe 3.3.1)** 4350

The process is able to produce ordered monolayersmonolayer patches — on a small scale
(mn? dimensions), but the homogeneous coverage ofrlamgas is impeded by two inherent
problems accompanying the evaporation process.ddasipinning causes sudden jumps of the
receding water-evaporation front and leads to etpptterns of monolayer domains (Figure
3.3.1¢)® 54 Additionally, control of the boundaries of the wmtdroplets is of crucial
importance to prevent coffee-stain efféétsThis effect, coined after the typical appeararice o
a coffee stain, describes the directed flow ofiplag to the outer part of a droplet that leads to
the formation of colloidal multilayers at the rirasd depletion of particles in the middle of the

droplet. (Figure 3.3.1d). Denkov et al. used a pagtially wetted by the dispersion to seal the
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liquid droplet to avoid crystallization at the outé@m and hence, circumvent the coffee stain

effect*®

Summarizing, the method is valuable for its simptiand yields highly ordered monolayers on
small scales.

a) Evaporation
L

: !
Watsr sutface : i
i 1

—i- Water flux Q ; “Water flux <—

Figure 3.3.1. Controlled horizontal evaporatiofy) anechanism of the monolayer formation: a)
schematic illustration; b) optical microscopy imadwing the flux of particles towards the crysteal
monolayer. Both images are taken from Denkov 8f'a,d) Typical problems arising with this technique
as shown by Denk&¥: c¢) submonolayer formation, d) coffee stain eftbett leads to the formation of
multilayers at the drying front.

Vertical and horizontal deposition (convective assably)

A significant advance towards larger areas covevitd a homogeneous colloidal monolayer
was introduced by Nagayama 1996 with the vertiegodition proces®” They inserted a
substrate into a colloidal dispersion and withdrewertically with a constant (slow) speed.
Eventually, the colloids nucleate at the dryingnfréo form a crystalline structure. When the
substrate is slowly moved in opposite directioritte crystal growth with the right speed, a
monolayer forms and subsequently growths as thetsaib is continuously removed. The
forces that govern the process are attractive legpilorced that drive the particles towards the
crystals once the height of the water film dropkwethe colloid diameter. Additionally, more
particles are delivered towards the crystal grofmdht by a water flux that is build up by the
evaporation of water in the monolayer (Figure 3.3.Phe process is able to produce
monolayer§?*¥ as well as ordered three-dimensional crystdighe major drawback of the

process is the large number of process paramétarsieéed to be controlled in order to yield



24 Theory

continuous monolayers. These include the withdraspakd of the substrate and its wettability
as well as pressure, temperature and humidity. thahdilly, as the particle concentration of the
dispersion changes in the course of the processiyae coverage of arbitrary large areas is
impeded®

evaporation

dispersion

Figure 3.3.2. Schematic illustration of the corledlvertical deposition process. The substratiétési|

vertically. Once the height of the water layer bmes smaller than the size of the colloids, the

crystallization process is initiated. Subsequeratlflux of particles towards the growing crystabgth
sets in. The figure was adapted from Dimitf5V.

The process can also be conducted horizontally: stistrate is moved horizontally while a
fixed confinement slide creates a permanently riegecontact line. If the contact angle is low
enough (i.e. below 26%), a convective assembly of particles sets in failhy a similar
mechanism as described for the vertical deposittohigher contact angle does not allow for
the creation of monolayers on flat substrates asht#hight of the water level will not become
small enough to allow for capillary forces to atfeetively.*® A microscope can be mounted
on top of the set-up to observe the crystallizajwacess directly. The temperature of the
substrate is used to control the solvent tempezalihius, a means to tune the evaporation rates
and is at hand. If not all parameters are propeuhytrolled multilayer or separated monolayer

domains formation prevaif¥’

3.3.1.1.2 External force induced methods

Spin coating

Spin coating, established as the method for castingpolymer films onto solid substrates, has
been employed for colloidal crystal fabricationveall. The benefits of using spin coating for

colloidal crystallization are at hand: Large areas be covered in minutes. However, the
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formation of long range order in a crystal is diffit to achieve with high lateral shear forces
and fast solvent evaporation characteristic fohquocesses.

Pioneered by the van Duyne grdtif},several approaches and modification have been .hfade
60]

While first reports simply use spin coating as an®eto get small domains of monolayers to be
applied to lithographic processes, later contrimgifocused on optimizing the volatility of the
dispersing media. Jiang et al. used silica padidespersed in highly viscous triacrylate
monomers paired with sophisticated gradual rotafiostocols to produce three-dimensional
crystal$® and non-close-packed monolay&tswith satisfying order and optical properties.
Due to the high viscosity, the particles gain langme to crystallize. A photo-polymerization
step is performed to add mechanical stability ® ¢hystals. The organic nature of the solvent
prevents the use of latex colloids in the samegs®cAdditionally, the high viscosity and lower
dielectric constant of the monomers might be dernmanébr proper colloidal dispersion and
stability.

The creation of close-packed colloidal monolayeis erystal of polystyrene and silica particles
was reported by Mihi et al. that changed the pmltoto volatile solvent mixtures
(water/ethanol/ethylene glycol) with higher vapoegsures and extremely low rotations speeds

(~200 rpm) to allow for a proper orderifid.

Electrostatic deposition

Electrostatic deposition techniques exploit theaative interaction between opposing charges
by creating charged surfaces to attract oppostiedyged colloidal particles.

Several conceptual approaches have been demodstremond et al. used polyelectrolyte
layers to produce patterned arrays of colloidataibr polystyrene layefd while Jonas et al.
applied patterned, charged silane monoldifefer the same purpose. The strong interaction
that drives the assembly process unfortunatelygmisva high order in the colloidal monolayer
as the individual particles lack mobility to finkdeir hexagonal environment. Instead, they stick
to the surface and form rather disordered arrangsmeA significant improvement was
introduced recently by the Yang group who separatesl crystal formation from the
electrostatic attractiof® They assembled a 3D crystal of negatively chargelystyrene
particles in ethanol on a polyelectrolyte layereTassembly in ethanol avoids the ionization of
the polyelectrolyte so that a high order of thestalyis achieved. Subsequently the solvent is
changed to water, leading to ionization of the plagtrolyte layer. The top layers of the
colloidal spheres are washed away in the waterephveisereas well-ordered colloids that are in
contact with substrate tightly adhere due to th@etive electrostatic interactions, leading to the

formation of ordered arrays of negatively chargBadcBlloidal spheres (Figure 3.3.3). All of the
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mentioned processes are able to produce defingdrpatof monolayers as well by pre-

structuring of the substralfé:®®!

Figure 3.3.3. Electrostatic deposition processeasahstrated by Zhang et'3. a) Assembly process of

a three dimensional crystal in water (charged petteolyte) resulting in poor ordering of the moangér.

b) Assembly process in ethanol (non-charged elgté)o The absence of charges induces a higher orde

in the monolayer assembly. Changing from ethanweldter induces mediates an electrostatic adhegion o
the first layer that is not removed by rinsing.

Electrophoretic deposition

Closely related to electrostatic deposition proessss the technique of electrophoretic
deposition. Both take advantage of charge attnactimwever, while the presence of charges is
static and induced by the substrate in the formecgss, the latter uses conducting substrates as
electrodes to induce electrostatic assembly. Siniilahe electrostatic deposition process, the
strong electrostatic attraction between the cafl@dd the substrates renders high ordering in
the monolayer difficult. However, reports on prasstured substrates demonstrate high order of
the monolayers if the width of electroconductiveares were commensurate with a discrete
number of colloid spherd¥!

In a different approach, Dziomkina et al. used giraectured electrodes to produce highly
ordered colloidal monolayers and crystals with swtries not achievable by natural
crystallization processes (i.e. quadratic arranges)B®

The approach was also extended to planar monolaygstallized by alternating electric fields
at the electrod&§ and in a field gradient between two electrdfiédt was found that the

application of alternating electric fields produceadnolayers with a higher degree of long range
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order compared to constant electric field as nticeaates can be controlled more precisely

with alternating field&®!

Sedimentation

The sedimentation of colloids has been employedttier fabrication of 3D silica colloidal
crystals®®® park et al. also reported the process to be ableroduce close-packed
monolayers if the crystallization volume is rege in a cell and parameters are properly

controlled"™

3.3.1.2 Liquid interface-mediated methods

The second main category for crystallization preeesare liquid interface-mediated methods
were colloidal crystallization takes place at aiiifjinterface. Several inherent advantages of the
liquid nature of the interface have been accoufdeth the beginning of this chapter.

In contrast to direct assembly methods, where, astntases, convective liquid flows and
immersion forces are the key players that drive dssembly process, interface mediated
methods are characterized by a longer crystallimatimescale: The colloids spread onto a
liquid film possess a high degree of lateral mapiliThree forces are predominant for the
assembly process: Capillary forces (flotation fprc@use long range attractions, van der Waals
forces add to shorter range attraction and both parially counterbalanced by repulsive
electrostatic and dipole forces. The balance addHerces is crucial for the assembly of high
quality monolayers: Especially lacking electrostag&pulsion leads to disordered monolayers as
the individual particles are attracted by capilléoyces and “freeze” upon contact by van der
Waals attraction. An increase in electrostatic lgpn induces a higher contact energy barrier
that allows for a higher mobility of the particldgat can consequently find their minimum free
energy position. The subphase in liquid interfaceti@ted methods is hence a key player for
the balance of forces as especially the electiodtaice can be tuned, e.g. by pH or addition of
electrolytes.

The balance of forces seems to be critically diffiervhen changing from air/water to oil-water
interfaces. While close-packed monolayers typicadbult in the former case, the appearance of
non-close-packed structures prevails at oil-wategrfaces. For air/water interfaces, attractive
capillary forces, apparently dominate, as can lem $om the appearance of brightly colored
monolayer patches upon spreadihfj’ that indicate the formation of densely packechidta At

the oil-water interface on the contrary, repuldimees seems to be significantly stronger as no
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direct contact between colloids takes place anddtieids uniformly distribute throughout the
interface. Furthermore, it is reported that therparticle distance can be tuned as a function of
the number of colloids added; thus corroboratindnwhe model of repulsive particles trying to
avoid each other to the maximum extéld Figure 3.3.4 illustrates the effect of the intedfa
composition of the resulting colloid assembly. Ttiéference between the two cases is
attributed to two factors. i) The position of aloa at the interface (i.e. its contact angle)
strongly differs between air/water and oil-watetenfaces. At the air/water interface, colloids
typically possess low contact angles, ttee colloid is immersed in the water phase to & hig
extent (see chapter 5.2.3 '8 In contrast, at an oil-water interface, the ceolfdiequator is
shifted more towards the oil phd5é.This affects the strength of the repulsive dipole
interactions arising from the asymmetric counter-tboud (chapter 3.2.2.2), the magnitude of
electrostatic repulsive forces and capillary fordégdt has been postulated that a small amount
of surface charges might be stabilized in the hyldobic area by traces of water remaining at
the particles surface (e.g. due to surface corimmgt’™ " These charges induce a strong
electrostatic repulsion as no ions are presertiénoil phase to screen them. Hence, in case of
the oil-water interface, the higher surface arethefcolloids lead to more unscreened charges
and induce an overall repulsive charaftérFirst, only assembly methods leading to close-
packed architectures are presented. In the nextteth&3.3.2), non-close-packed architectures

prepared from assembly and transfer at the oiltwaterface will be reviewed.

Figure 3.3.4. Difference of the colloid assemblyhat air/water interface (left side) and oil-water
interface (right side). The image is taken from yae et al™

The outstanding method among interface-mediatetiodstis the use of Langmuir troughs that
can be considered as the predominant method indimensional crystallization. However,
several novel methods using the air/water interfacessembly as well but without requiring

special equipment have been reported in recensyear

The first report to mention the crystallizationmésoscale colloids at an interfaces dates back to

1980 when Pawel Pieranski - in the pursuit of figda suitable experimental system to study
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two-dimensional phase transitions - discovered ploftstyrene particles are essentially trapped
at the air/water interface by an energy Wel(chapter 3.2.2.1) A similar behavior for
macroscopic colloids was experimentally realizedSeppard and Tcheurekdjian as early as
19681 7°]

Crystallization on a Langmuir trough

The use of Langmuir troughs to study colloidal taifization dates back to experiments from
Sheppard and Tcheurekdjian with macroscopic pestiet the air water interfate.” and was
taken up by Fulda and Tieke in the 1990s for thanémation of nanoscopic polystyrene
colloids”"® The surface-pressure area isotherms of colloidsfiare extremely steep as is
expected in a incompressible, crystalline and Siiifft at the interfac&’™ Transfer of the
monolayer is typically performed in this steep negibefore the collapse.

Since this early work, the focus has shifted awaymf fundamental studies towards the
exploitation of Langmuir techniques for the prepiaraof high quality mono- and multilayers.
A recent review of Bardosova et al. reports on psg for the 3D crystal assemblies with an
emphasis on their application as photonic cry$idis.

Colloidal monolayers consisting of micrometer-sipadystyrene particles were first deposited
on solid substrates by Lenzmann ef*alThe colloids were spread from ethanolic dispession
and transferred manually by immersion of a glaskeshnd slow withdrawal under a shallow
angle. The resulting monolayer showed a high ortlee. first report on a classical Langmuir-
Blodgett transfer of mesoscale silica particles eédnom van Duffel and coworkers in 2001
who fabricated monolayers by spreading Si@noparticles from ethanol/chloroform mixtures.
The resulting monolayers were of low orderifig.Similar results were reported by several
other groups for silica particles deposited via thengmuir-Blodgett techniqu& s A
significant improvement in quality was reported §ilica particles with surface methylatiBH.
Very well ordered silica monolayers were reporteshf Reculusa et al. using allyl-modified
silica particles and optimized protoc®.To increase the order in monolayers, the addition
various surfactants was propo$ed” but seem redundant from today’s perspective athano
innovation paved the way for true high quality miaryers: Weekes et al. modified the way of
colloid addition by using a glass slide with an lengf approximately 45° with respect to the
water surface and allowed the dispersion to gesiitie onto the trough via the gld&.Thus,
colloidal monolayers with excellent quality wereoguced. The exact reasons for the high
ordering have not been completely resolved. Howetean be argued that the slow and gentle
immersion via the glass slide induces less dishaés of the water interface compared to the

direct spreading and hence, facilitates the cryzation process. Recently, the same group was
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able to further increase the quality into macrogcagngle crystal domains by tuning the
electrostatic repulsion forces by the pH of thephatsd®®

“Monolayers to go”

Several innovative concepts have been introducéidchwvalso use an air/water interface for
colloidal assembly, but circumvent the rather ticogsuming compression step on the
Langmuir trough. The aim of these methods is talpece highly ordered monolayers without
special equipment or tight control of experimemahditions in a simple and fast process that
can be performed in a “cannot mess it up” fashidth whe ultimate goal to make colloidal
monolayers available wherever needed even to netigiersons.

In 2009, Retsch et al. proposed a concept coinkdtifig monolayers®®™ In this two-step
procedure, a glass slide is covered with sparsstyilslited colloids prepared by a simple spin-
coating step. This slide is subsequently immersgd water containing a small amount of
sodium dodecyl! sulfate (SDS) molecules. Upon imimarghe colloids assemble at the three-
phase contact line (glass/air/water) into a denpatiked monolayer that remains afloat on the
water surface once the glass slide is completetgersed. The monolayer can then be manually

transferred to arbitrary substrates.

A process termed vortical deposition was introdubgdPan and coworkefS! They used a
dynamic (vortical) interface for the assembly, tedaby a magnetically stirred water surface
and confined by a Teflon ring. To this surface, bahaps of polystyrene particles dispersed in
ethanol are added. In a way similar to spreadin@ dsangmuir trough, the particles remain at
the air/water interface and form close-packed stres. The rotation introduces an additional
centrifugal force that drives the particles towatte vortex center and facilitates a dense
packing. Once the interface is saturated, the iatdig stopped and the stirrer switched off. The
interface relaxes and a colloidal monolayer witbugprisingly high quality is formed. Transfer

is readily achieved by immersion of a hydrophilibstrate followed by careful withdrawal.

3.3.1.3 Summary of the crystallization methods

As has been shown in the previous chapters, aveaisty of crystallization methods for the
preparation of close-packed colloidal monolayersteXable 3.3.1 gives an overview of the
different methods reported in literature and byiéiits advantages, disadvantages as well as the

corresponding references.
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Table 3.3.1. Overview over crystallization methéalsclose-packed colloidal monolayers

Method Schematic Homogeneity Experimental Remarks References
short range complexity
order/large
area
coverage
Direct assembly methods
Controlled high/poor easy; slow meniscus pinning,, risk®™ %431
evaporation of multilayer formation,
limited substrates
Vertical high /medium  tight  control meniscus pinning, tisk of P2>%
deposition over several multilayer formation,
(convective parameters; limited substrates
assembly) slow
Horizontal High/medium  Tight control Meniscus pinning, Risk Pco’ o0
deposition over several of multilayer formation
parameters; Limited substrates
slow
Spin coating medium/medi principally easy, shear forces limit high ©”
C——J? um fast order,
L 4 1 ) limited substrates
Sedimentation high/medium  easy risk of  multilayer '
¢ formation
———
Electrostatic poor/poor easy, fast attraction prevents hight®
deposition order; can be
circumvented by
sophisticated processes,
suitable for patterning
Electro- medium/good  easy, fast higher order in ACE&®" %
phoretic fields, suitable  for
deposition patterning
Liquid interface-mediated methods
Langmuir- high/high complex, slow  good control by B 1728286, 8¢
type manipulation of
subphase, high ordering
arbitrary substrates
Floating high/medium  easy, fast arbitrary substrates, high’ ®
ordering
Vortical high/medium  easy, fast arbitrary substrates G2
deposition
Direct high/high easy, fast arbitrary substrates %, in this thesis

assembly
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3.3.2 Non-close-packed monolayers

Non-close-packed monolayers find increasing apfidina for the construction of highly
symmetric arrays of complex nanostructures asrtiidual colloids are sufficiently separated
in space to allow for more sophisticated lithograptrocesses (including e.g. angular
evaporation and etching steps) compared to thesicisnanosphere lithography with close-
packed particle layers.

Three approaches can be distinguished. First, q¢lasked monolayers can be crystallized and
further processed into non-close-packed structuegther using elastomeric substrates to
spatially separate the particles by mechanical si@anby applying a plasma-induced size
reduction step. Second, using polymeric additivea spin coating process, non-close-packed
architectures can be yielded by selective remokéhese additives. Finally, using an assembly
process at the oil-water interface, a direct citiygéion of colloidal particles into non-close-

packed architectures can be realized.

3.3.2.1 Non-close-packed architectures from close-packed molayers

This method can be considered the most straighti@wapproach to non-close packed
architectures as the full set of crystallizatiorsgbilities for close-packed architectures can be
exploited to tailor the crystallinity of the mongéx. In a second step, the individual colloids
need to be separated in a symmetric fashion: Timacb position of the colloids with the
substrate must not be affected by the procesgififhiordered non-close-packed architectures
are desired. Hence, energy has to be distributgtbgcally to overcome the mutual attraction
of the colloids. Two processes have been establifsivghis transformation. i) Plasma treatment
of the monolayers can be used to reduce the siteedhdividual colloids and hence, produce a
non-close-packed arrangement (Figure 3.3%84j) An elastomeric substrate can be applied for
the crystallization process (coined deformable kthibgraphy) (Figure 3.3.56%°"! Elongation

of the substrate thus increases the distance bettheeindividual particles. After transfer to a
desired substrate using a polymeric adhesion ldlgernon-close-packed architecture is fixed.
Multiple elongation protocols also enable the camdion sophisticated monolayer crystal

structures such as square arrangenm®hts.



Theory 33

Figure 3.3.5. Fabrication of non-close-packed édéibmonolayers from close-packed arrangements. a)
Plasma-assisted size reduction of the colloid&tiBtching of an elastomeric substrate.

From a conceptual point of view, the two processesdiametric to each other. In the former
process, the lattice spacing is retained whiledbi®id diameter is altered; the latter process
induces changes in lattice spacing under conservati the individual particle sizes. Beside
their experimental simplicity, the advantages ofhsprocesses are the ease of adjustment of
interparticle spacing; according to a desired @pjgibn, one might chose to change lattice or
particle diameter. Both plasma etching time or sals elongation can subsequently applied
and precisely adjusted to yield the desired spaciigp drawbacks are distinct for the two
processes. The elastomer-method requires equipmiéht a high control over substrate
elongation and the necessity of a transfer to fer@ifit substrate performed under stress. The
plasma treatment step however, can compromise uhktygof the individual particles due to

surface corrugations and deviations from sphesbape in the course of the process.

3.3.2.2 Non-close-packed monolayers by spin coating

A spin coating process leading to non-close-packiéch monolayer architectures was reported
by Jiang and McFarland in 2088. To overcome the difficulties of using the stromgetal
forces of spin coating, they chose dispersionsilifasparticles with high solid content (~20
wt-.%) in a non-volatile, viscous triacrylate monampaired with a substrate pretreatment
(assembly of 3-acryloxy-propyl-trichlorosilane). gophisticated spin coating protocol and
subsequent photopolymerization of the monomer magsulted in the fixation of the silica
spheres in an ordered hexagonal arrangement oftloea-packed colloids embedded in a
cross-linked polymer matrix with wafer-scale dimens. Selective combustion of the organic
material gave rise to pure non-close-packed moeatagf silica spheres. In an inverse process,

they also reported the selective removal of sitwgroduce nanoscale hole arrays that were
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subsequently filled with titania colloidal partislé® A precise control over the interparticle

distance using this process was not reported.

3.3.2.3 Direct assembly of non-close-packed monolayers dtid oil-water

interface

The self-assembly of latex particles at the oilavahterface is a direct method to yield non-
close-packed monolayers. As discussed in chapset.3, the nature of the colloids trapped at
the interface is repulsive due to stronger dipefautsion, reduced capillary forces and possible
unscreened charges at the particle surface inittpaase’

The first report of interfacial, non-close-packestemblies was based on the compression on a
Langmuir trough by Aveyard et al. in 2088. They carefully investigated the behavior of
sulfonated polystyrene particles at the octane-wiaterface, gave a model for the increased
repulsion and reported a distortion of the non&lpacked monolayer upon high compression.
However, they did not report a transfer of the Itésy crystals to solid substrates. A similar
behavior was also reported for silica particleshat octane-water interfaf& The interface
position of the colloids, controllable by surfacedification of silica spheres, is of crucial
importance for the order in the non-close-packestesys as discussed above. High contact
angles, i.e. a high volume fraction in the oil féeads to strong repulsions and a high order in
the monolayel®”!

The special properties of oil-water interfaces telds highly regular non-close-packed
monolayers was finally used by Isa and cowofk®ie create non-close-packed monolayers on
solid surfaces. They assembled positively chargeiae-functionalized polystyrene colloids
at the hexane-water interface and transferred tioeannegatively charged substrate by vertical
lifting (Figure 3.3.6).

Figure 3.3.6. Transfer of non-close-packed monakafrem the hexane-water interface to solid subetra
as proposed by Isa et'df.a) Assembly of colloids at the interface. b) Vieatiremoval of immersed
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substrate with a slight angle. ¢) Resulting norsetpacked monolayer on the solid substrate.

The difficulty of the transfer procedure is to peav the loss of position of the particles by
viscous drags and capillary forces acting durinigesu evaporatioH™ Therefore, they chose

attractive particle-substrate interactions. Hexare/ed to be the solvent of choice for the oil-
phase as it possessed a low viscosity paired whilylavolatility to overcome the forces during

substrate drying.

3.3.3 Binary colloidal monolayers

Binary colloidal monolayers are two-dimensionalstays consisting of two different types of
colloidal particles. Typically, large (L) and smd&) colloids are used to produce a densely
packed monolayer of large colloids with a distimctmber of small colloids located in the
interstitial sites of the monolayer. Such confidimas are typically denoted | Structures to
indicate the composition of the binary system. Carag to single-sized particle monolayers,
binary arrangements thus possess a rich varietjiffefrent configurations that render them
attractive for both fundamental research as wellapplications for the creation of more
complex surface patterns. Figure 3.3.7 shows saxaenjgles of possible crystal structures.
Conceptually, one needs to distinguish betweenrpimmnolayers with a stoichiometric crystal
structure as described above and patterned momsltheat consist of differently sized colloids

as well but are comprised of individual domainsiofjle-particle monolayef&?%

L S8
"oy g

Figure 3.3.7. Examples of possible crystal strggun binary colloidal monolayers.

Even though identical techniques can be used, tystatlization of binary monolayers is

substantially more demanding than the crystalliratf single-sized particle monolayers. The
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presence of the small particles adds several psopasameters that have to be additionally
controlled. Up to now, a precise control over blathg range order of the binary crystal and
defined adjustment of interstitial site occupatiemains challenging.

The assembly processes for binary 2D crystals @ardibided into two major categories:

sequential assembly (two-step processes) and eoébs(one-step processes).

3.3.3.1 Sequential assembly of binary monolayers

The creation of binary colloidal monolayers wasngiered by the group of von Blaadét&h
who realized that close-packed monolayer of langleeses could be used as substrate in a
controlled evaporation process to deposit smalesgghon top of the monolayer to form binary
crystals. During the evaporation process, the stitexl sites of the template monolayer act as
traps for the small spheres that subsequently ddsamnto a regular superlattice on the large-
sphere monolayer with a high degree of order. FReirtexperiments, van Blaaderen et al.
restrained themselves to size ratigsQ4D,) close to 0.5. The formed crystal structures
depended on the concentration of small particlesofdingly, LS, LS and LS configurations
were found. The main limitation of the procesdis thange of concentration of particles during
the drying process that inherently leads to charigethe monolayer configuration when

covering larger areas on the substrate (Figur&)3.3.

—— > Drying front transition

Drying front

Figure 3.3.8. Binary colloidal monolayers by a satfial convective assembly of small particles i th
interstitial sites of a close-packed monolayeraofié particles. Scheme taken from Velikov ét%Al.
Depending on the concentration of the dispersiosnudll spheres, different configuration can be
achieved.

In analogy to the developments in the crystall@atiprocesses for single-sized particle
monolayers, the process of monolayer templatingfustiser developed with vertical deposition
techniques. Kim et &° coined the process confined convective assemislyremorted on the

crystallization of polystyrene particles with 1,.9.S;, LS, and LS configuration using size
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ratios between 0.30 and 0.65. Further reports deducombinations of small silica and large
polystyrene spheres that lead to non-close-packadtsres upon calcinatiolf® Even though
the total order of the binary crystals seems hiigis, necessary to keep in mind that such non-
equilibrium processes are difficult to control ovarge areas as especially meniscus pinning

effects lead to non-uniform coating.

Electrophoretic assembly using electrode substnatitsa templating close-packed monolayer
has been used to fabricate binary monolayers dorgi®f like-charge particles over an
extremely wide range of size ratios (0y%8.9) with a fair total order (Figure 3.38Y! The
same process was a successfully applied even #rcaomstruction of ternary monolayers
consisting of three differently-sized colloids. W¢hithe range of accessible size ratios is
impressive, the control over the stoichiometry.(itee number of small particles in the

interstitial sites) seems more difficult.

+ +++++++++
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Figure 3.3.9. Electrophoretic assembly of Iike-a;{mf]colloids into binary monolayers according to
Huang!"’

The opposite approach, the assembly of oppositegetiaparticles by immersion of a
monolayer of negatively charged polystyrene pasiahto dispersions of positively charged
particles was reported as weff! However, due to the high attractive forces thaltotder of
the monolayer is significantly lower compared te tither methods reported. The order could
be controlled to some extend by the addition oftetdytes to reduce the mutual attraction. No

control over the stoichiometry between the smadl lange spheres was report€d.

Spin-coating was also employed for the sequenditafi¢ation of binary monolayef$® Wang

et al. employed a variety of size ratios (0.25-D.80 their experiments but were not able to
precisely control the configuration of the binamgstem. The total order in the experiments
reported was rather low as a consequence of the laigral forces employed during spin
coating. Thus, the method is well-suited for rafatbrication processes but severely lacks

precision in the resulting arrangements.
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3.3.3.2 Co-assembly of binary monolayers

The second approach towards binary colloidal momolés the direct co-assembly from binary
mixtures. Several approaches based on crystatiizatichniques established for single-particle
monolayers have been presented.

The idea of co-assembly was introduced by Kitae¥ @zin in 2003"'% They chose a rapid
vertical evaporation process for the depositiorexolude undesired effects of gravity on the
large particles. They were able to produce a riahiety of monolayer architectures by
systematically varying the concentration of the Ismparticles and the size ratio. Using size
ratios below 0.225, no ordered 2D crystals werddgitt In general, a large number of small
particles surrounded the large spheres in an atdashion. The smallest amount of fillings of
the interstitial sites was reported to be eith@slat or tetrahedron like structures of small
colloids. An exact analysis of the stoichiometryswet performed. A major drawback of this
approach is the change of the concentration oflgmaaiicles that will lead to a variation of the
crystal structures obtained in the course of theperation procesS:™ Similar experiments
conducted for the co-crystallization of gold rodsl esspheres were reported from the group of

Luis Liz-Marzan who reported symmetric co-crystzdtion pattern§*?

Kumnorkaev and Gilchri8t? transferred the co-assembly concept to a horikateposition

method and demonstrated the filling of a large splsdica monolayer (diameter 1 pum) with a
high number of small polystyrene latex particlesigueter 100 nm). The amount of small
particles was controlled by changing the relatiemoentration of large and small spheres.
However, no stoichiometric configurations were progdd. Only recently, a simple horizontal
evaporation method was reported for the contraledssembly of binary crystals with various

configurations, including stoichiometric L&nd LS structuregt**

The use of interface-mediated processes has owobntlg been identified as an attractive
platform for the crystallization of binary monolage As the particles feature a high lateral
mobility, sufficient time is provided for the smadharticles to find their minimum free energy
position at the interstitial sites of the monolayaf large spheres. Yu and coworkers

introduced a method for the direct assembly of fiyiséructures at the air/water interface. They
demonstrated a good control over interstitial siteupation and reported the formation of,LS
and LS configurations for polystyrene monolayers withesratios between 0.147 and 0.194.
The use of a Langmuir trough for crystallizatiorpesiments was proposed by Detrich et al. in

2010. However, they did not achieve a proper ongeof binary silica particle systei& Yet,
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a precise control over the stoichiometry of binargnolayers co-assembled on a Langmuir

trough has not been realized.

3.4 Preparation of nanostructures on surfaces

With the emergence of nanotechnology as a novelpkeyer in science and technology in the
1990s, tremendous efforts have been initiated épare both dispersed nanoparticles as well as
surface-bound nanostructures. In the focus of thiesis is the creation of complex
nanostructures on surfaces. Thus, a short overgi@w common fabrication techniques for the
creation of such structures shall be given in ¢hizpter. In general, the different approaches can
be classified according to a number of differentapseters, including accessible shape of
structures, materials to be employed, resolutios surface area that can be patterned as well as
time and costs of the process.

Here, the classification was chosen between saridlparallel processes. The difference can
roughly be translated to expensive and slow vefiastsand cheap. The former methods usually
require expensive equipment that is used to creigrarily shaped nanostructures with a high
precision and resolution. As the structures areaterkin a serial fashion, long times are
typically required in the processes and the padtigriof large areas is cumbersome if not
impossible. Typical examples of such processesglamron beam lithography (eBeam), surface
patterning with a focused ion beam (FIB) or dip-figrography that uses an AFM cantilever to
write structures on substrates using “moleculas’inkat selectively attach to surfacgd!

To make nanotechnology available to a broader rafigesearchers — and thus to support its
use in a larger variety of applications — methods @equired that are not dependent on
sophisticated and expensive equipment. In appreacbeed “simple nanotechnology” by
George Whitesid&d!, several innovative ideas have been introducegadially) circumvent
the drawbacks of serial processes.

The common feature of these approaches is theelobimasks that inherently possess patterns
with nanometer dimensions that can subsequentlyusesl to create nanostructures. The
structural design that can be created is thus eléfiry the mask and cannot be arbitrarily chosen
as in serial processes. However, this drawbackadetl against a substantial decrease in
production time and costs and usually, the pattgrof arbitrarily large areas — defined only by
the extensions of the mask — is readily achieved.

A number of different processes have been intradiiared efforts have been undertaken to

extend the accessible feature size and shape etriltures. The most prominent examples of
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such techniques are based on nano-phase separatiteck copolymers (block-copolymer
lithography) and the self-assembly of colloidal mlayers (colloidal lithography). Table 3.4.1.
gives an overview of the most common nanopatterm@aipniques. The table also includes
micellar and non-conventional colloidal lithograpdy two more exotic patterning methods that

are relevant for this thesis and will be introdubetbw.

Table 3.4.1. Overview over different nanopatterrtiechniques

Method Principle Time Resolution  Structure Symmetry  Refs.
variety of arrays
eBeam electron beam slow high High very high, "
lithography crosslinks photoresist (>10 nm) adjustable
symmetries
Focused ion  ion beam slow high High very high, 7
beam etches/deposits (>10 nm) adjustable
structures symmetries
Dip-pen AFM tip deposits very high High very high, 7
lithography thiol “ink” slow (>10 nm) adjustable
symmetries
Standard photons very fast very Low High very high,
UV-Photo- crosslink/dissolve (>200 nm) adjustable
lithography resist symmetries
Colloid colloid monolayer as very fast medium  Limited high, 41 Bl
lithography mask (>30 nm) limited
primarily to
hexagonal
Block- phase separated blockfast high low low [118]
copolymer copolymers as mask (>~10 nm)
lithography
Micellar Me-containing very fast very high verylow  low e
lithography ~ micelles as sacrificial (no lower [120]
layer limit)
Non- Me-containing very fast very high verylow  high (121
conventional colloids as sacrifial (no lower
colloidal layer limit)

lithography
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3.4.1 Colloidal lithography

Most relevant for this thesis is the use of colididnonolayers for the generation of
nanostructures in a process usually termed collditiegraphy or nanosphere lithograpHly.
First reported by Fischer and Zingsheim in 19Btplloidal lithography has matured into a
widely-used technology and there are a numberaéwes that highlight recent advances and
development§10 122124

The process flow of classical colloidal lithograghyillustrated in Figure 3.4.1. A close-packed
colloidal monolayer is assembled onto a solid sabst(1) and gold is evaporated through the
monolayer mask (2). As a result, triangular shaga@d nanostructures, reflecting the shape of

the interstitial sites of the monolayer, are dejgaison the substrate (3).

a) b)

Figure 3.4.1. Classical colloidal lithography preed¢eading to triangular shaped nanoparticle arrays

colloidal monolayer is assembled (1) and usedraask for the evaporation of a thin metal film (2).

Subsequent removal of the mask yields arrays afigilar nanostructures (3) that reflect the shajpleeo
interstitial sites of the monolayer.

Several years after the first report, Richard varyrig and his group set out to explore scope
and limitations of the fabrication process and stigated the intrinsic optical properties of such
nanoscale metal particles (chapter 3.5). They d#tsient metals and varied the size and shape
of metal nanoparticle and managed to produce doabk triple structures by multiple
evaporation stepg&? 12512¢]

In the last decade, focused research efforts witiated that widened accessible structures by
innovative combinations of angular dependent ewetpor and etching steps. Thus, nanoscale
S[,127

discs™” rings!™? ellipsoid$™ and crescent shaped parti€f@s>" were successfully prepared

as well as hole-film&* 3 nanobowld*? nanoneedle$? membrand$? and arrays of pillars

of different material§>***"

3.4.2 Micellar lithography

Micellar lithography as a more exotic lithograpiniethod shall be briefly introduced here as

the non-conventional lithography process describdtiis thesis (chapter 3.4.3) can be seen as
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an extension of the micellar technique. The micdithography process was introduced by
Spatz and Moeller in 2008% They used block-copolymer micelles of polystyremdy(2-
vinylpyridine) that were charged with auric acidridg the assembly process. After assembly
into a two-dimensional crystal on a solid substratplasma etching procedure was applied to
remove the organic compounds and to reduce the agrd to inorganic gold nanoparticles.
Using this process, arrays of gold nanoparticlgl wireasonable order reflecting the symmetry
of the micellar monolayer are thus obtained. Tle sif the gold nanoparticles is controlled by
varying the amount of auric acid incorporated ia tore of the block-copolymer micelles while
the interparticle distance can be adjusted by dgagsolymers with different molecular weights.
Kaestle and Spatz demonstrated the preparation uoin@noparticle arrays with dot sizes
between 1 and 15 nm and interparticle distancesedset 25 nm and 140 nfi”

In contrast to block-copolymer lithography, the atiar lithography process does not use the
micelles as mask for the preparation of surfaceopatterns but as a sacrificial layer to

determine the symmetry and lattice constants ofthé nanoparticles.

3.4.3 Non-conventional colloidal lithography

The micellar lithography technique was modifiedat@rocess that will be referred to as non-
conventional colloidal lithography to facilitate stihguishing to the conventional colloidal
lithography approach. Introduced by Plettl et al2007?Y the process applies metal-complex
containing latex particles in a similar approachhesmicellar technique. Figure 3.4.2 shows the
process schematically. A monolayer of metal-commlentaining latex particles is assembled
on a substrate, subjected to oxygen plasma to csintfee organic material and finally annealed
to produce ordered arrays of spherical metal natiofzes.

Compared to the micellar approach, the use of icsllbas two distinct advantages. First, the
long range order in a colloidal monolayer is sutisédly higher than in micellar monolayers
due to the higher homogeneity and the hardnedsedfdlloid spheres. Second, the size range of
obtainable lattice constants can be further ine@ass the diameter of micelles is limited to
sizes below approximately 150 nm. Both approackesufe one highly interesting property:
The process does not have an inherent lower lmsize of the metal nanoparticles created, as
very little amounts of metal complexes — or saitshie case of micelles — can be incorporated
without problems. Thus, it possesses a very highntial in applications that require extremely

small particle sizes.
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Figure 3.4.2. Non-conventional colloidal lithogrgph

3.4.4 Applications of colloidal monolayers and surface naostructures
fabricated by colloidal lithography

There is a great variety of applications for nanadtires created by colloidal lithography as an
increasing number of technologies require orderettems with nanoscale dimensions.
Depending on the application, different propertmfsthe structures created by colloidal
lithography can be in the focus.

The first and most prominent applications of ca#i lithography exploit the plasmonic
properties of metal nanostructures that were ektelysused for the detection of changes in the
dielectric environment and thus detect binding évemg., of biomoleculé&*

In the next chapter, a more detailed descriptiontted plasmonic properties of metal
nanostructures will be given. Similarly, the stromgar-fields accompanying plasmonic
resonances have also been used for the amplificafighe fluorescence of dye molecifiBs
and in surface-enhanced Raman spectrostBpgven more complex applications of the
plasmonic resonances in metal nanostructures awustied. For example, the split ring-
analogous geometry of nano-crescent is discussdukta valuable building block for the
preparation of metamaterials with optical propsert®t occurring in nature, as for example a
negative index of refraction. In such structurés incident light excites circulating currents
leading to local magnetic dipole moments that camnteract the incident magnetic field and
result in negative permeability, a prerequisiterfegative refractioft>®

The second set of applications makes use of the degree of order of colloidal monolayers.
Most predominantly, this order can be transferegattern the substrate in a much defined
way. Thus, patterning of intrinsically interestingaterials with nanoscale dimensions has been
achieved; including grapheH&” carbon nanotub&®! or proteind!*!

The creation of ordered arrays of pillars in corniral substrate materials as silicon or glass
induces superhydrophobiciff and has been used to prepare antireflétffland self-cleaning
materiald™

The nanoscale periodicity has also been shownfloeeimce cell adhesion that switched from

adhesive to non-adhesive in dependence on the andespacing in nanoscale gold arrays.
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The photonic properties of colloidal monolayerséattracted attention as they can be used for
the bioinspired mimic of the structural color intteufly wings™!

Finally, when assembled on an interface and iafé#d with polymerizable monomers, colloidal
monolayers have been used for the creation of mesmelsrfeaturing defined pore sized with

nanometer dimensiofié!

3.5 Localized surface plasmon resonances: a fundamental

properties of metallic nanostructures

The interaction of electromagnetic radiation witetais causes a collective oscillation of the
free electron gas at the resonance frequency. ddilective oscillation is termed plasmon.
Depending on the size and dimensions of the méiféérent types of plasmons can be excited.
Volume plasmons occur in three-dimensional metals;dimensional thin metal films support
surface plasmons and the confinement of the eleayyas in metal nanoparticles leads to
apparition of particle plasmons.

The most prominent example of plasmons in every-ifayis the bright color of church
windows that is caused by gold nanoparticles embaddthe glass matrix.

Academically, plasmon resonances have attractedtamn, especially due to their sensitivity to
changes of the dielectric constant in close viginit the metal structure. Changes in the direct
environment of a nanostructure, e.g., upon bingngnts, are thus detected by a shift of the
plasmon resonance wavelength.

As parts of this thesis present the use colloidg@ate and characterize the plamonic properties
of metal nanostructures, the excitation of plasmesonances in such confined structures by
electromagnetic fields and the properties of thesmlons will be briefly introduced in the

following.

3.5.1 Localized surface plasmon resonances

Particle plasmons can be excited in metal nandsireg. In contrast to bulk metals or thin
films, the electron gas of the metal is stronglgfoted in all three dimensions within a structure
that is smaller than the wavelength of the incidigiit. Due to its small size, the nanostructure

can be penetrated by the electric field of thedent light. The field inside the nanostructures
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shifts the free electrons collectively with resptrthe fixed positively charged atom cores in
the crystal lattice. Electrostatic attraction betwehe separated charges leads to a restoring
force. The surface charges thus alternate in tinte farm an oscillating dipole that radiates
electromagnetic waves. Strong absorption and stajtehenomena arise when the frequency
of the incident light field is in resonance witlethigenfrequency of the electron gas oscillation.
In the simplest case, a dipolar oscillation is tmduced which is schematically illustrated in
Figure 3.5.1.

light wave

Figure 3.5.1. Schematic representation of the attoit of a localized surface plasmon resonance in a
metal nanoparticle by an incident electromagnetivay Figure adopted from RascHKé.

The resonance frequency of particle plasmons diyatgpends on the metal, shape, size, and
dielectric environment of the nanoparticle as th&sgtors determine the extent of charge
separation during the oscillation. Variation of tpgometrical parameters enables the precise
tailoring of the resonances from the whole visitalege far into the infrared.

The resonance oscillation in the nanostructure atesults in an accumulation of
electromagnetic field lines that can lead to higldgalized, strongly enhanced near-fields,

especially if the geometry features sharp tipsdges.

The theoretical description of particle plasmondased on two distinct properties: the small
size and the material properties of the metal.

A simple model for the dielectric properties of aletwas introduced by Drude in 1988 The
model describes the conduction electrons in metala classic electron gas that executes a
diffusive motion. The electron motion is damped roytual collisions which occur with an
average rate of/7 (7 being the electron relaxation time of the freecetn gas). If an electric
field is applied, the electrons start to oscillateesponse. From this simple model, a description
of the frequency-dependent dielectric functgn) of the Drude metal under the influence of an

electromagnetic field can be derivel!



46 Theory

2
p

w

2 .
wc+i—
T

w
c(w) = € —

In the equation, the plasma frequengydescribes the oscillation of the free electronpkzs
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with ne being the electron density of the metathe electron charge, the vacuum permitticity
andm, the effective mass of the conducting electrepslescribes the contribution of the bound
electrons to the polarizability. If only conductidmand electrons contribute to the dielectric

function, & should have the value of 1.

The simple Drude model accurately describes mosthef dielectric properties of metals.
However, the free-electron model often breaks datwoptical frequencies, especially for noble
metals (e.g. gold, silver). This is related to ¢ixeitation of stronger bound d-band electrons into
the conduction band (interband damping) that isacobunted for in the Drude modéf:*°!
Optical resonances are supported by metallic neraiates with sizes in the range of the
wavelength of light or below. The response of aainearticle to an external electric field,
leading to absorption and scattering can be acaligitreated by Mie Theory/*®

For small metal particlesdfarice< A), the phase of the incident light experienced by th
particle can be treated to be constant (Figur&B.%his approximation, known as quasi static
approximation, was introduced by Lord Rayleigh gimdids reasonable results for particles with

sizes below 40 ni*!

‘ “v e

Figure 3.5.2. Not-to-scale picture of the conditidor the quasi-static approximation. The sizehef t
particle is much smaller than the wavelength ofitisdent light. Figure adopted from Zift8”
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The central result of the quasi static approxinmatis the expression of the microscopic
polarizability a of a small sphere with radiusthat is linked to the macroscopic dielectric

properties of both particle)and surrounding mediu(@meg:™**

~ €med
&+ 2¢mea

a(w) = 4nr3
The function, known as Clausius-Mosotti relatiomlgs a maximum oft for € = -2&,¢4 As the
dielectric function of the metal is frequency-degent, the resonance condition is fulfilled for a
distinct frequency determined by the materials’pemty and the dielectric function of the
surrounding medium. For materials with a small imagy part ofg, the resonance condition
simplifies to:

Rele] = —2¢&me4

This so-called Frohlich criterion directly showsetlsensitivity of the plasmon resonance
frequency towards changes in the dielectric comsitbthe medium. It is this special property
that is the base for the most-widespread applicatiometallic nanoparticles: the sensing of

minute changes in its direct environment.

3.5.2 Sensing with localized surface plasmons

As described above, the particle plasmons are gensitive to changes in the dielectric
environment of the nanostructures. An increasefiractive index around the particles, e.g. due
to binding of molecules to the structure, inducesdashift of the plasmon resonance that can be
directly monitored by UV/Vis spectroscopy. Figure5.3 presents two typical sensing
experiments. (a) Shows a metal nanostructure thabvered with a thin film. The plasmon
resonance shifts to lower energies after deposifdhe thin film. A biosensing experiment is
illustrated in Figure 3.5.3b. The nanostructurfirst functionalized with molecules that possess
high selectivity and strong binding interactionshathe targeted molecules to be detected. As a
typical example, the functionalization of the nanastures with antibodies is depicted. The
surface functionalization induces a first red-sbifthe resonances. Finally, the sensing platform
Is immersed in the analyte solution that contaesrespective antigens. Selective binding to the
antibodies immobilized onto the nanostructure tagksce and further alters the dielectric

environment. The shift of the plasmon can thendegluo detect the binding events.
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This concept has been realized for a great vi of materials, including the assemble of thi

[149]

monolayeré®*”! and polymer thin film"*® the swelling behavior of hydrogi*®! and the

detection of biologically relevant molecu.!*® **°

a) Ext.
T
N I py S
s
b} 4 v Ext. =
Y, o
~Nvvy 7

W

Figure 3.5.3Sensing with localized surfes plasmons. a,b) schematic illustration of a m
nanostructure in a sensing experiment. a) Coveshtiee nanostructure with a thin film. b) A typic
biosensing experiment: the nanostructure is firstfionalized with a functional molecule (e.g. batly)
that selectively binds to a second molecule (entigan) that can thus be detected in an analytdisal
¢,d) Resulting shift of the plasmon resonances wqowerage of the structure or binding of the males:

3.5.3 Plasmon hybridization

Localized suiace plasmon resonances are also sensitive tordsenre of additional met
nanostructures: The placement of a second nandgairti close vicinity to a first one impos
drastic changes of the resonance position. Thiaused by a coupling procesf the individual
plasmon resonances. An intuitive concept for thecdption of such nanoparticle dimers |

(151-152 They suggested treating the coupl

been elaborated by the group of Peter Nordle.
of resonancesas an electromagnetic analogue tolecular orbital theory: the plasmor
resonances of two nanostructures in close proxitoitgach other undergo a coupling proc
that gives rise to new resonances as linear supéipes of the original resonances. In t
picture, the two particles care described as a plasmomolecule’®? similar to two atom:
chemically bound to form a molecule. As the wavenction ol these atoms can |
superimposed to give rise to a binc¢- and an antibinding molecular orbital in the molecuhe
plasmonic mods hybridize as we The shift of the hybridized resonances with respeche
parental resonances of single objects can thuxlaieed by simple geometric arguments

illustrated in Figure 3.5.4.
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Figure 3.5.4Plasmon hybridization inanoparticle dimers. a)yridization scheme and observed s
of the plasmon modes for an electric field paratiethe inte-particle axis; b) scheme and plasmon ¢
upon hybridization for an electric field perpendaruo the inte-particle axis

Two spherical nanoparticles are placed in closaiprity. Depending on the orientation of t
dimer with respect to the polarized incident electield, two hybridization scenarios can

envisioned. An electric field vector parallel tetimte-particle axis gives rise to a hybridizati
scenario as shown in (a): the linear combinatiorthef two individual resonances yield:
symmetric mode with both dipoles oscillating in phand an antisymmetric mode with an-

of-phase oscillation. The energyf the symmetric mode is reduced. Of the two hy
resonances, only the symmetric mode possessesla that can interact with the incident lig
Thus, this mode is excited in normal illuminationdatherefore termed bright mode. 1
antisymmetric modehowever, cannot couple efficiently to the exterglaictric field as it doe
not feature a dipole moment. It is not excited hwy éxternal field and called a dark ma

The hybridization model for an electric field vectmerpendicular to the int-particle axis is
shown in Figure 3.5k Again, the parental plasmon mode can be comisdgaumetrically anc
antisymmetrically. However, due to the close praiirof like-charges, the symmetric-phase
oscillation is higher in energy compared to the-of-phase oscillation of the antisymmet
mode. In analogy to before, only the symmetric mfmgures a dipole and is excited by

electric field while the antisymmetric combinatisma dark mode. Thus, a b-shift of the
resonances is detected if the tion of the dimer is fixed with respect to the eétecfield.

If the electric field is not polarized or the naadggle dimers can freely rotate, both bri
hybrid modes are excited and two plasmons with drighind lower energy compared to

resonane of a single particle are obsen
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4 Characterization methods

4.1 Atomic force microscopy (AFM)

Atomic force microscopgy® (AFM) is a powerful tool to image and characterittee
topography of a surface. In contrast to opticalging methods, the atomic force microscope is
not limited by the diffraction limit and imaging thi sub-nanometer resolution is feasible.
Additionally, the atomic force microscope providesages with exact dimensions as the
contrast purely results from height differenceshaf sample. Thus, it is used to very precisely
determine the dimensions of a sample.

The basic principle of the microscope is shownigufe 4.1.1. The cantilever tip is placed on
or very close to the surface. A laser beam is fedumto the cantilever and reflected into the
center of a photodiode. The sample is placed dezbrystal that is able to move in x,y and z
direction. The lateral movement of the stage isiusescan the sample in the desired area. The
surface topogrography results in a deflection & dantilever. This deflection causes the
reflected laser beam to move on the photodetestavedl can thus be read-out electronically.
An electronic feedback control is used to keep ¢hatilever constant by adjusting the z-
position of the sample in response to the deflaabithe cantilever. The height image produced

by an atomic force microscope visualizes the z-mmam of the stage.

Laserlight

® Lense

Photo-

detecto
\E \ 3

Scanner

<t

Figure 4.1.1. Schematic illustration of an atonaiccé microscope. Laser light is focused on theilesetr
and reflected onto a photodetector. Deflectionthefcantilever caused by the surface topography
translate into a deflection of the laser beamithdetected by the photodetector. The stage is tadum
a piezo crystal that can move in all space direstid@he image is taken from the textbook of Bit.
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There are two main operation modes for an atomefaicroscope. In contact mode, the tip is
in permanent contact with the surface. This modeeaes a high resolution but can damage or
deform the sample due to the high pressure ofifheaused by the small contact area. For
softer samples, a tapping mode is often appliedhisr mode, the cantilever is vibrated at its
resonance frequency. When such a vibrating castil@pproaches a surface, the vibration
amplitude will start to decrease once the tip thitssurface. The scanning is then operated at a
constant reduction of the vibration amplitude iast®f a constant deflection. As a result, the
cantilever only touches the surface shortly ambisin permanent contact. Thus, less damage is
induced at the sample surface. Another benefii@tapping mode is the possibility to visualize
the phase difference of the resonance vibratiompeBding on the “stickiness” of the surface,
the contact time of the cantilever differs for diint sample materials and thus, is released with
a phase difference. This can be used to determighamical properties of the sample and
visualizes e.g. different surface materials. Foraraetails on the atomic force microscope and

more sophisticated techniques, the textbook of#and references therein are recommended.

4.2 Inductively coupled plasma optical emission spectroetry
(ICP-OES)

The inductively coupled plasma optical emissioncepenetry**! is an analytical method for
the detection of chemical elements with great greni The resolution depends on the
respective elements and sample conditions and eealiits of several ugl ICP-OES is
widely used for the quantitative elemental analysisood sciences (i.e. detection of ions in
drinking water), environmental analysis (detectioh toxic elements) and in metallurgy
(verification of alloy compositions and metal reliyg).

Traditionally, ICP-OES is optimized for the detectiof metal ions in aqueous solutions and
only few examples report on the detection of iamgadlloidal systems, mostly in geological

applications for the detection of minerals in segiist*>*%"]
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Figure 4.2.1. Schematic illustration of an indueljvcoupled plasma optical emission spectrometer.

Figure 4.2.1 schematically shows the main par@nolCP-OE spectrometer. The liquid sample
is transported to the nebulizer by a peristaltimpuThe nebulizer converts the liquid into an
aerosol and injects it into the cyclone chambet thensports it into the plasma torch. The
plasma torch is the heart of the instrument. Ugudlfgon is used as plasma gas due to its
lower price and lower ionization energy comparechéium or neon. The argon atoms are
ionized by means of a Tesla spark and energy ipledunto the gas by an alternating high-
frequency electromagnetic field. The field acceksadons and electrons and the plasma heats
up by mutual collisions of the charge carriers. Tdraperature in an inductively coupled plasma
reached 6,000 — 10,000 K.

The aerosol reaching the plasma quickly passeagaliegate states: it solidifies upon drying,
melts, vaporizes and is finally ionized by the iargas energy. The analyte ions present in the
plasma are subsequently excited and emit phototis ehiaracteristic wavelengths (spectral
lines). These lines are detected by the optichénspectrometer. As the individual lines are
characteristic for each element, several elemeamishe detected simultaneously in one sample.
For a quantitative analysis of the elemental contipos a calibration is needed and recorded by
aqueous solutions of the respective elements inwkna@oncentrations. For a reliable
determination of the element concentration, thadsieds need to resemble the analyte solution
(matrix matchingf*®® For a detailed description of the individual coments as well as

measurement possibilities and pitfalls, the texkmp N6Itd™*® is highly recommended.
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To quantify the composition of materials, induchiveoupled plasma based spectrometric
method8>* % such as mass spectrometry (ICP-MS) or optical sonisspectrometry (ICP-
OES) are very powerful tools and are widely usedtlie quality control in different industrial
sectors, ranging from metal and steel engineeringoble metal recycling to food control and
environmental analysis, as the determination arahiification of (toxic) metal ions in drinking
water. Traditionally, ICP methods are optimized dse the detection of metal ions in agueous
solutions™® A number of reports on the use of ICP for the abtrization of colloidal systems
can be found in literature. While some reports dbscthe elemental analysis of synthetic,
inorganic particle§®*% most of the literature reported for ICP charagaion of colloids
deals with slurry methods for the analysis of sexiita for environmental scienc&s:*®”
Investigations on polymer-based hybrid nanopadickre rare in literature. However,
Vancaeyzeele et al. used ICP-MS as well as ICP-@EShe determination of lanthanide
complexes in latex particles but reported lantharidntents systemically lower than the value

expected without finding an explanation for thiatfee of dat&"

4.3 Two-dimensional chemistry and physics on a Langmuir

trough

In 1917, Irving Langmuir recognized that molecud¢ghe surface of a liquid film experience
different forces than molecules in the bulk liqf§: the chemistry and phyiscs in two
dimensions was born. He developed a simple apatlaétt became known as Langmuir trough
to study the behavior of molecules at the interfacavhich he was awarded the Nobel Prize in
1932. The trough, illustrated in Figure 4.3.1, ssially made of Teflon to allow and is equipped
with two barriers that can be moved to compresenatpresent at the surface and a balance to

monitor the surface pressure (see below).
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Figure 4.3.1. Photograph of a Langmuir trough. Talkem KSV-NIMA product catalogue.

When amphiphilic molecules are applied to the aitéw interface (or oil-water interface), they
will orient in a way that their hydrophilic headogips reside in the water phase while the
hydrophobic tails will stick out of the water intbe air (oil) phase. If such molecules are
present on the air/water interface on a Langmwugh and compressed, the interfacial area
available for one molecule will be continuouslyuedd. As a consequence, the molecules start
to interact and exert repulsive forces on eachroffieese forces result in a two-dimensional
analogue of a pressure that is called surface yme¢3 It is equal to the reduction of the

surface tension of the pure liquid by the film afghiphilic molecules:

M=y,—vy

where )4 denotes the surface tension of the pure liquid jatie tension of the monomolecular
film at the interface. For the investigation of fage active substances, surface-pressure-area
isotherms are recorded that plot the pressure sigéia total surface area or the area available
for a molecule at constant temperature.

By the very nature of the interface, the film thieks cannot exceed the height of one molecule
and is a truly two-dimensional system; usually mef@ to as monolayer.

The surface pressure is recorded by the Wilhelmayepinethod: the forces resulting from the
surface molecules are measured by a thin platinupaper plate that is partially immersed into
the water phase. The plate is connected to a senkdlance that records changes of the surface
tension of the water phase.

Several methods to transfer monomolecular filmmftbe air/water interface to solid substrates
have been proposed and are illustrated in FiguBe&;4most prominently Langmuir-Blodgett
transfel®”'%® (a) and Langmuir-Schaefer trans$f&l (b).
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Figure 4.3.2. Transfer of a molecular monolayea solid substrate: a) Langmuir-Blodgett transfgr; b
Langmuir-Schaefer transfer, c) surface loweringgfer.

In this thesis, a Langmuir trough is used to as$emiloidal particles at the air/water interface.
The transfer is performed by lowering of the wdtarel onto a substrate immersed in the

subphase (Figure 4.3.2c).

4.4 Scanning electron microscopy (SEM)

Electron microscopy is the standard technique &adterize nanostructures microscopically. In
contrast to an optical microscope, the electronrasmope applies accelerated electrons as
electromagnetic irradiation for the imaging procédse wavelength of such electrons is given
by the de-Broglie relation that connects the wawgtle of an objecfl with the Planck constant

h and its momenturp, that is the product of massand the kinetic enerdy, of the object:

Ao R

P J2mE,
Depending on the acceleration voltage, the reguliavelengths of the electrons are below
0.1 nm®¥ As such electrons possess a much smaller wavkleogtpared to visible light, the
visualization of much smaller objects at the naatesis possible. The increased resolution is
given by the Abbé criterion that defines the minimdistancel between two points that can be
resolved in dependency on the numerical apertufg ¢f the objective and the wavelengtiof

the radiation used:

For the imaging surface-bound nanostructures, ¢aarsng electron microscdp@ (SEM) is
the method of choice. It focuses the electron beatn the sample surface and scans pixel by
pixel to create an image. The contrast in an elaatnicroscopy image is given by the number

of electrons reaching the detector that are recbfoieevery pixel during the scanning process.
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The final image is thus a two-dimensional map of #dectron density distribution. The
interaction of the electron beam with the sampléase is complex and several processes take
place simultaneously. Figure 4.4.1 shows a scheni&stration of the different interaction
processes. Secondary electrons (SE) are low eedzgirons (<50eV) that are ejected from the
sample atoms by interaction with the primary be&mue to their low energy, they can only
leave the sample at very small distances from themeration place. Thus, they are typically
used for the imaging process and lead to a highlugsn both laterally and in depth. The three-
dimensional appearance of SEM images is causedhmyhar emission of electrons at edges or
sharp peaks of the surface known as “edge effBettkscattered electrons (BE) are high energy
electrons that result from elastic scattering af beam electrons at the sample atoms. The
intensity of backscattered electrons is very siasib the atomic number of the sample and can
thus be used to visualize material contrasts. Tewation of Auger electrons (AE) or
characterstic X-ray radiation is possible with #&cton microscope as well. This radiation is
emitted when an electron is removed from the ishetls of an atom by the beam electrons and
an electron from a lower-energy orbital falls bawo the vacancy created by the first electron.
This technique is termed energy dispersive x-ragcspscopy (EDXJY Alternatively, the
released energy can be taken up by a third elettransubsequently leaves the atom (Auger
process).

For more details on electron microscopy, the tenithaf Goldstein is recommend&d!

primary beam
electrons

SE
BE

b)
AE

X-ray

sample

BE .
lateral resolution

Figure 4.4.1. Interaction of the electron beam \tlith sample surface. a) Different interactions leetw
primary beam electrons and an atom on the surfgdeenetration depth and lateral extensions of the
different processes. All relevant processes areifspa in the text body.



Characterization methods 57

4.5 Spinning drop tensiometry

The spinning drop tensiometry technique measures ititerfacial tension between two
immiscible phases by analysis of the dimensions slvape of a droplet of one lighter phase
centered in a second, continuous and denser phaaeratating capillary tubé’? At high

rotation speeds, the droplet deforms into a cyicadrshape. The profile of this droplet is
analyzed by a video camera and can be directly tesedlculate the interfacial tension between

the two phases 1 and 2 using Vonnegut’s equéfidn:

1 2p 3
Y12 = Z(Pz — p1)w Ry

With a cyclindrical shape, the interfacial tenslmetween the two liquidg4 ., only depends on
the difference in density of continuoysg) and dispersed phasea ), the rotational speed and
the radiusR; of the cylinder formed by phase 1 in phase 2.
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5 Results and Discussion

The results of the different projects pursued liig thesis will be presented in the following.

The first part of the results and discussion chragéscribes the synthesis and characterization
of metal-complex containing polystyrene particley bminiemulsion and emulsion
polymerization. A measurement protocol for theatade determination of the metal content of
latex particles by inductively coupled plasma agitiemission spectrometry is established first
(chapter 5.1.1). Subsequently, the synthesis andpsnlation efficiency of metal-R-diketonate
complexes by emulsion polymerization is discussezimplarily for platinum(ll)cetylacetonate
as complex compound (chapter 5.1.2.2.1). Next, asessment of the stoichiometric
encapsulation of both iron(lll)acetylacetonate aptatinum(ll)acetylacetonate to vyield
multifunctional latex particles with defined compgmn by miniemulsion polymerization is
performed (chapter 5.1.2.4.1). Finally, a seededlgion polymerization process is applied to
control the size of the metal-containing latex ijgbas and relevant reaction parameters are
investigated (chapter 5.1.2.5). The applicatiormaftal-complex containing latexes in a non-

conventional lithography approach will be describather below.

The next part covers methods for the crystallizatid colloidal particles into different two-

dimensional architectures. First, a convenient ggedo produce highly ordered, single-sized
particle monolayers using a direct assembly atainevater interface is presented (chapter
5.2.1). Next, these monolayers are subjected tasana treatment to systematically reduce the
size of the monolayer without affecting the lateveder. Thus, non-close-packed monolayers
are created (chapter 5.2.2) Finally, the air/watéerface on a Langmuir trough is used to
prepare binary monolayers with defined configuradiover large size ratios of the colloids by

precisely adjusting the stoichiometry of large anhll colloids at the interface (chapter 5.2.3).

In the final part, lithographic processes to fadiécnanostructure arrays from two-dimensional
colloidal crystals are presented. The first appnosw be presented utilizes metal-complex
containing latex particles for a process coined-cmmventional lithography (chapter 5.3.1). The
metal-complex containing latex particles, introdiige the synthesis part, are crystallized into a
monolayer and subjected to plasma treatment inrdcdeombust the organic materials of the
colloids. The remaining “crude” inorganic particlese subsequently annealed to single-
crystalline metallic particles. Using colloids wittifferent metal contents and diameters, a

precise adjustment of size and interparticle dtas demonstrated for platinum nanopatrticle
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arrays. A step towards functional particle arraysubsequently presented that described the
transformation of the miniemulsion particles conitag stoichiometric amounts of iron- and

platinum-complexes into arrays of magnetic FePtigias.

Next, non-close-packed architectures are usede@iercrescent-shaped particles arrays. In the
beginning, a short introduction to the preparaaon optical properties of arrays of individual
nano-crescents is given (chapter 5.3.2.1). In tlleviing, a process for the construction of
arrays of vertically stacked crescent dimer urits are separated by a thin insulating layer of
several nanometers (chapter 5.3.2.2). The veréitghment of nanostructures into quasi-3D
architectures has not yet been demonstrated byidall lithography and allows for the
observation of strong coupling processes betweerintlividual crescents that are investigated
experimentally and by means of computer simulatiéisally, the crescent dimer architecture
is altered from a vertical stacking to an in-plarenfiguration using a different lithography
protocol (chapter 5.3.2.3). The dimer units comgjstof two opposing crescents in close
proximity with tips facing each lead to couplingtbé plasmon modes as well. In contrast to the
stacked architecture, these structures featureeassible “hot spot” in the small gap between
the crescent tips that provides strongly enhandedtrizal near-fields at the resonance

wavelength of the coupled plasmon mode.

Finally, surface-embedded nanoparticle arrays sesemted. The construction process is based
on a template-stripping procedure and has beengudy developed. As a continuation of this
work, the high stability of this nanostructure aretiure is exploited for the development of a
robust sensing platform that can be mechanicatharetd and is re-usable (chapter 5.3.3.2).
Furthermore, the surface of the patterned subdiatares an extremely low surface roughness
and a smooth transition between the different serfaaterials due to the preparation process.
This remarkable property is exploited in a projericreate nanoscale diffusion barriers in a
solid supported lipid bilayer membrane by self-adslg and polymerization of surface-
anchored polymerizable artificial lipids (chapte8.8.3). As the substrate is nearly topography-
less, the diffusion barriers merge homogenously iatfluid lipid bilayer membrane and
fluorescence recovery after photobleaching expearismandicate a closed distal bilayer formed
on top of the diffusion barriers. The architectoam be used to control the diffusional velocity

of the lipids or to confine lipids to designed spoh the substrate.
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5.1 Particle synthesis and characterization

51.1 Accurate elemental analysis of metal-containing pgmer
latexes using inductively coupled plasma — opticakmission

spectrometry

In this chapter, a detailed study on the use ofidtidely coupled plasma optical emission
spectrometry (ICP-OES) to determine the metal ¢dreé metal complex-containing colloidal
dispersions is presented.

As a major part of this thesis, the non-conventiao#oidal lithography process (chapter 3.4.3)
is applied to convert platinum- and iron/platinuentaining colloidal particles into arrays of
metal nanoparticles. The reliable determinatiothef metal content of these colloid samples is
the key prerequisite for a proper analysis of tteegss.

However, it was found that a simple IPC-OES meansarg of plain metal-complex containing
colloidal dispersions generally gave rise to apmareetal contents significantly below the
expected value. In order to examine the behaviothef colloidal dispersions in the ICP
spectrometer, a systematic study on measuremenditioms was performed; including
variations of device parameters and different sarpp¢paration strategies. It was found that the
addition of surfactant to both colloidal dispers@and standards led to measured metal contents
close to the theoretical value. Most reliable ressulere obtained using the anionic surfactant
sodium dodecyl sulfate (SDS) in concentrations abtive critical micelle concentration.
Physicochemical properties of both metal standardscolloidal dispersions were investigated
to explain the apparent metal values detected. rébalts presented here were published as
Accurate elemental analysis of metal-containingypar latexes using inductively coupled

plasma — optical emission spectrométf.
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5.1.1.1 Introduction

An increasing number of applications make use offional nanocomposite particles. Such
hybrid particles, consisting of inorganic and poyin materials have been used for example in
drug delivery (magnetite particléd}, '™ cancer treatment (cis-plati} cell labeling
(lanthanide complexes or quantum déts)"®and lithographic applicatiorfé™

Despite the variety of applications, the determaraof the actual metal content in these hybrid
nanoparticles has rarely been repofttd® The content of inorganic nanoparticles in the
nanocomposites has mainly been determined with DGAn the case of magnetic particles
with magnetic measurements. However, these metlamttsprecision, especially when lower
inorganic contents are applied.

To quantify the composition of materials, induclveoupled plasma based spectrometric
method8>* ** such as mass spectrometry (ICP-MS) or optical onisspectrometry (ICP-
OES) are very powerful tools and are widely usedlie quality control in different industrial
sectors. Traditionally, ICP methods are optimizeduse the detection of metal ions in aqueous
solutions™® A number of reports on the use of ICP for the abtrization of colloidal systems
can be found in literature, mostly for the analydisediments on environmental scien¢es=>"
Investigations on polymer-based hybrid nanopadickre rare in literature. However,
Vancaeyzeele et al. used ICP-MS as well as ICP-@EShe determination of lanthanide
complexes in latex particles but reported lantharmidntents systemically lower than the value

expected without finding an explanation for thiatfee of dat&"

In this chapter, miniemulsion polymerization wapléga to synthesize polymeric nanopatrticles
with a defined amount of metal-complex incorporataad ICP-OES was used for the
determination of the metal content. In the scopénafing reliable measurement conditions, it
was realized that plain measurements of pure dallodispersions generally gave rise to
apparent metal contents significantly below theeexgd, theoretical value; in agreement with
the findings reported by Vancaeyzeele ét°lin order to examine the behavior of colloidal
dispersions in the ICP spectrometer, a systematidyson measurement conditions was
performed including variations of device parameterd different sample preparation strategies.
The latter variations included variations in cortcation of colloids, change of polymeric
material as well as addition of surfactants andtedéytes. The results were correlated to the
physicochemical properties of the colloidal paegcland dispersions, such as hydrodynamic

diameter-potential and surface tension.
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5.1.1.2 Results and Discussiao

5.1.1.2.1 Synthesis of standard polymer partic

Miniemulsion polymerization was applied to prepgrelymer nanoparticles with defin
amounts of metal complexes encapsule

Only commercially available metal complexes wereedudor encapsulation, namely-
diketonato complexes of platinum, iron andopium. This choice covers all different groups
transition metals ranging from 3d over 5d eleménta member of the lanthanide groSEM
images of the prepared particke® shown i Figure 5.1.1

Figure 5.1.1SEM images of the metal complcontaining colloidal particle

Table 5.1.1summarizes the reaction parameters as well as tenmgocharacteristics of tt
resulting particles investigated in this stt The particles of all dispersions featured s
around 10Qt50 nm as determined IDLS and SEM and a solid content that was clo the
theoretical value of 219, indicating high conversions. As no coagulum vi@sd in the
miniemulsions and no further treatment that cowddsibly remove complex or polymer frc
the dispersion as ceiitrgation or dialysis of the dispersions was perfed, it is valid tc
assume that the total amount of metal complex ptéeethe dispersion is equal to the amc
added to the monomer phase. Thus, a theoreticall mmenhcentration can be calculated ,

within the experimental errors, is expected to benfl in ICIFOES analysis of the collo
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dispersions and will hereafter be addressed as 1@@%al content. In one of the samples,
Eu@PS, a minor amount of coagulum was found aiteatfon. In that case, small deviations
from the theoretical metal content were expected.

The experimental errors mainly consist of inacciescluring determination of solid contents,
weighing of both colloidal dispersion and standaadd add up to the intrinsic error given by
the ICP measurement. They can be expected tothe order of 1-3%. For further comparison,
two different polymers, polystyrene (PS) and polg(nylmethacrylate) (PMMA) were used for
the encapsulation of equal amounts of Pt(gcad)e polymers were chosen as they represent
the most commonly used polymers in colloidal soésnand thus, are of prime interest for a

detailed elaboration of an ICP-OES measuremenbgoht

Table 5.1.1 Characterization of the standard darticepared by miniemulsion polymerization. All
particles contained 1.0 wt.-% of Metal complex wiéspect to the monomer.

Sample Polymer Me- Metal- Solid Hydrodynamic Diameter
Complex content, Content Diameter SEM
(amount) Theory
[wt.-%] [%0] [nm] [nm]
Fe@PS PS Fe(acaq 0.149 17.4 148 103+12
(60mg)
Eu@PS PS Eu(tmhd} 0.217 19.5 114 96+14
(60mg)
Pt@PS PS Pt(acac) 0.467 18.4 107 97+12
(60mg)
Pt@PMMA PMMA Pt(acac) 0.467 19.3 136 92+11
(60mg)

5.1.1.2.2 Standard ICP measurements

As a first series of measurements, the polystydiggersion containing 1 wt.-% of Pt(acac)
(Pt@PS) was diluted with water to produce dispessiavith solid contents ranging from

0.01 wt.-% to 1 wt.-%. Figure 5.1shows the platinum contents as measured by ICP-B&S.

reasons of clarity, all data depicted in this &tishow the relative metal content given in

percentage of the theoretical value [100%].

The platinum contents determined by the ICP-OE&smements (Figure 5.1.2) only reached
values of 50 to 70% of the theory. The more come¢ed dispersions gave higher contents

compared to the less concentrated ones. Additigndde values measured were difficult to
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reproduce and varied between 50 and 70%, as erprdégsthe large error bars. As the more
concentrated dispersions (0.5 and 1 wt.-%) tendexttasionally clog the nebulizer, 0.1 wt.-%
dispersions were considered to give a compromisedas sufficient total amount of platinum
in the dispersion and ease of handling as no atgggccurred during measurements. Therefore,

this concentration was used for all experimentsiooted afterwards.
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Figure 5.1.2. a) Effect of particle concentrationapparent Pt content by ICP-OES. b) Variation of
plasma power and effect on the platinum valuesctisieexemplarily shown for the sample Pt@PS.

As a possible explanation for the low metal contéetected, it was hypothesized that the
combustion of organic matter additionally presenthe dispersion might withdraws energy

n%8 7 Thus, lower values

from the plasma being no longer available for mimalexcitatio
for the metal content are measured. The hypothessstested with two experiments. First, the
plasma power was systematically increased from 1000500 W. Figure 5.1.2b shows the
measured platinum concentration for a 0.1 wt.-%pelision of colloids. As can be seen, the
variation of plasma power did not significantly iease the detected amount of platinum. On
the contrary, a minor shift of about 4% to lowelues was observed for higher plasma power.

A higher plasma power affects the colloid combustmd by this, the efficiency of ionization
of the platinum atoms within the particles. Therefdt was expected that if combustion of the
organic material of the colloidal particles integfe with metal atom excitation, variation of
plasma power would lead to differences in the detkanetal content. However, the metal
content detected was essentially the same withinguglasma power. Hence, it is concluded
that differences in excitation efficiency of the taleinside the particles caused by organic
matter present in the plasma as compared to teavistal ions in the standards is not the cause
of the low metal contents detected by ICP-OES nreasents.

As a second experiment, pure polystyrene colloidslerby a similar recipe without platinum
complex were added to the platinum standard seoludming so, the organic contents in both

standard solutions and colloid dispersion were hextcand any difference in excitation
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efficiency by combustion was consequently takem iatcount during the calibration with

standards.

Table 5.1.2 shows the results for the measureme@tiisand without the addition of colloids to

the standard solution for Pt-containing PS and PMIlsltgéx particles. For both polymer types,
no changes of the measured values were detectedeHany effect of additional organic matter

for the low metal values detected was excluded.

Table 5.1.2. Measurement results with and withbetaddition of 0.1 wt.-% of pure PS colloids to Pt-
Standards, 1250 W plasma power.

Sample PS-colloids in Pt-content ICP standard-
Standard deviation
[wt.-%] [% of Theory] [%0]
Pt@PS No 49.16 5.41
Pt@PS Yes (0.1) 51.85 6.34
Pt@PMMA No 73.87 3.05
Pt@PMMA Yes (0.1) 70.24 6.35

5.1.1.2.3 Size issues

As effects of additional organic matter in the piasfor the unexpected metal contents detected
were excluded, it was concluded that the problemghimbe found in the behavior of colloidal
matter as samples fed in the ICP-OES device. Itagasimed that due to their size and mass,
colloidal particles might show a different behaviilothe sample inlet system than free ions in
solution. Especially in the cyclone chamber, aedédhce between plain ions and comparably
large and heavy colloidal particles might lead tdiscrepancy in acceleration of the colloidal
particle dispersion into the chamber. Hence, a tameount of metal-containing particles would
arrive in the plasma, be combusted, excited andlljindetected compared to an equally
concentrated solution of free metal ions.

To gain insight into the behavior of differentlyad colloids in the cyclone chamber and the
sample inlet system, a seeded emulsion polymearsizasee chapter 5.1.2.5) was performed.
Seed particles containing Pt(aca@)ere consecutively increased in size by addinghéur
polystyrene to the colloidal particles without &lg the total amount of Pt(acager particle.
Particles with size of 164 nm (seed), 250 nm, 4&7amd 527 nm were produced and analyzed
with the ICP-OE spectrometer. As Pt(agas)hydrophobic, no complex molecules can diffuse
out of the seed particles during the seeded polyatén reaction. Hence, each particle

produced contained a similar amount of platinurgardless of its size. With an increase in total
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mass of the colloids, the ratio between inorganit @arganic material decreased, as the amount
of platinum complex did not change but more polyimeorganic material was added to the

colloids. Table 5.1.3 summarizes important propertf the seed particles.

Table 5.1.3. Properties of the colloidal partighespared by seed polymerization.

Diameter Mass Pt content Pt-content Pt-content
(Theory) (Theory) (Theory)
[nm] [% of seed] [10° Molecules/Particle] [wt.-%] [% of seed]
164 (seed) 100 34 0.450 100
250 348 34 0.129 28.8
427 1733 34 0.026 5.8
527 3258 34 0.014 3.1

In order to evaluate the effect of particle sized masses, the Pt content determined by the ICP
measurement for the seed particle was arbitradtyt@ 1.00. The relative detected platinum-
contents are shown in Figure 5.1.3. The contentssuared for the seeded particles with bigger
diameters were in the same order of magnitude aowved values between 1.00 and 1.20,
without a visible trend. No decrease in platinumteat with respect to the seed particles was
detected. Note that the increase in measurement fer bigger particles stems from the fact
that all samples were measured as 0.1 wt.-% digpstsThe total number of particles present
in the 0.1 wt.-% dispersion is not equal for affafient particle sizes, as the mass of a single
particle increases strongly with increase in di@meTherefore, even though the platinum
amount per particle remains the same, the totaluamof platinum present in the dispersion
decreases with increasing particle diameter. A toteéal amount of platinum atoms to be
detected in the sample induces higher relativeegdoring measurement.

Additionally, the set of experiments showed thaframease in organic material relative to the
metal does not alter the ICP results and hencgastifhe conclusions drawn from the standard
measurements (see Table 5.1.2).

Summarizing these experiments, it can be statddhbasize of the colloidal particles does not

affect the ICP measurements, at least in the aizgerinvestigated.
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Figure 5.1.3. Relative amount of platinum determife colloids with the same amount of Pt(agdm)t
different diameters synthesized by a seeded polyateyn. The platinum content of the seed particles
was arbitrarily set to 1.0 for reasons of clarity.

5.1.1.2.4 Surfactant addition

In the following set of experiments, the additidnsarfactants to metal containing latexes and
metal standard solutions was examined. Severakptiep, such as interfacial tensions and the
particle surface properties of the colloidal dispem and metal standard solutions change upon
the addition of surfactants.

Miniemulsion particles are known to have an incaetplsurface coverage with surfactant
molecules®® Therefore, an increase in surfactant concentratidnices a higher degree of
stability for the colloidal particles as the addsarfactant molecules will assemble at the
interface between water and particles. Dependingherchemical nature of the surfactant, an
increase in stability against coagulation is induegher electrostatically by ionic surfactants or
sterically by nonionic surfactants. Furthermore, ths particles become more effectively
stabilized, additional surfactant might prevent paeticles from interacting with surfaces in the
sample feeding system.

The addition of surfactant will generally lower thaerface tension of both colloid dispersion and
metal standard solution to a saturation value,hrea@at the critical micelle concentration (cmc).
Changes in surface tension can lead to differehtitder of the liquid during transport and
nebulization and hence, can affect the input ofyamanto the plasm&’® Additionally, it has
been shown for inorganic particles that a high degsf stability is of crucial importance for
reliable ICP-OES characterization using slurry rodg*®¥

Two different surfactants, ionic sodium dodecylfsid (SDS) and nonionic Triton X100 were

chosen. First, ICP measurements of all differespelisions were performed with varying
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amounts of surfactant. The results were evaluagaghat metal standards that did not contain
any surfactant (Figure 5.1.4). Care was taken tmsh elemental emission lines that did not
show any spectral interference with sodium linedire@s originating from contaminants (e.g.
Mg from SDS) and thus, guarantee spectrally rediaflormation of the metal content.

The left side of Figure 5.1.4 (plots A-D) shows theults of the ICP-OES analysis for samples
with SDS amounts between 0 and 1.5 wt.-%. The hehat all different colloidal dispersions
was strikingly similar: the addition of small amasiof SDS leads to a drastic increase in the
metal content measured. With increasing SDS coragmt, the detected values continuously
rose until they reached a plateau, starting fronsB% concentration of 0.5 wt.-%, of constant

values very close to the theoretical amount.
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Figure 5.1.4. Effect of surfactant addition on rhetamitent measured by ICP-OES. Left side
(A-D): measured metal contents after addition o83B 0.1 wt.-% colloid dispersions; right side (E-H
measured metal contents after addition of Trito@Xfo
0.1 wt.-% colloid dispersions. The dotted line eg@nts the theoretical metal content.
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Quantitatively, minor differences between the ddfg samples exist. First, the sample
containing europium (Eu@PS) only exhibited a Euteonh of approximately 92% of the
theoretical value when measured with SDS concemtiabf 0.5 and 0.75 wt.-% while all other
samples showed values of 96% or higher. This bated to a small amount of coagulum
present in the europium containing emulsion aftelyiperization. Second, apparent metal
contents measured with the highest SDS concemstd 1.5 wt.-% decreased to 90% of the
theory for the Eu- and Fe containing samples Eu@RSFe@PS whereas measurements of the
platinum containing samples (Pt@PS and Pt@PMMA)featured apparent metal contents of
more than 96%.

However, metal contents very close to the theaktialue were measured reproducibly for
SDS amounts between 0.5 and 1 wt.-% for all samples fact that the theoretical value was
not exceeded with increasing SDS concentratiorcatds that the lines chosen for the analysis
indeed did not show any spectral interference witier elements, especially Na.

The right side of Figure 5.1.4 (plots E-H) depitiie results of the ICP-OES measurements
obtained for metal containing colloid dispersionghwthe surfactant Triton X100 added.
Qualitatively, a similar behavior as for the SDSdiddn was found. With increasing
Triton X100 concentration, the metal concentratidatected significantly increased. However,
there are two differences: First, the concentratimi Triton X100 necessary to induce
significant increases in metal content detected tagher compared to SDS. Second, the
Triton X100 concentrations that gave rise to valaEsse to 100% vary from 2 wt.-% for
platinum containing dispersions to 5 wt.-% for #anple containing europium. For the Fe@PS
sample, a maximum Fe concentration of 91% of theads measured with 5 wt.-%
Triton X100. Finally, for the platinum containingupicle dispersions, the Pt content detected at
high concentrations exceeded the theoretical ajusbout 10%.

Although the colloidal dispersions were measureith &dditional surfactant, no surfactant was
added to the standard solutions. Therefore, thia@tension between colloidal samples and
metal standards differed drastically. This can lead different behavior of the liquids during
the transport through the spectrometer and in gfseilizer chamber and may lead to differences
in the apparent metal concentration detected. Autditly, the presence of sodium ions in a
sample can lead to disturbances of the measurerkeaten as matrix effects. Matrix effects
have their origin in different parts of the ICP spemeter, ranging from differences in
excitations in the plasma itself to changes in $bésent transportation rate in the sample
feeding systerft>® 1791801

In order to avoid these differences and to comevitip a more reliable measurement protocol,
similar concentrations of surfactant were usedbioth standards and colloid dispersion. This

procedure, commonly referred to as matrix adaptju@arantees maximum similarity between
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standards and samples and hence, gives rise to tngwvorthy results of the ICP-OE
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Figure 5.1.5. ICP-OES results for samples measafted addition of surfactants to both colloid
dispersion and metal standard solutions (matriyptda). Left side (A-D): SDS as surfactant; rigittes
(E-H): Triton X100 as surfactant. The dotted liepresents the theoretical metal content.

Using matrix adaption, all standards were match#l the surfactant concentrations used for

the samples. The resulting values for the metateoination are shown figure 5.1.5.

Generally, the individual plots do not drasticadiffer from the measurements performed

without matrix adaption (Figure 5.1.4) but, as eddabefore, can be considered to be more

accurate. Plots A-D (left side of Figure 5.1.5) whihe dependence of SDS on the platinum

values measured. Most importantly, the plateawaottant values close to the theoretical metal

content was still found for SDS concentrations leetwv 0.5 and 1 wt.-%. Quantitatively, the

metal values were even closer to the theoreticklevand a maximal difference of 7%

compared to the theoretical value was measuredilfosamples investigated. The apparent
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platinum concentrations detected for both Pt@PS RI@PMMA were 102-103% of the
theoretical value, the iron containing sample gase to iron contents of 100-103% of the
theoretical value and the europium containing sangblowed a metal content of 92-94% of
theory. As mentioned above, this discrepancy betwd#® measured and the theoretical
europium content is attributed to the presence afior amount of coagulum found after
synthesis. For all other samples, the metal costerasured matched the theoretical value
within the experimental accuracy.

The most prominent difference between measurenweititsand without matrix adaptions are
the values obtained for small concentrations ofastaint (see Figure 5.1.5 C and D) that, for
Fe@PS and Eu@PS samples, significantly exceed hiberdtical value. This unexpected
behavior can be explained by a difference in sertaasion for the metal standards solution and
will be discussed in the next section.

The right side of Figure 5.1.5 shows the results rimatrix-adapted measurements with
Triton X100 as surfactant. Qualitatively, the meadumetal concentrations show a very similar
dependence compared to measurements with plaidastheolutions (Figure 5.1.4 E to H).

A quantitative analysis reveals values closer ® tteoretical value for higher Triton X100
contents for the matrix adapted measurements. U2ing.-% of Triton X100, the metal
contents measured were within 4% difference talleeretical value for all samples except for
Eu@PS. For the latter, the metal values closetsigiory were obtained with 5- and 10 wt.-% of
Triton X100 (97 and 98% respectively).

Concluding this section, it can be stated that tamidiof surfactant drastically influences the
results of the ICP-OES measurements. Choosing propecentrations of the surfactant,
apparent metal values in very good agreement \whtheoretical value were obtained. These
values were determined to be between 0.5 and %wior SDS as surfactant and approx.
2wt.-% for Triton X100. Using matrix adaption, symatic errors caused by differences
between standard solution and colloid dispersiorews@nimized.

Furthermore, no influence of the material of théypw®ric shell was detected as the samples
Pt@PS and Pt@PMMA showed very similar behaviorrdyaill different measurements.

5.1.1.2.5 Surface tension

In order to further investigate the characteristaésthe colloidal dispersions with various
concentrations of surfactant, surface tension nmeasents were performed using a Du Nouly
ring tensiometer. Figure 5.1.6 shows surface tessiobtained for dispersions of platinum

containing polystyrene dispersions with a solidteahof 0.1 wt.-% that were used for the ICP-
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OES analysis described in the previous chapter.déonparison, surface tensions of equal

amounts of SDS dissolved in pure water were medsasevell.
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Figure 5.1.6. Surface tension measurements ofdlh@dal dispersions and pure water with varying
amounts of surfactants. a) SDS used as surfa@fpmtiton X100 used as surfactant.

All measurements were performed with the colloidiapersions of 0.1 wt.-% used to measure
ICP-OES. Figure 5.1.6a compares the surface terfiavater with varying amounts of SDS
with those of the colloidal dispersion Pt@PS. Apested, both sets of measurements showed a
drastic decrease in surface tension with increaamgunts of surfactant until a saturation is
reached upon which further addition of SDS did albter the surface tension anymore. The
onset of this plateau corresponds to the critidaelie concentration (cmc) of the surfactant in
the respective medium. While the colloidal dispmmsand pure water qualitatively resemble
each other, quantitatively, they do show differenddost prominent, the surface tension values
for small SDS concentrations (< 0.5%) are signifibahigher for the colloidal dispersion, a
characteristic that can be attributed to surfaatamiecules being adsorbed to the surface of the
colloidal particles. These molecules are thus mesgnt at the liquid's surface to reduce the
surface tension. A further consequence is the d®D® in dispersion, which is shifted to a
higher SDS concentration compared to pure watetagting SDS. Finally, the first data point
measured for the colloidal dispersion that is s$#tdaat the plateau of constant values
representing surfactant concentrations above the ismobtained for the dispersion with
0.5 wt.-% SDS. Strikingly, this concentration wd®wn to be the minimum concentration of
surfactant to give experimental metal contentsmédieg the theoretical value for all samples
investigated (Figure 5.1.5). Hence, it is conclutted, in the case of SDS as surfactant, the cmc
represents a threshold value of surfactant coretgmtr for reliable measurements of the metal
content in colloidal dispersions. This behavioatigsibuted to the fact that starting with the cmc,
the particles’ surfaces are completely saturatedh vaurfactant molecules and hence,

interactions with other particles and surfacesh@ $pectrometer are reduced to a minimum.
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Additionally, above the cmc, the surface tensioatithe lowest possible point for both colloidal
dispersions and water standards. This leads tmitasibehavior of both types of liquids in the
nebulizer chamber and therefore, to comparabletiopumatter into the plasma that finally
enables reliable ICP-OES measurements.

For Triton X100 as surfactant, no differences betwpure water and the colloid dispersion are
visible as even for the lowest Triton X100 concatitn (0.1 wt.-%), as the cmc has a value of
0.015 wt.-% as specified by the manufacturer. Thdase tension directly drops to stable
values of 32 mN-fh for the lowest concentration measured and remeimstant for higher
concentrations of surfactant. It can be concludeat the high Triton X100 concentrations
necessary for measurements with detected valuss tiatheory cannot be related to the cmc of
Triton X100.

Finally, surface tension measurements were perfibriménvestigate the behavior of colloidal
dispersions and metal standard solutions with I®@% &mounts of 0.1 wt.-% that gave rise to
unexpected results (see Figure 5.1.5A-D) for theaegnt metal content. Platinum containing
samples gave similar values for measurements widhvdathout matrix adaption (around 80%
of the theoretical value). Iron and europium camitej samples on the contrary, lead to apparent
metal contents significantly higher than the thdoat value (above 130%) when measured with
matrix adaption while measurements with plain stéadsl produced values around 80-90% of
the theoretical value.

To resolve this unexpected phenomenon, two expatsnaere performed. First, the surface
tensions of the metal-ion solutions containing Wtt% SDS used as standards for the
calibration of the ICP spectrometer were measureglife 5.1.7b).

Surprisingly, the surface tension of both europiand iron solutions dropped rapidly with
increasing amount of metal ions from 45 mN-for 0.5 mg- 1solutions to 32 mN-ffor

2 mg-1* solutions. The platinum standard solutions didvsisarface activity as well, but the
decrease was less pronounced with a shift fromo4&0tmN-rit between lowest and highest
metal concentration.

For comparison, europium standards with 0.5 wt.D& Svere investigated as well. As can be
seen in Figure 5.1.7b, no changes in surface terisiathe different metal concentrations were
detected. As the SDS concentration is well above, era further changes are induced by the
metal ions. This behavior once again reflects tmble metal contents detected by ICP for
SDS concentrations of 0.5 wt.-% or higher.

The influence of varying surface tensions of thiéedént standard solutions for an ICP-OES
measurement was investigated consecutively. A atargblution containing 1 mg-etal ions

was prepared and analyzed in the spectrometer.ta#slards for the calibration line, the
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standard solutions of the matrix adapted measuresmeare used. These contained varying

amounts of SDS. Figure 5.1.7a shows the resultsediCP measurements.
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Figure 5.1.7. Surface tension and ICP performanftieeometal standard solutions. a) surface tension
measurements of the metal standards used for thexrmdapted measurements with 0.1 wt.-% of SDS.
For comparison, europium standards containing .8mSDS are shown as wek{. b) ICP-OES test
measurements to reveal problems arising from changiirface tension: a solution containing 1 thg:!
metal ions was measured with standards containffeyeht amount of SDS. The lines interconnecting

the data points are guides for the eyes only.

For the platinum sample, concentrations close ¢oetkpected value of 1.02 mfavere found
for all SDS concentrations added to the standdrks.europium and iron sample, prepared to
contain 1.00 mgi metal ions as well, showed a very different betavilCP-OES
measurements with plain aqueous standards gaveemppaetal contents of 1.00 mig-las
expected. However, when adding low concentratidnSI2S to the calibration standards, the
apparent metal content given by the spectromets=tlgrexceeded the true metal content and
indicated metal contents of 1.5 mig(Fe) and 2.1 mg*l(Eu) respectively. As soon as the SDS
concentration in the standards exceeded the cm8 ¥SD5 wt.-%), the metal contents detected
were close to the true concentrations. Again, ¢bisoborates the results given before that for
reliable measurements using SDS as surfactanteotmations well above the cmc have to be
chosen.

Comparing the apparent metal content detectednfiatl SDS concentrations for Pt and Eu and
Fe with the surface tensions of the respectivedstalts used, it is concluded that large
differences in surface tension within the standagglains the overestimation of the metal
contents measured for the iron and europium selutidditionally, we believe the same
phenomenon accounts for the overestimation of Re- Eu-containing colloidal dispersions
with low SDS contents presented in Figure 5.1.:¢€ 2.
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5.1.1.2.6 Effect of electrolyte addition

To examine the differences between SDS and TritbdOXaddition for the apparent metal
detection, experiments with different ionic stréngtf both dispersions and standards were
performed. SDS, being an anionic surfactant attesonic strengths in the colloidal solutions
as it represents a [1;1] electrolyte while TritohG®, being nonionic, does not induce any
changes in the ionic strengths. Even though raiabdasurements using Triton X100 in high
concentrations of 2 wt.-% or more can be perfornikd,addition of SDS seems to be more
effective as only concentrations of 0.5 wt.-% agegssary to achieve metal contents resembling
the theoretical value.

To clarify the effect of electrolyte addition toetlzolloid dispersion, different electrolytes were
added to dispersions of 0.1 wt.-% of Pt@PS and Fe@RBble 5.1.4 sums up the dispersions
prepared and the resulting metal contents measyrédP-OES.

First, sodium chloride (NaCl) was chosen as elédas it contains sodium ions as well but
does not show any surface activity. The conceoimatias set to 25.67 mmal;la value that is
equimolar to 0.75 wt.-% of SDS, the concentratippli@d to obtain good agreements with the
theoretical metal contents in previous experime8tgprisingly, the addition of NaCl to the
colloidal dispersion had similar effects as thei@ald of SDS: the metal content measured
increased from around 50% of the theoretical vébuglain solutions to values close to 100%

for solutions containing NaCl for both iron andtplam ions encapsulated.

Table 5.1.4. Effect of electrolyte addition on I&Rults; all standards with equivalent amounts of
electrolytes; 0.1 wt.-% dispersions of polystyrene

Sample Electrolyte Conc. lonic strength Me-content ICP standard
deviation
[mmol-I7] [mmol-I] [% of Theory] [%]
Pt@PS 0 0 49.16 5.41
Pt@PS NaCl 25.67 25.67 97.33 3.52
Pt@PS KCI 25.67 25.67 103.65 6.58
Pt@PS CaC} 8.56 25.67 104.03 2.71
Fe@PS 0 0 56.39 9.96
Fe@PS NaCl 25.67 25.67 100.56 5.48
Fe@PS KCI 25.67 25.67 101.79 4.11
Fe@PS CaCl 8.56 25.67 93.95 5.03

In order to exclude effects of sodium on the measwalues, potassium chloride (KCI) was
chosen as another [1;1] electrolyte in similar nittaTherefore, the colloidal dispersions had a

similar ionic strength. As can be seen from Tahle.4 the impact on the metal contents
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determined by ICP-OES was comparable: measurecevdior the metal content increased
significantly to the theoretical value within thenits of experimental errors for both colloidal
dispersions used in the experiments.

Last, calcium chloride (Caglwas chosen as a [2;1] electrolyte. In that casé,the molar
concentration was held constant but the ionic gtterof the solution. The molarity of the
solution was set to 8.56 mmdlih order to achieve an ionic strength of 25.67 miioAgain,
the metal contents measured with this ionic stfengtreased drastically compared to the plain
solution and deviations from the theoretical vakgze restricted to several percents.

As stated before, the presence of alkali- and edkili elements in agueous analyte solutions
can affect the amount of analyte ions detectechirfierences known as matrix effétfs'™
that originate either from changes in the plasneelfit (e.g. differences in excitation
efficiencyf™® or during transport of the analyte solution (elganges in transport ratésf: 1

189 Matrix matching was recognized as a means to nizeitthese matrix effects® As all our
measurements were performed with matrix-matcheadarals, we believe that the increase in
apparent metal content detected cannot be attdhiotenatrix effects but needs to be attributed
to changes of the colloidal properties upon elégiecaddition.

For further investigations, particle size, zetaeptinl and surface tension of the particle
dispersions containing electrolytes were measufedile 5.1.5 summarizes the results. No
significant changes in hydrodynamic radius or stgfeension of the different dispersions were
detected after addition of the different electretytThe zeta potential shifts to higher negative
values for NaCl (-72.4 mV) and KCI (-53.4 mV) comga to the pure colloidal dispersion (-
42.0 mV). Addition of CaGlinduces a decrease in zeta potential (-29.6 m¥ge d@rigin of
these shifts are attributed to a shrinkage of teet®chemical double layer upon electrolyte
addition and the presence of positively chargectiaal ions in the double layer that
overcompensate the negative charge of SDS prestrg particle surface. As the zeta potential
does not change in a similar way for the differelectrolyte solutions, no clear explanation of

its effect for the apparent metal content can hpothesized.

Table 5.1.5. Physico-chemical properties of dispaessof Pt@PS with different electrolytes.

Electrolyte Conc. lonic strength Hydrodyn. Zeta Surface

Diameter Potential Tension

[mmol-17] [nm] [mV] [mN-m?]

0 0 107 -42.0£1.6 72.2
NaCl 25.67 25.67 103 -71.4+2.8 72.15
KCI 25.67 25.67 109 -53.4+2.6 72.52

CaCl, 8.56 25.67 120 -29.6+0.9 73.14
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Summarizing these measurements, it is concludddnibtaonly a decrease in surface tension
induced by addition of surfactants does affectdpparent metal contents measured, but the
mere presence of electrolyte already alters thewehof colloidal dispersions in the ICP-OES

device and reproducibly leads to the detection efaincontents close to the theoretical value.
The origin of this behavior needs further invedimaas no clear correlation between surface
tension and zeta potential of the colloidal disjpers and the increase in apparent detected
metal content was found. From a practical pointvielv however, it has to be stated that

addition of electrolytes decreases the stabilitcafoidal dispersions and eventually leads to
coagulation of the particles while addition of sathnts naturally increases their stability. For
reliable and reproducible measurements, additiosuofactant is regarded as the method of

choice.

5.1.1.3 Conclusion

In this chapter, it is shown that a simple measergnof colloidal metal-complex containing
dispersions systematically underestimated the noetadent of colloidal particles. Variation of
plasma power or matching the total content of cigamatter by addition of plain polystyrene
colloids to the standards did not lead to an irsgéa apparent metal content.

Addition of surfactant to the colloidal dispersiand, to account for changes in the aqueous
matrix, to the metal standard solutions as well tiedetected metal contents in good agreement
with the theoretical value. It is assumed that itteeease in measured metal contents can be
explained by three different factors: a decreassuirfiace tension of the colloidal dispersion,
more stability of the dispersion with colloids bgiextremely well separated and a decrease in
interactions of the colloids with polymeric tubeslaglass parts of the ICP-OE spectromeAsr.
surfactants, sodium dodecyl sulfate (SDS) and k@00 were both successfully used. SDS
proved to be more efficient as stable metal costeluse to the theoretical value were detected
with concentrations from 0.5 to 1 wt.-%. Surfacesien measurements confirmed that the
threshold for reliable metal content detection esponds well with the critical micelle
concentration (cmc) of the surfactant in the cdébidispersion. Triton X100 was successfully
applied to reach metal contents close to the thiealevalue in concentrations of 2 wt.-% or

higher.
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5.1.2 Synthesis of metal-complex containing latex partles

This chapter describes the synthesis of metal-cexngbntaining polymer particles by emulsion
and miniemulsion polymerization. While surfactargef emulsion polymerization produces
particles with great homogeneity, the diffusion ttolled mechanism presents a serious
drawback for the controlled incorporation of fulctl molecules such as metal complexes. In
contrast, the miniemulsion polymerization process/ents net diffusion and thus allows for a
stoichiometric incorporation, even of two complesé@nultaneously. However, the particle size
distribution is relatively broad. A subsequent sgkémulsion polymerization process can be
applied in order to control the final size of thenétional polymer particles. All three reaction
pathways have been performed for the incorporatébndifferent metal acetylacetonate
complexes. A detailed investigation on the encatigui efficiency of a stoichiometric mixture
of both complexes is conducted by ICP-OES.

The produced particles serve as precursor colllmidshe preparation of metal nanoparticles
arrays in a process that will be presented in @rep8.

All plain polystyrene particles that are used ibsequent chapters for the assembly of colloidal
monolayers were prepared by surfactant-free emulpiolymerization as described in the
experimental section. Parts of this results werdliglied in the articles Platinum
Nanoparticles from Size adjusted functional colidiparticles generated by a seeded emulsion
polymerization proces§®! and ‘Interfacial activity of uncharged, highly symmetrietal 3-

diketonato complexes - in situ generation of amipitép by water coordination®?
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5.1.2.1 Introduction

A main focus of the work presented in this thesidbased on a non-conventional colloidal
lithographic approach to create arrays of metaloparticles from metal-complex containing
latex particles developed by Alfred Plettl and cokens (chapter 3.4.3%" A detailed
description of the process is given in chapter BS8a brief introduction, the process uses the
metal-complex containing polymer latexes as sagaifimaterial. A plasma induced etching
process is performed to completely combust therocgaaterial of the colloids, leaving crude
metal nanodots at the contact point of the colloidih the substrate. An annealing step is
performed to transform the crude nanodots intotalyise metal nanoparticles. The size of the
nanoparticles is controlled by the amount of metahplex in the colloids while the particle
spacing is dictated by the initial diameter of twloids. In order to demonstrate a precise
control over size and lattice constant of the naniiges arrays, a precise adjustment of size
and metal content of the polymer particles is aquneisite. Both emulsion and miniemulsion

polymerization can be applied in order to achiéweaforementioned goéf!

5.1.2.2 Incorporation of metal complexes by emulsion polynrzation

In contrast to miniemulsion polymerization, emufsjmlymerization is more limited both in the
choice of monomers and functional molecules tonbegrated into the latex particles. However,
especially surfactant-free emulsion polymerizatimpriced for the high monodispersiy*®!

of the resulting latex particles. These find apgiens where high precision colloidal crystals

éi!.86—187

are needed, most prominently in the fields of phimsf®**®! phononic I and

lithography!®: 13¢- 188!

As the symmetry and order of the nanoparticlesyarta be produced from the metal-complex
containing colloids crucially depends on the umifdy of the colloids, surfactant-free emulsion
polymerization was applied to incorporate differanetal complexes in order to produce
colloids with a narrow size distribution.

Keeping in mind the diffusion based mechanism,ngtrdeviations from the theoretical amount
of metal in the colloids are expected. As alrearlained in detail in chapter 3.1.2 of the
theory part, the latex particles are formed byudiibn of monomer to the polymerization loci —
formed by homogeneous nucleation in a surfactae firoces§” As the metal complexes,
present in the monomer droplets at the beginnintp@freaction, inherently feature a different
diffusion coefficient in water compared to the movaw, the encapsulation efficiency can vary

drastically. Figure 5.1.8.graphically illustratée tprocess. In the upper part, the metal complex
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(drawn as red star) possesses a relatively laffiesidin coefficient as indicated by the size of
the arrow. Therefore, a high amount of complex asinl in the latex particles after
polymerization. Figure 5.1.8b shows the same pméasa complex with a smaller diffusion
constant (green star; small arrow). Upon polyméioza the diffusion of complex to the
polymerization loci is hindered and only a smalloammt of complex is found in the final latex
particles. The stoichiometric encapsulation of @ferent complexes cannot be achieved by
emulsion polymerization due to differences in difin coefficient$®® Different metal
acetylacetonate complexes were tested with redpethe encapsulation efficiency. While
platinum(ll)acetylacetonate showed a partial inoosgion that will be presented below,
attempts to incorporate iron(lll)acetylacetonateeveompletely unsuccessful as the emulsion
was destabilized in the course of the polymerizatibis hypothesized that the tendency of the
iron complex towards hydrolysis and condensati@ttiens at the interface interferes with the

colloidal stability. A more detailed discussion Mike presented in chapter 5.1.2.3.

a) M —> M—> * X
*—> & ) *—> Pk *
b)
M—> M—>
- *

Figure 5.1.8. Emulsion polymerization in presentmetal-complex molecules with different diffusion
constants indicated by the size of the arrows.

5.1.2.2.1 Incorporation of platinum(ll)acetylacetonate

Figure 5.1.9 presents the results for the encagsoleof platinum(ll)acetylacetonate in
polystyrene latex particles by surfactant-free emom polymerization. Experimental details are
given in the experimental section. A clear deviatietween the amount of platinum added to
the monomer phase and the amount measured intéhefarticles after filtration and dialysis

can be seen. The encapsulation efficiency rangeeeba 69-and 78% of the theoretical value.
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However, as can be seen in the diagram on the siglet of Figure 5.1.9b, the relationship
between the amount of complex added to the mon@im@se and the encapsulated amount of
platinum is linear. Thus, an easy control overiplah content in the final particles is at hand.
The size and homogeneity of the particles is néect#d by the presence of the complex
(compare Figure 5.1.9c).

a) Sample Pt(acac), Pt-content Diameter b)o\o 18
# added measured Latex R e
% 1.24 e -
/wt-%of  /wt% /% of /nm £ 107 e
monomer theory § 0.8 p
1 1.0 0.39 69.2 1757 £ 0.6 ,//
2 2.0 0.75 75.5 196+5 8 04 o’
5 0.2 -7
3 4.0 1.37 78.5 18545 N
"o 1 2 3 4

Figure 5.1.9. Encapsulation efficiency of platinlid@cetylacetonate by surfactant-free emulsion
polymerization of styrene. a) Table showing theadebf the incorporation of platinum. b) Diagram
showing the measured platinum content vs. the abtmfyslatinum present in the monomer phase. c)

Scanning electron micrographs of the respectivégbas: form left to right; 1% Pt(acacR% Pt(acag)
4% Pt(acac)

5.1.2.3 Reasons for the different behavior of the metal copiexes in

incorporation reactions

While the encapsulation of platinum(ll)acetylacettenas well as chromium(lil)acetylacetonate
and nickel(ll)acetylacetonate (not shown) is pdsswith varying encapsulation efficiencies,
the incorporation of iron(lll)acetylacetonate by wdsmon polymerization was completely
impeded as the polymerization always yielded irst&mulsions that phase separated in the
course of the polymerization reaction. Previously,has also been observed that the
incorporation of different metal-acetylacetonatenptexes by miniemulsion polymerization
affected the size distribution of the resulting paisions®® Especially the presence of
iron(lll)acetylacetonate resulted in very broad esidistributions compared to plain

miniemulsions produced without added complexes.
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In order to resolve the differences, the metal dexgs themselves were subjected to a more
detailed study. First, their behavior at an oil-evainterface was investigated to mimic the
situation in an emulsion. Second, their stabilityards hydrolysis in the presence of water was
investigated. To resolve the influence of complexeshe interfacial properties in an emulsion,
spinning drop tensiometry was used. In brief, glitoof toluene containing defined amounts of
metal complex was placed in a capillary filled witater and rotated at high rotational speeds.
With the help of a camera and a software algoritine shape of the organic droplet can be used

72173 Toluene was chosen as

to calculate the interface tension of the two litfu{chapter 4.5
organic phase as most of tAaliketonate complexes were readily soluble and Umzaf the

close chemical similarity to styrene. For a scregniacetylacetonate complexes of 3d, 4d and
5d metals as well as complexes of the third maiugiwere investigated. Figure 5.1.10 shows
the measured interfacial tensions for toluene witietal-complex concentrations of
10 mmol-kg" and 50 mmol-k§ measured against water. Surprisingly, almost ralhsition

metal complexes lowered the interface tension ta@edain degree. This behavior was
unexpected as the complexes are uncharged and/ lmgiimetric. Usually, only asymmetric

and amphiphilic molecules show a strong tendendetpresent at an interface.
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Figure 5.1.10. Interfacial tension of toluene solus of the investigated meta#-diketonate complexes
against water as determined by spinning drop temsiiy. (a) acac complexes af fetal cations, (b)
acac complexes oftdbd/f metal cations, (c) acac complexes of group 13 etdsnand (d) selected tmhd-

complexes.
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Most pronounced interfacial activities were meaduoe Fe(acag)(reduction from 34 mN-th

to 15 mN-mt for 50 mmol-kg), Cr(acac) (12 mN-nt for 50 mmol-kd), Hf(acac) and
Zr(acac). The latter reduced the interfacial tension frofnn@N-m'" to only 4 mN-rit; a value
that is nearly identical to results measured faliwso dodecyl sulfate (SDS) as an archetypical
surface active molecule (maximum reduction to 4Mmi' for 8.6 mmol-kd). 2,2-5,5
tetramethyl heptane dionato (tmhd) complexes orctmerary did not show interfacial activity
(Figure 5.1.10d).

To explain the interfacial activity of the symmetgomplex molecules, hydrogen bonding of
water molecules to the complex was proposed. Théiawl of water is assumed to reduce the
symmetry of the complexes and thus induce ampligitlgiland pin the molecules to the
interface. In general, there are two ways in whichvater molecule may coordinate to a
complex that are illustrated in Figure 5.1.11: {&iher sphere coordination, in which an
incoming water molecule (partially) penetrates ligand shell and coordinates to the central
metal atom probably exchanging other ligands (Kig&:.1l.11a), and (2) outer sphere
coordination, in which incoming molecules primaviififeract via the complex’s liganét&” for
instance due to hydrogen bonding to the carbonygen (Figure 5.1.11b). Finally, a
combination of both may also be possible (Figuield.c).

Scenario (1) is the basis for chemical reactionslving the metal center of a complex. Thus,
inner-sphere coordination of water might triggerdtolytic polycondensation processes,
eventually leading to extended metal hydroxide/exstructure$” In scenario (2), the metal
center may also play a crucial role. For instatioe,coordination op—diketonate ligands to d-
metal cations makes them much stronger H-bond &msepompared to free acetylacetone,

since the cation polarizes the carbonyl bdids.

‘M:::Eé
(a) ,@i& ' Mﬁ
©) - ¥

Figure 5.1.11. Different ways of coordination ofinnoming (hydrogen-bonding) ligand to an Me(agac)
complex: a) inner sphere, and b) outer sphere auatidn, and c) a combination of both.
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To assess the role of hydrogen bonding in the g¢ioer of amphiphilic species, 3,5-
dichlorophenol (DCP) was added to the organic plkasgaining the metal complexes. Phenols
are much stronger H-donors compared to w&t&iThus, it was hypothesized that if hydrogen
bonding plays an important role for the interfacakivity, a strong hydrogen donor in the
organic phase may compete with water in bindingh® complexes. As the phenol is the
stronger donor, the formation of phenol-complexuwdsl would be energetically favorable. The
phenol itself is soluble in the organic phase offilyerefore, the bonding to the complex would
not generate an amphiphilic species and consegquémiler the interfacial tension. The
measured interfacial tension should be higher coetpt a system without 3,5-dichlorophenol.
Figure 5.1.12 presents measurements of the interf@msions for the most active complexes
Cr(acac), Fe(acag) and Zr(acag)in presence of different concentrations of dichjrenol
(DCP). A clear increase in interfacial tension regence of DCP is detected, thus corroborating
with the proposed model. This model also explaihg timnhd complexes do not show interfacial
activity. The presence of the bulky methyl grouffeatively shields the carbonyl atoms from

the hydrogen donors.
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Figure 5.1.12. Effect of the presence of DCP orintexfacial tension of toluene solutions of (a)
Cr(acac), (b) Fe(acag)and (c) Zr(acag)at 50 mmokg™ against water as a function of the number of
molar equivalents of 3,4-dichlorophenol (DCP) added

A further assessment of the mechanism was perfobyd2t. Coenrad von den Brom who used
diffusion ordered NMR spectroscopy (DOSY-NMR) tovestigate which coordinating
mechanism (1 or 2 of Figure 5.1.11) takes plach thié¢ metal complexes.

Diffusion ordered NMR spectroscopy revealed thgb@ac) adds water directly at the metal
center under loss of one of the ligands. Subsetylehydrolysis takes place and larger
aggregates are formed. The investigation of Fefaeaownell as Cr(acagyvas not possible with
NMR based methods due to the paramagnetism of dmtiplexes. The complete set of data
including the DOSY experiments can be found indhele “interfacial activity of uncharged,
highly symmetric meta#-diketonato complexes - in situ generation of ampipiés by water

coordination” that has recently been accepted for publicatidraimgmuir.
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An important indication towards the occurrence ofdholytic reactions upon contacting
Fe(acag) in toluene with water was provided by visual ingtpn of the samples after spinning
drop tensiometry. In the presence of Fe(acdcjacac) a thin skin was formed around the
toluene droplet whilst the capillary was spun, whieffectively stopped the droplet from
regaining a spherical shape after spinning (Fiduiel3). The same effect was observed for
Zr(acac) containing toluene droplets surrounded by watercdntrast, no skin formation was
observed in the presence of Cr(agatydeed, aqueous transition metal ions, especsaigll
and highly charged cations are well-known for thejdrolytic polycondensatiof’® During
polycondensation, extended [-M—(OH)-dr [M-O-], chains or networks are formed, which
may react further and mineralize to a form of metebde. We tentatively suggest that some
form of polycondensation led to the formation oé tbbserved skin. Interestingly, this skin
formation was not observed in the presence of diophenole (Figure 5.1.13b and d),
consistent with the hypothesis that the phenolaigesl the water—complex interaction by
forming adducts with the complex itself. These obsgons correlate well with the hydrolysis
constants of the respective aqua ioné’ #ith a pKayar Of 0.22 has the highest tendency to
hydrolyze, followed by F& with PKiyar = 2.19. In contrast, &t with pKiyar = 4.01 has a
hydrolysis constant 100 times lower tharf'FEhus, the tendency of Erfor hydrolysis is the

lowest of these ion&®”

Figure 5.1.13. Toluene solutions of Me(agammplexes after spinning drop tensiometry measentsn
(a) Shape retention indicatives skin formationfetacac) (50 mmolkg™?), (b) no shape retention (i.e.
restoration of spherical droplet after spinning)Fe(acagin the presence of dichlorophenole in the
toluene phase; (c) Shape restoration for Cr(gcanyl (d) shape restoration for Cr(agacPDCP.
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Concluding, the differences in emulsion polymei@atin presence of different metal
complexes can be traced back to the differencéglravior and reactivity of the complexes at
the interface. Especially hydrolysis reactions apptly induce instabilities of the emulsion

during emulsion polymerization in presence of Fa¢kc

5.1.2.4 Incorporation of metal complexes by miniemulsion plymerization

Miniemulsion polymerization is the method of choiéer a controlled encapsulation of
functional molecules into polymeric nanoparticl&fe mechanism and various examples of
functional molecules that were successfully incoaped are described in detail in chapter 3.1.1
of the theory part. In this thesis, the miniemutsiprocess was primarily applied for the
simultaneous encapsulation of iron(lll)acetylacatenand platinum(ll)acetylacetonate. An
investigation on the incorporation of a varietydifferent metal complexes and the resulting

morphology of the particles has been conducteddbyesber et af®!

For clarity, the process scheme of a miniemulsiolyrperization for the loading of polymeric

nanoparticles with iron and platinum complexesisven in Figure 5.1.14.

T = surfactant

@ = Fe(acac)s

@ = Pt(acac)2

Y = initiator

® = hydrophobic agent

Figure 5.1.14. Schematic representation of theeminision process used for the fabrication of metal-
complex loaded latex particles.

For the encapsulation of two different metal cometein a fixed/desired ratio, it is of crucial
importance to have individual nanoreactors durimg polymerization in order to retain the
correct stoichiometry in the latex particles. Tisisa key difference to emulsion polymerization

where diffusion of monomer to the polymerizatiorcildakes plac&® ! As functional



Synthesis of metal-complex containing latex pagscl 87

molecules added to the monomer will feature diffemiffusion coefficients, a stoichiometric

encapsulation is impeded.

5.1.2.4.1 Incorporation of stoichiometric amounts of Fe(acacand Pt(acac)

A variety of particles with different sizes and adetontents were synthesized and characterized
with respect to their metal content using the nedéyweloped inductively coupled plasma-
optical emission spectrometry (ICP-OES) method [ft#1a5.1.1}*"*! The characterization and
reaction parameters are shown in the experimeatdios. The encapsulation efficiency of the
two metal complexes was of primary interest for gbsequent application of the latex
particles in the etching process to create ferroraag FePt alloy nanoparticles. For the
successful subsequent conversion into inorgani¢ fRaRoparticles, it is of crucial importance
to tightly control the encapsulation of both iramdgplatinum precursor complexes in a way that
the stoichiometry in the miniemulsion particlesciese to the desired 1:1 ratio. Figure 5.1.15
presents the measured metal contents for polystypamticles exemplarily for two different
SDS concentrations of 1 wt.-% (left row) and 5 %t.Gight row) with respect to the monomer.
Further miniemulsions with varying SDS contentspdisions have been synthesized as well
and showed similar efficiencies as the ones predesemplarily (the complete set of data is
shown in the experimental section). The diagranasvdine measured metal content against the
metal complex concentration in the initial monorpéiase. The metal content of the pristine
dispersions after polymerization are shown in Fégoil.15a and d.

From miniemulsion theory, the encapsulation effickeof both complexes should generally be
close to the theoretical value of 100% that is redrky a dotted line in the diagrams. For the
samples prepared with 1wt.-% SDS, this is valid domplex concentrations of 13 and
26 mmol/kg (equaling approx. 0.5 and 1 wt.-% oftiplam complex). At higher complex
concentrations, platinum complex is lost during pladymerization. The iron complex remains
completely encapsulated. When preparing miniemugsiwith 5 wt.-% SDS (right row), a
complete encapsulation of both complexes is dededtm both iron and platinum-
acetylacetonate for all concentrations used. Olslyohigher SDS amounts lead to a better
incorporation behavior of the complexes. The reasion this behavior remain unclear and

merit further investigations.
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Figure 5.1.15. Encapsulation efficiencies of Fe¢acand Pt(acag)in the miniemulsion process with
1 wt.-% SDS with respect to the monomer (a-c) amd.8% SDS (d-f). a,d) show the results for the
dispersion after polymerization; b,e) the metalteats after dialysis and c,f) the ratios of Fe¥t a
calculated from the measurements.

It has to be noted that values slightly above 1086fficiency can be detected if the
polymerization is not fully completed as unreaatemhomer will evaporate during solid content
determination needed for the calculation of thatre¢ encapsulation efficiency. Figure 5.1.15b
and e give the results for the particle dispersiafter extensive dialysis (dialyzed until the
conductivity of the water phase after several haidrdialysis remained close to the value for
the pure water used; typically after dialysis watpproximately 8 | of water). Surprisingly, for
all dispersions investigated, a loss of about 15%he platinum complex is observed. This
observation that is in contradiction to the theofyminiemulsion will be investigated in detail
below.

Finally, Figure 5.1.15c and f present the encapisud-e:Pt ratio in the particles as calculated
from the ICP-OES measurements. Within the experiatemror, the pristine dispersions feature

a stochiometric 1:1 content of iron and platinumithwthe exception of high complex
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concentrations (2 and 3 wt.-% of Pt(acaeyith 1 wt.-% SDS. Extensive cleaning, as desired
for the subsequent application to remove e.g. ex&3S, leads to non-stochiometric ratios.
This is undesired for the conversion into FePtyalh@noparticles as the ferromagnetic, L1

phase only forms with nearly perfectly matchingost

5.1.2.4.2 Stoichiometric FePt-precursor particles by unstoiometric encapsulation

In order to achieve the required stoichiometry ef &d Pt of 1:1 and still produce clean,
dialysed patrticles without SDS impurities, a simgti@tegy was pursued:

Knowing that the loss of platinum complex is sysaéinally close to 15% in all samples,
dispersions with a non-stoichiometric Fe-Pt ratim de synthesized with a small excess of
platinum-acetylacetonate (15%), thus compensaktiaddss during dialysis. Figure 5.1.16 gives
an example of the concept.

To compensate the Pt loss after dialysis, the ainiffe:Pt ratio was chosen as 0.85
(21.5 mmol/kg Fe(acagpnd 25.3 mmol/kg Pt(acak)Figure 5.1.16a shows the results for the
ICP-OES metal content determination. The abscisflacts the difference in nominal metal
content between iron and platinum. The left ordiratesents the results for the measurement. It
shows that the value determined does not diffemftbe theoretical expectation within the
experimental accuracy, in agreement with the resshibwn before. The right ordinate shows
the Fe:Pt ratio as calculated from the metal cdateneasured. It gives a value of 0.85,
reflecting the ratio chosen initially.

Figure 5.1.16b depicts the metal contents for #reessample after extensive dialysis (dialysis
until the conductivity was equal to the one of purater). Corroborating the findings before
(Figure 5.1.15), no change in iron concentratiométected and the determined value still is
around 105% of theory. As expected, the platinumtertt dropped after dialysis to 86% of the
theoretical value. The Fe:Pt ratio calculated, show the right ordinate, now yields a value of
1.04+0.04 and is thus very close to the desired stothiometry for the creation of FePt

nanoparticles.
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Figure 5.1.16. Production of latex particles withchiometric Fe:Pt ratios after extensive clearipg
dialysis. The loss of platinum during the dialyisisompensated by an excess of Pt(agdadhe initial
monomer phase. The dotted lines represent thedtiealrvalue of 100% encapsulation and the perfect
ratio Fe:Pt of 1.0. a) Dispersion as measured tjrafter polymerization. b) Dispersion measuregraf

dialysis.

5.1.2.4.3 Investigations on the loss of platinum in the mimeulsion process

A detailed ICP-OES analysis of the metal conceiatnaait different stages of the miniemulsion
polymerization process was performed with the @mesolve at which stage of the reaction the
loss of platinum occurs. The investigation was ekt as follows. Standard miniemulsions
containing one percent Pt(acaalone and a stoichiometric mixture of one per&(eacac) and

an equimolar amount (0.89 wt.-%: equaling 25.3 mkudl monomer) of Fe(acag)were
prepared. At each step of the reaction, namelyrbedmd after polymerization, a part of the
emulsified heterophase system was collapsed witlcagtrated calcium chloride solutioo=(Q
mol-I*). The addition caused a sudden collapse of thécleadroplets induced by strongly
screened electrostatic repulsion. In the emulstate soefore polymerization, the system thus
phase separated and the water phase was isolateddi3persion after polymerization was
filtered to obtain the pure water phase. The metacentrations in the collected water phases
were investigated by ICP-OES. Finally, the dispersiwere extensively dialyzed using one
liter of ultrapure water that was exchanged ev&4in total, the water was changed 13 times,
adding to a total of approximately one month oflydis time. For comparison, the typical
dialysis protocol performed for the experiments \@asually took a week and typically
involved less than eight changes of water.

Table 5.1.6 presents the results of the ICP-OE®siiyation. All metal concentrations are
given as percent of theory to facilitate the disows. The water phases before and after
polymerization did not contain significant amounfsmetal complexes: both metal complexes
in the two reactions under investigation are owlynid in concentrations below one percent in

the water phases. In a reverse conclusion, thisisniat (almost) the complete amount of metal
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must be present in the organic phase prior polyratan and in or at the surface of the particles
after polymerization. Therefore, it can be conctudidat the established miniemulsion
mechanism as presented in the theory part seerhe t@lid for the incorporation of metal
complexes.

Table 5.1.6. ICP-OES investigation on the presaficeetal complexes at different stages of the
miniemulsion polymerization reaction.

Sample Me(acac) Me(acac) Emulsion Dispersion  Dispersion
Theory /wt.-%  Theory /mmol/kg styrene water-Phase water-Phase total
Pt 1.00 (Pt(acag) 25.3 (Pt(acag) 0.42% 0.87% 98.4%
FePt  1.00 (Pt(acag) 25.3 (Pt(acag) 0.36% 0.89% 99.1%
FePt 0.89 (Fe(acag) 25.3 (Fe(acag) 0.87% 0.17% 105.5%
a) ooy @® FePt: Fe-content b) 1 @® FePt Fe-content
9004 @ FePt: Pt-content ) 90 @ FePt Pi-content
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Figure 5.1.17. ICP-OES analysis of the loss of haimplexes during dialysis of dispersions contagni
Pt(acac) only as well as Pt(acacdnd Fe(acagsimultaneously. a) Metal content detected in theeaus
phase. b) Metal content, plotted in percent oftti@l amount of metal initially present in the disgion.

Figure 5.1.17 shows the results of the elementlyais of the water phase in the course of the
dialysis. Dramatic differences between iron(lll)gtacetonate and platinum(ll)acetylacetonate
can be seen. While no iron is detected throughlbeitcomplete dialysis protocol, there is a
constant concentration of platinum detected in eachple of the dialysis water measured. The
loss of platinum that diffuses into the water phsises up linearly to approximately 70% of the
theoretical value for the duration of the dialysigperiment. Judging from the strict linear
dependency, it can be speculated that the remaamimagint of platinum in the particles could be
removed as well; had the dialysis been performeairficincreased period of time. The behavior
is very unexpected as both complexes feature aliaited water solubility (the better soluble
Fe(acag)has a solubility of 215 ppfi™).
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It is speculated that the absence of iron mighteleted to the formation of larger structures as
has been evidenced by hydrolysis reactions fornainghell around the Fe(aca@ontaining
toluene phase in spinning drop experiments (cheptieR.3). This might prevent diffusion of
the larger aggregates into the water phase whéentbre inert platinum complex might be
subjected to diffusion into the water phase. Evaough the solubility is limited, the large
amounts of water applied might account for the .lo&ternatively, (partial) complex
degradation during the sonication reaction canmoekcluded at present and might produce
more readily water soluble species. The value pfr@pmately 15% loss of platinum reported
before does not seem to be a specific propertgeoptatinum incorporation process but rather a
coincidence arising from the dialysis protocol tlveas used throughout the experiments
mentioned above.

The exact mechanism of the loss of platinum durtliglysis certainly merits further
investigations and additional experimental datatfier behavior of different complexes might
help to resolve the question. For the miniemulgiotymerization itself, evidence from the ICP
measurements suggests a complete incorporatiorotbf dbmplexes in agreement with the

established mechanism.

5.1.2.5 Seeded emulsion polymerization as a tool to contrthe size of

polymeric nanoparticles

Seeded emulsion polymerization can be used to cwmthie benefits of miniemulsion and
emulsion polymerization. In the process, metal-cdempcontaining polymer particles, as
synthesized by either of the aforementioned methads used as seed particles. Subsequent
addition of monomer in the presence of initiat@ds to an increase in size of the seed particles
in an emulsion-like mechanism described in deteibl. By varying the amount of monomer
added and carefully controlling the reaction cdodg, the size of the final particles can be
precisely adjusted. As a desired side-effect inreeection, the relative polydispersity of the
colloids decreases as a result of the increasellmia diameter.

In the first part of the chapter, platinum contagiparticles synthesized by miniemulsion
polymerization are used in the seeding processuestigate the influence of principal reaction
parameters on the resulting particles dispersibimally, Pt(acag) containing particles were
synthesized by emulsion polymerization and cargfinitreased in size to cover ranges from

130 nm to 250 nm in order to be applied in theiatgprocess in chapter 5.3.



Synthesis of metal-complex containing latex pagscl 93

5.1.2.5.1 Detailed examination of the influence of reactionapameters on the

resulting particle dispersions

For the detailed investigation of the influenceshaf different reaction parameters, it is essential
to first reflect on the reaction mechanism in def@he focus of the study presented lies in

tuning the reaction in a way as to avoid secondagjeation. Secondary nucleated particles are
colloids formed newly in the course of the reactsimilarly as latex particles are generated in a
conventional emulsion polymerizatifi*! Given that the seeded emulsion polymerization is
applied to adjust the size dtinctional colloidal particles, secondary nucleation must be

prevented in order to guarantee that all partiokssr the desired functionality.

Monomer

droplet \"!
M IMe
. =
. ' .
gt <> @ ¢ ‘—)
v . A ] "~ @

Figure 5.1.18. Simplified model of a seeded emulgiolymerization process to clarify the desired
reaction pathway.

Figure 5.1.18 gives a simplified picture of the qg@sses involved. After being injected into the
water, the monomer diffuses through the water phaske hydrophobic seed particles present
that thus, represent a monomer rich area. The sgatable initiator thermally decomposes to

form radicals in the water phase. These start tpnperize monomer molecules present in the
aqueous phase to form oligoradicals;.INDue to the ionic headgroup introduced by the
persulfate radical of the initiator (ammonium pevdisulfate, APS), the oligoradicals remain

water soluble until they reach a critical chaingémIM;- upon which they become insoluble in

water®" %! For styrene, this length was determined to be Bamer units!®**® The fate of

the aqueous oligoradical and therefore of the @afseaction is determined by whether or not
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it enters a seed particle before reaching thecatitihain length. This point is marked as A in the

scheme. Entering a seed particle gives the radamdss to the monomer reservoir present in the
particle where it subsequently polymerizes, resglin a size-increased seed particle (Figure
5.1.18, left side). Assuming the oligoradical does meet a seed particle before adding the last
monomer unit necessary to exceed the critical clesigth, the chain becomes insoluble in the

water phase and forms a particle nucleus by atooglobule transition (this pathway of the

> ¥7This particle nucleus itself is not

reaction is shown on the right side of the schéffie
stable as it features only one charge coming fitoenintitiator. Stabilization can be achieved by
two different pathways, marked with a B in the sobeFirst, the particle nucleus can attach to
a seed particle where it eventually will be comgieincorporated in the course of reaction due
to more monomer diffusion to the particle. In tbése, no secondary particle will appear in the
final dispersiod®**" On the other hand, several particle nuclei castelutogether to form a
stable particle when the charge density on thefasa becomes sufficiently hig: % **"This
particle, termed secondary particle (shown in gresdor), now participates in the reaction as a
new seed particle. In order to avoid secondaryeatidn forming unwanted, plain particles, the
latter pathway needs to be avoided. Several fadtdtsence the course of the reaction;
predominantly the seed concentration and the cdratem of surfactant added to the reaction.
Furthermore, the initiator concentration and thengosition of the continuous phase are of
importance for the fate of the radical and particieslei as well. Various studies have been

98199 |t has been found that

published, especially on the role of seed partdacentration:
concentrations above TOparticles per liter are sufficient to avoid therfmtion of particle
nuclei®®® Therefore, for all reactions performed, the seedigle concentration was fixed to
2.65-10" particles per liter and the effect of other remciparameters were investigated.
Furthermore, in all cases styrene was added drepwesy slowly with a speed of 1 ml/h. That
ensures that monomer is directly consumed oncepieas in the reaction mixtures (monomer
starved conditiot®” and no monomer reservoir is present that mighnohahe reaction

pathway towards secondary nucleation in a classivallsion polymerization way.

The functional seed particles for the investigatmesented were synthesized by a standard
miniemulsion process described in the experimesgetion. The process resulted in polystyrene
latex particles with a size of 167+14 nm and aiplah acetylacetonate load of 1 wt.-%. A
representative scanning electron microscopy imdgeeoparticles is shown in Figure 5.1.19.
All seeded emulsion polymerization reactions werecated as follows if not stated otherwise.
A dispersion of 0.1 wt.-% of seed particles witB0wt.-% of SDS (relative to the amount of
water used) was heated to 75 °C. Ammonium peroxtfdie, (APS, (NH).S,0g), used as
initiator, was dissolved in a small amount of ujnere water and added to the dispersion.

Styrene as monomer was added to the solution wsisgringe pump with a flow rate of
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1 mii™. The reaction was stirred for 24 h at 80 °C uratgon atmosphere. After completion,

the resulting particles were dialyzed in orderdmove unreacted initiator and monomer. In the
previous chapter (5.1.1.2.3), it has been showmdyctively coupled plasma optical emission
spectrometry (ICP-OES) measurements that a seedeldien polymerization process does not

change the amount of platinum acetylacetonateipétticle? "

5.1.2.5.2 Variation of the amount of monomer added

In a first set of experiments, the amount of monomdded was varied while all other
parameters remained constant. These experimentsdaah investigating the size range
available for the seeded emulsion polymerizatidme @mount of monomer added is described
as the normalized quantitygonomer excesand describes the mass of styrene added relative t
the total mass of seed particl@s,fendMsecd. Please note that the total amount of initiatasw
unchanged, leading to a constant initiator coneéiotn in the water phase but drastically
changing the ratio of initiator to monomer addedbl€ 5.1.7 presents the reaction details,
Figure 5.1.19shows the dependency of the amount of monomerdaddéehe resulting particle

size.

Table 5.1.7 Reaction details for the set of expenits shown in Figure 5.1.19. All reactions wereiedr
out with 0.1 wt.-% dispersions of seed patrticles.

Styrene added HO Neeed n [1/IM] [1/[H .0] Diameter
(wt.-%) ratio ratio SEM

(calculated)*

IMsyrendMseed [Mg]  [g] [ [mg]  [%] (%] [nm]
3 150 50 2.65-16 250 166.7 0.5 241421
(0.1) (238)

5 250 50 2.65%0 250 100.0 0.5 241+19
(0.1) (282)

10 500 50 2.65-16 250 50.0 0.5 255+37
(0.1) (355)

20 1000 50 2.65-16 250 25.0 0.5 483+68
(0.1) (448)

30 1500 50 2.65-16 250 16.7 0.5 550+41
(0.1) (513)

40 2000 50 2.65-16 250 12.5 0.5 488+28**
(0.1) (564)

50 2500 50 2.65-16 250 10.0 0.5 multimodal
(0.1) (608)

100 5000 50 2.65.1b 250 5.0 0.5 multimodal
(0.1) (766)

*calculated assuming 100% conversion of monomeize-increased particles
**secondary particles present
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Figure 5.1.19. Variation of the amount of monondded to control the resulting size inthe
seeded emulsion polymerization process. The anafistyrene added is given as multiples
of the total mass of the seed particles. (a) Depecylof the amount of styrene added on
the resulting size. The line shown in the diagradidates the theoretical size of the
resulting particles assuming 100% conversion oftthditional monomer added. (b-g)
Scanning electron microscopy images of the pagipteduced. (b) Seed particles as
produced by a miniemulsion process (c) 3fold exoéssyrene. (d) 5fold excess. (e)
10fold excess. (f) 30fold excess. (g) 40fold excess

The line shown in the diagram of Figure 5.1.194ddats the theoretical size of the colloids
assuming 100% conversion of the monomer in the paditles. The diameters of the colloids
produced in the set of experiments follow the refatloosely untii a monomer excess of
approximately 30. With higher amounts of monomedest] secondary particles appear, leading
to a reduction in size of the primary, seeded gladi Even higher monomer amounts lead to
multimodal size distributions indicating unconteallreactions with secondary nucleation as the
primary reaction pathwd}®® Scanning electron microscopy (SEM) images of thterent
particles produced are shown in Figure 5.1.19b.t€a@mnpared to the seed particles (Figure
5.1.19b), the size increased particles feature gheni homogeneity. This results from the
uniform increase in diameter for all particles dagrthe polymerization that leads to a reduction
of the relative polydispersity. From the set of exments, it can be stated that particles with a
diameter up to at least 500 nm can be synthesiz@dsingle reaction, a number that relates to
an almost 40fold increase in volume. Bigger sizethe colloids are not trivially achieved as
the standard reaction pathway breaks down with driglnonomer excesses. Secondary
nucleation or instable dispersions are the result.

As all reactions produced size increased partitiesn be stated that the initiator concentration
in the aqueous phase was high enough to provideugbnaadicals for a successful
polymerization. However, with the initiator conceziton being constant in the aqueous phase,
we face the undesirable situation to have an enasnanount of initiator with respect to the
monomer added for small monomer excesses. Herealethiree of polymerization is low and

oligomers are formed that reside in the aqueousehBhese oligomers are seen in the SEM
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images in Figure 5.1.19c,d as amorphous materigéromy the colloidal particles. In the

following chapter, the influence of the initiatayrecentration is discussed in more detail.

5.1.2.5.3 Variation of the initiator to monomer ratio [1}/[M]

Next, the influence of the initiator concentratiam the outcome of the reaction was
investigated. In contrary to normal bulk polymetiaas, not only the amount of initiator
relative to the monomer is important, but also ¢bacentration in the water phase has to be
taken into account as initiation and the first @gation steps take place in the continuous
phase. Therefore, amounts of initiator needed anerglly higher than in bulk polymerizations.
Figure 5.1.20presents the dependency of the initiator conceotrain the resulting particle
sizes, exemplarily for styrene excesses of 5 (Eigut.20a) and 20 (Figure 5.1.20b). The
parameters used for the reactions are summarizédlite 5.1.8. Dotted lines are inserted into
the diagrams to indicate the original size of thedsparticles as well as the theoretical sizes.
Both sets of reactions show that lower initiatooamts (1-5 wt.-% with respect to the monomer
added) do not induce an increase in size as theeotmation of initiator in the water phase is
insufficient to induce polymerization processese Tdptimum initiator concentration for the
seeded reactions as determined for 5- and 20fatdssxof monomer can be estimated to be
between 10 and 25 wt.-% of monomer. At higher ant®wf initiator, the resulting particle
sizes decrease (Figure 5.1.20a) as a result ofsafficient degree of polymerization that leads
to oligomers formed that remain in the water prasseen by the films covering the particles in
the SEM images. As shown in the previous experigjetite most suitable values for the
initiator concentration are not solely determingdtire amount of monomer added but also by
the concentration of radicals in the water phasendd, it can be expected that for higher
monomer excesses, smaller values for the init@aononomer ratio will be sufficient to induce

polymerization.
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Figure 5.1.20. Variation of the amount of initiatetative to the amount of monomer added. The dotte
lines are guides for the eyes and represent thead@ of the seed particles used in the reactiavedisas
the theoretical diameter reached for 100% conversfahe additional monomer added. (a) Reactions
with 5fold excess of styrene with respect to thesnaf seed particles. (b) Reactions with 20foldeegc
of styrene with respect to the mass of seed pesticl

Table 5.1.8. Reaction details for the set of experits shown in Figure 5.1.20. All reactions weneied
out with 0.1 wt.-% dispersions of seed patrticles.

Styrene added HO Nseed M [1/IM] [1/[H 0] Diameter
(wt.-%0) ratio ratio SEM

(calculated*)

Meyrend Mseec | MY Ig m" / mg 1% 1% / nm
- 5 250 50 2.6510 25 1 0.005 167+13
(0.1) (282)

5 250 50 2.65-16 125 5 0.025 169+14
(0.1) (282)

5 250 50 2.65-16 25 10 0.05 250+14
(0.1) (282)

5 250 50 2.65:16 625 25 0.125 261+20
(0.1) (282)

5 250 50 2.65-16 250 100 0.5 241+19
(0.1) (282)

20 1000 50 2.65-16 10 1 0.02 175+16
(0.1) (448)

20 1000 50 2.6516 50 5 0.1 215+18
(0.1) (448)

20 1000 50 2.65-16 100 10 0.2 336124
(0.1) (448)

20 1000 50 2.65-16 250 25 0.5 483+68
(0.1) (448)

*calculated assuming 100% conversion of monomeize-increased particles
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5.1.2.5.4 Variation of type and concentration of surfactant

Obviously, the type and amount of surfactant aditedtabilize the seeded particles has a
dramatic influence on the reaction pathWay.This becomes clear when considering that the
surfactant not only stabilizes the seed partictesvang in size but can also adsorb to the formed
particle nuclei. Hence, the surfactant adds tosthbilization of the nuclei, leading to a decrease
in the number of nuclei that have to coagulateotmfa stable secondary patrticle. It is expected
that the amount of surfactant has to be limitetholeast amount necessary to yield a stable
emulsion. Figure 5.1.2&nd Table 5.1.9 present the experimental dataefactions performed
with varying surfactant types and amounts. As agegstem, the reaction with a styrene excess
of 100 was chosen as this led to multimodal siatributions in previous experiments (Figure
5.1.21 shows the result of the standard reactiesgmted in chapter 5.1.2.5.2). Obviously, the
amount of SDS added in the standard recipe isfio@rit to lead to stable reaction conditions.
Hence, the SDS concentration in the continuous @hess increased from 0.01 wt.-% up to
0.1 wt.-%. All SDS concentrations were below thecamorder to avoid micelle formation that
is used in conventional emulsion polymerizatiBfisFigure 5.1.21b and ¢ show representative
SEM images of the resulting dispersions. For batbes, massive secondary nucleation took
place, leading to bimodal size distributions. Ire thirst case (0.05 wt.-% SDS), the size
increased seed particles feature an excellent mepedity and have a diameter of
approximately 600 nm, indicating a more stable sewf reaction. However, the presence of
higher amounts of SDS stabilizes particle nucleiramefficiently and induces secondary
nucleation. With a SDS concentration of 0.1 wt.eé#nost all monomer added is converted into
secondary particles, thus resembling a conventienallsion polymerization. Only a minor
fraction of size increased seed particles is fo@Rdjure 5.1.21c). Changing the type of
surfactant from the anionic SDS to the nonionicelnsbl AT50 compromised the reaction
stability. As depicted in Figure 5.1.21d, the reacdid not lead to a successful conversion of
monomer to size increased particles. Instead,gbd particles only marginally grew in size and
most of the monomer added was found as a polyrfisricovering the complete surface. This
is not unexpected as nonionic surfactants are knowstabilize colloids less efficiently than
charged surfactants. Thus, usually significantlsggéa amounts of nonionic surfactants are
needed to stabilize droplets or particles.

Concluding these experiments it can be statedttieamount and type of surfactant crucially
influences the reaction pathway. Surfactant haBet@dded in order to stabilize the growing
particles; however, the amount has to be as srmaglbasible. Otherwise, secondary nucleation
becomes the primary reaction pathway. Therefoeedtrect conversion of small seed particles

to very big sizes above approximately 600 nm wagentied. From a technological point of
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view, seeded particles with bigger sizes have tosyrgthesized in a step-wise way using
consecutive seeding reactions. As an alternathee,secondary particles appearing from the
reaction with 0.05 wt.-% SDS were also successfeligoved by centrifugation.

Figure 5.1.21. Effect of different concentratiomsl aypes of surfactants applied to stabilize theiglas
in the process. All concentrations given are re¢ato the weight of the water phase. (a) 0.01 wEDPS.
(b) 0.05 wt.-% SDS. (c) 0.1 wt.-% SDS. (d) 0.1 %@ Eutensol AT50.

Table 5.1.9. Reaction details for the set of experits shown in Figure 5.1.21. All reactions wengied
out with 0.1 wt.-% dispersions of seed patrticles.

Sample Styrene added HO Nseed m surfactant  surfactant
in conc.
Figure
5.1.21
[MstyrendMseed ~ [MQ] (9] [ [mg] [wt.-% of
H.0]
a) 100 250 50 2.65:10 250 SDS 0.01
(0.2) (5 mg)
b) 100 250 50 2.65-1b 250 SDS 0.05
(0.1) (25 mg)
c) 100 250 50 2.65-10 250 SDS 0.1
(0.2) (50 mg)
d) 100 250 50 2.651 250 Lutensol 0.1

(0.2) ATS0 (50 mg)
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5.1.2.5.5 Variation of continuous phase composition

The continuous phase has an important influenagb@neaction pathway as well. The monomer
added has to diffuse through the continuous phraseder to reach the seed particles. Initiation
takes place in the continuous phase. Additiondlig, continuous phase also influences both
stabilization of seed particles and particle nufdemning secondary particles in the course of the
reaction. Furthermore, diffusion and solubility tife monomer is affected drastically by
changes in the continuous phase. In order to ilgastthese effects, systematic variations of
the continuous phase were performed. Figure 54n2PTable 5.1.10 show the properties of the
resulting dispersions and the reaction detailsaetbely.

First, sodium chloride was added to the continuplbiase. The presence of salt affects the
stability of electrostatically stabilized colloidghrticles as the electrical double layer at the
colloid interface is screened by the counter idriwerefore, the presence of salt might induce
changes to the reaction pathway. Once particleehacé formed by coil-to-globule transitions
of oligoradicals, these nuclei will tend to asseenbith other nuclei to form a stable secondary
particle. As the electrostatic repulsion is screemaore particle nuclei are needed to induce
stability of the secondary particle. Hence, thelaggration of the particle nuclei to the seed
particles should be favored. The experimental (fataure 5.1.22a) seems to support this model.
While very small amounts of sodium chloride (0.05% with respect to the water phase) do
not affect the polymerization and the final padicdiameter essentially resembles the reaction
without salt, the addition of 0.1 wt.-% of NaCl inzks an increase in final particle size to very
close to the theoretical value. Larger amounts @CNnterfere with electrostatic stabilization
and lead to irregularly shaped particles and gadigregation as the stability of the seed
particles starts to be compromised by screenirepef

Next, ethanol was added to the continuous phagbatrcase, the stability of the latex particles
is not crucially affected as only a maximum of 20-% of ethanol was added. It was expected
that ethanol addition will increase the solubility styrene in the continuous phase. The
oligoradical formed will have a different solubjlitn ethanol-containing water as well. Thus,
the balance between the two reaction pathways df@ldjcal entering a seed particle or
collapsing) will be affected by a change of the position of the continuous phase.

The experimental results, shown in Figure 5.1.22tmsthe following characteristics. First,
small amounts of ethanol (10 wt.-%) induce wellvgirigy seed particles that feature a final size
close to the theoretical expected value. A minooam of secondary particles is visible as
observed by electron microscopy. Increasing thereth content induces a drop in final

diameter close to the value measured for partgyeshesized in pure water. Additionally, the
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amount of formed secondary particles drasticallgréases. It is worth mentioning that the
particles from reactions with ethanol generallytdiea a higher monodispersity.

Finally, methanol was added to the continuous plaseell (Figure 5.1.22c). Surprisingly, no
influence on the reaction was detected, even faonedhanol content of 20 wt.-% and all

dispersions produced closely resemble each ottternms of final size and homogeneity.

Table 5.1.10. Reaction details for the set of eixpents shown in Figure 5.1.22. All reactions were
carried out with 0.1 wt.-% dispersions of seediplag.

Styrene added HO Nseed M SDS Addition Diameter

(wt.-%) conc. Cont. Phase SEM
(calculated*)
[MstyrendMseed  [MY] [a] [ [mg]  [wt-% [nm]
of
H0]

20 1000 50 2.65-16 100 0.01 336+24
(0.1) (5mg) (448)

20 1000 50 2.65-16 100 0.01 60 mg NaCl 323435
(0.2) (5mg) (0.05 mol-f) (448)

20 1000 50 2.65-16 100 0.01 120 mg NaCl 427+26
(0.1) (5m9) (0.1 mol-f (448)

20 1000 50 2.65-16 100 0.01 300 mg NaCl 330428
(0.1) (5mg9) (0.5 mol-f (448)

20 1000 50 2.65.16 100 0.01 600 mg NaCl irreg. shapes

(0.1) (5mg9) (0.5 mol-f (448)

20 1000 45 2.65-16 100 0.01 5 mg EtOH 463+25**
(0.1) (5mg) (10 Wt.-%) (448)

20 1000 40 2.65-16 100 0.01 10 mg (EtOH)  377+26**
(0.1) (5mg) (20%) (448)

20 1000 45 2.65-16 100 0.01 5 mg MeOH 330+27
(0.1) (5mg) (10%) (448)

20 1000 40 2.65-16 100 0.01 10 mg MeOH 355+27
(0.1) (5mg) (20%) (448)

*calculated assuming 100% conversion of monomeize-increased particles
*secondary particle formation observed
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Figure 5.1.22. Effects of the composition of thatawuous phase on the seeded polymerization reexctio
The dotted lines in the spectra represent the ¢tieat size of the colloids assuming 100% conversib
the monomer added. Representative scanning eletticnscopy images are shown below the different
sprectra. (a) Addition of sodium chloride to theatiouous water phase. (b) Addition of ethanol ® th
water phase. For reasons of clarity, only seedetitjes were analyzed. Secondary particles are not
shown in the diagram. c) Addition of methanol te tontinuous water phase.

5.1.2.5.6 Conclusions

The following conclusions regarding experimentalndiions of the seeded emulsion
polymerization reactions can be drawn from the drpents performed. i) It is possible to
synthesize functional colloidal particles with aamieter up to 600 nm in one step. Larger
diameters have to be synthesized in a step-byfagypon. ii) The initiator concentration has to
be high in order to induce polymerization and nolyadepends on the amount of monomer
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added, but also on the amount of the continuousehBest results were achieved using 10-
25 wt.-% APS with respect to the amount of monoaged. iii) Choice and concentration of
surfactant is very critical for a successful reatiSDS as an anionic surfactant proved to be
superior to Lutensol AT50 as nonionic surfactanghHsurfactant concentrations lead to more
homogeneous particles but eventually favor secgndarcleation as the primary reaction
pathway. Therefore, the surfactant concentratioghbtio be as small as possible in order to
stabilize the dispersion without inducing secondaugleation. iv) The composition of the
continuous phase influences the reaction as walallSamounts of salt lead to final particle
sizes reaching the theoretical diameter while higla#t amounts compromise the stability of the
dispersion. Ethanol might be added to obtain veoyadisperse samples; however, care has to

be taken as secondary nucleation seems to be thasreell.

5.1.2.5.7 Precise adjustment of the colloid size for Pt(acacpntaining particles to

be used in the non-conventional lithography process

For experiments on the non-conventional lithogragpgroach that will be presented in chapter
5.3, a systematic increase in particle size wittalssteps of only several nanometers was
desired to investigate the precision in interpbatitistance of the final platinum nanoparticle
arrays. Platinum(ll)acetylacetonate containing qemticles were prepared by a surfactant-free
emulsion polymerization approach as described iapthr 5.1.2.2.1 in order to obtain a
reasonably narrow size distribution. These padielere consequently subjected to a seeded
emulsion polymerization with little amounts of &ge added to systematically increase the
diameter. As seed particles, polystyrene colloiith @ mean diameter of 132 nm, containing
1.25 wt.-% platinum, were prepared (Table 5.1.Thge encapsulation efficiency was 66.1%, in
agreement with values found for similar incorparatireactions with Pt(acac)chapter
5.1.2.2.1). The colloids were used as seed pastizleorder to adjust their sizes without
changing the platinum content. Table 5.1.11 sunmearithe experimental details and the
characteristics of the resulting particles. Figbre.23 presents the dependence of the particle
diameter on the amount of styrene added. The velaantitystyrene excess ([M]/[M) was
used to characterize the mass of styrene addesdation to the total mass of the seed particles.

The absolute numbers of the mass of styrene anatariadded are given in Table 5.1.11.



Synthesis of metal-complex containing latex pagscl 105

260

n

N

N

=)
N

220 ] °
200+ o ®

180+
160+ °

140 oo o
120 T T T T T T T

Hard sphere diameter / nm

Styrene excess [M]/[M],

Figure 5.1.23. Seeded emulsion polymerization @ W& platinum containing seed particles. Left side:
diagram showing the diameter of the seed partioleependence on the amount of styrene added. The
right side shows a selection of SEM images of thal fsize increased particles. The scale bar Gsr0.

Table 5.1.11. Summary of the seeded polymerizatfdr82 nm Pt(acag)containing particles and
characterization of size and platinum content efrésulting colloids.

Monomer added Initiator Diameter Platinum content
Monomer Theory SEM PDI* % of %of
excess seed theory**
[M)/IM see] _[mg] [mg] [nm] [nm] __ [%] [%] [%] [wt.-%]
0 (seed) 132 13246 4.5 100.00 100.0 1.26
1 125 12.5 149 13816 4.3 94.21 107.2 1.18
2 250 25 178 13745 3.6 92.43 102.9 1.16
3 375 37.5 199 13745 3.6 94.36 105.1 1.18
4 500 50.0 217 15045 3.3 64.94 94.9 0.81
5 625 62.5 232 15747 4.5 60.43 101.3 0.76
6 750 75.5 246 19346 3.1 41.68 103.5 0.42
7 875 87.5 256 197411 5.6 26.38 87.3 0.33
8 1000 100.0 269 20218 4.0 31.81 113.6 0.38
9 1125 112.5 279 21816 2.8 20.51 92.0 0.32
10 1250 125.0 288 228+7 3.1 19.31 99.1 0.24
11 1375 137.5 297 22949 3.9 20.84 108.4 0.27
12 1500 150.0 306 254+10 3.9 15.76 111.9 0.16

*calculated from statistical analysis of SEM images
**to calculate the theoretical amount of platinuor the seeded particles, the Pt content of the seed
particles determined by ICP was set to 100%; tiheahencapsulation efficiency was 66.1%.

A clear increase in particle diameter with incragsamount of styrene added was found.
However, the diameter of the resulting seed padiclvas significantly lower than the

theoretically predicted diameter (Table 5.1.11)di#idnally, an increase in diameter is detected
only for a styrene excess of 4 or higher. It iscejeted that the discrepancy between the
theoretically expected, calculated diameter anditiag particle size is based on the small

reaction volumes used for the seeding experimeitse precisely, the loss of monomer is
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attributed to the following points. i) Both watemdaair phase of the sealed reaction vessel are
saturated with monomer that is thus not availatiete reaction. ii) Formation of water-soluble
oligomers can be expected by termination reactibiasvever, as can be seen in Figure 5.1.23
the diameter of the resulting seeded colloids caradjusted within several nanometers, thus
giving access to a precise investigation of theultiesy interparticle distances in the non-

conventional lithography process that will be préed in chapter 0.

No secondary nucleation occurred as was detecyeéldrtron microscopy investigations
(Figure 5.1.23). The results of the metal conteatysis are presented in Figure 5.1.24. The left
diagram presented the measured metal contentgéergeof the theoretical amount calculated
for the diameter of the seeded particles. No Idgdatinum was detected throughout the set of
prepared particles and the measured values are abe values predicted theoretically. This
indicates that the platinum complex molecules raneaitrapped in the seed particle during the
reaction. Additionally, the results suggest that sewondary particles were formed. If such
particles were present in the dispersion, they daohtribute to the solid content used for the
calculation of the theoretical amount of platinuBgcause secondary particles do not contain
any platinum, the metal content determined experially would be lowered with respect to
the theoretical content. The right diagram showes shme experimental data presented in
percent of the platinum content of the seed partithe relative amount of platinum decreases
with increasing mass of the seed partitlg.qrelative to the mass of the initial particig;; or
with a d>-dependency with respect to the diamekgy,of the size-increased particle relative to

the diameted, of the initial particle:

Min; d3. .
Pt [%] = 100% - —— = 100% L

mseed seed

The theoretical platinum content is shown as admdine in Figure 5.1.24b. The data points
closely follow this line, indicating that the platim content decreases precisely with increasing
mass of the particles. This demonstrates thatli@gmpm complexes are indeed entrapped in the

seed particles and do not diffuse out of the colthiring the reaction.
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Summarizing, it can be stated that the diamet@iaiinum-acetylacetonate containing particles
can be adjusted by a seeded emulsion polymerizatidrthat no loss of the platinum complex
occurred during the reaction. Additionally, no setdaxy nucleation was observed, thus

guaranteeing a homogenous distribution of platiamnong the latex particles
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5.2 Assembly of colloidal monolayer architectures

In this chapter, approaches for the two dimensionadtallization of colloidal latex particles are
presented.

First, a method is described for the convenienerabdy of single-sized particles into close-
packed monolayers. Although a variety of crystati@n processes are known in literature
(chapter 3.3.1), the method introduced here sutislignreduces time and experimental efforts
while still yielding highly ordered two dimensionatlystals over large areas and on a variety of
substrates with arbitrary topographies.

Close-packed monolayers were subjected to a plasratment process to reduce the size of
individual particles while keeping the lattice sjpp@cconstant. In this way, arrays of non-close-
packed monolayers are created that reflect the dtrigar and symmetry of the parental, close-
packed monolayer. A detailed examination on theotdf of etching conditions as well as
material aspects of the substrate and colloidshenetching rates and the morphology of the
monolayer is presented. UV/Vis spectroscopy is usedvestigate the optical features of the
monolayer that are highly sensitive to colloid serel packing density. A simple model based
on the geometric arrangement of the monolayernset®to explain the coloration.

Finally, more complex monolayer architectures aies@nted. Binary monolayer architectures
are produced using a co-crystallization procegbeatir water interface on a Langmuir trough.
Adjustment of the stoichiometry of the two partitigpes at the air/water interface leads to a
high degree of control over the occupation of thterstitial sites in the close-packed layer of
large spheres by the small colloids. Thus, largasof binary 2D crystals with L,SL.Ss and
LS, structures are fabricated in a controlled way. Pphacess allows the formation of binary
crystals over a wide range of particle size ratiom 0.19 to 0.40. The results are published in
two articles entitled A Convenient Method to Produce Close-packed and-d\mse-packed
Colloidal Monolayers Using Direct Assembly at thie/\Water Interface Followed by Plasma
Induced Size Reductiofi® and ‘Wafer-Scale Fabrication of Ordered Binary Colloidal

Monolayers with Adjustable Stoichiometrid§”.



109 Assembly of colloidal monolayer architectures

5.2.1 Convenient production of close-packed monolayers ugy direct

assembly at the air/water interface

5.2.1.1 Introduction

A number of different crystallization processes foe construction of colloidal monolayers
have been described in literature and are criticiBcussed in chapter 3.3. From a conceptual
point of view, the ideal preparation process rdjiabelds highly symmetric assemblies and
prevents multi-layer structures or incomplete ageanents. Additionally, it is fast,
experimentally simple and able to produce large argstals. As already explained in chapter
3.3.1, the crystallization methods can be dividatb itwo subcategories: direct assembly
processes and interface-mediated methods. The flediieires several inherent advantages. Most
importantly, the interface guarantees a two-dimamai assembly and avoids multilayer
formation. Additionally, at a liquid interface, thgarticles retain a high mobility that allows
them to assemble into the minimum free energy jposiin a hexagonal lattice. The
predominant assembly techniques that use a liquidrface are conducted on Langmuir
troughs”? 8 88 Though being able to produce monolayers of largasaand exceptional high
quality, the method’s drawbacks are rather longogration times and the requirement of
special instruments (i.e. the Langmuir trough).

In this chapter, the existing Langmuir trough-basechnique is substantially simplified to
produce high quality monolayers within minutes arnithout the use of professional equipment.
The process presented here uses a direct assehdaljfoids at the air/water interface in a way
that no additional compression of the monolayanasessary prior transfer. The close-packed
monolayer directly forms at the air/water interfacel can be transferred to arbitrary substrates
simply by immersion of the substrate into the wateaise and picking up the monolayer with a

transfer substrate of arbitrary material or toppbsa

5.2.1.2 Results and Discussion

Figure 5.2.1a to e shows the process flow for tlmmatayer crystallization at the air/water
interface and the subsequent transfer to a solidtsate. The colloidal dispersion was diluted

with 50 wt.-% ethanol to facilitate spreading. Atitah to the air/water interface was performed
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via a glass slide tilted with an angle of approxieha 45° (a). Upon spreading, patches of
colloidal monolayers formed and remained afloahatinterface (b,c). The monolayer patches
continued to grow in size upon further additioncolloids until the complete interface was
covered with a monolayer. Further addition of cokoled to monolayer buckling (i.e. the
formation of multilayer structures at the interfpe®d increasing submersion of particles into
the subphase thus compromising the quality of theatayer. Therefore, care was taken to stop
the colloid addition before the complete interfaes covered. A solid substrate was immersed
into the water phase (d) and elevated at a shalluyle through the interface in order to collect
the monolayer (e). Drying was performed at a tikedle of approximately 45°. Photographs of
the process using 1 um colloids are shown in FigL2elf to i. Figure 5.2.1f shows the addition
of the colloidal dispersion to the air/water interé via a tilted glass slide. Patches of ordered
monolayers are already afloat on the interfaceaasbe seen by the vivid colors that arises due
to Bragg reflections of the different crystal dongiln Figure 1g, the transfer to a 2"-wafer is
shown. The wafer is immersed into the subphaselifiad at a shallow angle to transfer the
monolayer. The same wafer after drying is showi).iA uniform coverage with colloids is
visible. Individual crystal domains can be distirgdned by their distinct coloration. The effect
of adding too much colloid dispersion is shown igufe 5.2.1h. The formation of multilayered,

disordered structures is seen by the white colthe@interface around the glass slide.

Figure 5.2.1. Schematic illustration and photogsaphthe monolayer fabrication process: a,b) Additi
of colloids to the interface via a tilted glasslelic) formation of a close-packed monolayer; d,e)
monolayer transfer by immersion of the transferssuaite and subsequent elevation under a shallow
angle; f) photograph of the deposition of 1 umaidl onto the air/water interface; individual, ¢ajsne
monolayer patches floating at the interface casdan; g) photograph of the monolayer transfer artd
wafer; h) the same wafer after drying; i) electroicrograph of a colloidal monolayer deposited onto
arrays of micropillars produced by photolithography



Convenient production of close-packed monolayensgudirect assembly at the

. } 111
air/water interface

The process is versatile with respect to colloisiazle and substrate material. Polystyrene
particles with diameters between 130 and 1000 nme saccessfully applied in the process.
Transfer to solid substrates was straightforward @nveniently done by hand. There are no
special requirements for the substrate exceptatrit must be sufficiently hydrophilic in order

not to completely dewet during the deposition psscédowever, even hydrophobic substrates
can be used if they are treated with oxygen pla®ma short time prior to transfer. Planarity of

the surface is generally not a requirement for dieposition process and substrates with
arbitrary topographies have been covered by aairtiinsfer process. This is demonstrated in
Figure 5.2.1j and k that present electron microlgsagf a monolayer of 1 um colloids deposited
onto an array of photoresist micropillars produbgdconventional photolithography (j) and on

top of 50 um polystyrene latex particles (k).

The quality of the resulting monolayer is strongffected by the composition of the continuous
phase. Using pure water (milliQ grade) for the addg led to the formation of a monolayer of
colloids at the interface that did not possessgh diegree of short- or long range order. Figure
5.2.2a presents a monolayer of 408 nm polystyrene collaidsstallized at a pure water
interface. The low degree of order in the monolayetisible. Two ways of increasing the order
in the resulting monolayers were investigated.tFssiall amounts of sodium dodecyl sulfate
(SDS) were added to the water subphase. As thedecuhes are amphiphilic, they will
accumulate at the air/water interface and consetigusoft barrier for the colloids added to the
interface. This barrier facilitates the packingqass of the individual colloidal particles into a
hexagonal lattice. On a molecular scale, the pestidetaching from the glass slide at the
interface are pushing against the floating surfactayer which in turn pushes the particles
closer together and thus facilitates the nucleadiotwo-dimensional crystals. This feature has
been coined “piston oil effecB It has been shown that monolayers, which wergdtbin the
presence of surfactants, exhibited a higher mechhastability and fractured less easily at the
edged®™ This higher stability facilitates the transfergolid substrates as well. Additionally,
free surfactant molecules can adsorb to the parsdrfaces and introduce further negative
charges. As will be shown below, this leads to acrdase in electrostatic repulsion that
counteracts van der Waals and capillary attractéonsinduces a higher degree of order in the
monolayer. Finally, the presence of a surfactawels the surface tension of the subphase. As
the capillary forces acting on the particles isgomional to the surface- or interface tension, the
addition of surfactants significantly lowers the gnaude of capillary attractioi®® The
reduced attraction increases the time that is @bviailfor the colloids to find their minimum free

energy position and thus, further increases therartithe monolayer.
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The SDS concentration was varied between 0.1 - farmdmol-I'. Characteristic electron
micrographs of monolayers crystallized with thesacentrations are shown in Figure 5.2.2.
Highest order was achieved using the lowest SD8arration (0.1 mmol*) as can be seen in
b). An excellent short range order is visible. Toeg range order is further highlighted in a
lower magnification image (e) that shows singlestadline domains with dimensions of several
hundreds of square micrometers. An increase in 8@®entration up to 0.5 mmat-lstill
produced monolayers with a high degree of ordevelbeless, individual particles were found
on top of the monolayer, thus indicating an incregstiffness of the surfactant layer that
started to interfere with the crystallization pregéc). At a SDS concentration of 1 mmiglio
complete colloidal monolayer is formed. Insteadakpatches of colloidal monolayer and free
surfactant were present at the surface (d). Thauatraf SDS is high enough to cover extensive

parts of the surface and impedes the crystallingtiocess.

Figure 5.2.2. Effect of SDS addition to the watdpghase on the quality of the resulting monolayad)
Systematic variation of the SDS concentration asailting monolayers; e) low-magnification image
highlighting the high degree of order of a monotaye®duced with 0.1 mmol*ISDS in the water
subphase.

Furthermore, the pH value of the water subphaseused to tune the assembly process. The
particles featured carboxylic acid groups at theirface. Increasing the pH value induces a
higher charge density at the particle surfaces has dcidic groups are more and more
deprotonated (see chapter 5.2.3.2.1. for expermhentification’). This induces an increase
in electrostatic repulsion that counteracts aftivacvan der Waals and capillary forces and
allows a higher ordering of the monolay&r®® A higher crystalline order in the monolayer
results as the particles remain mobile for a lorigee which is a requirement for the ordering
process. At lower pH values (i.e. screened elegttiosrepulsion), colloids brought into close
vicinity by capillary forces immediately feel théractive van der Waals forces that drives them
into close contact. By increasing the electrostatipulsion, the energy barrier for a close

contact is increased and the individual particlagehsufficient time and mobility to find the
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energetic minimum and crystallize in their minimdree energy position as a hexagonally
ordered lattice. Figure 5.2.3 shows examples ofoaatayer of polystyrene particles with a
diameter of 422 nm at pH values of 6 (a) and 11 The higher order of the latter is clearly
observable.

Figure 5.2.3. Effect of the pH value of the subghass the quality of the resulting monolayer for
carboxylic acid functionalized particles.

5.2.1.3 Conclusion

In brief, an extremely simple and reliable techmigior the preparation of close-packed
monolayers was developed. Dispersions of collaidstihanol water mixtures were added to the
air/water interface using a tilted glass slide. $elpacked monolayer patches formed
immediately and grew in size upon further additidrhe quality of the resulting two-
dimensional crystal could be significantly improvieg addition of small amounts of SDS or
adjusting the pH (for carboxylic acid functionalizparticles). Compared to the conventional
assembly technique on a Langmuir trough, the methmsented provides a substantial
simplification as no special apparatus is needettiame consuming compression and cleaning
steps can be circumvented.
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5.2.2 Non-close-packed monolayers by plasma induced simduction

5.2.2.1 Introduction

The preparation of close-packed monolayers hasretitnto a widely used technique and finds
applications for the fabrication of nano-structuiies colloidal lithography. However, the
classical method is only able to create triangslaped structures that reflect the shape of the
interstitial sites of the monolay®f! Using individual colloids, the construction of reor
complex structures (e.g. ring& discst®” crescent®®) has been realized by using more
sophisticated evaporation and etching protocols.

In order to create these kinds of structures inragtric arrays, the controlled preparation of
non-close-packed monolayers is a key step. As sligtliin chapter 3.3.2, several approaches
have recently been demonstrated. &aal. prepared non-close-packed arrays of colloidal
particles by assembly at the oil-water interfacé demonstrated high control over interparticle
spacing’¥ Similarly, assembly at the air/water interface haen exploited for the preparation
of non-close-packed monolayé?%:®! An alternative approach consists of the prepamatid
close-packed monolayers that are exposed to plasmarder to yield non-close-packed

§> 136 205l geveral researchers have applied this processewmwmost did not

arrangement
focus on the etching process but rather on thetaation of nanostructures themse8s:®!
Recently, the process has been carefully examingdPlettl and co-workersY Using
sophisticated equipment and temperatures of -15Qif€y demonstrated an isotropic etching
process that led to ordered non-close-packed acothies with particles that retained their
spherical shape and lattice position.

In this study, a commercially available, standatdsma cleaning apparatus (model femto,
diener electronics, Nagold, Germany) as being widaVailable in (surface-)chemistry
laboratories was used to investigate the etchinggss and to determine etching rates and the
limitations of the process. Beside an accuratestigation on the etching conditions, the shape
and lattice positions of the particles at differstatges of the etching process were investigated
by electron microscopy. This is of special interest colloidal lithographic applications that
require round shapes and space available undertieattolloids for the creation of complex

nanostructures.
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5.2.2.2 Results and Discussion

In general, the diameter of the particles decredisedrly with increasing etching time until
reaching a saturation regime upon which no furttemrease in size was detected. As will be
examined in detail below, the saturation regimeesgnts the threshold value for a controlled
size reduction process: in the linear regime, #rtigles retain a roughly spherical shape that is
increasingly transformed into a lentil-like shame fonger etching times (a detailed electron
microscopy study is presented below). At the ssitmadiameter, the particles lose their
spherical character and collapse to the surfageifigr an ill-defined residue. Aharacteristic
image of a monolayer in the collapsed, destroyateds shown in Figure 5.2.5. The linear
dependency of the decrease in particle diametdr atithing time has also been found by
Plett®™ and Blattlef*®® with an etching rate that is assumed to be conataime, a shell of
the thickness dis etched off the particle by the plasma in timeetid. Thus, the radius of the
particle will decrease linearly. The model is vadid long as the shape of the colloid is still
reasonable spherical and the surface remains haraogs. In the course of the etching process,
deviations from the linear relationship are expgatee to the deformation of the colloids into a
more lentil like shape and the increase in roughiéshe particle surface. The rates determined
for all different conditions are summarized in T@l8.2.1. The etching experiments were
partially performed by Sebastian Goerres you worlesd a summer student under my

supervision.

Effect of Plasma Power

In a first set of experiments, the effect of plaspm@ver on the colloidal particles was
investigated. As plasma gas, oxygen was used witlova rate of 3 sccm (standard cubic
centimeters per minute). The substrate temperatasefixed to 20 °C using a water/ethylene
glycol unit to cool the sample tray.

Figure 5.2.4 shows the resulting diameter vs. atime diagrams for polystyrene colloids
with a diameter of 408 nm (a) and 246 nm (b). Ageeted, a higher plasma power induces a
faster shrinkage of the colloids. The etching r&bedoth different colloid sizes close resemble
each other (44 nm-nifrand 23 nm-mih for the 408 nm colloids at high/low power; 37 nrimm

! and 22 nm-min for the 246 nm colloids at high/low power, respegy), indicating that the
size reduction is not dependent on the size ofctiilids as long as both are composed of
identical polymers. Using high plasma power, theirséion regime that indicates the break-
down of the controlled size reduction is reachethiwi minutes. A typical example of a

monolayer of 408 nm colloids in the collapsed siatghown in Figure 5.2.5. Hence, in order to



116 Assembly of colloidal monolayer architectures

gain a better control on the etching process, 1pl&¥ma power was applied for all following
experiments. The value represents the thresholdjgnieat needs to be applied to reach stable
plasma conditions in the set-up used, being nege&waa controlled size reduction.

Next, the effect of different oxygen flow rates e etching process was investigated. Figure
5.2.4c and d shows the diameter vs. etching timgrdms for the same colloids subjected to
oxygen plasma with a power setting of 15W and flomtes of 3 sccm and 10 sccm,
respectively. The lower flow rates induce a fastéching process with etching rates of
23 nm-mit (408 nm colloids) and 22 nm-rifin (246 nm colloids) in agreement with
investigations on plasma processes from literdfff&® 10 sccm oxygen flow significantly
reduced the etching rates to 16 nm:m@#08 nm colloids) and 18 nm-rfif{246 nm colloids).
The diagrams also show the linear dependency otdtieidal diameter with etching time.
Except for small particles with low flow rates (bBig 5.2.4b), the saturation regime is not
reached after the maximum etching time of 10 mihisTis highly desired as it allows very
precise control the etching process in order tosidjoth colloidal diameters and interparticle

distances in the monolayer.
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Figure 5.2.4. Effect of plasma power and gas flates on the size reduction of polystyrene monokayer
a,b) Effect of plasma power (50 W vs. 15 W) onglze reduction of monolayers with an initial sife o
(a) 408 nm and (b) 246 nm. c,d) Effect of differerygen gas flow rates (3 sccm and 10 sccm) on the

etching behavior; c) initial size 408 nm; d) inlitdéze 246 nm. The etching rates are given assnedhe

diagrams.
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Figure 5.2.5. Monolayer of 408 nm colloids in tlwdl@apsed state. The individual colloids lost their

spherical shape and collapsed onto the surfacenibmelayer was produced by applying oxygen plasma
with 3 sccm gas flow and 50W plasma power for 10. mi

Effect of polymer material of the colloids

To test the behavior of different polymeric matksriduring the etching process, poly(methyl

methacrylate) colloids with a diameter of 239 nnd golystyrene particles with a similar

diameter (246 nm) were subjected to identical plswnditions. Figure 5.2.6ompares the

etching rates of the two types of particles foMlasma power and oxygen plasma flow rates

of 3- and 10 sccm. The etching is much faster wita PMMA particles and rates of

71 nm-mift (3 sccm Q) and 50 nm-min (10 sccm @) were determined. The finding is in good

agreement with reports on polymer- and block capelythin film etching processes reported

in the literaturd®®?Y The slower etching rates of polystyrene are aiteih to the higher

chemical stability of the aromatic ring. It is ctuded that PMMA is not the material of choice

for a controlled fabrication of non-close-packednmiayers as the rates are too high to allow

for a precise adjustment of the colloidal diamelteshould be noted that an increase in etching

rates can be readily achieved by increasing thenm@apower. Hence, if short etching times

were required, e.g. for industrial applicationsg tombination of polystyrene particles with

50 W plasma power allows a more precise adjustneéndiameters and distances in the

monolayer as compared to PMMA.
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Figure 5.2.6. Effect of polymer composition for tdifferent oxygen flow rates for 246 nm polystyrene
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Electron microscopy investigations on the shape tie

colloids during the etching process

Three characteristics of the colloids subjectethtoetching process are of key importance for
any lithographic application. First, the diameteegd to be precisely adjusted in order to tailor
nanostructure arrays with defined sizes. Secomdsyimmetry of monolayer should not be lost
during the etching process in order to produce hmetaostructure arrays with a high ordering.
Therefore, during the etching process, the collophaticles need to retain their individual
positions and shrink without lateral movement. @hihe particles need to keep their spherical
shape in order to produce architectures with theimmam flexibility with regards to colloidal
lithography. This becomes obvious when realizingt ttnany processes for complex structure
construction take advantage of the substrate regibaded by the colloig.*** ?*?Once the
particles completely lose their shapes, they ddlrbstused for the construction of e.g. disc-like
structure€™ or as etching masks for substrate patterfifi®**! but any more complicated
geometries (i.e. evaporation and etching underingrgngles to exploit the area shaded by the
colloid) cannot be produced by a lithographicalcess anymore. In this chapter, scanning
electron microscopy is used to image the monolagedifferent stages of the etching process in

order to access possibilities and limitations eféitching process.

Figure 5.2.7Examination of shape and position of the individealoids of a poly-styrene monolayer
subjected to oxygen plasma (15 W, 10 sccm). Theeddithe original colloids was 408 nm. The upper
row shows top view images, the lower row side vimages. The insets show lower magnifications of
the same sample. The scale bars are: upper rownfiQthsets: 1um; lower row: 200 nm; insets: 500 nm
Plasma was applied for the following times: a, lmi4; c,d) 6 min; e,f) 8 min; g,h) 10 min.

Figure 5.2.7presents electron microscopy images of a colloidaholayer comprised of

408 nm polystyrene latex particles in the courséhefplasma etching process. In the top-view
images (Figure 5.2.7, upper row), the high symmefrthe monolayer at all etching stages is
well visible. Hence, it can be concluded that plasiching does not induce any lateral disorder

to the non-close-packed monolayer. The side-vieages (Figure 5.2.7, lower row) reveal the
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shape of the individual particles. It can be sdet the particles do not shrink isotropically.
Instead, the etching is more efficient on the tdpthe particles, resulting in lentil-shaped
colloids after several minutes of etching. Incregstching times roughens the particle surfaces
of the top parts. After long etching times (10 mitije deviation from a spherical shape is
pronounced. However, keeping in mind applicationsalloidal lithography it should be noted
that even for the longest etching time investigdte@imin), the particles still featured a round
shape at their lower hemisphere and were not cdeipleollapsed. Thus, it is still possible to
use them as evaporation masks because they contirgleade a certain amount of substrate
space (h). At that stage, the particle diameteedsiced to approximately half its initial value.
Further etching induced a collapse of the alreadyngly deformed particles into irregular

shaped structures as previously shown (Figure)s.2.5

Figure 5.2.8. Examination of shape and positiothefindividual colloids of a polystyrene monolayer
subjected to oxygen plasma (15 W, 10 sccm) withiial size of 246 nm. The upper row shows top
view images, the lower row side view images. Tleeis show lower magnifications of the same sample.
The scale bars are: upper row: 200 nm; insetsns@dower row: 200 nm. Plasma was applied for the

following times: a, b) 2 min; c,d) 4 min; e,f) 6 mig,h) 8 min.

Figure 5.2.8&hows the electron microscopy images of monolayade of polystyrene particles
with a diameter of 246 nm in the course of the iegghprocess. In agreement with all
observations on the larger colloids, it can agarstated that the lateral symmetry is retained
during all stages of the etching process. The sludpie individual particles is gradually
transformed into a more flattened, ellipsoidal ctnee; accompanied by an increase in
roughness for longer etching times. However, uhgl particle diameter is reduced to less than
half its initial value (8 min), the shape of thertides is still suitable for any lithographical
applications.

It can thus be estimated that the etching procedaseribed here produces non-close-packed
monolayer with the same, high symmetry as the pakeclose-packed monolayers. For

polystyrene as colloid material, the size can l#uced to roughly half the initial diameter
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before deviations from spherical shape completalyeide the use in sophisticated lithographic
applications. The relation seems to be indepenafethie initial colloid diameter.

Finally, the PMMA colloids used in Figure 5.2.6breenvestigated by electron microscopy as
well. Melting of the colloids in the electron beanhibited the recording of side-view images.
Please note that the etching times applied for itltdvidual stages of the process are
substantially shorter compared to the ones forptblgstyrene monolayers shown above. The
top view images shown in Figure 5.2ghlight the symmetry of the monolayers that is
retained in a way similar to polystyrene colloid@fe individual spheres, however, seem to be
more roughened compared to the polystyrene pastgtiewn above. We attribute this behavior
to the decreased resistance of PMMA towards then@athat leads to particles being more
severely attacked by the oxygen species generatdltei plasma. The last picture in the row
shows a patrticle array in the saturation regime= 3ppherical shape is lost and the particles are
flattened and irregularly shaped. Once this stageached, further plasma treatment does not

induce any changes in shape or diameter of theidsl|

Figure 5.2.9. Examination of shape and positiothefindividual colloids of a poly(methyl methacnga

monolayer with initial diameter of 239 nm subjectedxygen plasma (15W, 10 sccm). The insets show

lower magnifications of the same sample. The deafe are: 200 nm; insets: 500 nm. Plasma was applie
for the following times: a) 60 s; b) 90 s; ¢) 12@¥240s.

Effect of plasma composition

The effect of the plasma gas was investigated ds Rigure 5.2.10summarizes all etching
experiments performed with different gas composgidAll colloids in the study were subjected
to oxygen and argon plasma with similar flow rat@ssccm). As can be seen from
Figure 5.2.10a to c, oxygen plasma leads to a magiel shrinking of the particles compared to
argon. For polystyrene particles, the etching ratese 22 nm-min (246 nm colloids) and
23 nm-mift (408 nm colloids) for oxygen gas and 10 nm:m{@46 nm) and 11 nm-miin
(408 nm) for argon respectively. For PMMA as callonaterial, oxygen plasma induced a
decrease in diameter of 71 nm-himpplication of argon lead to rate of 34 nm-fifor all
samples investigated, the etching rate of oxygap@oximately two times higher than the one
of Argon. Hence, another means of controlling ttehieg rate and by this, the final colloidal
diameter is at hand. It should be mentioned ttgaraplasma produced particles with a rougher

colloid surface compared to oxygen plasma treasetigies with a similar diameter.
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Figure 5.2.10d shows a more detailed examinatiorplafma compositions with 408 nm
colloids. The composition was systematically variemn pure oxygen (3 sccm; same data as
Figure 5.2.10a) via ratios of 2:1 oxygen:argon, 1:2 to pure argon (equaling the second graph
of Figure 5.2.10a). The etching rates of all oxygesntaining plasmata did not differ
significantly and the non-close-packed monolayersdpced by the different mixtures
resembled each other. Only pure argon led to didm&siuction of the shrinking process. It can
be concluded that the presence even of small amaabxygen molecules in the plasma
strongly accelerates the etching process. Oxygdaaules are the more efficient species in the
decomposition process of the polymeric materiatlasmical decomposition by insertion of
peroxo-radicals into the backbone followed by chstission is the dominating process of the
plasma etchin§*® In contrast, argon species generated in the plasmahemically inert and
physical decomposition by surface bombardment p$ i the dominating mechanism. This
also explains the higher roughness of colloidsextoliith argon as they are subjected to higher
impact energies by the heavier argon ions. Surfaoetionalization, related to chemical
etching, has been reported to only occur due temiatpurities in the argon plasma or by

environmental oxygen after the plasma treatrfiéht*®
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Figure 5.2.10Effect of plasma composition on the etching behawdec) Comparison of pure oxygen to
pure argon plasma for 408 nm PS colloids (a); 24@2% colloids (b) and 239 nm PMMA colloids; (c),
(d) more detailed investigation on different oxy@egon ratios for 408 nm PS colloids.
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Effect of substrate temperature on the etching proess

The substrate temperature was varied in order tmae possible changes in the etching
process. Using a water/ethylene glycole mixture iaryostat connected to the bottom of the
plasma chamber, the substrate temperature wasoltedtbetween 20 °C and 0 °C. Figure
5.2.11 shows the resulting diameter vs. etching time d@iag. Decreasing the substrate
temperature led to a slight decrease in etchiresrdtoth for oxygen and argon plasma applied.
The effect was not very pronounced and limitedete hanometers per minute. Concluding this
set of experiments it should be stated that thetsatie temperature does not have a significant
effect on the etching rates and particle morpheledor the temperature range investigated.
However, controlling the temperature of the plasohamber is important as uncontrolled
temperature led to strong increases of the temmefa? of the substrate in the course of the
etching process with the drastic consequencesenretulting particle arrays. First, the etching
rates were not reproducible and featured strongatiems from the typical linear dependencies
of the controlled process. Furthermore, etchingsiraf 5 min and longer resulted in particles
with a completely destroyed shape; somewhat resegiplopcorn. Hence, even though the
precise adjustment of temperature does not sedya t@ry significant for the process, cooling

of the plasma chamber is an important requisitesfocessful size reduction processes.
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Figure 5.2.11Effect of substrate temperatures on etching rate4d8 nm PS colloids (left row) and
246 nm colloids (right row) using oxygen plasmapg@prow) and argon plasma (lower row),
respectively.
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Effect of the substrate

Finally, the effect of the substrate on the plasnauced size reduction process was accessed
experimentally. Colloidal monolayers were deposaadsubstrates typically applied in colloidal
lithography (Si-wafer and glass) and treated withigen plasma with a flow rate of 10 sccm.
As glass substrate, conventional microscopy shdexe chosen. Both the microscopy slide as
well as the silicon wafer were also covered withia gold film (50 nm), as typically applied in
lithographic processes. Furthermore, the silicofemaas covered with a ~10 um thick film of
photoresist (SU-8) to investigate effects of a k¢ insulating layer on the silicon wafer.
Figure 5.2.12shows the resulting diameter-vs.-etching time diag. The etching rates on
silicon was twice as high as compared to glassubstsate material (16 nm-rfifor Si and

7 nm-mirt for SiQ,). The effect of thin film of gold is not pronountt@nd the etching rates
resemble the native substrates. The thicker filnmsfilating photoresist significantly reduces
the etching rate by approximately 30%. We attribthie phenomenon to a higher density of
charges on insulating surfaces. In contrast toemijgonductor that can remove the charges
introduced by ions and electrons in the plasmaylétgrs accumulate charges on their surfaces.
In the course of the etching process, the subssatereasingly charged and thus shields like-
charged species in the plasma that cannot corgrtiouthe etching process, resulting in smaller
etching rates. The phenomenon is related to snetidding rates of silicon dioxide compared to

silicon that are reported for reactive ion beanhietg experiment&”
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Figure 5.2.12Effect of substrate material on the size-reductimtess. a) Silicon wafer and wafer with
thin films of gold and photoresist; b) microscofidesand slide with a thin gold film.

5.2.2.3 Conclusions of the etching experiments

A detailed investigation of the etching process wagormed and the following conclusions
can be drawn. During the etching process, no lateozement of the colloids was observed and

the non-close packed architectures exhibited theeshigh lateral symmetry and order as the



124 Assembly of colloidal monolayer architectures

initial close-packed monolayers. In the course hd etching process, the particles’ initial
spherical shape deforms into lentil-like structur@fe particles can be decreased up to
approximately 50% of their initial diameter befoctempletely collapsing and losing their
structural integrity. Polystyrene proved to be there suitable colloidal material compared to
poly(methyl methacrylate) as the latter exhibitéghhetching rates and thus little control over
resulting particle diameters. Oxygen plasma shasiguificantly higher etching rates compared
to argon and the latter induced higher surfaceugation on the colloids. The substrate material
drastically affected the etching rates while terapee of the substrates only marginally
influenced the process. However, a control of #raperature was necessary for a successful
preparation of non-close-packed monolayers to mtev®gh temperatures and “explosion”
oingf the individual colloids. Table 5.2.1 summaszall parameters of the etching experiments

and provides the experimentally determined etchénes.

Table 5.2.1. Summary of the etching experiments.

Initial colloid Plasma Flow rate Substrate Substrate  Etching rate
size* gas** Temp. determined
[nm] [sccm] [°C] [nm-min™]

408 O, (50wW) 3 Si 20 44+5.0
246 O, 3 Si 20 37+1.1
408 O, 3 Si 20 23+0.8
246 O, 3 Si 20 22+1.2
408 O, 10 Si 20 16+1.8
246 0O, 10 Si 20 18+2.1
408 Ar 3 Si 20 10+1.3
246 Ar 3 Si 20 11+1.0
408 O, 3 Si 0 19+2.0
246 O, 3 Si 0 21+1.3
408 Ar 3 Si 0 7+0.9
246 Ar 3 Si 0 10+0.6
408 O./Ar 2/1 Si 20 21+1.0
408 OJ/Ar 1.5/1.5 Si 20 20+0.9
408 OJ/Ar 1/2 Si 20 20+0.8
408 O, 10 SiQ 20 7+0.4
408 O, 10 Au@Si 20 1542
408 O, 10 Au@SiQ 20 5+0.5
408 O, 10 SU-8@Si 20 11+1.4

239 (PMMA) O, 3 Si 20 71+13.0

239 (PMMA) O, 10 Si 20 50+4.4

239 (PMMA) Ar 3 Si 20 34+0.8

*unless otherwise stated, the polymer material pagstyrene.
**the plasma power was 15W unless specified.
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5.2.2.4 Color of the monolayers as a means to control theahing process

Colloidal monolayers on solid substrates in genshalw strong coloration when illuminated
with white light® 2*52The color strongly depends on colloidal size datorientation, and
interparticle spacing. One has to distinguish tiffexent phenomena that lead to the color.
First, highly crystalline monolayers with a sizeoab approximately 500 nm exhibit strong
iridescence in dependence of illumination and olm&n angles. This phenomenon, known
e.g. from butterfly wings in natuf€' results from diffraction of light in the layered
arrangement of particles in a colloidal monolayéght waves scattered by individual particles
interfere with beams scattered from neighboringtiglas and give rise to amplification
(constructive interference) or annihilation (destive interference) of light with certain
wavelength$? In total, brilliant intermixing of colors with sing angular dependence and a
clear distinction between individual crystal dongaresults. Second, monolayers of sizes below
~500 nm show continuous, uniform coloring. Thisotak a result of interference of light at
parallel planes of the monolayer surface and thiestsate?’®*"! Crystallinity is not a
requirement for this type of color as the monolayerely acts as a thin, continuous film. The
uniform coloration strongly depends on the sizéhefparticles and can thus be used as a simple
means to control the etching process. This mightfbaterest for example in quality control in
industrial applications where electron microscopgtool is time consuming and cumbersome.
Figure 5.2.13apresents UV/Vis-NIR transmission spectra of monetay consisting of
polystyrene spheres with an initial diameter of 4@8at plasma etching times between 0 and
10 min. To illustrate the strong differences inaration of the two dimensional colloidal
crystals at different etching times, photographg ofch wafers covered with monolayers where
taken and are presented in Figure 5.2.13b to ewHfers were illuminated normal to the wafer
surface. In the UV/Vis-NIR spectra, two clear egtion features are visible. A first, broad peak
appears in the infrared regime and shifts towandaller wavelength for longer etching times
(i.e. smaller particle diameters and larger intdipie spacing). A second, more pronounced
peak appears in the visible range at around 50€ntie initial monolayer. A blue-shift in the
course of the etching process is detected for ¢ksersl maxima as well (see inset for a more
detailed picture). Both shifts are indicated byoas in the Figure. In order to explain the
spectral features, a theoretical model was adojpted literature and extended to non-close-

packed architecturdg®
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Figure 5.2.13. Optical investigation of the mone@lesyproduced by plasma induced size reduction. a)
UV/Vis-NIR spectra of colloidal monolayers redudadsize by oxygen plasma treatment for 0-10 min.
The extinction maxima shift towards shorter wavgtarfor longer etching times (indicated by arrows);
b-e) photographs of monolayers deposited on al2silicon wafer and illuminated normal to the wafer
surface; b) initial close-packed monolayer; c-enholayer after oxygen plasma treatment for 4 min (c)

6 min (d), and 8 min (e).

Treating the monolayer that consists of individpafticles as a continuous, plane parallel film,
one can apply classical optics to describe thefarence between waves reflected at the surface
of the thin film and substrate surfde®:.%® The intensity of the reflected light depends oa th
path difference between the waves reflected aaittieolloid and the colloid/substrate interface.
When illumination occurs normal to the surface,ldagdependencies of the phase shift cancel
out?® and constructive interference is obtained for th pifference of integersr(= 1,2,...) of

A. Figure 5.2.14 shows a sketch of the geometridahtion. The monolayer is treated as a
continuous thin film (light blue). Light beam 1rsflected at the air/monolayer interface while

the beam while beam 2 is reflected at the monolsybstrate interface.

Figure 5.2.14. Interference between light beanisctdfd at the air/monolayer and monolayer/substrate
plane.
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The additional optical path that the light of beam 2 travels compared to b&aquals:
A =2d:o1 * Nmono

In the equationd,, represents the diameter (or, more precisely, dight) of the colloids and
Nmono the effective refractive index of the monolayemnStructive interference occurs for
multiples of the wavelengtim{}) of the incident beam. Hence, it follows that thevalangths

that are constructively reflected can be determased

— 2dcoll

A n
m mono

Hence, reflective maxima can be calculated as:

ml = chollnmono (m=1,.2,...)

The refractive index of the monolaysf.,, depends on the refractive index of the polymer
materialnes (here: polystyrene), the volume fraction of tleélaids ¢..; and the refractive index

of the surrounding medium,.q (here: air), and can be expressef'ds:

Nmono = NpsPcout nmed(l - (pcoll)

Using the expression far,n,and takingnmeq= 1 for air as surrounding medium, an expression

for the reflection maxima is obtained:

2
A= Edcoll[nPS(pcoll + (1 = @con)]

The last task for the calculation of the constuectinterference peaks is the determination of the
volume fraction of the colloids in the non-closesked monolayer. Using geometric arguments,
the volume fraction can be approximated as themelfraction of a sphere with the diameter
dnep (being the diameter of the colloid in the non-elgscked monolayer) in a hexagonal prism
with the base determined by the initial diametethef spheres in the close-packed arrangement,

do, and the heighd,., as schematically shown in Figure 5.2.15.
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Figure 5.2.15. Model for the calculation of thewmle fraction of colloids in a monolayer treatechas
continuous thin film. The complete film is modekeslan array of interconnected hexagonal prisms with
the basel,. a-c) close-packed monolayer; a) 3D model of thaatayer; b) side view image: the height

of the prisms equals the colloid diamedgrc) top view image: the base of the prism is dafiby the
diameter of the colloids; d-f) non-close-packed olayer; d) 3D model of the monolayer film; e) side

view: the height of the prisms equals the diametéhe etched colloidd., f) top view image. The base
of the prisms still equals the initial diametettioé colloidsd,.

The area of the prism ba8g,scCcan be described as 6 interconnected equilate@agtes with a
height ofdy/2; the height of the prism is given by the colldidmeterd,.;

3
— — 2
Vprism = Abase - dncp = 2\/§ - dO : dncp

The volume fractiong,, can now be expressed as follows:

Vcoll _ 77\/§ . drzlcp
Vprism 9 d(z)

Peout =

Table 5.2.2 compares the theoretical values for the constrecinterference with the
experimental data extracted from Figure 5.2.13arefractive index for polystyrene of
nes= 1.57 was used and the wavelength dependenceagiescted”

A gualitative agreement between theory and expetiahedata is obvious. Both firsm(= 1)
and second nf =2 interference maxima are reproduced and the dbiftards shorter
wavelengths for increasingly less densely packahitgctures as found experimentally is
confirmed theoretically. Quantitatively, a discrepg between experimental data and theory is
found. This can readily be explained by oversinngdifion of the model. The ordering of the
monolayer is assumed to be perfect and defectsegyiected. Thus, the volume fraction of the
colloids is overestimated in the model. Additiogat and more severely the colloids are

assumed to fully retain their spherical shape winileeality, their shape deforms into a lentil-
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like form. As the model uses the experimentallyedeined top view diameter of the colloids as
the height of the thin film, the volume fraction fisrther overestimated as the real height is
reduced due to the shape deformation. Furtheremiemts of the model, e.g. by taking into
account the deviations from spherical shape areagd to increase the quantitative agreement
between model and experimental data. Consideri@gitnplicity of the theoretical model, the
qualitative agreement with experimental data wagprsingly good and all characteristic

features were reproduced.

Table 5.2.2. Constructive interference maxima pblystyrene monolayer subjected to plasma treatment

Etching time Colloid Theoretical value Experiment
Diameter
1% order 2" order 1% order 2" order
maximum maximum maximum maximum
[min] [nm] [nm] [nm] [nm] [nm]

0 408 1097 549 1010 500
2 393 1049 524 906 494
4 388 1018 509 846 490
6 370 950 475 758 476
8 355 895 448 668 464
10 344 834 428 650 450

5.2.2.5 Applications in colloidal lithography

Figure 5.2.16. Application of non-close-packed mawers in colloidal lithography: a variety of gold
nanostructures can be readily created in highlgied arrays. (a) Holes in a continuous gold fillm); (
gold nanocrescents; (c) gold discs; (d) gold rings.
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In order to briefly demonstrate the versatilitytbé non-close-packed monolayer in colloidal
lithography applications, arrays of differently pled nanoparticles were produced. Figure
5.2.16 shows different structures that are produeeth ease using non-close-packed
monolayers as masks. Figure 5.2.16a shows nanasémpes in a continuous gold film
produced simply by evaporation of gold onto the-nlmse-packed monolayer and subsequent
removal of the colloids. Figure 5.2.16b shows arafygold nanocrescents that are produced by
evaporation of gold under an angle of 30° with eespo the surface normal followed by
reactive ion beam etching normal to the surf&e A more detailed description of the
fabrication process and the optical propertieshesé structures will be presented in chapter
5.3.2.1. Figure 5.2.16¢ presents arrays of golddians that are produced by assembly of a
monolayer onto a continuous gold film. After plasmduced size reduction, reactive ion beam
etching is used to remove the gold not shaded éyctitioids. Finally, gold nanorings can be
produced as well (Figure 5.2.16d). Ring formatisrachieved by multiple evaporation of gold
with an angle of 30° with respect to the surfacemad, followed by reactive ion beam etching

similar to the process used for the nanocresceéenicttion**"!

5.2.3 Ordered binary monolayers with adjustable stoichionetries

5.2.3.1 Introduction

Beside the non-close-packed architectures desciibda previous chapter, a focused research
effort has been initiated on binary colloidal mayars, comprised of a densely packed
monolayer of large particles with smaller colloldsated in the interstitial sites. In contrast to
crystals of uniformly sized particles, such binarghitectures feature a rich variety of structures
and symmetries depending on the size and numbes K&tthe large and small colloids applied.
They hold promise to be used not only in lithogsaph with the possibility to create
nanostructures not readily available from singiedi particle monolayers — but in several
distinct research areas such as crystal surfacécetith “*®and quasi-crystallinitf?*! or, when
stacked into layered superstructures, photoniciegifns aiming at the generation of full
photonic bandgap materidl$.?? One even might envision more complex applicatiens, for
the creation of colloidal molecules by fusing theafler spheres located in the interstitial

sizes??l
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For a successful implementation of such binaryesgstcomparable to the wide-spread use of
classical, single-sphere type colloidal monolaytrs, of crucial importance to develop reliable
and fast crystallization methods that give accessigh quality, large area arrays of complex
monolayer architectures. However, the growth ohbyrcrystals is substantially more difficult
compared to homogeneous colloidal crystals as thgepce of small particles requires a tight
control over several additional parameters.

Pioneered by OziH” and van Blaaderéff! in the last decade, a few methods have been
explored for the creation of binary colloidal maag#rs, including controlled drying?
accelerated evaporatidh” vertical depositiof*® spin coating'®® and electric field induced
assembly:”” A detailed survey of possibilities and limitatiosggiven in chapter 3.3.3.

From a conceptual point of view, gaining precisetaa over the composition is highly desired
to fully exploit the variety of surface structurestwo-dimensional binary colloidal crystals.
Furthermore, uniform patterning over large areaseis/ challenging using non-equilibrium
processes, as e.g. meniscus pinning and chandesainconcentration during the process lead
to irregularities during the crystallizati#.% Up to now, precise control over both mentioned
features is challenging.

In this chapter, the formation of binary colloidabnolayers at the air/water interface with
precisely adjustable compositions over a wide rafgeze and number ratios using a Langmuir
trough is demonstrated. The fraction of the indigildspheres at the interface can be determined
from the Langmuir isotherms in order to reliablyjustl the desired stoichiometry at the
interface. Thus, the crystal structure of the hynawonolayer can be precisely tailored. After
floating and compression, the crystals can be fearesl to arbitrary substrates over extended

areas only limited by the dimensions of the trough.

5.2.3.2 Results and Discussion

5.2.3.2.1 Monolayer preparation by Langmuir layer compressioand surface

lowering transfer

The process flow for the fabrication of the binaotloidal monolayers is presented in Figure
5.2.17. Before adding the colloidal particles, ansfer substrate was submersed in the trough
just below the air/water interface with a slighgkn For the spreading onto the water surface,
the colloidal dispersion was diluted in order tdad a 50 vol.-% ethanol solution and applied

to the air/water interface via a partially immerdesdirophilic glass slide with at a tilt angle of
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approx. 45° with respect to the water surface failhg a procedure adapted from Weekes et
al " After the colloid deposition was completed, theeiface was left to equilibrate for several
minutes until no visible movements on the interfac¥e observed before the floating particle
layer was compressed. The transfer was typicalifopaed at a surface pressure of 7 mN-m
by pumping out the water subphase. In this proeedine water surface was slowly lowered
until the monolayer covered the transfer substthé¢é was subsequently removed from the
trough and dried under an angle of roughly 45°atilitate water evaporation. Figure 5.2.17d
and e highlight the large area that can be covern¢hl ease. A 6-inch wafer is shown (d)
immersed in the water subphase of the trough withleeady densely packed monolayer at the
interface and (e) after deposition and drying efttonolayer. The monolayer consisted of large
particles with a diameter of 1063 nm and 225 nmlisperticles with a number rati® =
NsmalNarge Of 6 (the corresponding electron microscopy imégshown in Figure 5.2.21e).
Individual single domains with square centimetémsethsions are well visible by their distinct

colors.

a) )
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Figure 5.2.17 lllustration of the process flow fbe fabrication of large area binary colloidal mayers
and their transfer to a 6-inch silicon wafer: ayeguling of the colloidal particles at the air/wétaerface
of a Langmuir trough using a glass slide; b) corsgimn of the colloids until a close-packed monalaye
formed; c) lowering of the liquid interface to dejidhe monolayer onto a substrate immersed in the
subphase; d) wafer substrate immersed in the sabphith a compressed monolayer floating at the
air/water interface (1063 nm + 225 nm 1:6); e) wafiter completed surface lowering transfer and
drying. The individual single crystal domains candistinguished by their coloration.

c)

In order to gain full control over the compositiohthe binary monolayer, the number ratio of
small (S) and large patrticles (L) has to be prgpadjusted. A simple mixing of the two

components with the desired ratio is not possildethee individual particles have different
tendencies to attach to the interface upon sprgathnother words, only a specific fraction of
the spread particles will remain at the air/wateerface while the rest will submerge into the
water phase. Therefore, the fraction of partictaba interface®) was individually determined

for all colloid types used in this study. To dottheknown concentration of particles (with the

amountN,) Was spread onto the trough and compressed. ©hghrarea directly before the
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collapse Anong Was determined from the isotherm. This surfaea avas defined to be the area
of the complete monolayer comprising all partighessent at the air/water interface. Thus, the
number of particles at the interface is slightlyem®stimated due to defects present in a real
monolayer (line defects, unoccupied individualsitd he fraction of particles at the interface is

thus calculated as:

Ninterface _ 0.903 - Apono

b = =
Ntotar n/4 ' d?ou * Niotar

with d.o as the particle diameter amlerace and Nioia being the number of particles at the
interface and the total number, respectively. Téadr 0.903 represents the fraction of total
surface area covered by colloids in perfectly agdeclose-packed monolayer. The total number
of colloids added is readily available from thetuée concentration and the volume of the
dispersion added to the trough. With knowledge ld tnterface fraction®, the desired
stoichiometry at the interface can be preciselyustdd. Table 5.2.presents the interfacial
fractions calculated for all colloids applied instlstudy for pH values of the water subphase of
6 and 9 as well as the number of charges pérafiine individual colloids at the two pH values.
As will be discussed in detail below, the pH of théphase influences the behavior of the
colloids at the interface. Carboxylic acid groupsesent at the each particle’s surface, are
increasingly deprotonated at higher pH, thus irgirepthe hydrophilicity of the particles,
leading to a decrease of the interfacial fractibrihe colloids. Consequently, the number of
charges per nfnas determined from titration against an oppasitelarged polyelectrolyté?”
increases with increasing pH for all different oadial particles used in this study (Table 5.2.3).

The charge density is in good agreement with valesrted in literaturé?>2*"!

Table 5.2.3. Interfacial fraction and number ofrges at a water subphase pH of 6 and 9 for albictsl
used in this study.

Diameter Interface fraction Number of charges/nm of particle
surface
[nm] pH6 pH9 pH6 pH9
202+8 57.2% 27.2% 0.8 11
225+7 77.0% 36.1% 0.8 1.3
303+8 39.0% 20.1% 0.8 0.9
336+11 71.1% 24.9% 1.2 1.6
422+10 92.1% 42.7% 11 1.3

1063+20 98.6% 92.2% 3.1 5.0
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In agreement with the higher hydrophilicity of tleelloids induced by the higher charge
density, the interfacial fraction is decreased dayghly a factor of two when changing the pH
from 6 to 9; the only exception are the large 1068 particles, which showed a very high
fraction at the interface for both pH values. Natipalar trend is observed concerning the
values of the interfacial fractions for the diffetly sized particles, thus underlining the
importance of the accurate determination of therfate fraction for all particles at all different

experimental conditions.

5.2.3.2.2 Surface pressure-area isotherms
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Figure 5.2.18. Surface pressure - area isotherramgle-sized particle- and binary monolayers
consisting of 1063 nm and 225 nm colloids witheti&ént number ratios. a) pure large particles; ti ra
NsmalNiarge=2; €) ratioNsmaiNiarge=6; d) ratioNsmaNiarge=9. The insets show electron microscopy images
with the respective packing structures.

Surface pressure-area isotherms were recordedhé&ibinary colloidal monolayers. Figure
5.2.18 depicts typical examples, where the isotbenare recorded for the compression of a
monolayer of pure 1063 nm colloids and mixturestled former with 225 nm particles in
number ratios of 2, 6 and 9. Representative electnaicrographs of the monolayer
configuration are shown as insets. In general sttape of the isotherms exhibits a very steep,
almost vertical surface pressure increase befaredhapse. This behavior is typical for a very
stiff film at the interface and is in good agreemetth a well-ordered particle monolayer of
low compressibility’”"® The isotherms of the different monolayers resenelaleh other very

closely, indicating that the interfacial propertaee dictated by the large particles. Apparently, a
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dense packing of the large particles is retainegdafbapplied stoichiometries and the small
particles are indeed located in the interstitisdssiof the large particles. A minor change of the
slope is found for the highest number ratio (Figbt2.18), reflecting a slightly increased
compressibility; even though the slope is stillywsteep. This behavior hints at a somewhat
lower order and is in agreement with a higher arhaindefects present in this particular
monolayer’® Such defects can be compressed to some extentk bmfokling occurs at the
collapse. Hence, the recording of the isothermipies/a convenient way of quality control for

the monolayer formation.

5.2.3.2.3 Theoretical considerations

First, simple geometric models were applied in prie determine the range of size ratios
Rs= dsmaldiarge Of Small particles that can be co-crystallizedhvihie method described. In this
respect, two points should be noted. First, issuaed that highly symmetric, crystalline binary
monolayers can only be obtained as long as the laagicles form a densely packed monolayer
that provides the interstitial sites to be occupgdhe small spheres. Second, as will be shown
further below, it is possible to control the cotangle of the particles at the air/water interface
by adjusting the pH value. The lowering of the emntangle (and by this, maximizing the
degree of immersion into the water subphase) caexpited to increase the volume of the

interstitial sites available at the air water ifdee (see Figure 5.2.23).

Geometrical calculation of the minimum size of thesmall particles

The minimum size of the small particles can eab#ydetermined by considering that for a
successful transfer of the binary monolayer, itnecessary that the small colloids are
sufficiently large as not to fall through the irgtitial sites of the monolayer formed by the large
colloids. Hence, they need to be larger than tke sf a colloid that fits ideally into the

interstices. The size of the colloids that fit ideanto the holes is calculated based on simple

geometrical considerations shown in Figure 5.2.19.
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d/2

Figure 5.2.19. Sketch to describe the geometritisdtson in a close packed monolayer to calculaee t
minimum size of the small colloids. All variablesad for the calculation are defined in the picture.
The calculated diameter provides the lower limittfee size of the small colloids. Any colloids

with a size bigger than the ideal fitting size wébkide on the monolayer of large spheres as they

are too big to fall into the interstitial sites.& bontact angle of the large colloids is takenGfs 9

Using Pythagoras can be calculated from the diameter of the lapdeees as:

SORL
) ()" - S

The radiugy of the smaller spheres that fit into the site,tdbates tox in the following way:

d
x=5+y+z
_ d
Z=x=y=3

Using Pythagoras again, a relation Z@ndy is given by:
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Finally, the minimal size rati®s ni» can be determined:

dsmall 2y 2
Re. . = =—=—-—1=0.16
Smn dlarge d \/§

For the large colloidsde1063 nm) applied for this study, the ideal diamdtg the small

spheres to match the interstitial site is calcualatebe 165 nm.

Geometrical calculation of the maximum size of themall particles

o air

)/ water

12

Figure 5.2.20.Sketch of the large particles atthevater interface for the determination of theximaum
size of the small particles.

For the determination of the maximum size of th#oads, several assumptions have to be
made. As stated above, it is assumed that ordergstalline binary monolayers can only be
produced as long as the close packed order ofatge Icolloids remains intact during the
assembly process. If the small particles formirg sbperlattice are too large, they will not fit
into the sites provided by the underlying largeesph monolayer and thus, disturb the
crystallization process. A disordered, amorphousarggement will be formed. For the

estimation of the theoretical maximum possible $aethe small colloids, a contact angle of
zero degreesB(= 0°) for the large particles is assumed; proydihe maximal space in the

interstitial sizes at the interface while the coht@ngle of the small particles is fixed to 90° as
shown in the sketch of Figure 5.2.20. With simpémmetrical considerations, the maximum

size RatioRs mxiS calculated as follows.

Using Pythagoras’ theoremcan be calculated as:

dz d2 Y, d
x=<T+Z> =ﬁ
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The radiugy of the small particles, can thus be expressed as:

d d 2 -2
y=—=-= < \/_>=0.207-d
242

The maximum size ratio can then be determined as:

2
Rsmax = ——2— = 0.41

dlarge

For the large colloidsdE1063 nm) applied for this study, the maximum diae the small
spheres is calculated to be 440 nm. Note that aleulated value overestimates the maximum
diameter for the following reasons. i) The contaegle of the large particles will by slightly
higher than O degrees, therefore reducing theddiiee interstitial site at the interface available
for the small colloids. ii) The change in pH affethe small particles as well. Tuning the pH
value in a way that the large particles are imneetsea high extent (i.e. having low contact
angles) in order to provide a maximum space forsthall particles will lower the contact angle
of the smaller particles as well (as they featimglar surface chemistry). As the small particles
lower their contact angle, they will occupy moreap in the interstitial site thus leading to a

slightly reduced maximum size.

5.2.3.2.4 Structural diversity

To assess the possibilities and limitations of iiethod experimentally, a survey of possible
structures was obtained by systematic variatiothefsize ratidRs between small (S) and large
particles (L) as well as the number raRg of small particles relative to large particlestias
air/water interface. Figure 5.2.3itesents electron micrographs of the different fyiraystals
that can be produced by our approach. Three distimtfigurations of the small spheres were
formed by changing the number ratio between 2 affidure 5.2.21 a to f, from left to right).
An interfacial ratio of 2 leads to crystals witheosingle small particle present in the interstitial
site (most conveniently denoted as,) 8s this space is energetically most favorablettier
small sphere to reside. Increasing the number edtite interface to 6 gives rise to a triplet
filing of the site upon formation of a lgSconfiguration. The side-view image in Figure
5.2.21(l) proves the presence of three particleshab a tetrahedron-like filling with 4 small
colloids can be excluded. Finally, a further ineeaf the number of small particles generates a

third distinct phase, the k®onfiguration. In this crystal structure, the nstéial sites are still



Ordered binary monolayers with adjustable stoichinies 139

filled with triplets and additional small sphere® docated at the bridges between the large
particles, as these are energetically the secorst farorable region. The monolayers generally
featured a high degree of crystallinity as can lbgeoved in the SEM images of Figure 5.2.21. A
characteristic lower magnification image, selected the LS configuration of 1063 nm +
202 nm is presented in (i) to further demonstraee ligh degree of long range order of the
monolayers produced.

The particle size ratio was varied between 0.19 @40 (Figure 5.2.21, from top to bottom).
Three major differences were observed. For sma# satios Rs=0.19 and 0.21), all three
configurations (L§ LS, LSy) can be produced in a controlled way. Startingifieosize ratio of
0.29, the small particles are too large to form ltBg structure. Hence, a number ratio higher
than 6 induces a loss of order in the monolayee I structure can still be produced and
consist of triplets that are already touching eattier at the bridges (Figure 5.2.21h). A further
increase of the size ratio to 0.32 renders the Ispaaticles too large to crystallize in the d_S
structure; only single particles can be placedhim interstitial sites (LS see Figure 5.2.21i).
Any additional small particles compromise the orded induce amorphous structures. Finally,
with a size ratio of 0.40, a surprising arrangenigwutetected. The monolayer already exhibits a
high degree of disorder as the small particles staprevent the crystallization of the large
spheres. Therefore, this size ratio can be cormidés be the upper limit for the method
presented. However, some small crystalline domstiisexist. Instead of forming the expected
symmetric LS configuration; these domains exhibit a lower synmgnas the small particles at
the interstitial sites mutually touch each othed &arm dimeric structures (Figure 5.2.21k). We
attribute this behavior to the small colloids, whigecause of their size do not sit as firmly in
the interstices compared to smaller particles.

The above survey of possible structures demonsttatg the theoretically predicted range of

size ratios can be experimentally realized almostpletely.
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Figure 5.2.21. Structural variety obtained by atiifigsthe size ratidRs = dsma/iarge and NnUMber ratio
Ry = NsmalNiarge: The large particles always had a diameter of ¥063The scale bar is 1 um unless
otherwise specified. a-&s= 0.19 flsmai = 202 nm) andRy = 2 (a); 6 (b) and 9 (c); d-Bs=0.21
(dsman = 225 nm) andRy = 2 (d); 6 (e) and 9 (f); g-lBs = 0.29 fsman = 303 nm) andRy = 2 (g) and 6 (h);
j) Rs=0.32 €lsmar = 336 nm) andRy = 2; k) Rs = 0.40 €flsman = 422 nm) andRy = 2; i-I) sample shown in
b) in lower magnification (i) and in a side-viewage (l) to demonstrate that the interstitial sées
indeed covered by triplet structures.

The homogeneity of the interstitial site occupatiointhe binary monolayers was further
guantified statistically and is presented in Tab2.4. To do so, several electron micrographs
taken from different parts of the surface wherengrad in detail by systematically analyzing
the occupation of the interstitial sites.

Table 5.2.4 shows the statistical analysis of ttepg@red monolayers. Four distinct occupation
scenarios are listed separately: empty interst&ngle occupation, triplets, and bridged triplets,
corresponding to the crystal structures of L, LE36 and LS9 respectively. In addition,

interstitial fillings not belonging to one of théasses are listed as “others”. Typically, these can
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be doublets, tetrahedrons or multiple fillings wétiditional particles being present on top of a

triplet as illustrated in Figure 5.2.22. The lettgven behind the value for the percentage of

other compositions indicates the predominant typedefect. Care was taken to exclude

interstitial sites belonging to defects of the elgmcked monolayer of large spheres (e.g. line

defects between neighboring domains) to get anratepicture of the crystalline structure.

Figure 5.2.22. Additional configurations observedhie binary monolayers. From left to right: double

occupation, tetrahedrons and multiple fillings.

Table 5.2.4. Statistical evaluation of the stoioméries found in the individual binary monolayerighw
large particles of 1063 nm diameter.

Dgman Ratio R Ratio Ry pH Interstitial site occupation [%]
[hmM]  Dsman:Diarge  Nsmai:Niarge Empty  Single  Triple  Bridged Other*
202 0.19 2:1 6 5.9 81.7 4.0 0 8.5 (A)
202 0.19 6:1 6 4.8 7.3 70.3 6.9 10.8 (A)
202 0.19 9:1 6 20.8 3.9 5.8 54.1 14.9 (C)
225 0.21 2:1 6 18.5 70.6 1.3 0 9.5 (A)
225 0.21 6:1 6 1.0 7.0 81.1 1.8 8.7 (B)
225 0.21 9:1 6 3.9 3.7 9.2 76.2 6.9 (A-C)
303 0.29 2:1 6 6.1 87.3 1.2 3.3 2.1 (A)
303 0.29 6:1 6 10.1 9.5 64.6 35 11.4 (A)
303 0.29 6:1 9 0.2 2.9 80.8 0.5 15.5 (A)
303 0.29 9:1 6 0 0 74.7 0 25.3 (D)
336 0.32 2:1 6 10.5 80.6 3.4 0 5.6 (A)
422 0.40 2:1 9 2.9 95.6 0 0 1.4 (D)
(69.5)"

"The letter in brackets gives the dominating arramgy@ of small spheres in the interstitial site: A:
double; B: Tetrahedron; C: multiple filling, D: anpdous.
" bridged” here refers to single particles connedigda single particle; to be distinguished from
neighboring triplets that directly touch each otasmvell.
" Single small particles tended to form dimeric stmmes as shown in Figure 5.2.21k. The numbers
should be read as follows: 69.5% of the single-pisi sites were found to be dimers by touching the
next single-occupied site.
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In general, the occupation efficiency with the dagiconfiguration was between 70 and 80%.
In all cases, deviations from the desired fillingcorred, mostly by switching between the
energetically most favorable configurations. Gitka large number of possible configurations
for the small spheres, the values determined ferdésired compositions are rather high. This
justifies our claim that the composition is confedl by adjusting the number ratiBy) of the

colloids at the interface.

5.2.3.2.5 Variation of the pH value as a means to influencéet crystallization

process

A parameter that can be used to further influgheecrystallization process is the pH value of
the subphask® An increase in pH can be used to increase theatiiyation efficiency into the
desired structure. As the particles featured caflimacid surface functionalization, an increase
in pH leads to a higher amount of charges at thiace (see Table 5.2.3) as the acid groups are
increasingly deprotonated. This has several effentthe monolayer crystallization process.
First, the increase in electrostatic repulsion fidip increase the long range order in the
monolayer systeffl as attractive van der Waals and capillary foraes aaunteracted more
efficiently and the particles have more time todfithe energetic minimum positiéH. >
Moreover, the higher charge density increases tfdrophilicity of the colloids with two
consequences. First, the higher particle solubifitthe subphase is reflected by a drop in the
interfacial fraction for all colloids (Table 5.2.3Hence, the interfacial fraction has to be
determined separately for different pH values. &dcaue to the higher charge density, the
particles floating at the interface will tend to lmemersed deeper into the subphase (i.e. the
contact angle will change to lower values). Figle.23 illustrates this phenomenon
graphically. As the large patrticles sink deepen e water subphase, the interstitial volume at
the interface becomes larger. Thus, larger pasticén fit more easily into the crystal structure
of the monolayer. In order to experimentally vetifig dependence of the contact angle on the
pH value, n-butyl cyanoacrylate was polymerizethatinterface in order to fix the position of
the colloids at the air/water interface in a polyimenatrix. The monomer is introduced slowly
via the gas phase, to keep the monolayer and thghase surface as unperturbed as possible.
As the cyanoacrylate polymerization is initiated vegter, the polymer film selectively grows
into the water phase. Thus, the position of théoms at the liquid interface can be visualized
(preparation scheme is shown in the experimentalipahapter 6.5.3.4. Figure 5.2.23c and d
shows electron micrographs of a monolayer of lazgkoids embedded in the poly(n-butyl

cyanocrylate) (PBCA) film at a pH of 6 and 9, retpeely. A clear change in contact angle can
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be seen with the colloids at pH = 9 being almoshgietely immersed in the water subphase.
Hence, the interstitial volume available for theaingolloids is drastically increased compared
to the situation at pH = 6. This was exploited ttog crystallization of binary monolayers with
large size ratiosRs= 0.32 and 0.40). The occupation with single plsiqRs= 0.32) was thus
increased from 65 to 81% (Table 5.2.3) and the romlghe film was substantially higher.
Figure 5.2.23e and f compares the monolayers fomrida size ratio of 0.40 for a pH of 6 and
9. Crystalline domains formed exclusively with a pHd, even though the domains were small
and the monolayer featured a higher amount of desotompared to smaller size ratios. Using
pure water (pH 6), only amorphous structures wértained as the crystallization of the large

particles was impeded by the large diameter osihall particles at the interface.

a) pHé b) pH9
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Figure 5.2.23. Effect of the pH value on the positdof the monolayer at the interface and conseaqsenc
for the crystallization of a binary system compoeéd063 nm and 422 nm colloids (size ratio

RS = 0.40). a,b) Schematic illustration of one $ntmdtween two large colloids at the air/water ifaee

at pH =6 (a) and pH = 9 (b). The black spheresitlites the maximum size of a small colloid thaihtio

the interstitial site at the interface without dikting the crystal structure of the large spheraatayer;

¢,d) SEM images of a monolayer embedded in a gmiyy( cyanocrylate) matrix that was polymerized at

the interface to visualize the colloid positionpkit6 (c) and pH 9 (d); e,f) binary monolayers vatkize

ratio of 0.40 produced at pH6 (e) and pH9 (f).



144 Assembly of colloidal monolayer architectures

5.2.3.2.6 Transfer to different substrates

In addition to the control over monolayer compasifithe surface lowering transfer technique
has another distinct benefit as it can be applied large variety of substrate types. The only
requirement for a substrate is that is must becserfitly hydrophilic in order not to completely
dewet during the deposition process. However, éyeinophobic substrates can be used if they
are treated with oxygen plasma for a short timerpto transfer. Planarity of the surface is

generally not a requirement for the deposition gss¢cas documented in Figure 5.2.24 c to g.

Figure 5.2.24Examples of substrates that can be convenientlgrdead with binary colloidal
monolayers by the method presented. a) One-eump lgpPlastic substrate; c,d) micropillars of
photoresist created by conventional photo-lithoyagovered with 1063 nm + 303 nm single
particles (c) and 1063 nm + 225 nm triplets (d) &inary monolayers transferred onto 50 um
polystyrene particles; e-f) 1063 nm + 225 nm titigglg) 1063 nm + 303 nm triplets.
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Figure 5.2.24 provides examples of substrates patterned with npineonolayers.
Macroscopically, different objects of (almost) angterial and shape can be decorated with the
binary colloid structures as demonstrated by aeane-coin (a) and a bendable poly ethylene
substrate (b). In the latter case, the plastictsateswas hydrophobic, but a short oxygen plasma
treatment induced enough hydrophilicity to preveesvetting of the substrate during transfer.
Substrates featuring micropillars of photoresigipared by conventional photo-lithography can
be precisely covered with binary monolayers as Yeetl). Finally, 50 pm polystyrene particles
were deposited onto a silicon wafer and subsequeldtorated with binary monolayers of
1063 nm + 225 nm or 303 nm (Figure 5.2.24e andd)can be seen in the lower magnification
image of Figure 5f, the upper half of the colloidface, which is accessible during the surface
lowering transfer, is completely covered with thenolayer. The monolayer adheres even in
the very steep regions around the large partiggisator. The high quality of the monolayer is

highlighted in the higher-magnification images ajl¥e 5.2.24e and g.

5.2.3.2.7 Applications in Nanosphere Lithography

Using the binary monolayers as evaporation masksesaible application of the binary surface
structures can be demonstrated. In conventionkdidal lithography? using single-size sphere
monolayers as evaporation masks, arrays of goldbtriangles can be prepared by gold
evaporation. They possess well defined plasmonness®&? and have thus been used
extensively e.g. in sensing applicatidfis.**® However, the architecture of the monolayer
limits this process to triangular structures tledlect the projection shape of the interstitiagsit
and their hexagonal arrangement. The interparid&nce of the evaporated nanostructures as
well as their dimensions are simultaneously deteechiby the size of the colloids used as the
monolayer mask. By controlled filling of the intdtiml locations with smaller particles a
superstructure is imposed with an increase in tea ahaded by the colloids during the gold
evaporation process. Hence, the dimension anderation of the evaporated nanostructures
are decoupled and more complex surface patternsegenerated.

Figure 5.2.25resents examples of such patterns produced. lerglertwo types of available
patterns arising from LSand L3 binary structures may be of particular relevaridsing
monolayers with a LSconfiguration yields relatively densely packed wlayer architectures
as the triangles of small spheres in the inteastites occupy most of the free space available.
However, the small spheres feature one unoccupsedsite in the center of the triangle, which
itself is centered in the interstitial site betweba large spheres. After evaporation and colloid

removal, this architecture produces arrays of semall gold nanotriangles with a large spacing
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(independent control over size and separationJurgidg.2.25a and b show examples of such

surface patterns.

L
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ds=336nm ——Jds=303nm ' d$=336nm ' —

Figure 5.2.25. SEM images of gold nanostructureslyeed by different binary monolayer architectures
as colloidal lithography masks. The size of thgdatolloids was 1063 nm in all cases. The sizé®f t
small colloids ¢ is denoted in each image. The scale bars are #0@,b) LS structures used as mask;
c-f) LS, structures used as mask.

Figure 5.2.25a shows gold structures produced witts structure of 1063 nm and 202 nm
colloids. A hexagon of gold dots reflecting theefriaterstices of the small particles is clearly
visible. The size of the dots is approximately &a nThe triangular structure is almost
completely lost, most likely due to the small sa& the rather large distance between mask
and substrate. Additional sets of smaller dots appetween the hexagonal dots that stem from
empty space between the edges of the trianglesttendirea where the large colloids are
touching. In Figure 5.2.25b, a § Structure of 1063 nm and 336 nm colloids was @sethask.
The triangular shape of the gold particles is nésarty visible. No further gold dots appear as
the triangles of the small particles cover all egmgiace of the large colloid monolayer except
for their own interstitial site. The size of theatrgles (edge to edge distance) is approximately
50 nm. Their mutual spacing is roughly 650 nm. Bhaall size of the nanostructures paired
with a long separation distance meets the key reount for single particle imaging and
spectroscopy, where a minimum separation distalose ¢o the wavelength of the applied light
is required. Thus, these surface structures mayaheble substrates for the study of binding

events of individual molecules onto single nanagtres.
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Another interesting type of surface patterns isat@é with monolayers of a LStructure. As
these crystals feature single occupied interstioewe free space exists in the 2D crystal as
compared to the LgSstructure described above. Figure 6¢ to f presgaold nano-structure
arrays produced with L,.3nonolayers of various size ratios between smalllarge particles. In

all cases, highly complex structures are visiblen&ally, they can be considered as variations
of the classical triangular structures producedhfsingle particle monolayers. However, as the
small particle shades a central part of the tritarguterstitial site, triplets of smaller triangle
with a local B, symmetry are produced. These are arrayed ipnasydnmetry reflecting the
symmetry of the monolayer. Depending on the sizéa@fcolloids in the interstices, the size and
mutual distance of the individual triangles carvbeed drastically. In the structures produced,
they varied from 100 nm sized triangles with 150spacing produced from 202 nm colloids in
the interstices to 70 nm triangles with 250 nm gpmadRecently, arrays of nanopatrticle clusters
- resembling such arrays of triplet nanotrianglbave attracted significant attention as they are
associated with a variety of optical phenomenaogotirring in spatially separated objects, most
prominently hybridization of the individual plasmoresonancé$***? and Fano-type

resonance$?®22%

5.2.3.3 Conclusion

In summary, a methodology for the fabrication ab&areas of binary colloidal monolayers
consisting of a densely packed monolayer of lagiees (L) with small spheres (S) located in
the interstitial sites is proposed. The occupatibrihese sites can be tailored and precisely
controlled over a wide range of size ratios on agrauir trough. A simple theoretical model
based on geometrical considerations and taking atiwount the particle immersion depth
(depending on the contact angle) was applied tonat# the range of size ratios that can be
applied and yielded possible size ratios of 0.Fg<0.41. Using surface pressure - area
isotherms, the fraction of the different colloidglze interface was determined for each type of
particle for every experimental condition individlya These data can be used to precisely
adjust the exact stoichiometric compositions of ldrge and small spheres at the interface.
Crucial to yield highly crystalline monolayers fetspreading technique via a tilted glass slide
with ethanol/water mixtures. Apparently, the paescpre-organize at the interface and form
monolayers with large domain sizes upon completepeession. By variation of the interface
stoichiometry, highly ordered binary monolayershaitrystal structures of LSLS; and LS
were successfully prepared. Depending on the sit®, reither all three configurations
(Rs< 0.22), only LS and LS structuresRs= 0.29) or only LS crystals (0.30 Rs< 0.40) were
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formed. A statistical analysis of the occupatiorttaf interstitial sites of the monolayer of large
spheres was performed and revealed a high deg@e@f with usually 70 - 80% prevalence of
the target configuration. An optimization of theeparation conditions, e.gautomatic
spreading, vibration damping of the trough or opted protocols for preassembly time and
compression speed is expected to further incréesgield of the desired structural types. The
pH value of the water subphase can be used tothenerystallization process as the contact
angle of the large spheres at the interface styotgppends on the pH value, thus changing the
interstitial volume available for the smaller cails.

An interfacial polymerization of n-butyl cyanoaad was used to directly visualize the
position of the colloids at the interface. The coagsed binary monolayers were sufficiently
robust to allow transfer to a variety of substrabés/arious materials even with non-planar
surfaces and arbitrary topographic features. Theqss is fast, easy to implement, does not
require expensive equipment and is able to patenge areas only limited by the troughs
dimensions. Thus, we expect the method to be wedinable for industrial applications.

The prepared binary monolayers were used as euviporaasks to generate gold nanostructure
arrays by colloidal lithography. Given the complggometries of the interstitial sites in the
binary 2D crystals, more complex arrangements ef ihnostructures were prepared. This
demonstrates an increase in flexibility for collidithography compared to conventional

single-particle monolayers.
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5.3 Lithographic processes using colloidal monolayers

5.3.1 Arrays of metal nanoparticles by a non-conventional

lithographic process

This chapter describes a non-conventional lithdg@aprocess to produce arrays of metal
nanoparticles from metal-complex containing lategcprsors. The process was developed at
the University of Ulm and first published by Manzkeal. in 2007+*%

Pt(acac) and Fe(acaglPt(acac) containing latex particles, the synthesis of whgllescribed

in chapter 5.1.2, are assembled into a close-paci@wlayer and subjected to oxygen plasma.
The treatment leads to a decrease in size of thelpa while their lattice positions remain
unaffected. A thermal annealing step finally cotwéhe crude metal containing nanodots into
crystalline nanoparticles. A precise control oesand interparticle spacing is demonstrated for
arrays of platinum nanoparticles. Using latex pbes containing Fe(acac)3 and Pt(acac)2 in
stochiometric ratios gives rise to arrays of magndiePt alloy particles. All etching
experiments presented here were performed by Ablamzke at the University of Ulm but are
presented as the major application of the metalamaing colloids synthesized as part of this
thesis. The results presented in this chapter aldighed as Arrays of Size and Distance
Controlled Platinum Nanoparticles Fabricated by alGidal Method™®*® and ‘Bimetallic
Alloy Nanoparticles Prepared by Miniemulsior&™!
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5.3.1.1 Introduction

The controlled generation of arrays of inorganietaiiic nanoparticles on solid substrates may
be identified as one of the key processes to exfilei benefits of nanomaterials in materials
science and technology. In contrast to polymetiexigarticles that mostly serve as sacrificial
layers in patterning processes, metallic nanopestitnherently possess a rich variety of
physical properties that are either related tolthéx properties of the respective metals or a
size-dependent consequence of their small voluntk large surface. The former include
materials properties such as magnetism or resistémeards reactive ion etching processes
while one of the most prominent examples of thetatre high catalytic activitiés?

For several applications, the placement of suclopanicles in a symmetric lattice is of crucial
importance. As examples, platinum nanoparticles tb@m serve as etching masks to create
highly ordered arrays of silicon nanopillars or olaole$" while gold nanoparticle arrays have
been used in plasmonit&’ catalysid?* the generation of protein arr&8 and to study cell-
surface interactions> *** Novel data storage devices might arise from therotled placement

of magnetic nanoparticles in symmetric arrays. Achsthe L} phase of iron-platinum alloys
has been identified as a promising candidate esghibits ferromagnetism down to very small
particle size&*®!

Several techniques to prepare such arrays have temonstrated and were introduced in
chapter 3.4. They can roughly be divided into psses that use nanoscale patterning methods
to create masks that are subsequently used torptiteedesired material and processes that take
advantage of precursor materials that are trangfdrimto the respective metal or metal alloy.
Colloidal- and block copolymer lithography are atpal examples of the first group. The
second approach was introduced by Spatz & alvho assembled metal-salt containing block-
copolymer micelles on substrates. After applyirgasma etching process, the organic material
of the micelle was combusted and arrays of metabparticles formed on the substrate. The
technique enabled the formation of nanoparticlayarwith sizes between 1 and 9 nm and
interparticle spacings between 25 nm and 140 nm.

To increase the order of the system, the micellereveubsequently exchanged for colloidal
particles that are able to form monolayers withighér symmetry byManzke et &% Using
miniemulsion polymerization, platinum-acetylacetenavas incorporated into polystyrene
particles. To yield metallic nanoparticles, the ptew containing latex particles were assembled
into monolayers and subjected to a plasma treatnagndt thermal annealing step as
schematically illustrated in Figure 5.3.1. In castrto classical nanosphere lithography, the
colloids in the presented process are not usedagksrfor the patterning but act as a sacrificial

material that is combusted to give rise to theyara metal nanoparticles.
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Figure 5.3.1. Schematic illustration of the nonagamtional lithography process

As a part of this thesis, the non-conventionaloliffaphy process was further refined in
cooperation with the solid state physics departnedérihe University of Ulm. They used the
metal complex containing nanoparticles, the symgheswhich was presented in chapter 5.1.2
to create metal nanoparticle arrays using the sanmeess as presented in Figure 5.3.1. Two
main aspects were in the focus of the projectt,Farprecise control of the nanopatrticle size and
interparticle distance was demonstrated for platimanoparticle arrays in order to assess sizes
and distances accessible by the process. Secandetbatility of the process was investigated
by creating nanopatrticle arrays of more complercfional materials. For that, latex particles
containing iron(lll)acetylacetonate and platinundtletylacetonate simultaneously were
successfully transferred into ferromagnetic FeRiyahanoparticles. Attempts to create gold
nanoparticle arrays are under current investigatiave not yet been successful, mainly due to

the difficulties in finding suitable gold complexes

5.3.1.2 Platinum nanoparticle arrays

Control over nanopatrticle size

To control the size of the final platinum nanopaets, emulsion polymerization of styrene was
performed with varying amounts of platinum(ll)adabetonate. The synthesis and
characterization of the particles was presentedhapter 5.1.2.2.1 and the most important

features of the colloids are summarized in Tal#el5.



152 Lithographic processes using colloidal monolayers

(1)

Number of particles

3

)nn
604
40

2 4 6 B8 10 12 14 16 18 20

Nanoparticle diameter / nm

100
B8O
60
404
20
0
0245510121415180

I'nm

=
S—

Number of particles

—
~—

Number of particles

0 2 4 6 B8 10 12 14 16 18 20
Nanoparticle diameter / nm

Figure 5.3.2. Control of nanopatrticle size in tie@+tonventional lithography process with
platinum(ll)acetylacetonate containing latex padesc From top to bottom: colloids containing 0.8%5
and 1.37 wt.-% of platinum. a,d,g) Low magnificatielectron microscopy images demonstrating the
lateral order in the nanoparticle arrays. b,e,lghHnagnification SEM images. c,f,i) Nanoparticleesi
histograms. Experiments performed and images peoviy Achim Manzke; University of Ulm.

Figure 5.3.2 presents the results of the non-cdiomal lithography process performed by
Achim Manzke at the University of Ulm. Three col@damples with nearly identical diameters
but varying metal contents were subjected to thediraphy process. First, oxygen plasma was
applied in order to combust the organic materidlerA60 min of etching time, crude nanodots
were formed on the substrate that could not bdéanteduced in size by plasma treatment. A
thermal annealing step (10 min at 1100 °C) was gotadl to transfer these crude compounds
into crystalline platinum nanoparticles.

From top to bottom, the amount of Pt(agan)the latex particles increased. A clear incréase
size of the resulting metal nanoparticles can le@.sa statistical evaluation of the nanopatrticle
size (Figure 5.3.2c¢,f,i) quantifies this increasesize. Table 5.3.1 summarizes the properties of
the nanoparticle array. The nanoparticle size warged between 8 nm and 15 nm and only
minor deviations from the theoretical value (1-2)roocurred. The interparticle distance closely
reflects the diameter of the initial colloidal pel¢s and did not differ strongly between the
individual samples. The high degree of order casd®n in the electron micrographs of Figure
5.3.2a,d and g and is further highlighted by a lomagnified image (Figure 5.3.3), exemplarily
chosen for the sample with the highest platinuntemn The Fourier transformation, shown as
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inset in tke figure, underlines the hexagonal symmetry and-range order of the nanoparti

array.

Table 5.3.1Characteristics of latex particles containing difg amounts (Pt(acac, and resulting
nanoparticles after the etching process.

Pt(acac) Pt-content Final NP size Diameter Interparticle
added measurec Latex Spacing
theoretical measured
value*
[wt.-% of  [wt.-%] [% of [nm] [nm] [nm] [nm]
monomer] theory]
1.0 0.39 69.2 10 8+1 17547 173120
2.0 0.75 75.5 14 12+1 19615 198+21
4.0 1.37 78.5 16 15+1 1855 190+14

*calculated from the metal content of one collosddetermined by IC-OES.

Figure 5.3.3Lower magnified electron micrograph, exemplarilypsén for biggest platinui
nanoparticles demonstrating the high order of theyaThe inset shows a Fourier transformatiorhe
image.Image provided by Achim Manzke; University of U

The metahanoparticles appear to be sitting in the middla oircular elevation of the substre
This elevation is attributed to the increased fdromaof silicon dioxide in the vicinity of th
nanoparticles due to the catalytic activity of jplaim in siliconoxidation reaction”*”! Figure
5.3.4presents an electron microscopy images of a platinanoparticle array after treatmi
with hydrofluoric acid. As HF selectively dissolvstlicon dioxide, the elevations vanish al

the treatment with minor effe(on the order of the platinum nanopatrticles.
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Figure 5.3.4. i treatment of the platinum nanoparticle arrays @incular elevations vanish after
treatmentlmage provided by Achim Manzke; University of U

Control over interparticle spacin

In asecond set of experiments, latex nanoparticlesagtng similar amounts of platinum k
different sizes where prepared by a seeded emuytsitymerizationprocess (chapte5.1.2.5.7)
and subjected to the etching proc

Table 5.3.2. Characteristics latex particles with identical amounts of Pt(ar, but different diameter
and the resulting nanoparticles arr.

Pt(acac) Pt-content Final NP size Diameter Interparticle
added measurec Latex Spacing
theoretical measured
value*
[wt.-% of  [wt.-%)] [ % of [nm] [nm] [nm] [nm]
monomer] theory]

4.0** 1.26 75.Exxx 11 9+1 13246 148+2¢
0.76 101.: 11 9+1 16716 182+2¢
0.42 103.t 11 9+1 19346 21243t
0.24 99.1 11 9+1 228+7 235+4]
0.16 111.¢ 11 9+1 254+10 271+4¢

* calculated from the metal content of one colloidlagermined by IC-OES.

** the sample was used as seed for the subsequezdsedn siz

without adding further complex.

*** the amount of platinum in the seed particle wases&00% for the determirion
of the platinum content of the seed partic

Figure 5.3.5presents the resulting nanoparticle arrays prodfroed colloids with a diamete
between 132 nm and 2%4n. In the first row, electron microscopy images sihown. A clea
increase in interparticle spacing is visible framp {small colloids) to bottonlarger colloids)
Histograms produced by a statistical examinationnahoparticle sizes and interparti
distances are shown beside the respective SEM #nécTable 5.3.2 summarizes th

characteristics of the different nanoparticle asrafs expected,o change in the size of tl
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individual platinum nanoparticles was detectedieing the identical amounts of platinum in
the latex particles (compare chapter 5.1.2.5.7)e Titerparticle distance increases with
increasing particle diameter. However, both spa@ngd standard deviation increase for the
nanoparticle spacing compared to the particle diemef the polymer colloids. This is
attributed to defects present in the colloidal mayer that are inherited by the nanoparticles
and lead to larger distances between the indivigaglcles when statistically analyzed.

o
g
8
L2k
g

Number of particles
° 8 ] 8

Number of distances
- 8 8 8 8 B

6 8 10 12 14 16 18 50 100 150 200 250 300 350 400 450 500
V: rticle di I nm Interparticle distance / nm

- 1
60 L. P 250,
e)
4
0
0O 2 4 6 8 10 12 14 16 18 20 50 100 150 200 250 300 350 400 450 500
- ‘
4

-

5

8

Number of particles

Number of distances 2
. & & §& B

Particle diametar / nm Interparticle distance / nm

2
2

Number of particles
o B & 8
Number of distances ~
- 8 B

o
4 6 8 10 12 14 16 18 20 50 100 150 200 250 300 350 400 450 500

- partl dl; I nm o Interparticle distance / nm
k) )
_g § 7%
40 e
i £
5 3 %
2 » 2
E E
z H
200 nm o 02

50 100 150 200 250 300 350 400 450 500
Interparticie distance / nm

2 4 6 8 10 12 14 16 18
I nm

8

754

25

Number of particles =3
S—
° 8 8 3
Number of distances 3
(I:l 8

Figure 5.3.5 Control of interparticle distancehe hon-conventional lithography process with
platinum(ll)acetylacetonate containing latex pdesc All polymer particles contained a similar ambu
of Pt(acac) but different diameters. The first row shows el@etmicrographs of the arrays, the second

and third row histograms of the particle size antdrparticle distance respectively. a-c) 132 nnioads;
d-f) 167 nm colloids; g-i) 193 nm colloids; j-I) 8 m colloids; m-0) 254 nm colloids. Experiments
performed and images provided by Achim Manzke; ©rsity of UIm.
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5.3.1.3 FePt alloy nanoparticle arrays

After the demonstration of a high degree of controladjusting both particle size and
interparticle distance, the approach was extendethé creation of more complex metallic
materials. Iron-platinum alloy nanoparticles weheosen as target structures for two reasons.
First, the compound is a complex alloy that onlynfe if the stoichiometry is precisely
controlled. Therefore, it represents a significamtiore challenging approach as compared to
single compound particles. Second, the magnetipgrties of the ferromagnetic §.bhase
might be of interest for future applications inalatorage.

The synthesis of latex particles containing botbnirand platinum complexes and their
characterization with respect to metal contents atalchiometry of both elements was
described in chapter 5.1.2.4.1.

Subsequently, the prepared latex dispersions vasted into a colloidal monolayer and treated
by a similar etching procedure as the platinum a@omng latexes of the previous chapter by
Achim Manzke at the University of UIm. Oxygen plasmvas applied for 25 min followed by
thermal annealing at 650°C for 120 min in vacuurd ah 1000 °C in oxygen atmosphere for
10 min. Figure 5.3.6 presents details of the pmpmar process from the assembly of the
colloidal particles to the etched, inorganic namopies.

a)

500 pm

Figure 5.3.6. Monolayer of Fe- and Pt-precursodémhPS spheres deposited by dip-coating onto
hydrophilic Si/SiO2 substrate over large scaledeanonstrated by optical microscopy (a). The inet o
(a) presents a SEM image of slightly diameter-redueS particles. Continuous size reduction of PS
colloids is accomplished by oxygen plasma treatmetitout disruption of their original hexagonal erd
Subsequent annealing to 650 °C in vacuum for 120and 1000 °C in oxygen atmosphere for 10 min
lead to corresponding hexagonally ordered FePtmiBsi(b). The lens-like shape of the local paeticl
surroundings is discussed below (cf. Fig. 4 ant) t&he NPs exhibit spherical shape and Gaussin si
distribution with average diameter of ca. 6.8 £+ i (inset of b). Experiments performed and images
provided by Achim Manzke; University of Ulm.
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In the left part (a), an optical microscopy imagfethe monolayer is shown to highlight the

uniform coating of the substrate with colloids. Tiheet shows an electron micrograph of the
monolayer after one minute of plasma treatmentiartkrlines the conservation of the colloid

positions. Figure 5.3.6b shows the resulting mataioparticles after the thermal annealing
procedure. The symmetry of the monolayer is rethinad the metal nanoparticles sit on
elevations attributed to silicon dioxide formed dwidation of the wafer substrate as described
above. The inset shows a particle size histograth the average size of the particles is
determined to be approximately 7 nm.

A detailed characterization of the magnetic nantigpararrays was subsequently performed at
the university of Ulm. However, the measurements aot subject of the thesis and are
discussed in detail in the publicationBithetallic alloy nanoparticles prepared by
miniemulsions” To prove the existence of crystalline FePt alfmyrticles, a transmission
electron microscopy (TEM) image, taken by the grofiProf. Ute Kaiser at the University of
Ulm is shown in Figure 5.3.7. The upper part (ajveha side-view image of the particles. The

lentil-like elevation of silicon dioxide is well sible.

111

5, 110 é—l112 ;

Figure 5.3.7. The top TEM image shows two FePt diiabedded in a lens-shaped silicon oxide layer on
a silicon substrate. Silicon oxide is growing fasteder and around the particles compared to naked
substrate due to the catalytic effect of Pt. TheTHR image clearly demonstrates the crystalline
structure of the FePt NPs. By analysis of in ta&NPs an average lattice fringe spacing of
(0.2225+0.0058) nm is determined as expected fbot)(lattice planes of fcc FePt. Experiments
performed and images provided by Ute Kaiser; Umiteiof Ulm.
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Figure 5.3.7b shows a high resolution TEM imageadfingle particle. The single-crystalline
character of the particle can be seen by the iddali lattices fringes. A comparison of the
lattice spacing with values reported for the pfiase of FePt in literature is in good agreement
with the experimental results. A detailed discussb the TEM images and the evaluation of
the lattice spacing and crystal structures as a®lh detailed characterization of the magnetic

properties of the alloy particles can be founchia article mentioned above.
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5.3.2 Plasmonic structures from non-close packed monolay®

In this chapter, the non-close-packed monolayeosiygred as described in chapter 5.2.2 are
used in a lithographic process to prepare cresaiatped gold nanostructures. These
nanocrescents support multiple polarization depetplkasmon resonances. In close proximity,
they undergo coupling processes (chapter 3.5.3jirlgato hybrid resonances which are
drastically shifted in energy with respect to tlaegmtal resonances of single crescents.

First, arrays of single gold nanocrescents are ymed and the influences of the crescent
dimensions and lattice spacing on the plasmonipgsties of the material are discussed. Next,
using more sophisticated approaches, two cresesatbrought into close vicinity in order to
observe plasmon hybridization of the individual stent resonances. Two approaches are
presented, leading to opposing and stacked doubkcent architectures, respectively. In all
cases, computer simulations were performed by Ddrédas Unger and Reza Mohammadi to
support the models proposed. The double crescamttstes were produced and analyzed in
cooperation with Janina Fischer. The different tssare published as separate manuscripts.
The construction and optical properties of the agas arrays are covered 'iBlectromagnetic
Coupling in Two Dimensional Nano-Crescent Arral’d®¥ The stacked crescent dimers are
published as‘Plasmon Hybridization in Stacked Double Crescedtsays Fabricated by

{212]

Colloidal Lithography and the opposing crescent architectures have bealemitted as
“Plasmon Hybridization and Strong Near-field Enhaneents in Opposing Nanocrescent

Dimers with Tunable Resonancé&?
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5.3.2.1 Arrays of gold nanocrescents

5.3.2.1.1 Introduction

In nanoscale metallic objects, collective oscitias of electrons, known as plasmon resonances
are excited upon interaction with electromagnetiadiation. Their resonance wavelength
crucially depends on size and geometry of the fiettucturé?® This phenomenon has been
introduced in chapter 3.5.

An assembly of such structures, featuring sizesvbehe wavelength of the incident radiation
can be approximately described by an effective lggneous refractive index, in analogy to the
refractive index of ordinary matter which is basedthe collective response of many individual
moleculed’*” These assemblies have been termed metamaterigheyasan be designed to
possess unique properties not occurring in nataost prominently negative refractiGff2+%!
Split ring resonators have been found to be vatablilding blocks for such materials. The
incident light excites circulating currents in teestructures, leading to local magnetic dipole
moments that can counteract the incident magnietid &nd result in negative permeability, a
prerequisite for negative refracti6f{*°!

Since the size of the objects must be substantsthaller than the wavelength of the
electromagnetic field, the fabrication of metamialsrat or close to optical wavelengths remain
challenging. Major efforts have been undertakendésign periodic arrays of split ring
resonators in 2 and 3 dimensions with high presisieredominantly, modern lithographic
techniques as electron beam lithography or focused beam milling are employed.

&40 2472%81and negative refraction

@41, 249-251]

Metamaterials in 2 and 3 dimensions have thus peatuce
has been demonstrated at various wavelengths apngahe visible rang
These methods, priced for their resolution and tjgmshg precision, however, intrinsically
feature drawbacks that hamper widespread applitatiboth in larger scale technological
applications as well as in academic research.,Fsgiensive equipment is needed not being
readily available at every facility. Second, dughteir serial character, the production of arrayed
structures, consisting of many individual objeatdiine consuming; large area patterning thus
becomes cumbersome — if not impossible. Third,ghality of the noble metals — and with
them the optical properties of the structures argeineral compromised due to contaminations.
These arise from residues of photoresist and amagpbarbon for electron beam processes as
well as contamination- and doping with heavy iompkyed by focused ion beam milling.

A conceptually simple, yet powerful alternative sisits of the use of colloidal particles for the

formation of nanostructures (chapter 3.4.1). Smand the possibility to generate any desired
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object shape, it overcomes the major drawbacksedhlsprocessing. Without the use of
expensive instruments, large areas can be stracdtuiehighly parallel fashion. Furthermore, as
noble metals are deposited by vacuum evaporatmpurities and contaminations can be
reduced to a negligible level.

As colloidal monolayers feature a high degree ofrsyetry and can be fabricated with particles
of a broad range of sizes, precise control of sime lateral spacing of structures at the

nanoscale is readily achieved. Arrays nanoscakcerg§® %2

can be constructed using non-
close-packed monolayers, the preparation of whah lbeen introduced in chapter 5.2.2. Such
objects are of special interest as they suppograémultipolar resonancdés > *®land can be
described as nanoscale split ring resonators. Taysssibility to design metamaterials in a
cost-efficient way is introduced.

This chapter introduces the preparation processtlier arrays of split ring resonators.
Theoretical calculations on the electromagneticpting in such arrays in dependence of the
distance of the objects have been performed byABdreas Ungé?®® but are not scope of this

thesis.

5.3.2.1.2 Preparation of samples

The preparation process for the nanocrescentssaisachematically shown in Figure 5.3.8. A
close-packed monolayer (a) is exposed to oxygesnmato produce a non-close architecture
(b). Gold with a thickness of 50 nm is evaporatdthvan angle of 30° with respect to the
surface normal as indicated by the arrow (b). Sylsetly, a reactive ion beam etching (RIE)
step is performed normal to the surface to rembeegbld film at parts of the surface accessible
by the beam. The areas shaded by the colloids neamaiffected (d). The colloid monolayer is
removed mechanically using adhesive tape whilectescent structures remain on the surface
(e). By variation of the size reduction of the pobr colloids, the size of the resulting crescents
can be precisely adjusted. The lattice constatti@firray is given by the initial diameter of the

colloidal particles applied as mask.
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Figure 5.3.8. Fabrication of the nanostructureyaréa) monolayer formation, (b) size reduction and
metal deposition, (c,d) ion etching, (e) mask reatov

5.3.2.1.3 Characterization of the crescent arrays

Arrays of crescents with similar lattice spacingl aifferent sizes were produced from colloidal
monolayers with an initial diameter of 408 nm. Thiasmonic properties of these crescent
arrays were analyzed using polarization dependantVvid-NIR spectroscopy. Figure 5.3.9
presents electron micrographs and optical spettteegroduced samples.

The size of the crescents was varied between 266minl53 nm by variation of the plasma
treatment time of the colloids. The high degreerdler in the arrays that exhibit the hexagonal
arrangement of the colloidal monolayer is cleaiilsible. While the crescents’ contour is very
regular for the first two samples (266 nm and 2d8,nthe smaller crescents (193 nm and
153 nm) are increasingly roughened and strong tewm&& from the typical crescent shape
appear for the smallest crescents. This is a reduibe increasing surface roughness of the

colloids in the course of the etching procedure.
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Figure 5.3.9. Optical investigation of crescenagsrwith different nanostructure size but simiktite
constant. Left row: UV/Vis-NIR spectra. Schema#pnesentations of the resonances excited in cuand
polarization are shown as inset in the uppermasttspm. The black arrow indicates the polarizatibn
the electric field with respect to the crescenicttire. Right row: SEM micrographs of the correspog
arrays. The mean tip-to-tip distance of the crescisrshown in the images.

The optical properties of the crescent arrays dgparthe polarization of the incident light.

In general, two characteristic resonances can biteelx A sketch of the charge distribution of

the two basic resonances is shown in Figure 5.3.8a.fundamental plasmonic mode, termed

¢ resonance is excited when the electric field vedoparallel to the long axis of the

crescent. The classification as “c”-resonancevemgias the crescent appears as the letter ¢ when
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the electric field vector is assumed to be vertitiafeatures one node in the middle of the
crescent and opposing charges at the crescer(Figusre 5.3.9a, red crescent). For the sample
with 266 nm crescents, this resonance appearsatrié. The first harmonic, coined'd” (as

the crescent appears u-shaped with the electticviector being vertical) is excited only with a
polarization of light rotated 90° with respect teetc resonance case. The charge distribution,
represented in blue in Figure 5.3.9a, shows sirpiteses in the tips, an opposing maximum at
the center of the crescents and two nodes locateédel wings of the crescents. For the first
array presented in Figure 5.3.9a, thaesonance is excited at 1098 nm. A second resenanc
c2, can be excited at higher enerdi& It can be described as the second harmonic, fegtur
two nodes and a charge distribution as shown inirtket of Figure 5.3.9a. For the array of
266 nm crescents, the c2 resonance appears atn®2binally, a polarization-independent
resonance is excited at even smaller wavelengthis. fEsonance was named particle plasmon

(pp) resonandE” and corresponds to a resonance excited acroshdineaxis of the crescent.

The decrease in size of the crescents is reflduyed blue shift of all polarization dependent
resonances. Only the particle plasmon resonanuet iaffected by the size of the crescent. The
resonance positions of the different crescent araag summarized in Table 5.3.3.

The increased roughening of the smaller colloideefected by a broadening of the plasmon
resonances. Another consequence of the roughenihgtithe second harmonic c2 resonance is

not resolved in the spectra of the smallest paractays (Figure 5.3.9c and d).

Table 5.3.3.Mean crescent size and resonance@ositithe crescent arrays shown in Figure 5.3.9.

Crescent size Lattice spacing Resonance position
(tip to tip) c-resonance u-resonance particle resonance
[nm] [nm] [nm] [nm] [nm]
26619 408 1682; 925 1098 610
248+9 408 1516; 863 1028 621
193+10 408 1323 927 611
153+10 408 1248 858 614

In summary, the experiments clearly demonstratethi@asize of the individual crescents can be
controlled independent of the lattice constant leé array. This can be used to tailor the
resonance positions with possible applicationgtierdesign of metamaterials. Using computer
simulations, the effect of interparticle couplimgsuch arrays in dependence of the distance of

the individual crescents has been investigated emtipared to the arrays constructed
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experimentally?® It has been found that two distinct coupling reggm(weak and strong

coupling) can be realized.

5.3.2.2 Stacked double crescent arrays

5.3.2.2.1 Introduction

Recently, 3D arrays of nano crescents have beeitdiddd by Retsch et al. in a layer-by-layer
fashion using colloidal lithograpt¥’® The approach uses a sol-gel process to coverayee |
of nanostructures with insulating material followbg another lithography step. Thus, the
mutual orientation of the crescents can be cortlolHowever, vertical alignment of the
crescents with respect to the underlying layer hais yet been achieved using a colloidal
approach for structuring.

The vertical alignment, paired with short separatiistances introduces intriguing changes in
the optical spectra of nanostructures arising fintaraction of the plasmonic resonances. A
theoretical model, termed plasmon hybridizatiors been established to explain such coupling
effects for nanoparticle dimers (chapter 3.53)"*3 This hybridization model can be seen as an
electromagnetic analogue to molecular orbital twedhe plasmonic resonances of two
nanostructures in close proximity to each otherenga a coupling process that gives rise to
new resonances as linear superpositions of thenaftigesonances. In this picture, the two
particles can be described as a plasmonic mol&ctifé” similar to two atoms chemically
bound to form a molecule. As the wave functiontafsie atoms can be superimposed to give
rise to a binding- and an antibinding molecularitatin the molecule, the plasmonic modes
hybridize as well. Recently, the concept has bedanded to describe the coupling of the
fundamental mode of split ring resonatB#& 2>

In this chapter, a quasi 3D fabrication technigeeding to stacked nano-crescents arrays with
precise vertical alignment using a colloidal lithaghic approach is presented. The process
leaves ample degrees of freedom to control varampects of the structures, including size,
lateral spacing, vertical spacing as well as mutointation, thus allowing for precise
adjustment of the plasmonic resonances of thegiadrray.

Extended 3D structure generation as demonstrateRetsch et df* is sacrificed in favor of
precise control over the vertical alignment of trescents and, thus, to gain access to the

observation of strong coupling effects in the stac&rescents.
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5.3.2.2.2 Results and discussion

Sample preparation

Large areas of highly ordered stacked cresceragswere produced by a colloidal lithography
approach. A non-close-packed monolayer (FigurelB8&. was used as a mask for the
patterning process. Chromium (thickness: 1.5 nnggduas adhesion promoter, and gold
(thickness: 25 nm) were evaporated under an arfgB®bwith respect to the surface normal
(Figure 5.3.10b). Afterwards, the sample was rdtdtg 180° and silicon dioxide (thickness:
20 nm), chromium (thickness: 1.5 nm) and gold khass: 25 nm) were evaporated under an
angle of -30°. In this way, material was depositethe areas under the colloids shaded by the
colloidal spheres in the previous evaporation $kégure 5.3.10c). Reactive ion beam etching
(RIE) perpendicular to the surface was used to venadl material not protected by the colloids.
Material deposited under the colloids was not affeédy the ion beam and therefore, remained
on the surface (Figure 5.3.10d). The colloidal nayer was removed without inducing
damage to the nanostructure array (Figure 5.3.10®.process led to the formation of arrays
of stacked double crescents.

The individual double crescents are separated thynalayer of insulating silicon dioxide and
hence, represent two individual plasmonic strustunevery close proximity. Due to the 180°
rotation in between the two evaporation procedbestwo crescents were symmetric with their
tips facing each other and overlapping over a lengt approximately 40 nm. The 3D
arrangement with one nano-crescent being on tapeobther is visualized in Figure 5.3.10f.
The diameter of the individual crescents was 450 Tihe lattice spacing in the array of the
crescents is determined by the colloidal monolagekvell and reflects its symmetry. For the

actual structure array in this study, the inteiipkrtspacing was approximately 100 nm.
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Figure 5.3.10. Process flow for the fabricationstéicked nano-crescent arrays. a) Assembly of the
colloidal monolayer and subsequent plasma induizedreduction. b) Evaporation of gold under an angl
of 30° with respect to the surface normal. c) Evapon of silicon dioxide and gold under an angle o
30° with respect to the surface normal. d) Reaclkbre Beam Etching (RIE) normal to the surface to
remove gold and Sirom the areas not protected by the colloids. @nBval of the colloids to uncover
the stacked crescent arrays. f) Close up of thecerg arrays to highlight the separation of the two
crescents by the intermediate Si&yer.

Figure 5.3.11shows SEM images of the prepared structures. Testigate the process at

different stages and to produce reference sampitts single crescents arrays, reactive ion
etching was performed after the first evaporatibrgad (upper part of Figure 5.3.11). This

leads to the formation of single gold crescentsha areas protected by the colloids (Figure
5.3.11b). The complete, stacked double crescemiststes are shown in Figure 5.3.11c and d.

The left side of the Figure (a and c) presentsviepy images of the arrays of single (a) and
stacked double crescents (c). In the top inse¢shih symmetry of the arrays is well visible.
The slightly undefined edges of the structuresltéam the fact that during the plasma etching
process, the surface of the colloids roughened.s Tiuughness is transferred to the
nanostructures during the evaporation process. \B&fe images were taken before removal of
the colloids to visualize the fabrication process & investigate the vertical structure of the

nanostructures. The emergence of the crescentwgteadn the regions shaded by the colloids is
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visible in Figure 5.3.14. The side view image of the stacked double cras(Figure5.3.11d)
clearly showsthe separation of the individual single crescentsth® silicon dioxide laye

(indicated by arrows).

Figure 5.3.11 Scanning electron microscopy (SEM) images ofdtaecked nar-crescents arrays. T¢
row: single crescents arrays representing the layer in the stacked crescent configuration. a)viep;
b) side view. Bottom row: stacked crescents arraysop view; d) side view. The black arrows highili
the separation layer between the two crescentsaHwgtter illustration of the preparen method, the
sideview images were taken on a sample where the dallohonolayer used as mask was not reme

The process leaves ample degrees of freedcinfluencethe resulting structures. Simplifie
sketches of these parameters are presenfFigure 5.3.12and linked to the distinct parts of t
construction process shownhigure5.3.10. Both, he size of the nanostructures the lattice
spacing in the array can be precisely adjt by choosing colloids with different diameters ¢
varying the etching time used teduce the size of the particles (Figure 5.8)1%ariation of
the height othe silicon dioxide layer separating the stackedoents enables the f-tuning of
the coupling efficiency of the two separate resors. Another paameter to tune the structu
design is the evaporation angle of gold that carused to vary the overlap of the stac
double crescents (Figure 5.3blandc). Finally, changing the azimuthal angle for tleeand
gold evaporation relative to the firone gives rise to completely different symmetriegshe
architectures of the stacked crescents as the dewescent can be oriented with any chc
angle with respect to the first onFigure 5.3.1d). An azimuthal angle of 180° as preser
here leadgo structures with a strong overlap on the edgeh wptical phenomena descrik
below. Furthermore, the high symmetry of the stdck&uctures gives rise to onances
without a dipole momentcommonly referred to as dark modes. Such resonaamesof
importance for the creation of negative refractiaterials as they can possess negative vi

for the permeabilitﬁ““‘z“ﬁ' 248, 25¢
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Figure 5.3.12. Detailed sketches of the fabricatimtess to define all important parameters thatea
used to tailor the resulting structures. The ineksthe sketches to various steps in Figure B.8flthe
main text. Dimensions are not to scale. 1) Top wéthe non-close-packed monolayer. 2) Side view of
the first evaporation step to deposit gold witheaglea with respect to the surface normal. 3) Side view
of the second evaporation step to deposit theosildioxide spacer and the second gold layer with an
anglep with respect to the surface normal. 4) Top viewhef substrate to introduce the azimuthal afgle
that defines the mutual orientation of the two cesds in the stacked crescent structure. For thetates
created, an angle of 180° was used. The dottedrdieates the possibility of varying this anglecteate
structures with different symmetries.

A drawback of the fabrication technique presentethis paper is the inherent restriction in 3D
space for the structure generation. This stems fileenfact that colloids are used for the
crescents generation which provide limited spacdeureath to shade the structures to be
formed during the reactive ion etching step (coragdagure 5.3.11d). Therefore, the stacking of
multiple crescent structures will be difficult. Hewer, choosing bigger colloids, the stacking of
several layers of larger crescents is feasibletdubeir comparably low height (typically, the
height of a single crescent was 25 nm).

Sacrificing extended 3D structure design, accesgamed to perfect alignment of the
nanostructures, a feature that has not yet beeongiished with a colloidal lithography
process. As demonstrated by samples prepared loyroglebeam lithography with all the
limitations discussed above, the vertical alignmehtthe separate crescents makes them

valuable agplasmonic moleculewith strong interparticle coupling of the indivialuresonators

plasmonic resonanc&§®
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Plasmonic properties of the stacked double cresceatchitectures

UV/Vis-NIR spectroscopy was used to gain fundamamtderstanding of the optical properties
of the stacked double crescent structures. FiguBeld presents the polarization dependent
optical spectra along with electron microscopy igggf the fabricated structures. As objects,
single crescents (a), stacked double crescentenfb)ings (c) were investigated and compared.
The latter were generated by a similar processhasdouble crescents but without the
intermediate silicon dioxide layer. Additionallye optical properties of separated objects were

compared to the arrayed structures.
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Figure 5.3.13. Polarization dependent UV/Vis-NIRdstigation of plasmonic nanostructures. Individual
objects are shown in a-c); arrays in d,e). a,d)Isinrescents; b,e) stacked double crescent:gs.ri
SEM micrographs of the objects are shown as insets.

The objects show multiple plasmonic resonances ithaihost cases, are highly sensitive to the
orientation of the crescents relative to polar@atwf the incident light beam. As introduced in
chapter 5.3.2.1.3, linear polarization along thersyetry plane of a crescent will be referred to
as “u” polarization, polarization perpendicular ttee symmetry plane will be termed “c”
polarization?°

Figure 5.3.13a shows the characteristic resonaofcggatially separated, single crescents. In ¢

polarization, a strong resonance at 2460 nm idlesihat is attributed to the fundamental
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plasmon mode (termed;)cfeaturing one node in the middle of the cresc@se Figure
5.3.9a)2%1% 148l|n  polarization, the ,cresonance disappears and a resonance at 1446 nm is
excited. This resonance, termeg is attributed to the first harmonic (see Figur8.%a).
Another peak at approximately 658 nm is visibldath spectra. This peak, previously termed
pp (particle plasmon) as it roughly matches themaace observed for very small gold objects,
is assigned to a polarization of the crescentseetipular to the contol® **®For connected
crescent structures forming a closed ring, twomasoes are excited at 2436 nm and 692 nm,
none of which shows any dependence on the polamizat the incident light (Figure 5.3.13c).
This behavior reflects the symmetry of a ring whildes not show any anisotropy and thus, no
polarization dependence. The low energy peak ab 2438 is assigned to the fundamental ring
resonance that is comparable in energy to the furdéal resonance of the single crescErfs.
The high energy peak arises from the particle ptasnesonance excited perpendicular to the
ring contour.

Spatially separating the two crescents to the sthcitructure (Figure 5.3.13b) has drastic
influences on the plasmonic resonances. It is alsvibat the spectra differ strongly from the
ones for rings, indicating that the thin separatayer has a dramatic influence on the optical
properties. In agreement with the electron micrpgccoharacterization (Figure 5.3.11), it
becomes clear that the stacked crescent struciteesdeed not ring-like.

For c-polarized incident light, a peak emergesQit42nm that is blue-shifted compared to the
single crescents. U polarization gives rise tosmmance at 2324 nm being strongly red-shifted
with respect to the single crescents. The fundaahengsonance ;cfor single crescents is
energetically lower compared to the first harmofjig) appearing in u polarization, in
accordance to the number of nodes of the standemgevexcited in the crescent (see single
crescents in Figure 5.3.14a and d). The introdonotiba second crescent in close proximity,
however, leads to a resonance visible in u polaozawith a lower energy compared to the
plasmon mode excited in ¢ polarization. In totéle tenergetic order of the resonances is
reversed compared to the parent resonancasdcy of the single crescents.

A high energy peak, being visible in both polarizas, is present at 658 nm. The latter appears
at the same wavelength as for the single creseentssimilarly, is attributed to the resonance
perpendicular to the contour of the crescents.

To explain the striking differences in the optipabperties, a plasmon hybridization model was

adopted to the stacked structulfak!®? 253254
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Figure 5.3.14. Plasmon hybridization model useeXglain the shifts of the plasmonic resonancekén t
double crescent structures: a) linear superpositidwo single crescents in ¢ resonance: the close
proximity results in a new coupled pair consistorigymmetric mode,cand an antisymmetric mode ¢
with c. being energetically lower compared toduie to the off-phase oscillation that leads tagés with
opposite sign to be in direct vicinity. b) Couplisgheme for resonances excited upon irradiation wit
polarized light: Similar to e), the close proximidf/the two crescents lead to hybridization ofshmgle
plasmon resonances that split up into the symmetoide u and the antisymmetric mode (n analogy
to e), the antisymmetric modeis lower in energy.

Figure 5.3.14 shows the formation of hybridizedsplan modes both for the, @and y
resonance of the single crescent. In both casedjribar superposition leads to a pair of new
modes. In the symmetric mode, termedaad u respectively, the two crescents oscillate in
phase, whereas in the antisymmetric hybrid modan@ u), the oscillation occurs out of phase.
The antisymmetric mode is reduced in energy contpr¢he symmetric one.

For ¢ polarized light, the symmetric modefeatures an enhanced dipole moment compared to
the single crescents as the two crescents osdiflgtkase (Figure 5.3.14a). Hence, the coupling
efficiency to the external electric field is higindathe ¢ mode is detected in the spectrum
shown in Figure 5.3.13b and e. In contrast, theafythase oscillation of the antisymmetric
mode c leads to an electric field distribution in theckted structure with no effective dipole
moment present. Therefore, this mode cannot baeekdly the external field and does not
appear in the spectfd? In total, the plasmonic resonance visible in thectra is blue shifted
compared to the single crescents’ fundamental rapde

For u-polarized light, the physical model is simita the ¢ resonance: linear superposition of
the y resonance gives rise to a new pair of resonancasdiu (Figure 5.3.14b). However, due
to the different symmetry of the, unode, the situation is inverted: The symmetric enod
shows an electric field distribution resemblingedectric quadrupole without a dipole present in
the plasmonic molecule. Hence, the coupling efficjeto the external light field is weak and
the resonance does not appear in the spectrungofes.3.13b and e. The antisymmetric mode
u. however, does feature an electric dipole and tisues¢cited by u-polarized light. Compared to
the single crescents’; uesonance, the hybrid resonance being visibldhénspectrum is red
shifted.
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The coupling efficiency between the two crescesitsuifficiently strong to induce a cross-over
of the plasmonic resonances compared to the suorgiecents with the lowest energy mode
appearing in u-polarization. The given picturenisgreement with theoretical and experimental
investigations of double split ring resonators et by electron beam lithography, where
plasmon hybridization was observed for the fundaaienode of the split ring§*®

The spectra for separated objects and crescengsadlasely resemble each other (Figure
5.3.13a,b and d,e). In the particle arrays, allcapfeatures are retained, including the crossover
of resonances upon hybridization. Compared to tgarmted objects, the peaks of both
hybridized plasmon modes in the stacked doublecergs arrays are shifted by about 100 nm in
the direction of the resonances for single crescdittis indicates a slightly decreased coupling
efficiency which is probably caused by a small déon in the height of the silicon dioxide
spacer layer and by the increase in roughnessdartayed structure.

The broadening of the peaks in the arrays ishated to the increase in inhomogeneities. The
higher surface coverage of the arrays is reflebtethe increased extinction that was more than

one order of magnitude higher than for the sepdraibgects.

Theoretical investigations

In order to gain further insight into the respomméehe nanostructures to an external optical
field, computer simulations of the optical propestiusing the finite element method with the
software package JCMwd{8%*? were performed by Reza Mohammadi. The dielectric
function used to model Au was based on the Druddeinand fitted to experimental data of
Johnson and Chris§?”! The single and double crescents’ geometries wéaptad from SEM
images to match the experimental design.

First, single crescents were simulated and thdtiegspectra are shown in Figure 5.3.15. In ¢
polarization, three resonances are visible. Thaddurental plasmon mode, @ppears at
2176 nm and, thus, agrees with the value obsemxgérienentally with a blue-shift of 200 nm.
Additionally, the second harmonic resonangeappears at 960 nm. This resonance is not
resolved in the experimental spectra, most probdhly to insufficient intensity caused by a
higher sensitivity of this mode to inhomogeneitiegshe nanoparticles structures. Finally, the
mode assigned to the particle plasmon resonanceaepmt approximately 550 nm. In u
polarization, the first harmonic mode lbecomes visible while the other modes are notexgi
being in perfect agreement with both experimength cind models proposed. The mode peaks

at 1265 nm. Compared to the experimental spetiegpeak shows a blue-shift of 200 nm.
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Figure 5.3.15. Simulated UV/Vis-NIR absorption gpador single- and stacked double crescents for ¢
and u polarization. The simulations reproduce #aures of the experimental data and support the
hybridization model.

The shifts of the resonances of the stacked daurklcents with respect to the single crescents
are in good agreement with the experimental resant$ support the plasmon hybridization
model. For ¢ polarized incident light, the hybrasonance.cis strongly blue-shifted compared
to the g resonance of the single crescents. Thus, it coratbs with the plasmon hybridization
model, which predicts the only visible resonancdo¢othe higher energy mode. dhe peak
appears at 1690 nm, a value that is approximatély nBn blue-shifted compared to the
experimental value.

The hybrid analogue to thg resonance appears at 910 nm and is blue-shifrepa@d to the

c, resonance of the single crescents. The hybridzaliehavior of this resonance will be
discussed in more detail further below.

In u polarization, the simulated spectrum showslorieid resonance at 1750 nm. Compared to
the first harmonic resonance of the single crescents, the hybrid resonance ned-shifted and
qualitatively agrees with the experimental resaltsl the hybridization model. Moreover, the
computer simulations also feature the cross-ovaesbdnances observed experimentally. This
validates the finding that the coupling efficierafythe plasmon modes is strong enough to shift
the lowest energy mode from being observed in carption to the perpendicular u
polarization.

Quantitatively, the hybrid mode is blue-shifted compared to the measured datgemeral, the
quantitative discrepancies between simulation aqubéments are attributed to the following
differences. First, roughness effects have beewsho cause a significant shift of the plasmon

resonances that readily accounts for the bluesshift 200-300 nm of the simulated peak
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position&® as has been shown for gold nanoddtsSecond, the precise determination of size
and geometry of the double crescents is difficdtthe first crescent is partially hidden
underneath the second one. Additionally, the |alyiekness of both gold and insulating layer is
not constant for the complete crescent but dimessaround the wings and tips (see Figure
5.3.11).In the simulations however, it was takeoa@sstant. Alteration of simulation parameters
(such as values for the gold permittivity) as vasladapting more sophisticated models for the
crescents (as including of the non-constant gott$i), layers) could improve the quantitative
agreement between simulation and experiment. Howea® all essential features of the

experimental data are reproduced, no further refergs were performed.

The behavior of the hybrid ¢ resonance
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Figure 5.3.16. Hybrid plasmon mode arising frompdig of the ¢ resonance. a) Simulated spectra of
stacked double crescents with varying overlap reg@ompared to the single crescents’mwode, the
hybrid mode blue-shifts with small overlap (40 nmile a strong red-shift is induced for the big dap
(120 nm). All ¢, resonance positions are indicated by a dotted kipdodel of plasmon hybridization
for the @ resonance. Linear superposition of the resonaleeeisto two hybrid modes termegl @and 6.
with ¢, being higher in energy. ¢) Schematic represemtstaf the charge distribution of the, enode

for a small and a big overlap of the crescents. ther small overlap, the charges at the tips of the
crescents are in close proximity. The mode is Ishiled compared to the single resonance. Withga bi
overlap, the tip charges cross the first node amiecinto closer proximity of the region with an ogjng
charge. Hence, the total energy of the hybrid nmisdeduced.

The ¢ resonance and its hybridized analogue were exahimdurther detail by means of
simulations performed by Reza Mohammadi. Accordiagliterature, the resonance is the
second harmonic mode and features two nodes ahdrgecdistribution as illustrated in Figure
5.3.1601%0 14

Upon hybridization, the mode splits into the symmiget,. and the antisymmetric, hybrid
resonances (Figure 5.3.16b). In analogy to theitiigation of g, only the symmetric.¢ mode

features a sufficient dipole moment to be excitedhe external field. Therefore, a blue-shift of
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the hybrid resonance compared to the single cr&sceresonance is expected and can be seen
in the simulations of Figure 5.3.15.

Strikingly, the hybrid & mode shows a strong dependency on the overldeistacked dimer
architecture while cand y are not affected dramatically. The overlap dessrithe tip areas
that directly face each other in the stacked arectExperimentally, it can be increased by
increasing the evaporation angle of gold and silidmxide (compare Figure 5.3.12). Figure
5.3.16a shows the simulated resonance spectranfyle £rescents and stacked double crescents
with 40 nm and 120 nm overlap region of the cretscéps, with the first one representing the
data shown in Figure 5.3.15. Upon hybridizatior peak shifts from 960 nm to 910 nm for a
small overlap region of 40 nm. The increase of thescents’ overlap region to 120 nm
drastically changes the energetic situation for ¢heresonance. A strong shift to longer
wavelengths is induced and the hybrid mode now geak 1295 nm. Remarkably, the
differences in overlap cause a change in shiftcdoe with respect to the single crescents
resonances.

This behavior is attributed to regions with oppesiharge in the crescents wings as illustrated
in Figure 5.3.16c. For a small overlap region, otilg charges at the tips of the crescents
interact and lead to the high energy mogeWith an increase in overlap, the charges present
the tips are getting into closer proximity to thgposite charges present in the wings of the
crescents, leading to a substantial decrease ngyenéthe hybrid mode. Both the fundamental
c; resonance and the first harmoniado not have additional charges in the wings aed:fiore,

are not sensitive to changes of the overlap re@ompare Figure 5.3.16a for @sonance).

Near field distributions

In order to examine the charge distributions of tihescent dimers for the different hybrid
resonances excited, near field distributions weapped at the resonance frequencies (Figure
5.3.17). The upper part of the figure gives thédfidistributions in the xy plane, parallel to the
substrate. The cuts were taken in the middle ofrikelating barriers. Thus, both crescents are
in equal distance to the displayed plane. The fslskentially probes the distribution of charges
predicted by the hybridization model. The lowertpafr Figure 5.3.17 shows the near-field
distribution along the gap between the interactipg of the two crescents. The cut shows the
xz plane, being perpendicular to the substrateasarfand cuts the crescents parallel to the
symmetry axis along the tip region. The dotted limgerted into the upper images shows the

plane of the cut.
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Figure 5.3.17. Near-field distributions of the $tad double crescents at resonance wavelengths. Firs
row: near field in the xy-plane cutting half of tgkass layer in between the crescents. Secondrrear.
field in the xz-plane cutting the stacked structateng the tip region. The cut plane is indicatgd b
dashed lines in the top row images. For bettebiitsi, the crescents have been highlighted by tiedo
frame. (a),(d) cresonance mode at a wavelength of 1690 nm. Thensyric mode has similar charges at
the tips of the crescents. Hence, no field enharoeinm between the tips is visible. (b),(e)esonance
mode at wavelength of 1750 nm. The field enhancéinethe overlap part is clearly resolved and shows
that the tips are oppositely charged. (c),{f)resonance mode at a wavelength of 910 nm. Théi@wmiali
nodes of the mode are visible in the xy-plane. fiip& have similar charges, leading to a depletibthe
electric field in the middle of the gap between thescents in the xz-plane. The enhancement viaible
both sides of the gap is a result of the proxiroityhe tip charge and the opposite charges in fhgsof

the tips.

5[

Figure 5.3.17a and d visualize the field distribatfor the ¢ resonance at 1690 nm. A strong
field is present in the regions of the tips of #rescents, reflecting the areas with higher
electron densities as predicted in the hybridizatimodel. The node at the symmetry plane in
the middle of the crescents is visible as welltHa gap between the tips of the crescents, no
field enhancement is visible as the resonance sgnametric mode and the tips have similar
charges (see Figure 5.3.17d). The field distrilvutior the u resonance at a wavelength of
1750 nm is presented in Figure 5.3.17b and e. Jh#ane shows a strong field enhancement at
the tips and a minor enhancement in the middld@fcrescents. It agrees well with the charge
distribution postulated by the hybridization modqElgure 5.3.14). Furthermore, the field is
depleted at the wings of the crescents, thus ingatifie two nodes of the wave function. As the
resonance is antisymmetric, the tips facing eatierobear opposite charges. Therefore, the
electric field is strongly enhanced in the gap leswthe tips (Figure 5.3.17e). The hybrid ¢
mode at 910 nm is investigated in Figure 5.3.1&tfargain, the field distribution agrees well
with the theoretical model proposed. The cut in xigeplane shows a field distribution with
three nodes resembling the sketch of the chargdbditon given in Figure 5.3.16b. As the
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mode is symmetric and the tips have similar changedield enhancement should be visible in
the gap between the tips. Figure 5.3.17f showspéetien region in the middle of the gap while
an enhancement is visible at the edges of the Tap.depletion visualizes the region where
similar charges interact strongly. The field enleament at both sides of the gap reflects the
proximity of the tip charges to the opposite chargeesent at the wings of the crescents and

supports the hybridization model for theresonance as established above.

5.3.2.2.3 Conclusion stacked double crescents

Concluding, a novel technique for the fabricatioh large-area arrays of stacked double
crescents by colloidal lithography is introducedplisticated nanoscale objects can thus be
aligned vertically with a precision of several namters, a feature that formerly required
expensive, serial techniques as electron beamgli#iply or focused ion beam milling. The
arrays feature a high degree of lateral symme#tyréflects the hexagonal order of the colloidal
monolayer. The process is parallel, cheap and esablstructure large areas.

Ample degrees of freedom exist for the process #ilaw for precise adjustment of the
nanocrescents’ size, shape, overlap and mutuaitatien. All of these characteristics have a
strong effect on the optical properties of the ofsieand can be used to tailor plasmonic
resonances according to the desired applicatiomshérmore, the precise vertical alignment
also gives access to observe fundamental aspectsheof coupling process between
nanostructures. Polarization dependent UV/Vis-NB®aaption spectroscopy showed that the
close proximity in space led to drastic differenzethe plasmon resonances compared to single
crescents. In the presence of the second cresbentiindamental plasmon mode blue-shifted
while the energy of the first harmonic mode deada3he effects were sufficiently strong that
a cross-over between the two resonances took plage,giving the impression that the first
harmonic mode became energetically favored to tbheddmental mode. A plasmon
hybridization model was adapted to explain the masoe positions. Symmetry considerations
showed that for each polarization, only one oftbrid modes features a dipole and hence, is
excited efficiently by the external electric fields the symmetric situation for the fundamental
and first harmonic mode is inverted, the shiftemergy for the stacked double structure are
readily explained. A complete hybridization mode &ll polarization dependent resonances of
nano-crescents dimers was elaborated, thus shetigirignto the fundamental understanding
of the behavior of complex structures in close praty. Theoretical calculations reproduced all

essential spectral features and thus, supportggrtippsed hybridization model.
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5.3.2.3 Opposing double crescents with tunable plasmon resances

5.3.2.3.1 Introduction

Having successfully demonstrated plasmon hybridinain stacked crescent arrays, a modified
construction procedure was elaborated in cooperawadh Janina Fischer that led to two
dimensional crescent dimers arranged in the subgifane with tips facing each other.

The presented architecture combines several aveaidatures. First, it features a strong near
field enhancement paired with a very low field voki This is achieved by juxtaposing the
sharp crescent tips in direct vicinity. Hence, $treng near field enhancement of the tidsis
effectively combined with a small gap that confirtee electric near field to a very small
volume. Additionally, the strong near field in tlyap is addressable — and the controlled
placement of functionalities in the hotspot feasiblhis is seen as a significant development
compared to the stacked crescent architectureduntex above that features a hotspot that is
“hidden” in the matrix material separating the ceggs.

The addressable hotspot makes the presented seracpromising candidate for novel surface
enhanced Raman substrates and sensing devicesesdence enhancem@ift or plasmon-
mediated Forster resonance energy trai%fecould be investigated by addressing the gaps
with fluorophores. Moreover, the presented doubéseents possess dark modes as well, i.e.
resonances without a net dipole that do not inteséth the incident dipol&®™**% Such modes
are under intense investigation for the constractid metamaterials with unique optical
features not occurring in natufé? 243 249-20]

Finally, as the opposing double crescent structsirelosely related to the stacked crescent
architecture, it can also serve as a further wation of the plasmon hybridization model
elaborated in the previous chapter.

The first part of this chapter introduces the miediffabrication process for crescent-shaped
nanoparticles. This technique allows for precisgpghinduced tuning of the plasmon frequency
and leads to an extended understanding of the ehafvplasmon resonances in dependencies
to variations of structural parameters. For a tela@laboration of the hybridization behavior of
the crescent dimers, the optical properties oflgiogescents produced by a similar process are
investigated in the second part of the chapter. fitoeess allows for precise shape-induced
tuning of the plasmon frequency and leads to aeneldd understanding of the behavior of
plasmon resonances in dependence to variationsusftigral parameters. In the third part, the
method is extended to produce plasmonic dimer tstres by the introduction of a second

crescent in close proximity to the first one. Thiwsyable opposing double crescent structures
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with the tips facing each other are constructed iamdstigated with respect to the near-field
enhancement in the gap between the tips that aaises consequence of the strong coupling

between the two crescents.

5.3.2.3.2 Results and Discussion

Sample preparation

The standard preparation method for gold nano eresstructuré¥®**% as presented in 5.3.2.1
uses an angular gold deposition followed by antreadon beam etching step normal to the
surface. As a consequence, the gold reaches farngath the areas shaded by the colloids
crossing the center of the colloid. The constructbopposing double crescents by this method
is cumbersome if not impossible as the wings oftitw individual crescents overlap and form
ring structures. In this way, the reference ringictres of Figure 5.3.13 of this chapter were
formed.

To produce crescent structures that are in closgirpity to each other but still separated, the
existing preparation method was altered as scheafigtshown in Figure 5.3.18.

The gold evaporation step was performed normahéosurface (b) with a nominal thickness
that corresponded to twice the height of the fir@lscents. A first reactive ion beam etching
step was performed under an anéeith respect to the surface normal (Figure 5.3.18c)
reduce the thickness of the gold film to half indial size. The areas shaded by the colloids
remained unaffected and now featured a crescepeshigh a gold thickness of twice the height
compared to the rest of the film. Subsequently, sample was rotated 180° and a second
etching step was performed under an angleéifl). Similar to the step before, the area shaded
by the colloids remained unaffected while the qamius gold film was completely removed.
As the area shaded by the colloids in the firgh giessessed a different height compared to the
rest of the film, the two crescent structures apgafter the second etching step. Finally, the
colloids were removed while the crescent dimercstmes remained on the surface. As the two
etching directions feature an angle of 180° witkpext to each other, the two crescents possess

mirror symmetry (e).
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Figure 5.3.18. Fabrication scheme for opposing toghescents. A colloid serves as mask (a), gold is
evaporated perpendicular to the surface (b), fakbwy two angular reactive ion beam etching steps (

and d) with an angle of 180° with respect to eattteo After removal of the colloid mask the double

crescent structure remain on the surface (e).

Several parameters can be used to control thetstese most importantly the colloid size and
the angle of the reactive ion beam etching steps. [atter introduces drastic changes in the
crescents appearance as higher etching angle methrager, more bulky crescents while small
angles are used to produce structures that clossgmble the classical crescent shape, as e.g.
shown in Figure 5.3.9. The process is limited thielg angles between approximately 40° and
65°, as for smaller angles, the tips come into actntand for very high angles, the crescents
broaden and the structures’ contours blur due pégiseness of the colloids’ shadows.

The structure of the individual crescents stroraffects their optical properties as the plasmon
resonances are sensitive to minute changes of ¢oenefry of the crescents. The dimer
structures that can be created by the above-memtipnocess feature tips in close proximity.
Hence, strong coupling effects between the twocergs are expected. In order to examine the
effects of the coupling, the optical properties #relinfluence of the geometry on the resonance
position of the single crescent units have to tdeustood first.

For that, the process was adopted to produce sangkcents by omitting the second reactive
ion etching step. The optical properties of theglgrcrescents prepared with different etching
angles were investigated by UV/Vis spectroscopylanturther assessed computer simulations.
A serious challenge for the interpretation of teeanance shift is the high sensitivity of the

structures to minute changes in their shape thabcaur due to imprecisions in the fabrication
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process. Hence, to avoid misinterpretations ofcitigpling process for the dimer structures, a
model to correlate the geometrical parameters ef gimgle crescents with their plasmon
resonance frequencies has to be developed fiiststiown that each resonance correlates with
a set of defined geometrical parameters. To uraleisthe optical spectra of the double
crescents, the electron microscopy images can bd ts extract their exact geometrical
parameters. These are subsequently used to calth&atresonance positions of a hypothetical,
isolated single crescent with an identical shapeguthe model functions determined from the
analysis of the single crescents. Finally, a comparbetween the hypothetical, single crescent
with the geometrically identical double crescemicture reveals the “real” shifts that are purely

attributed to plasmon hybridization of the couplprgcess.

Optical investigation of single crescents

To gain fundamental understanding of the size- simabe dependent plasmonic properties,
single crescents were produced in analogy to Fi§uBe8 but without the second reactive ion
etching step.

Figure 5.3.19a to e (upper parts) show the polaozalependent extinction spectra of five
different single crescent structures, prepared wifferent etching angles (45° to 65° tilting
relative to the surface normal). The insets shactirresponding scanning electron microscope
images. Computer simulations were performed by Réahammadi in order to gain a better
understanding of the plasmonic properties. Size stmape used for the calculations were
adopted from the experimental structures. The sitedl spectra are shown below the
corresponding experimental spectra in Figure 58.tPe. In all spectra, the black curves

represent the c-polarized spectra, whereas theagregy correspond to u-polarization.
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Figure 5.3.19. Extinction spectra of single creseavith different geometries (a. to e.). The upg@phs
show the experimentally obtained data and the snstedw the particular scanning electron micrographs
The lower graphs show the simulated spectra. f@atled and measured resonance peak positions for
the applied etching angles for the c- and the afnrasce. The lines are guides to the eyes.

In Figure 5.3.19f the peak position dependencenheretching angle for both resonances of the
simulated and the experimental curves are plofié. qualitative features of the calculated
shifts are in good agreement with the experimedéh. The resonance wavelengths of the
produced crescent structures strongly depend oretitténg angle for both the cesonance
(Figure 5.3.19k) and;wesonance (Figure 5.3.191).

The experimental data summarized in Figure 5.3:@@als that the u-resonance undergoes a
redshift of approximately 775 nm with increasinghég angle. In contrast, the c-resonance
experiences a blueshift of almost 360 nm. The chamgesonances is caused by an increasing
deviation from the typical “crescent moon” shapg°(dtching angle) towards a more distorted,
bulky appearance (65° etching angle) as is obViiaums the SEM images presented in the insets
of Figure 5.3.19. Most remarkably, the energetisifiims of ¢ and u resonance are inverted for
the most distorted crescent structures (Figurd.8e3.

The simulated spectra qualitatively resemble theedmentally obtained data. However, all

simulations yield smaller wavelengths than the drpent. This effect can be ascribed to the
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following differences between the experimental #mel simulated spectra: First, roughness in
the structures can cause significant shifts inplasmon resonancé&8® 2°® |t has been shown
that roughening of the structures induces a reft-sbi the plasmon resonancé¥!
corroborating with the discrepancy between simofatand experiment as shown in Figure
5.3.19f.

Second, the determination of the exact geometrihefdouble crescent structure is difficult
especially for those prepared with a very steepiegcangle, as the structures get blurred due to
beam inhomogeneities. This also holds for the tiresk of the gold, which was assumed to
exactly match the pre-set evaporation thicknesstly,ano refinements of the simulation
parameters, e.g. for the gold permittivity, weref@ened, as the simulations reflect all essential
features of the experimental data. Adapting morecipe models for the crescents, the

gquantitative agreement between simulation and éxpet is expected to improve.

Understanding the resonance positions

To explain these striking shifts in the optical dp&, correlations between the peak positions
and geometrical dimensions of the structures weralyaed in detail. First, the charge
distribution at the resonance positions was imdge the simulated data in order to ensure
that the resonances in dependence on the polansafc- and u polarization) are properly
assigned and the model remains valid for all d#fifeistages of crescent distortion.

Figure 5.3.20 show charge distribution maps takemfthe respective resonance positions of
the simulated spectra for structures produced withing angles of 45° and 65°. The
corresponding spectra and electron microscopy image shown in Figure 5.3.19a and e. The
two geometries were chosen as they represent ttienmex cases of structures that can be
generated by the process presented. While thetd&hsres show clear structural features of
the typical nanostructure cresceft$*” the 65°-objects possess a maximum degree of
distortion. Figure 5.3.20a and b present the fibidributions for the resonance detected in c-
polarization. For both cases, the typical distiifiubf the fundamental plasmon mode is visible,
featuring one node in the middle and high fieldshattips of the crescent, as indicated in the
insets. The field distribution of the resonanceegpimg in u-polarization is shown in Figure
5.3.20c and d. Again, the typical distribution foe first harmonic is present for both cases. The
mode features two nodes at the wings of the crésaerd high fields at the middle and the

wings of the structure and is schematically shos/imsaets.



Plasmonic structures from non-close packed mondayer 185

15

a. - b.

Figure 5.3.20. Charge distribution maps of theIsimgescent structures taken from the simulatedtspe
at the respective resonance positions. a,c) sorgkcent produced with a 45° etching angle in @aa)u
resonance (c). b,d) single crescent produced witktehing angle of 65° in ¢ (b) and u-polarizat{dh
The charge distribution as expected from the pregasodel is as insets and is in good agreement with
the field intensities shown in the simulations.

Concluding, it can be stated that the resonancéseotrescents for all different etching angles
can be accurately described by the establishedat@dmodel*****" ¥ Apparently, the strong
shifts in resonance positions — including the cimgr of resonances for the crescents produced

with 65° etching angle - have their origin in theesial geometry of the crescents.

In order to predict the optical properties of thescent structures, it is hecessary to correlae th
peak wavelength with geometrical parameters ofthecture. Knowledge of this correlation is
of crucial importance to tailor the resonance ferguies and to understand the coupling
behavior of the dimer units, the characterizatibwioich will be shown in the next chapter.

A model was elaborated to explain the shifts of ilsgonances based on geometrical factors
influencing the respective resonances. Figure b.8l@strates the structural factors that are
crucial for the shifts of the individual resonances well as diagrams showing the good
correlation between the simple geometrical featamed the resonance positions. For the u-
resonance, a linear dependence of the resonandenomaxon the crescent width is found (a).
With increasing width, the peak shifts to longervelangth. The behavior of the resonance is
explained by a simple geometrical model based @n dharge distribution at resonance
conditions as displayed in Figure 5.3.21b. Withr@asing width of the crescent, the separation
of the charges also increases, leading to a rexfuaif energy. The fit function for the
dependency is given as inset in Figure 5.3.21a.

In contrast, the maximum of the c-resonance cdaglwith the contour length of the crescent.

This parameter defines the distance between thelaoes (Figure 5.3.21d). Upon increasing
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distance, the peak shifts to lower energies, agefines the spacing between the charges.
However, in the presented preparation process,all sontour length always corresponds to a
big width of the crescent and vice versa. It hasnbghown in literature that upon increasing
width of crescent-shaped nanoparticles, the c-gsmn shifts to higher energié®: **® Hence,
both effects must be taken into account to obtamagonable correlation. Figure 5.3.21c shows
the plot of the peak position of theresonance versus the product of the contour leagththe

crescent width. A linear dependence is found, ittferfiction is given as inset.
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Figure 5.3.21. Geometrical factors that influerte resonance position . a) Dependence of the u-
resonance on the crescents’ width. b) Dependentteeaf-resonance on the product of the crescents’
contour length and width. c) Effect of changeshim ¢rescents’ with on the charge distribution i th

crescent at u-resonance. d) Charge distributiadharcrescent at c-resonance upon variations irhveidtl
contour length.

These simple models for both resonances allovefpiaining and predicting the shifts of the
plasmon resonance upon minute changes in the siidipe nanostructure. The fit functions can
be used to calculate the peak positions for bothuthand the c-resonance of any crescent-
shaped nanostructure with known shape by simpliacen the factoix by the width or the
product of the width and the contour length, retipely. The correlation between the simple
geometrical factors and the plasmon resonanceiqusits surprisingly good and can thus be

used to tailor resonances to desired wavelengths.
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Plasmon hybridization in opposing double crescentgictures.

Having resolved the optical properties of the snglescents, the preparation step as shown in
Figure 5.3.18 was completed to produce the oppa$indple crescent structures. As the tips are
in close proximity, the electrical near-fields bktindividual crescents are expected to overlap,

leading to hybridization of the plasmon resonances.

Figure 5.3.22 shows the extinction spectra of thposing double crescents as measured by
polarization dependent UV/Vis-NIR spectroscopy. feepntative electron micrographs of the
opposing crescent dimer structures featuring thheomsymmetry of the structures are shown as
insets.

Defined resonances are visible in both c- and a#ation for all geometries of the dimer
structures. The peak positions of the single amrddibuble crescents’ resonances with similar
etching angles are plotted versus the etching aingkigure 5.3.22f and g. Clear differences
between single and double crescent structures iaitdey thus indicating coupling processes
between the individual crescents. A direct comparibetween the resonances of single and
double crescents reveals a blueshift in energyhfercoupled resonances of the dimeric system

for both c- and u-polarized light
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Figure 5.3.22. Polarization dependent UV/Vis-NIRastigation on opposing double crescent arrays
produced with different etching angles. SEM imaggthe structures are shown as insets. a) 45°0%)) 5
c¢) 55°; d) 60°, e) 65°. Light polarization in celition is shown as black lines, u-polarized lighthown
in grey. f) Shows the shifts of the resonance wenvgths when directly compared to the measuredrspect

of single particles with the same etching angld® hes are to guide the eyes.
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However, due to the fabrication process of the tgbescents including the “blind” etching
step for the first crescent shown in Figure 5.3slight differences of the geometry compared to
the single crescent structures may arise; espgdradl metal thickness and the exact shape of
the crescents can vary between single- and doubszent structure for the different samples.
The scanning electron microscope images reveakhieashapes of the double crescents indeed
differ slightly from those of the single crescefg®mpare SEM insets in Figure 5.3.19 and
Figure 5.3.22).

As established in the previous section, the resmegmare very sensitive to minute changes of
the crescents’ shapes. Hence, the resonances oflahele crescents cannot be directly
compared to the single structures, but rather haviee analyzed in terms of their inherent
geometric properties first.

By determining the exact geometry (i.e. width amddpict of width and contour length), it is
possible to calculate the hypothetical resonancea adeparated, single crescent with the
geometry of the double crescents of the dimer driits is done by inserting the respective
geometrical parameters of the crescent dimer streighto the fit functions elaborated for the
single crescents (Figure 5.3.21). In detail, thamerescent width of the double crescents in nm
is inserted in the equation for the u-resonancgufiéi 5.3.21a), namely 3.26 x + 673.45 nm,
where x represents the particular crescent widthoftain the c-resonance, the product of the
mean width and the contour length is inserted @ fthfunction of the singles crescents’ c-
resonance, 0.0027 x/nm + 1665.50 nm (Figure 5.3.2dith x being the particular product of
the width and the contour length. This yields theotretical resonances for single crescents with
exactly the geometries of the fabricated doublsagets. It also corresponds to the resonance of
the double crescents if no coupling took place.rg@toee, in the following, it is termed
uncoupled resonance. This procedure eliminatesntargiretations of the coupling process
caused by direct comparison of single and douldscemt samples produced with the same
etching angle. The different samples are not necéssdentical due to imperfections in the
production process as their geometrical paramedegssubject to slight sample-to-sample

variations.

To obtain the coupling-induced shifts of the doutiescents, the experimentally determined
resonance positions of the double crescent dimers@mpared to the calculated uncoupled
values. The procedure reveals the “real” shiftscWwharise due to plasmon coupling and are
presented in Figure 5.3.23. The experimental vatfigbe c-resonance of the double crescents
are blueshifted when a second crescent is intradu@®. In contrast, the u-resonance

experiences a redshift for all double crescent sesroduced (b).
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Figure 5.3.23. Coupling-induced shifts of the eft(side) and the u-resonance (right side) of the
opposing double crescents. The grey curves reprdseshape-corrected data as calculated from the
geometric data and the fit functions determinedtiersingle crescents, the black curves are asbigne
the experimental data of the coupled double crdéscen

The shifts of the resonances as purely arising ftbhen coupling behavior support by the

plasmon hybridization model established for thelstd double crescent structures. In analogy

to the stacked crescents situation, a hybridizatiodel is straightforwardly obtained by taking

linear combinations of the individual crescentsSaeances. Figure 5.3.24 shows simplified

sketches of the hybridization behavior.
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Figure 5.3.24. Plasmon hybridization model useealain the coupling behavior of the crescent

resonances. Upon close proximity, hybrid

resonappegar as linear combinations of the parental

crescent resonances. a) Geometrical situatiomésa@nance. b) Geometrical situation for the u rasoe.

In c-polarization, only the symmetric hybrid mode shows a net dipole and can couple to

external electric fields. Hence, only this

energy, the resulting resonance appears

modevisible in optical spectra. Due to the higher

blueshiftexlantisymmetric mode does not feature

a net dipole and, thus, represents a dark odg? In u-polarization, the situation is inverted

due to the different charge distribution geometeypween the two resonances. Here, only the
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antisymmetric mode u- exhibits a net dipole and ttaus be excited by linear polarized light.
The symmetric hybrid u+, however, is a dark mode does not appear in the spectra. As the
energy of the antisymmetric u- hybrid is lower thdwe energy of the single structure, the

resonance appears redshifted compared to the pasemtance of the individual crescents.

As presented in Figure 5.3.23, both c- and u-restesof the double crescent architectures are
shifted according to the hybridization model for sdamples produced. This indicates that a
strong coupling of the individual resonances tghese in the dimer units. Quantitatively, the
coupling efficiency varies between the differeninpées (compare Figure 5.3.23). We attribute
this to differences in the separation of the tipshe two crescents. As apparent in the SEM
images in Figure 5.3.22, the tip separations Mathe tips are further apart from each other, the

overlap of the electrical fields is reduced, thths, coupling efficiency is decreased.

Computer simulations to investigate the near-fieldenhancement

Computer simulations have been performed for theblgocrescent structures with the aim to
support the hybridization model by imaging the geadistributions at the hybrid resonance
positions and to quantify the near-field enhancdnrethe gap between the opposing crescent
tips. The crescent structures with 45° and 65°ietchngle were exemplarily chosen as these
represent the two extreme cases of distortion.

Figure 5.3.25 shows the electrical near-fields le# t- and the u-resonances of the single
crescents and the corresponding double crescewtistes for different tip-to-tip gap distances.
The c-resonances of both the 45° and the 65° daubizents show a depletion of the electrical
near-field in the tip region, indicating the presef two equal charges which reject each other.
In contrast, the u-resonances show an enhanceticéoear-field in the gap between the tips,
pointing towards the fact that the tips exhibifeliént charges. The charge distributions closely
resemble the simplified sketches of the proposedein@Figure 5.3.24) and thus strongly
support the established hybridization theory.

Finally, the near-field enhancement of the dimeh#ectures at the resonance wavelengths was
assessed by computer simulations and compared:terthancement of single crescents. The
geometry, featuring two sharp tips separated bymallsgap promises to show a strong

enhancement of the near-field that is confinedhéosmall volume of the gap.
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Figure 5.3.25. a) Simulations of the electricalrAgzlds in c-polarization of single crescents and
opposing double crescents for 50 nm and 10 nnefustion distance (upper row: 45° etching angle,
lower row: 65° etching angle). b) Corresponding immaxmn near-field enhancements in c-polarization of
double crescents versus the separation distan&meijlations of the electrical near-fields in u-
polarization of single crescents and opposing doabtscents 50 nm and 10 nm tip separation distance
(upper row: 45° etching angle, lower row: 65° etghangle). d) Corresponding maximum near-field
enhancements in u-polarization of double cresoatsus the separation distance.

Figure 5.3.25b and d show the near-field enhancesrfen c- and u-resonances plotted versus
the separation distance of the crescents. The waflube near-field of the single crescent
reference is inserted in the plot as infinite dis&for comparison.

As expected, the near-field is depleted for thebierescent architectures in c-resonance (b)
and the enhancement is lowered from a value ofcajypately 20 for the single crescents to
less than 5 for double crescents with a tip sejgsratf 10 nm. In contrast, a strong near-field
enhancement is revealed in u-resonance. For simgieents at u-resonance, the enhancement
factors are 15 (65° etching angle) and 10 (45°ietclangle). The difference is readily
explained by the higher tip curvature of the 65scent. By introducing a second crescent in
close proximity, this near-field enhancement cainbesased up to a factor of almost 60 for the
45° sample. For the 65° structure, the near-fieldaacement can even be increased up to a
factor of 70. Hence, the electrical near-field loé dimer structures is five times stronger than
the near-field of the individual crescents. Thiferd two precisely localized, connected hotspots
that can be accessed by functional molecules dtreetplanar arrangement of the two crescents.
Various applications such as plasmon-mediated €orsansfer, surface-enhanced Raman
spectroscopy, or fluorescence enhancements areféhaile. The structures also hold great

promise to be used as novel sensing devices ommétaals.
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5.3.2.3.3 Conclusion

This chapter describes a modified fabrication pssctr crescent shaped nanoparticles. By
inversion of the angles of gold evaporation andtiea ion beam etching compared to the
standard process (Figure 5.3.8), this method tedior the construction of dimeric units with
their tips facing each other.

The optical properties of single crescents prepavitd different etching angles — and thus
geometries — were investigated and supported bypoten simulations. Correlations between
geometric parameters and the plasmon resonand@posere elaborated for both polarization-
dependent resonances, revealing a strong influehtiee crescent width on the u-resonance,
and of the product of width and inner contour léngh the c-resonance, respectively. This
correlation can be used to precisely predict t®mance positions for a given geometry and
provide a valuable tool for understanding and taitpthe individual resonances.

Bringing two individual crescents in close proximitheir electrical near-fields overlap and
lead to a hybridization of the individual plasmogsa@nances. The resonances of opposing
double crescents experience strong shifts as # cédwo distinct reasons. First, the individual
shape of the structures causes a specific shith@gesonance is very sensitive to minute
changes in the crescents’ geometry. These shapeeddshifts cloak the effects caused by the
coupling of the plasmon resonances. The shape-@udshift was corrected by calculating the
resonance of a theoretical, uncoupled crescengusia correlations between geometry and
position elaborated for the single crescents. Thius, plasmon shifts evoked solely by the
coupling process were revealed. A plasmon hybritimamodel was applied to explain the
shifts of the resonances. Theoretical investigatiam the near-field distribution further
corroborated with the model proposed.

The double crescent architecture combines shamp Wiph a small separation gap. These
geometrical features provide an ideal architectoirestrong near-field enhancements in the hot-
spot between the crescent tips. The planar arthiteprovides the opportunity to access this
hotspot. This opens the possibility for the utiliaa of the double crescents in surface enhanced
Raman scattering, fluorescence enhancement or plasnediated Forster resonance energy
transfer along the crescents’ contours. Using caempsimulations, the maximum additional
enhancement of the near-field was determined tliveetimes as high as the enhancement for

single crescent structures.
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5.3.3 Laterally patterned, ultraflat substrates by colloidal lithography
and their applications

This chapter describes applications of ultraflabs$tates consisting of gold nanostructures
created by colloidal lithography embedded in acsili dioxide matrix. The process takes
advantage of the natural flathess of a silicon wéfat acts as a template for the structure
deposition. In a procedure known as template-dtrippgthe structures created are cleaved from
the template. Thus, the flatness of the templabstsate is transferred to the newly created
surface. The process itself was established dumipngiploma thesi€®?

In continuation of this work, two applications sfich patterned, ultraflat substrates were
investigated. First, the localized surface plasmemonance of the gold nanostructures was used
to create extremely stable sensor architecturgscthad be re-used by a simple mechanical
cleaning procedure. Second, thiole terminated pehizable lipids, synthesized by Dr. Mathieu
Jung®?¥ were assembled on the gold nanostructures andnpaized to form impenetrable
diffusion barriers. A lipid bilayer membrane wadsequently assembled and thus featured
nanoscale patterns embedded in the proximal leafléhe membrane. Fluorescence recovery
after photobleaching (FRAP) experiments were peréat to investigate the effect of the
nanoscale barriers on the membrane dynamics. ¥imsdlated silicon dioxide patches corraled
by a continuous gold film were produced in ordemonobilize complete membrane fractions
onto a designed spot. The two applications of ddlferpatterned, ultrafast substrates are
published asReusable Localized Surface Plasmon Resonance BeBssed on Ultrastable
Nanostructures®®!! and“Nanoscale Patterning of Solid Supported Lipid B#® Membranes

by Integrated Diffusion Barriers?®®
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5.3.3.1 Introduction: laterally patterned, ultraflat substr ates

Laterally patterned, ultraflat substrates are sadathat are chemically structured (i.e.
consisting of two different materials) but do neafure any surface topography or defects in the
transition between the different surface materi@lse construction of such architectures was
established during my diploma thé€® and publishéf® and shall be outlined only briefly for
reasons of clarity.

The process is based on a modified template-stippiocedure that was introduced by BEftt

267 and Hegné?®®**%independently. A naturally flat surface such asatr a polished silicon
wafer is used as a template onto which gold is enapd. After gluing a solid support (e.g. a
microscope slide) onto the gold surface, the lolweatn between gold and silicon is used to
cleave the interface. Thus, a new, “template-strifisurface is exposed and the low roughness
of the template is transferred to the gold surface.

Template-stripped gold substrates find various iagfibns where conducting surfaces with a
surface roughness below the dimensions of theesiumtjects are needed. Originally developed
for scanning tunneling microscopy imagiftj;?*® these substrates have been extensively used
as electrodes for the electrochemical charactésizaif self-assembled tethered lipid bilayer
membrane&’°%'4 Recently, similar surfaces have been employedHerconstruction of high

quality plasmonic materidf&*?"“and as substrates for the patterning of grapii€he.

Using two different surface materials in a simipproach adds to the versatility of the
produced substrates as different properties of ghterning materials can be exploited
individually. Choosing gold and silicon dioxide sisface materials provides a simple means to
create highly functional surfaces as gold- andi¢hatvemistry can be employed simultaneously
to incorporate functions at defined places of thbsgraté™®® Furthermore, using colloidal
monolayers as masks, a simple method for a naropeadterning is at hand and the plasmonic

properties of the resulting gold nanotriangles lpamxploited in sensing applicatidffé!

The construction of such heterogeneously pattesubdtrates using a colloidal monolayer as
mask is briefly outlined in Figure 5.3.26. A hexdhyddisilazane-modified silicon wafer was
used as a template. A colloidal monolayer was askezhon the template (a) and used as mask
for the deposition of layers of gold (50 nm) andochium (< 2 nm) to produce typical
nanostructure arrays (b). The colloidal mask wasnthemoved (c), and silicon dioxide
(100 nm) was evaporated over the surface and coehplecovered the patterns (d).
Subsequently, a glass slide was glued onto theasiind a rupture between the passivated

template (silicon wafer) and the evaporated strestwas mechanically induced (e). A pristine,
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flat surface was obtained with gold nanostructumays with square-centimeter dimensions
embedded in a silicon dioxide matrix. A detailecar@tterization of such surfaces showed
extremely low roughness in the order of the silieaafer template, smooth transitions between

gold and silicon dioxide and the possibility of @mendent surface functionalizatidté.

Figure 5.3.26 Flow process for the constructioermbedded nanoparticles arrays: A
hexamethyldisilazane-modified wafer is used as tatapnaterial. a) Colloidal monolayer assembly. b)
Thermal evaporation of gold (50 nm) and chromiun2 (@m). c) Removal of the colloidal monolayer. d)
Thermal evaporation of silicon dioxide (100 nm)&)ing of the interface to a glass slide and
mechanical separation. €) Template-stripped susattegold nanoparticles embedded in a silicon
dioxide matrix.

5.3.3.2 Re-usable sensing architectures

5.3.3.2.1 Introduction

In the context of this thesis, a major focus igllah surface bound nanoparticles arrays as

created by nanosphere lithograptfy® that employs colloidal monolayers as patterningksa
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A tremendous knowledge has been accumulated on dtractural design, optical properties,
and sensing capabiliti€g>*24

As serious drawback for the commercial use of sumhoparticles arrays is their insufficient
stability in agueous environments. Especially ifférusolutions, commonly used in bio-assays,
metal nanoparticles tend to easily get washedheffsurfacé’”2"® Only recently, this problem
has started to attract attention and first solstibave been proposéd?’® Nanoparticles have
been anchored to small holes in the substrateshendecrease in signal intensity over one hour
improved from 50% loss in untreated samples to k8% for surface anchored partictes!.

Next to stability, the reusability of the archite& is important for possible applications,
however rarely discussed in literature. Few appreacfor regenerating surfaces based on
reversible binding of molecules have been repdfteéd®” nevertheless, no general cleaning
methodology has been described.

In this chapter, the stability of surface embeddadoparticles produced according to Figure
5.3.26 is investigated. It is found that they eithibsuperior stability in aqueous environments

and can be mechanically cleaned and re-used iflesgapsing experiments.

5.3.3.2.2 Results and discussion

Stability in aqueous solutions

In order to evaluate the stability of the embedgadicle arrays, the substrates were exposed to
a PBS buffer solution under a constant flow raté.6fml/min. The integrity of the samples was
followed in time by UV/Vis-NIR transmission spectompy (Figure 5.3.27). The obtained
extinction data was normalized to the relative pbalght (b .spp before exposure to the
aqueous environment (Figure 5.3.27b). For compayrisamples of conventionally produced,
non-embedded nanoparticles on a glass substrateawit without a 2 nm chromium adhesive
layer between the glass surface and the gold fertweere investigated (Figure 5.3.27b). Non-
embedded, conventional nanoparticles arrays shawstdong decay in signal intensity. After
20 h of immersion, the extinction decreased to 7di%s original value. The sample with a
chromium interlayer only showed a slight loss gisil intensity. After several hours, the signal
dropped below 90% of the original value. The emleeldparticles, however, did not show any
loss in signal intensity even after 5 days of iratidn. Exposure to ultra-pure water instead of

buffer solution revealed the same stability for ¢éinebedded particle arrays (not shown).
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To further investigate the stability of the diffateparticle architectures, the chromium-
containing samples were cleaned mechanically byngithe surface with a tissue soaked in
ethanol and water. This drastic procedure revealesiiperior robustness of the embedded
particles as no change in signal intensity wasatietie(Figure 5.3.27c) after the cleaning. The
conventional particle array, however, was entireljoved and no plasmonic resonances were

detected after the cleaning procedure.
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Figure 5.3.27. Stability of nanoparticles arraygestigated by UV/Vis-NIR spectroscopy. a) Plasmonic
resonances of conventionally produced and surfadeedded nanoparticles arrays upon exposure to PBS
buffer solution. b) Stability of nanoparticles arsaduring exposure to PBS buffer solution normalitee

the resonance intensity before exposure. c) Plasmesonances of surface embedded gold particles
(50 nm thickness) and conventionally produced galdoparticles (30 nm thickness) with a 2 nm Cr
adhesion layer between glass and gold before (tilaek) and after mechanical cleaning (red lines).

Sensing of thin polymeric layers

In order to probe the response of the embeddedlearto changes in their local environment
and their potential use for sensing applicationig, polyelectrolyte films were deposited using a
layer-by-layer (Ibl) deposition meth&d %% A particle array was produced by using a
monolayer of 550 nm diameter polystyrene colloidsraask. Samples were functionalized by
immersion in an aqueous cysteamine hydrochloridigtiea for 90 min. Afterwards, layers of
negatively- (poly(styrene-sulfonate),PS§ and positively charged (poly(allylamine
hydrochloride),PAH) polyelectrolytes were deposited, and UV/Vis-Nlestra were recorded
in air. Typical plasmonic resonances were obselfgure 5.3.28a) and a red shift of the
extinction maximum was induced upon increasingkiiniss of the deposited polyelectrolyte

layers.

The red shift upon increase in polymer layer thedsican be quantified by extraction of the
peak extinction wavelength (Figure 5.3.28b). Adaoim the shift, no major changes of the
plasmon resonance spectra were visible, indicatagility of the particle arrays towards the

experimental conditions. The complete LSPR shipomse to material deposition showed a
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non-linear behavior as reported for conventionptiyduced particle$® The initial linear shift
decreased after addition of 5-6 bilayers until s#ton was reached and no additional shifts of
the resonance spectra were detected upon depasitiorther layers.

The response of the nanoparticles to the additiguotyelectrolyte layers was estimated from
the peak displacement in the initial linear regiffibe maximum extinction wavelength shifted
on an average by 5.2 nm per deposited layer, fitht six bilayers (or 12 alternating single
layers). The apparent saturation regime after 8aydrs correlated to a total polyelectrolyte
thickness of approximately 50 nm as estimated feomface plasmon resonance spectroscopy
measurements on equally treated gold fifffs The maximum peak displacement between the
untreated sample and the one modified with sixnfore) polyelectrolyte bilayers was about

65 nm, which is in good agreement with results regab for conventionally produced

particles*®
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Figure 5.3.28. a) Plasmon resonance spectra @fdatile array during polyelectrolyte depositioh. b
Resonance position as a function of the numbeplyigpectrolyte layers. The shift is linear for st 6
deposited layers before an apparent saturaticeashed.

Reusability

The deposited polyelectrolyte layers were succgsmoved by repeated, gentle wiping the
substrate with a tissue soaked in ethanol and wAteM images were recorded in order to
monitor the surface during the cleaning procesguiéi 5.3.29). After cleaning the sample, the
original nanostructured surface was completely vemd without any traces of the

polyelectrolyte layers remaining on the substr&igure 5.3.29d). A slight increase in height of
the nanostructures can be attributed to the deggbsiysteamine layer that is not - or not
completely - removed by the mechanical cleaningwéier, no damage or loss of structures

was induced even by the rather harsh cleaning guveeshowing the stability of the substrates.
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Figure 5.3.29. AFM-height images of nanoparticiags. a) Freshly cleaved substrate. The surface
hardly shows any topography. b) After depositiomight polyelectrolyte bilayers, the complete staist
is covered with the polymer film. c) The polyeledjte film can be mechanically removed. In the lowe
left corner, a still intact film is visible, whilie the top right corner, the embedded nanostrustbezome

visible. d) On a completely cleaned substrateethbedded nanoparticles are again visible.

The cleaned sample was used for further consecptilyelectrolyte deposition-cleaning cycles
to explore the re-usability of this kind of senspigtforms. UV/Vis-NIR spectroscopy was used
to monitor the effects of the deposition—cleaniygles on the plasmonic resonances of the
embedded nanoparticles. The peak displacements pggmer addition evolved similarly to
the original sample. The shift of the maximum estion wavelength was extracted after each
deposited layer for a substrate subjected to catiseclayer by layer-deposition-cleaning
cycles (Figure 5.3.30). For each cycle, at least fiolyelectrolyte bilayers were deposited on
the surface before the sample was cleaned mecHgni@aposition cycles four and five were
done after storing the substrate for 4 monthskattaditions. For each cycle, the substrate was
incubated in a cysteamine solution to guaranteeittitial charges are present on the surface.
While a red shift of five nanometers was visibleeathe assembly of the cysteamine monolayer
on the pristine gold surface, almost no shift wasedted for all measurements on cleaned
substrates, indicating that the cysteamine layes wna@t- or not completely removed by the
cleaning process as also shown by AFM investigaffeigure 5.3.29). The maxima of the
plasmon resonances red shifted as a function afsiteyl layers for all five deposition-cleaning
cycles. The slope of the shift curves remained @pprately constant at a value of 10 - 13 nm

per bilayer during all cycles, indicating the rexble sensing abilities.
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Figure 5.3.30. Peak position as a function of thgadition step, for five consecutive depositionaclag
cycles. Each symbol (squares, circles, etc.) cpards to the peak wavelength of the plasmonic
resonance after addition of one polyelectrolyte atayer. Polyelectrolyte layers were added until no
further shift in the resonances was visible. Thiea,polymeric layers were removed by cleaning the

surfaces with a tissue soaked in ethanol. The iddacleaned surface was used for another deposition
cycle (indicated by the change of symbols). Th& fioint in each sequence corresponds to the rasena
position after cleaning

After the first cleaning cycles, a blue shift oétlesonances of the plain substrate was detected
(see initial points of the cycles in Figure 5.3.3@pwever, no changes in total extinction or
sensitivity towards polyelectrolyte binding werepapent for five consecutive deposition-
cleaning cycles and the shapes of the resonanatrapemained nearly unaffected by the
cleaning procedure. The origin of the blue shiftref plasmonic resonance after cleaning is yet
not completely clear. It was especially pronounedter the first cleaning step and then
decreased until it reached stable values aftefailieh cleaning cycle. Probably, two factors are
responsible for these phenomena. First, chang#iseisilicon dioxide layer can cause a blue
shift. The sample was prepared using a thermalagatipn process of silicon dioxide. This is
known to result in rather poor quality filff€”! Traces of the silicon monoxide precursor or
silicon dioxide crystallites that are not fully gmtted to the matrix might be washed out during
the cleaning processes. This would alter the lengironment of the particles and lead to a blue
shift of the plasmon resonances. The saturatiagheoghift to a stable wavelength of 750 nm for
the plain nanoparticles after three cleaning cyslggports this assumption. Second, solvent
annealing, known to cause blue shifts in the rascm&an at least partly be responsible for the
shift detected in the first measurement cytfé5The blue shift may be avoided by the use of a
higher quality silicon dioxide matrix (e.g. by aufering process) or an initial annealing step

using the polyelectrolyte-free solutions.
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5.3.3.2.3 Conclusion

A novel approach to create highly stable nanogarticrays was proposed. Shifts in the LSPR
maximum upon polyelectrolyte deposition showed resiiwity of the platform for changes in
the refractive index of the local environment ok tparticles. Long term measurements
confirmed the stability of the sensor platformsirffer solution over extended periods of time.
The samples could be cleaned mechanically and cotirge cleaning-deposition cycles did not
show any loss in signal intensity or sensitivityembnstrating the re-usability of the
nanoparticles-based sensing platform. The inhenmdtra-low surface roughnessf the
architecture will have a great advantage for theysof binding events in bio-oriented sensing
applications, e.g. when using membrane structiggsnabled on the substrate as sensing matrix,

where the membrane formation is crucially influehbg surface roughne$8?

5.3.3.3 Nanoscale patterning of solid supported membranesyhintegrated

diffusion barriers

5.3.3.3.1 Introduction

Lipid bilayer membranes that are self-assemblenh fplospholipid molecules have long been
used as model systems to mimic processes occunriniglogical membrang&®"!

They aim at significantly reducing the complexifytioe biological system while preserving the
key characteristics, especially lateral fluidity dasealing properties between intra- and
extracellular space. Among various membrane arctites, tethered lipid bilayer membranes
have been recognized as a powerful platform in biweticd?®® and for the construction of
biosensor&€®® Using thiole-terminated anchor lipids with an olighylene glycol spacer, such
membranes can be assembled onto gold surfdté¥! The proximity of the substrate provides
mechanical stability necessary for long term apgpikins, e.g. in sensing devices. Additionally,
the spacer part integrated in the anchor lipidsuficiently long to decouple the bilayer
membrane from the substrate and provides a wagerver between membrane and substrate.
As a consequence, membrane proteins, especiallgnelsa that span the membrane and
protrude into extra- and intracellular space carinoerporated into such architectures since

direct contact with the gold surface — leading tot@n denaturation — is circumvented. As
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channel proteins are highly sensitive to ions pregethe solution, sensing devices have been
realized using tethered bilayer membraA8s?®%!

For a variety of applications, for example the tiraof protein arrays in more sophisticated
sensing devices, the control of diffusion in thewbeane is a key requirement. The introduction
of diffusion barriers — mostly created by photalighaphy — has been demonstrated to achieve a
compartmentalization of the membrafi&?%*

In this chapter, a novel approach for the pattgrohtethered bilayer membranes is introduced.
Laterally patterned, ultraflat substrates are usedassemble photopolymerizable lipids
selectively on the gold parts of the surface. Afpelymerization and bilayer membrane
assembly, a patterned membrane architecture iarat that features a fluid distal leaflet and
nanoscale diffusion barriers incorporated into fireximal leaflet. Compared to existing
membrane patterning approaches, this process offergeral advantages. First, no
photolithographic step is required during the sutbstpatterning. Thus, the resolution of the
diffusion barriers is not limited by the diffractidimit of light and structure sizes down to
30 nm are created with ease. Furthermore, the irenfsctions are formed by polymerizable
lipids and are integrated into the membrane (FiguBe31). They therefore provide stability to
the system and allow to circumvent issues relaigtig undefined lipid bilayer formation at the
edges of membrane patcied. Additonally, the low roughness of the substratesrgntees the

formation of well ordered, highly sealing membrali&s

Bulk water

Water layer

/ Substrate \

Noble metal Sio,

Figure 5.3.31. Schematic illustration of a suppbrreembrane corraled by a self-assembled polymerized
lipid barrier. The patterned substrate allows Far tontrolled assembly of the diffusion barriers
embedded into a fluid lipid bilayer membrane. Thet@on was kindly provided by Dr. M. Julg’
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5.3.3.3.2 Results and Discussion

Lipid assembly on ultraflat substrates

The substrates were prepared according to Fig8r2eusing differently sized colloids ranging
from 180 nm to 850 nm. An AFM image of a pristinerface after mechanical cleavage
prepared from 550 nm colloids as mask is showniguré 5.3.32a. The linescan along the
white line presented below (Figure 5.3.32c) hidhtgthe low surface roughness of the
substrate. It has been shown that a low surfacghreess is essential for the assembly of high
quality model membranes with good sealing propefid The polymerizable thio-lipids
(structure shown in Figure 5.3.32g), synthesized®byMathieu Jung™!, were self-assembled
on the gold parts of the structured substrate byérsion of the sample in a 0.2 mgml
ethanolic solution of the lipid for 24 h, followday thorough rinsing with ethanol. Figure
5.3.32d shows an AFM image of the surface aftehamntipid functionalization. An increase in
height can be seen. The linescan shown in Figl#@2. was used to determine the height of
the monolayer to roughly 50 Angstrom. This valuéniggjood agreement with the calculated
persistence length of the anchor lipid (60 A). &M phase image of the same sample (Figure
5.3.32e) shows a clear contrast arising from tlestdr difference in softness of the lipid
molecules compared to the silicon dioxide substrate

The oxide surfaces of the substrate remained ¢teamlipids or lipid aggregates. However, the
triangular shapes of the gold nanostructures fedtless sharp contours after the lipid self-
assembly due to the apparition of satellites of f@amometers in the vicinity of the main
structures. These satellites resulted from thetfoimalization of small gold residues, deposited
next to the main structures due to diffusion preessoccurring during the metal deposition
process. A careful examination of the phase imdgthe pristine substrate (Figure 5.3.32b)
reveals the presence of similar satellites. Henitecan be stated that the surface
functionalization process is highly specific andittmanoscale barriers can be assembled

selectively on the gold parts of the substrate.
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Figure 5.3.32. Functionalization of the embedded ganoparticles with polymerizable thiolipids. a-c
AFM investigation of the pristine surface: a) heighage; b) phase image; c) line scan along theéewhi
line shown in a). d-f) AFM investigation of the stitate after assembly and polymerization of thiel$ip
a) height image; b) phase image; c) line scan albagvhite line shown in c¢). g) Structure of the
polymerizable lipids and schematic descriptionhef different parts of the molecule.

Control of the fluidity of the patterned membrane achitecture

Next, the functionalized substrates were used éater patterned lipid bilayer architectures.
First, the substrates were polymerized by UV lighénsure impenetrability and the bilayer was
completed by the fusion of small unilamellar vessctomposed of 1,2-diphytanat-glycero-
3-phosphocholine (DPhyPC) and the fluorescentlyelkdb lipid 1,2-dioleoyknglycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadidzgl} (DOPE-NBD). In order to probe
the fluidity of the obtained bilayers, the latewiffusion of the lipids was measured by
fluorescence recovery after photobleaching (FRAP)gure 5.3.33). The recovery was
measured over time and fitted to the model develdpyeSoumpasiS” (details are given in the

experimental chapter).
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Figure 5.3.33. Fluorescence recovery after photahlimg (FRAP) measurements of the patterned lipid
bilayer mebranes. a) Fluorescence recovery witk &imd fit to termine diffusion coefficient and itale
covery exemplarily shown for a substrate pattemmigd 550 nm colloids. b) Dependence of diffusion
coefficient (black points) and relative recovergdpoints) on the size of the colloids used for the
creation of the barriers.

Figure 5.3.33a exemplarily shows the fluoresceremovery with time as recorded for the
substrate patterned with 550 nm colloids. As evidiesm the AFM images (Figure 5.3.32), the
nano-barriers were not interconnected so that gldfu of the lipids was possible both in the
proximal and distal leaflet of the membrane. Thghhielative recovery of the fluorescence
signal to 85% of its initial value supports thisding and corroborates with the schematic
model of the bilayer membrane presented in FiguBe3%. An ordered, fluid bilayer was
formed and the diffusion barriers were incorporaietb this architecture. The measured
diffusion coefficient of 0.10 £ 0.03 umz2/s was sfgrantly lower than the typical diffusion
coefficients of 1-2 um's reported for solid sugpdrmembraneé®® 2*® This shows that the
immobile obstacles had a significant impact onrtiembrane fluidity. The incomplete recovery
is hypothesized to be caused by defects in the lageo Such defects, mostly consisting of
line defects in the monolayer crystal are transtmnmto extended gold barriers during the
evaporation. Such barriers naturally block theuditbn of lipids in the proximal leaflet and
impede a complete recovery of the signal.

The hybrid membrane architecture features barietke nanometer regime. Since the size of
the diffusion barriers is not limited by the diffteon limit of light, as for the conventional
patterning methods, biologically relevant obstatkes can be reached, e.g. lipid rafts domains,
immobilized protein domains on the cytoskelefdf?*®!

To explore effects of the barrier size and obsthattece on the diffusion within the membrane,
the size of the colloids used in the substrateepdtig process was varied. As the applied
patterning procedure yields arrays of trianglesresponding to the voids in the colloidal

monolayer, the dimensions of the triangular stmesuwcan be precisely adjusted by the used
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colloids. By using colloids of approximately 18@03 550 and 850 nm, the immobile obstacles
were adjusted to be in between 30 and 250 nm. Dubet specific technique of nanosphere
lithography, the fraction of immobile obstacles wasinsically fixed to 9.3% (reflecting the
surface coverage of voids in a perfectly orderedatayer).

Figure 5.3.34b shows the dependence of the diffusioefficients and percentage of
fluorescence recovery of the artificial membranesfunction of the colloid size used for
patterning. The fluidity of the membrane, both iermis of diffusion coefficients and
fluorescence recovery, decreased with decreasinmgebaize. This behavior is attributed to an
increase in the number of obstacles per areaplus Ihave to pass in their diffusion path.

By varying the barrier size, it was possible touatjthe mobility of the lipids over one order of
magnitude from 0.03 + 0.02 unmi- 0.28 + 0.07 pfs’. These diffusion coefficients reflect
that the membranes with the embedded obstaclea Isadilar fluidity compared to biological
cell membrane%?

The decrease in the size of the colloids led te@eahse in the recovery. This is related to the
defect structure of the different monolayers. Thewant of defects per area will increase for
smaller colloids, as the size of single crystalloh@mains will be reduced - even assuming
perfectly similar order in the individual monolager simply due to the decrease in size of the
individual colloids. As stated above, defects im tmonolayer usually translate into more
extended gold areas that act as impenetrable diffusarriers. Hence, qualitatively, this simple
argument explains the detected dependence of ldieveerecovery. However, one should keep
in mind that there might be a threshold barriere sigpon which the lipids are blocked
completely from diffusing into the bleached spdiug reducing the amount of fluorescence

recovery.

Isolated free lipid corrals surrounded by diffusionbarriers

The nano-structuration with periodically patternepen structures might be of interest for basic
research aiming at a more precise mimic of biolaiginembranes to study e.g. the diffusion
behavior of lipids (as demonstrated) or membrageprs. Of higher technological importance
however, is the confinement of molecules to a defiarea; e.g. the electrode of a biosensor
device that uses membrane proteins to detect lgralients of specific molecules in the water
phase. Confinement of the sensing unit to a defpplade might thus open the door to create
more stable devices (as the unit cannot diffuseyawnan the electrode), high sensitivity for
applications e.g. in single protein sensing (usmanoscale electrodes with one protein

confined) or to high throughput arrays of sensors.
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both leaflets simultaneously. f,g) FRAP experimamthe proximal leaflet only.

To demonstrate the possibility to corral lipidsthe proximal leaflet of the membrane by

polymerized barriers, substrates with isolatectaili dioxide disks embedded in a gold film

were prepared in analogy to Figure 5.3.26 but sjihrsely distributed, single colloids (glass

beads with a size of 2.5 + 0.5 um) as mask. Thaimdd structures were thus of about the same

size as the laser spot used to bleach the lipidsHRAP experiment. An AFM investigation of

the substrate surface is shown in Figure 5.3.34iAghe extremely low roughness of the

embedded structure is visible and further undedlibg the line scan in Figure 5.3.34c. The

electron micrograph shown in Figure 5.3.34b cleatbualizes the difference between gold

(bright) and silicon dioxide (black).
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The gold parts of the substrate were functionalizéd the polymerized lipids by self-assembly
and UV polymerization. After fusion of lipid vesed to complete the hybrid membrane
structure, the diffusion of the lipids over the dxiislands was assessed by FRAP.
Measurements were performed to investigate thesidh in both leaflets (Figure 5.3.34d) and
in the proximal leaflet only (Figure 5.3.34f). Riwe latter experiments, the fluorophores in the
distal leaflet were chemically bleached by reductimith sodium dithionité®®® For all
experiments, the laser spot was focused onto ¢gessilggon dioxide disk.

Diffusion over both leaflets showed a recovery @praximately 50% (Figure 5.3.34e).
Assuming equal distribution of the fluorescentlipdéed lipids in both leaflets, this corresponds
to an effective prevention of diffusion in the imneaflet and a closed, fluid outer leaflet
spanning both fluid membrane parts and photopolig@diipids, as sketched in Figure 5.3.34d.
After the chemical bleaching of the fluorophoresttie outer leaflet, the FRAP experiment
probed only the diffusion in the inner leaflet (Nlo fluorescence recovery was measured
(Figure 5.3.349), indicating that the diffusionligids in the proximal leaflet from neighboring

corrals was prevented and the polymerized lipidedéud acted as effective diffusion barriers.

5.3.3.3.3 Conclusion

An approach to pattern model membranes is presenwtsgte tethered immobile obstacles are
embedded in the lipid bilayer in a controlled waydan a nanometer scale. The architecture
offers a number of attractive features. First, glze of the immobile obstacles is not restricted
by the diffraction limit. This has been a signifitalimitation when conventional
photolithographic methods have been used for actdpatterning of a photo-polymerizable
membrane or for the structuring of substrates dittusion barriers. By employing hanosphere
lithography as a technique to structure the teragatface, a precise adjustment of barriers on
the nanometer scale is feasible. Second, the &gtHgrids are part of the membrane and thus
decouple the bilayer from the substrate. At theeséime they act as immobile obstacles. The
flatness of the patterned substrate allows thadsarto merge homogeneously into the bilayer
membrane and avoids problems arising artificialamat and incomplete sealing properties of
membranes at the edges of topological barriers.

Two distinct configurations of patterns were testenist, using nanoscale arrays of diffusion
barriers as produced by classical nanosphere li#ipby, the patterned membrane architecture
remained fluid and a strong influence of the meaguiiffusion coefficient with barrier size was
detected. This may have possible applicationsHerfindamental understanding of biological

membranes that feature nanoscale diffusion barreerswell. Second, micrometer sized
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individual corrals were prepared using sparselytribisted colloids as mask. FRAP

measurements on these spots showed that the mgsoigmbrane remained fluid in the distal
leaflet while diffusion in the proximal leaflet waffectively prevented. Such architectures
might have a strong impact on next-generation Iniesedesign as they allow the confinement

of the sensing unit to a defined place in the memér
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6 Experimental Section

6.1 General procedures

6.1.1 Miniemulsion polymerization

The standard recipe for a direct miniemulsion wadiad until otherwise stated.

The monomer phase, consisting of 6 g of monomerid@yly styrene), 250 mg hexadecane,
100 mg V59 (2,2'-azobis(2-methylbutyronitrile)) andrying amounts of metal complex
specified in the individual chapters are mixed wihke water phase (24 g ultrapure water and
60 mg sodium dodecyl sulfate) and stirred at 1800 for 60 min. Miniemulsification is
achieved by ultrasonicating the mixture under icehng for 120 s with a %" tip at 90%
amplitude following a 10 s-pulse-10 s-break protpoc(Branson digital sonifier 450-D,
Dietzenbach, Germany). Afterwards, the mixtureested to 72 °C and polymerized for 12 h
under gentle continuous stirring.

After cooling to room temperature, the colloidagmirsion is filtered and extensively dialysed
(Visking tubes, MWCO 14.000 g-mlCarl Roth, Karlsruhe, Germany) until the condtitti

of the water phase after dialysis was similar toxtalue measured for dionized water.

6.1.2 Surfactant-free emulsion polymerization

All plain polystyrene latex particles used for #mEsembly of colloidal monolayers throughout
this thesis were prepared by surfactant-free ewwmlgiolymerization following a modified
protocol reported from Goodwift’

Briefly, water (milliQ grade) was heated to 80 ¥4 reaction flask equipped with a reflux
condenser and degassed by bubbling argon throeglgtkid for 30 min. Monomer was added
by a syringe and the mixture was stirred at higkess (~1200 rpm) for 10 min. Subsequently,
the comonomer (Sodium para-styrene sulfonate (NapS&crylic acid (AA), dissolved in 5 ml
of water was added to the mixture. After 5 min, theaction initiator (ammonium
peroxodisulfate; APS), dissolved in 5 ml of wateaaswadded by a syringe as well to initiate the

emulsion polymerization process. During the reagctidhe stirring was changed to
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approximately 700 rpm and a gentle argon streanb(table/s) was adjusted. The reaction was
stopped after 24 h. After cooling to room tempeamtuihe dispersion was filtered using a
regular tea-sieve and dialyzed extensively (Viskinges, MWCO 14.000 g/mol, Carl Roth,
Karlsruhe, Germany).

An overview over all prepared colloidal samplegiigen in Table 6.1.1 and Table 6.1.2.

Colloids with a diameter of 850 nm and 1063 nm wenepared by a seeded emulsion process

and kindly provided by Markus Retsch and Gabrigliteafer, respectively.

Table 6.1.1. Colloidal particles prepared by sugatfree emulsion polymerization with sodium para
styrene sulfonate (NapSS) as comonomer.

Sample Diameter  Styrene Comonomer Initiator (APS) H,O
name of colloids NapSS

[nm] (0] [mg] [mg] [mi]
NV143-25 138 8 30 100 250
NV143-8 172 15 60 100 250
NV143-18 179 15 30 150 250
NV143-19 188 15 20 100 250
NV143-21 223 15 10 100 250
NV143-20 246 15 5 100 250
NV143-22 271 15 10 50 125
NV143-9 326 15 5 100 250
NV143-11 408 30 5 100 300
NV143-1 413 15 0 150 300
NV143-2 476 15 0 100 300

Table 6.1.2. Colloidal particles prepared by sugatfree emulsion polymerization with acrylic acid
(AA) as comonomer.

Sample Diameter  Styrene Comonomer Initiator (APS) H,0
name of colloids AA

[nm] (0] [mg] [mg] [mi]
NV180-12 169 1.3 100 100 125
NV180-9 174 1 100 100 125
NV180-7 202 1.6 100 100 125
NV180-11 225 3 100 100 125
NV180-2 303 5 100 100 125
NV180-13 315 6 100 100 125
NV180-10 336 8 100 100 125
NV180-14 409 7.5 100 100 125

NV180-3 415 8.5 100 100 125
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NV180-8 422 6.5 100 100 125
NV180-1 550 15 200 100 250

6.1.3 Treatment of silicon wafer substrates prior use

All silicon wafers were carefully cleaned beforeeu3he cleaning was performed by a wet-
chemical oxidation method. The wafers were cut f@gmately 2x3 crf) and placed into a
Farber Box. 50 ml ultrapure water, 10 ml concerttaammonia solution (25%) and 10 ml
hydrogen peroxide (33%) were added and heated ttC7fr 45 min. After cooling, the
substrates were extensively rinsed with water doded in ethanol until use. The treatment

oxidizes the silicon wafer surface and induces eem@ontact angle of almost 0°.

6.1.3.1 Nanostructure fabrication

All evaporations were carried out in a Balzers PAB®vaporation chamber with a Pfeiffer
vacuum pump (Balzers AG, Liechtenstein). The pnesso the evaporation chamber was
always below 5-IBmbar before the start of the evaporation prod®std and chromium were
evaporated at a rate of approx. 0.02 nm/s, sillmonoxide was evaporated at a rate of approx.
0.1 nm/s with an oxygen partial pressure of T-frbar to form the silicon dioxide matrix. If
required, the samples were etched with a reactive leam (RR-I SQ76, Roth & Rau,
Wistenbrand, Germany). As etching gas, Ar, @FO, was used. The individual protocols for
the different fabrication processes will be desxliin the experimental section of the individual

subchapters.

6.1.4 Scanning electron microscopy

All scanning electron micrographs were recordedao@Gemini 1530 microscope (Carl Zeiss
AG, Oberkochen, Germany). If not stated otherwisaloidal dispersions were routinely
characterized by adding a drop (~10 pl) of a 0.@2%vdispersion in water to a hydrophilic
silicon wafer. The drop was left to evaporate, iegwa film of colloids on the substrate that was

placed into the electron microscope.
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6.1.5 UV/Vis-NIR spectroscopy

Polarization-dependent UV-visible spectra were méed on a Perkin ElImer Lambda 900

spectrometer.

6.1.6 Photographs

All photographs shown in this thesis were takermwitCanon EOS 450 camera body equipped
with a Sigma objective (17-200 mm).

6.2 Materials

Unless otherwise stated, all chemicals were pusth&®m Sigma Aldrich (Seelze, Germany)
and used as received. Styrene and methyl methtemyere distilled under reduced pressure
before used in polymerization reactions to remdwe inhibitor. All metal complexes were
purchased from STREM chemicals (STREM chemicals kKehl, Germany)

Water of ultra-high purity (milliQ grade; resistiyF18.2 MQ-cm) was obtained from a Milli-Q
Gradient water purification system (Millipore, Mbiim, France). Silicon wafers, polished on

one side were purchased from CrysTec Kristallteldgie (Berlin, Germany).

6.3 Experimental details for chapter 5.1.1 (Accurate

elemental analysis of metal-containing polymer latees)

6.3.1 Particle synthesis

Miniemulsion particles were synthesized followirg tstandard protocol and adding 60 mg of
the respective metal complexes. To avoid inaccesacn the measurements due to loss of

complex during dialysis, the samples were usedraduged. As seeded emulsion particles,
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different samples prepared as described in 5.W2rd used. The hydrodynamic diametgod
the particles was determined using photon crosseletion spectroscopy (PCCS) with the
commercial particle sizer Nanophox (Sympatec, GlalZellerfeld, Germany). For the
measurement, the latex dispersions were diluteappox. 0.1 wt.-% with ultrapure water. As
average particle size, thegywalue (50% of the particle diameters below thisuga of the

intensity weighted particle size distribution waed.

6.3.2 Zeta potential measurements

Zeta potentials were measured using a Zetasize® 308A (Malvern Instruments GmbH,
Herrenberg, Germany). To determine the zeta patergarticle dispersions with 0.01 wt.-%
were used. Electrolyte was added for the measurtsrasrstated in Table 4. Five measurements
were averaged for the zeta potential given indhiicle.

The solid content of the latex dispersion was deitged gravimetrically by drying the

dispersion in vacuum at 50 °C for 24 h.

6.3.3 Inductively coupled plasma — optical emission specmetry
(ICP-OES) measurements

All measurements were performed with an ACTIVA Mespometer (Horiba Jobin Yvon,
Bernsheim, Germany) equipped with a meinhardt-tpebulizer, a cyclone chamber and
controlled by ACTIVAnalyst 5.4 software.

The following conditions were applied unless stajdterwise: 1250 W forward plasma power,
12 L-min® Ar flow and 15 rpm pump flow. The colloidal dispeEms measured were diluted
with water to 0.1 wt-% of colloids and sonicated 3aninutes prior to measuring

The Argon emission line at 404.442 nm was used efarance line. Measurements were
performed using 4 different standard concentratiahkeast 3 different elemental emission lines
and 5 s integration time. As baseline correctiodymamic underground correction provided by
the software was used.

The emission lines chosen for the characterizadfdhe respective elements were:

Pt: 212.863 nm; 217.469 nm; 224.552 nm; 299.797 nm

Fe: 248.816 nm; 258.588 nm; 358.119 nm

Eu: 272.778 nm; 372.595 nm; 381.967 nm
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6.3.3.1 Surface tension measurements

Surface tension measurements were performed on ATPRL tensiometer (Dataphysics,
Fildestadt, Germany) using a DuNouy ring with anui¢er of 4.85 mm and a wire diameter of
0.15 mm. The motor speed during measurement wat 26 mnE*. The samples used for
measuring were the identical to those used for @EHS analysis and consisted of 0.1 wt.-%
dispersions of colloids with varying amounts of SIF®r comparison, similar solutions with
equal amounts of SDS without colloids were used.

All values presented were averaged over 10 repesitbf the surface tension measurements.
After each sample, the ring was extensively rinsgl water, ethanol and heated in a propane

flame.

6.4 Experimental details for chapter 5.1.2 (Synthesis fo

metal-complex containing latex particles)

6.4.1 Platinum-complex containing polymer particles by emilsion

polymerization

Platinum acetylacetonate containing latex partigkese produced by surfactant free emulsion
polymerization, following a similar protocol as fthe plain polystyrene particles described
above. Table 6.4.1 shows the experimental def&lis. first entry (4 g styrene) was used to
prepare the particles used in the seeded emulsilymprization reactions of chapter 5.1.2.5.7;
the following three entries are shown in chaptér52.1 for the studies on the incorporation of

platinum(ll)acetylacetonate in varying amounts.

Table 6.4.1. Surfactant free emulsion polymerizatiothe presence of platinum(ll)acetylacetonate.

Styrene  Comonomer Initiator (APS) H,0 Pt(acac) Pt(acac)2
(NapSSs)
/g9 /mg /mg /ml / mg /wt.-% of monomer
4 35 75 125 160 4
7.5 15 50 125 75 1

7.5 15 50 125 150 2
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7.5 15 50 125 300 4

6.4.2 Spinning drop tensiometry measurements to investiga the

interfacial behavior of the metal-3-diketonate compexes

Spinning drop tensiometry (SDT) was performed usingSVT20 spinning drop tensiometer
(Dataphysics, Filderstadt, Germany). The technioueasures the interfacial tension between
two immiscible phases by analysis of the dimensar shape of a droplet of one lighter phase
centered in a second, continuous and denser phaseotating capillary tubé’® Toluene was
chosen as the lighter, organic phase becausefflstbketonate complexes dissolve in it in high
concentrations. All measurements were performeagusiHP water. Typically, a droplet of 50
pl of toluene with the respective metal complex wgected into the water-filled measurement
capillary using a high precision syringe (Hamilt@onaduz AG, Switzerland). Interfacial
tensions were determined at 22 °C with a spinnétg of 10000 mit by video analysis of the
cylindrical droplet. From the cylindrical profiléhe interfacial tension between two phases 1

and 2 can be directly calculated analytically usitmmnegut’s equatiol”!

1 2p 3
Y12 = Z(Pz — p1)w°Ry

With a cyclindrical shape, the interfacial tenspponly depends on the difference in density of
continuous £,) and dispersed phase), the rotational speed and the radiui, of the cylinder
formed by phase 1 in phase 2.

Complex concentrations of 10 and, solubility petimf 50 mmokg® were chosen,
corresponding toca 0.4 and 2 wt.-% of metal complex, respectively. Tanimize
contaminations, the glass capillary was cleanedenitively with ethanol (5 times), water (5

times) and ethanol (1 time) and dried with nitrogemediately before use.

6.4.3 Miniemulsion polymerization containing Fe(acac) and Pt(acac)

All miniemulsion polymerizations were performed aating to the standard recipe with
varying amounts of metal-complexes and surfactdd®.STable 6.4.2 presents the reaction
details. Figure 5.1.15 of chapter 5.1.2.4.1 presém¢ results of the ICP-OES analysis for
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particles prepared with 60 mg and 300 mg of SD§peetively. The complete set of ICP-OES

measurements for all surfactant concentrationsege shown in Figure 6.4.1.

Table 6.4.2. Miniemulsion polymerization in the ggace of Fe(acacand Pt(acag)

Styrene Pt(acac) Fe(acac) SDS Hexa- V59 H,0
/mg /mg /mg /mg decane
(wt.-%; mmol-kg™*  (wt.-%; mmol-kg™ (Wt.-% /mg Img /g
styrene) styrene) styrene)
6000 30 (0.5; 12.6) 26.9 (0.45; 12.6) 30 250 100
6000 60 (1.0; 25.2) 53.9 (0.90; 25.2) 30 250 100
6000 120 (2.0; 50.4) 107.8 (1.80; 50.4) 30 250 10Q4
6000 180 (3.0; 76.6) 161.6 (2.69; 76.6) 30 250 10Q4
6000 30 (0.5; 12.6) 26.9 (0.45; 12.6) 60 250 100
6000 60 (1.0; 25.2) 53.9 (0.90; 25.2) 60 250 100
6000 120 (2.0; 50.4) 107.8 (1.80; 50.4) 60 250 10Q4
6000 180 (3.0; 76.6) 161.6 (2.69; 76.6) 60 250 10Q4
6000 30 (0.5; 12.6) 26.9 (0.45; 12.6) 120 250 1004
6000 60 (1.0; 25.2) 53.9 (0.90; 25.2) 120 250 1004
6000 120 (2.0; 50.4) 107.8 (1.80; 50.4) 120 250 104
6000 180 (3.0; 76.6) 161.6 (2.69; 76.6) 120 250 10Q4
6000 30 (0.5; 12.6) 26.9 (0.45; 12.6) 300 250 1004
6000 60 (1.0; 25.2) 53.9 (0.90; 25.2) 300 250 1004
6000 120 (2.0; 50.4) 107.8 (1.80; 50.4) 300 250 10Q4
6000 180 (3.0; 76.6) 161.6 (2.69; 76.6) 300 250 10Q4

24
24

24
24

For the ICP-OES examination of the mechanism, thelgons were produced according to the
standard recipe with 60 mg SDS and 1.0 wt.-% Ptjag®5.2 mmol-kg) and 0.90 wt.-%
Fe(acag) (25.2 mmol-kg).

10 g of the emulsions were taken after sonicatismblefore polymerization and collapsed with

10 g of a 1 mol4 CaC} solution. The water phase was separated and aualyd g of the

dispersions were taken and collapsed following railar protocol. ICP-OES analysis was

performed with matrix matched standards. The rem@ihO g of the dispersions were extensive

dialysed as described in the chapter.
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Figure 6.4.1 Complete set of ICP-OES measuremenisalystyrene samples containing varying
amounts of iron(lll)acetylacetonate and platinupagetylacetonate with different amounts of SDS as
surfactanta) 0.5 wt.-% SDS; b) 1 wt.-% SDS (as shown in #sults and discussion chapter), c) 2 wt.-%

SDS; d) 5 wt.-% SDS (as shown in the results asdudision chapter)

6.4.4 Seeded emulsion polymerization

The protocol given here can be considered the atdngrotocol. All reactions deviating from
this protocol are specified in the main text.

A dispersion of 0.1 wt.-% of seed particles witB0wt.-% of SDS (relative to the amount of
water used) was heated to 75 °C. Ammonium peroxtfdie, (APS, (NH),S,0g), 10-15% of
the monomer added was dissolved in a small amolundt@-pure water and added to the

dispersion. Styrene as monomer was added to th8@olsing a syringe pump with a flow rate
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of 1 mIB™. The amount of monomer was varied to obtain dffésizes of the resulting seeded
particles. The reaction was stirred for 24 h at@@Qnder argon atmosphere. After completion,

the final dispersion was dialyzed extensively.

6.5 Experimental details for chapter 5.2 (Assembly of

colloidal monolayer architectures

6.5.1 Convenient production of close-packed monolayers ugy direct
assembly at the air/water interface

6.5.1.1 Monolayer crystallization procedure

The aqueous colloidal suspensions (typically ~5%it.were diluted with ethanol to form a 50
vol.-% mixture of dispersion and ethanol and apblite the water surface via a partially
immersed hydrophilic glass slide with at a tilt Bngf approx. 45° with respect to the water
surface following a procedure adapted from Weekes /& To help the direct crystallization
process, small amounts of SDS were added to therphgse prior spreading of the colloids.
The monolayer readily formed at the air/water ifstee as could be seen by the bright, colorful
Bragg reflexes. A hydrophilic substrate (typically silicon wafer) was immersed into the
subphase and elevated under a shallow angle teférathe monolayer. The substrate was dried

under an angle of approximately 45°.

6.5.2 Non-close packed monolayers by plasma etching

6.5.2.1 Plasma induced size reduction

All process parameters are specified in the maxh @Benerally, the etching reactions were
carried out in a commercially available plasma miFa(Model femto, Diener electronic,

Nagold, Germany).
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After placing the samples into the plasma chamtiex,chamber was evacuated and flushed
with the gas used for the etching experiment foedhconsecutive cycles. The temperature of
the bottom plate of the plasma chamber was coattdily a cryostat with a water/ethylene

glycol mixture.

6.5.2.2 Nanostructure fabrication

All evaporations were carried out in a Balzers PAB®vaporation chamber with a Pfeiffer
vacuum pump (Balzers AG, Liechtenstein). The samplere etched with a reactive ion beam
(RR-1 SQ76, Roth & Rau, Wistenbrand, Germany) nbmmahe surface of the substrate. As
etching gas, a mixture of Ar, Gland Q was used. After the etching procedure, the calloid
were removed using elastomeric glue (Marabu Fixggliamm, Germany) that was applied
onto the sample surface, hardened for 12 h at rdemperature and then removed

mechanically.

6.5.3 Ordered binary monolayers with adjustable stoichionetries

6.5.3.1 Particle charge detection

The density of phosphonate groups on the partiolfase was determined by titration against
the opposite charged polyelectrolyte poly(diallgéihyl ammoniumchloride) (PDADMAC)
using a particle charge detector (Miutek GmbH, Geghan combination with a Titrino
Automatic Titrator (Metrohm AG, Switzerland). Fdnet measurement, 10 mL of the latex
sample with a solid content of 1 §avere used. The amounts of groups were calculated f

the amount of consumed polyelectrolyte as demaestitay Musyanovich et &**!

6.5.3.2 Surface pressure - area isotherms and surface loweg transfer

The Langmuir trough model KSV5000 (formerly KSV tmsnents; now KSV NIMA, Espoo,
Finland) with a length of 48.8 cm, a width of 15 amd an area of 732 érwas used for the

monolayer preparation. Colloidal dispersions (~5%tin water) were diluted with ethanol (1:1
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per volume) and added to the trough via a tiltedgslide partially immersed into the subphase
at an angle of approximately 45 ° to the wateraaef? After equilibration for 5 min, the
surface layer was compressed with a speed of 2(permin. Surface pressure-area isotherms
were recorded using paper Wilhelmy plates that wetated with an angle of approximately
45° with respect to the barriers. Transfers ofrtlmmolayers to solid substrates were performed
by lowering the water surface until the substraigfage was covered with colloids as

schematically shown in Figure 1. The pH of the $ase was adjusted with NaOH solution.

6.5.3.3 Statistical evaluation

Three to four electron microscopy images with a mifagation equal to the image shown in
Figure 5.2.21i were used for the statistical analys# each sample. All interstitial sites
belonging to a crystalline domain of the monolagérthe large spheres were counted and
assigned to one of the categories presented ireTaBl4. The number of sites counted varied
between 600 and 1000.

6.5.3.4 Interfacial polymerization of butyl cyanacrylate to visualize the

contact angle of the particles

Figure 6.5.1 graphically illustrates the processdu® image the position of the colloids at the
interface as presented in chapter 5.2.3.2.5. Figusele shows the reaction scheme of the
interfacial polymerization. In a closed chambefgwa drops of n-butyl cyanoacrylate are heated
to 50 °C. Adjacent to the BCA, a crystallizatiosiicontaining a monolayer floating at the air
water interface is placed. Monomer diffuses throtlgh vapor phase until it eventually comes
into contact with water. Upon contact, the aniorfasmed that initiates polymerization. As
more and more monomer diffuses to the interfacepolymeric layer of poly(n-butyl
cyanoacrylate) (PBCA) appears. As the anions aartbst hydrophilic compound, they will
continue to reside at the polymer-water interfatleus, the polymeric layer grows into the
water phase. Additional monomer diffuses through plolymeric layer towards the reaction
locus. After several hours of reaction, the monomaronsumed and the colloidal monolayer
embedded into the PBCA is transferred manually silieon wafer. In side-view images, the

position of the colloids can now be visualized lyceon microscopy.
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Figure 6.5.1 Interfacial polymerization of butylasyacrylate (BCA) used to image the position of
colloids at the interface. a) Scheme of the reaatltamber. b-e) schematics of the reaction: BCA
molecules (represented as orange dots) diffuseighrthe vapor phase to the air/water interface. In
contact with water, the BCA anion is formed (redsjloThe anion initiates the polymerization at the
interface to form poly butyl cyanoacrylate (PBCAirple). As the polymerization proceeds, monomer
diffuses through the polymeric phase to the intarfahere it is polymerized; €) shows the reaction

scheme of the polymerization.

6.6 Experimental details for chapter 5.3

All processes described here were performed atUthigersity of Ulm by Achim Manzke.

Further details can be found in the two publicaibighlighted in the beginning of chapter 5.3.
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6.6.1 Non-conventional lithography with platinum containing particles

6.6.1.1 Plasma treatment

The oxygen plasma was delivered by a commercialigilable etching machine (Oxford
Plasmalab 80 Plus RIE) including an ICP (inductivebupled plasma) source. The following
plasma parameters were applied for the pre-tredtimiethe substrate before depositing the
solution on it, as well as for the reduction of thiameter of the particles: 02: 20 sccm; ICP
power: 100 W; DC-bias: -12 V; total pressure: 80amTnominal substrate temperature: 20°C.
Before using the isotropic plasma described aboxggen plasma with a more anisotropic
component was used to chop the contact areas bethe@olymer particles and separate them.
This guarantees the conservation of the originahgenal order during the ashing procedure.
The plasma parameters in this case were: O2: 50;d€&P power: 200 W; DC bias: -89 V;
total pressure: 80 mTorr; nominal substrate tentpega20 °C. To completely separate the
particles, the anisotropic plasma was applied 6@ s.

In the RIE-process to etch the silicon substratenigure of CHF3/CF4 (20:2 sccm) was
utilized with a radiofrequency (RF) power of 40 WHaa DC-bias of -97 V.

6.6.1.2 Annealing

All samples were annealed in a commercially avéelddomp furnace (UniTemp RTP-1200-100)
under the following conditions: oxygen atmosphgyeessure: 2 mbar (1 mbar = 100 Pa);

heating rate: 0.6 °C/s; maximal temperature: 110Qifne at maximal temperature: 10 min.

6.6.1.3 Analysis

The samples were analyzed using the Hitachi SSRSHEM with an acceleration voltage of 30
kV guaranteeing a resolution of 0.5 nm. The imagese evaluated further by the program

ImageJ.
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6.6.2 Experimental procedure for iron-platinum containing

polystyrene particles

Monolayer films of precursor-loaded PS particleserexposed to isotropic oxygen plasma (0.1
mbar, 100 W, -11 V dc-Bias, 300 K) delivered by amenercial etching machine (Oxford
Plasmalab 80 Plus RIE). The annealing step wasrtai@® in a commercial rapid thermal
annealing furnace (RTP-1200-100, UniTemp). Samplke® annealed at 650°C for 120 min in
high vacuum and subsequently at 1000 °C for 10iminmbar oxygen atmosphere.

6.7 Experimental details for chapter 5.3.2 (Plasmonic

structures from non-close packed monolayeys

6.7.1 Fabrication of arrays of single crescents

The fabrication process for the crescent arrays adapted from a similar fabrication process
for gold nano-crescents described by Shumaker-#&trgnd RochholZ*? A close packed
polystyrene colloid monolayer was deposited ondlass substrate, and subsequently exposed
to oxygen plasma to reduce the size of the pastisli¢ghout affecting the lateral order. For the
crescents produced in chapter xxx, 550 nm polysg/reolloids were used and subjected to
oxygen plasma (10sccm; 15W power) for etching toaveen 10 and 13 min in order to create
non-close-packed colloidal monolayer masks withmgiters as specified in Table 5.3.3. After
this step, a thin gold film (40 nm) was evaporabedthe substrate at a tilt angle of 30° with
respect to the surface normal, followed by an itmiveg step normal to the surface. Argon was
used as etching gas and the sample was etchedhenglold film accessible by the beam was
completely vanished. The mask was removed mecHhbniggsing Scotch Magic Tape (Scotch
Magic Tape, Neuss, Frand&f! This process gives rise to arrays of crescenteshap
nanoparticles, uniformly disposed on a substrata imexagonal conformation, reflecting the

symmetry of the original colloidal mask.
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6.7.2 Stacked double crescent arrays

6.7.2.1 Colloidal mask fabrication

Glass slides (Objekttrager, Menzel Glaser, Germapgroximately 20 25 mm, 1 mm thick)
were cleaned with a 2 vol.-% detergent solutionlifrEnex, Hellma, Germany) in an ultrasonic
bath for 15 min, followed by ultrasonication wittral pure water (milliQ grade) and ethanol.

The slides were stored in ethanol and dried irtragen stream prior to use.

6.7.2.1.1 Spatially separated objects

As mask, polystyrene colloidal particles with amdeger of 400 nm were used. The aqueous
dispersion of colloids was diluted to 0.01 wt.-%hwethanol. A drop (50 pul) of this dispersion
was put on a glass slide and a gentle nitrogemrstias used to dry the sample and thus,
randomly distribute the spheres over the substratiégwing a procedure developed by

Rochholz et &% The surface coverage of particles was approximaxds objects-pin

6.7.2.1.2 Arrays of objects

Colloids with a diameter of 550 nm and a carboxyitid surface functionalization were
prepared by surfactant free emulsion polymerizatiord assembled to a closed packed
monolayer at the air water interface following agedure developed by Retsch %@Briefly,

a 0.5 wt.-% dispersion of colloids was spincoatatb@ parental substrate modified with with
N-trimethoxysilylpropyl-N,N,N-trimethylammonium  obfide (ABCR/Gelest, Karlsruhe,
Germany) to induce positive surface charges. Thiemal substrate was carefully inserted
under an angle of approximately 30° with respecthe water surface into a water subphase
consisting of 450 ml of WO (mMilliQ grade), 50 ml ammonia (25% in water) and mg of
sodium dodecyl sulfate. The monolayer assembldaead phase contact line and floated off the
parental substrate after complete immersion. Thealager was transferred to the substrate
glass slide by manually withdrawing the slide frone water in a way that the monolayer
adhered to the glass slide. For electron microsomysstigations, a silicon wafer was used as a

substrate.
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The colloidal monolayer was subjected to oxygesmpka (10 sccm flow rate, 50 W power) in a
commercially available plasma cleaner (Model feritigner electronic, Nagold, Germany) and

etched for 13 min to create a non-close-packed ragapwith size reduced colloids of 400 nm.

6.7.2.2 Nanostructure fabrication

All evaporations were carried out in a Balzers PAB®vaporation chamber with a Pfeiffer
vacuum pump. Subsequently, chromium (1.5 nm) and @5 nm) were evaporated under an
angle of 30° with respect to the surface normahef colloid-covered glass slide, followed by
evaporation of silicon dioxide (20 nm), chromium5tm) and gold (25 nm) under an angle of
-30°. Gold and chromium were evaporated at a r&t®.@3 nm/s, silicon monoxide was
evaporated at a rate of 0.1 nm/s with an oxygetigharessure of -10* mbar to form silicon
dioxide at the sample surface.

The samples were etched with a reactive ion beaRl(BQ76, Roth & Rau, Wistenbrand,
Germany) normal to the surface of the substrateetdking gas, a mixture of Ar, ¢land Q
was used. After the etching procedure, the collaigse removed using elastomeric glue
(Marabu Fixogum, Tamm, Germany) that was applie time sample surface, hardened for 12

h at room temperature and then removed mechanically

6.7.2.3 Computer smulations

All computer simulations were performed by Reza Bioimadi. The optical response of double
crescent nanoparticles was calculated using themeonial package JCMwave (Putzbrunn,
Germany) that is based on a finite element metf@&M).*>® The software was operated via
MATLAB that constructs the geometry, calls the sohand does the post processing. Three
dimensional finite element simulations were perfednand a perfectly matched layer (PML)
method was used to truncate the simulation donTatrahedral adaptive meshes were applied
to discretize the computational domain and secaoddrdnterpolation functions were used on
elements. The refractive index of the glass sutesaad the silicon dioxide layer separating the

crescents was taken as 1.5. The permittivity ofl geds taken from the Drude modféf!

2
Wp

E=Ep —
® wltiyw

and has been fitted to the data of Johnson anigt¢fif! with the following values:
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€ = 9.63505
wp = 1.365-10° rad/s
y = 1.1199 - 10** rad/s

6.7.3 Opposing double crescent structures

6.7.3.1 Sample preparations

Glass slides (Objekttrager, approximately 20 x 2&,ml mm thick, Menzel Gl&ser,
Braunschweig, Germany) were cleaned with a 2 voldétergent solution (Hellmanex II,
Hellma GmbH & Co. KG, Muhlheim, Germany) in an akonic bath for 20 minutes twice. The
samples were thoroughly rinsed with ultrapure watet dried in a nitrogen stream. Polystyrene
nanospheres, 400 nm in diameter, were randomlyedisd on the substrate by drop-coating.
The solvent was evaporated with a gentle nitrogesas). An 80 nm gold layer was evaporated
on the glass, the surface normal was perpendituliie metal source. The samples were etched
with an argon ion beam under tilted etching andlesveen 45° and 65° relative to the ion
source during the exposure. The etching procesperdsrmed in two steps: in the first step, 40
nm of the gold layer were etched away, then theptamas rotated by 180°, and the remaining
40 nm of the gold layer were exposed to the iombekhis yields the two opposing crescent
structures. After the etching process, the colloidask was removed mechanically with an

adhesive tape (Scotch Magic Tape, Neuss, France).

6.7.3.2 Computer simulations

All computer simulations were performed by Reza Blonmadi as described above (chapter
6.7.2.3).
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6.8 Experimental details for chapter 5.3.3 (Laterally
patterned, ultraflat substrates by colloidal lithogaphy

and their applications)

6.8.1 Fabrication of surface embedded particles

Embedded nanoparticle arrays have been producetny wsi modified template-stripping
procedure as described by Vogel et®l.First, the silicon wafer substrate was passivéted
silanization. For that, wafers were cut into piecapproximately 2x3 cfrand oxidized by the
wet chemical method described in chapter 6.1.3jokolayer of hexamethyldisilazane (ABCR
Speciality Chemicals, Karlsruhe, Germany, used wshased) was deposited using vapour
phase deposition for 30 minutes at ambient pressutletemperature conditions. The colloidal
monolayers used as mask were prepared by assefnttlg oolloids at the air/water interface
followed by transfer to the substrat®.For gluing, a two component epoxy glue (EPO TEK
377, Epoxy Technologies, Billerica, USA) was used aured at 150 °C for 60 min. Before
gluing, all glass slides were cleaned by conseeutiltrasonic treatment in 2% detergent
solution (Hellmanex, Muhlheim, Germany), ultra punater and ethanol. The template-
stripping step was performed by carefully scratghon the edges of the silicon wafer glued to

the glass slide with a scalpel until the wafer ddug lifted off the substrate.

6.8.2 Layer by layer deposition of polyelectrolytes

The initial cysteamine monolayer, used to creatsitiye charges on the substrate, was
assembled by immersion of the substrate in a 2rifgswiution of cysteamine hydrochloride
(Sigma Aldrich, Seelze, Germany) in ultrapure wabeibsequent layer by layer deposition was
performed by immersion for 20 minutes in solutiasfspositively- and negatively charged
polyelectrolytes.

Positively charged polyelectrolyte solutions: 50aitra pure water, 0.094g polyallylamine
hydrochloride (“PA”, MW = 15,000, 10.29 g NaBr, v HCI (0.1mol-1"). Negatively charged
polyelectrolyte: 50 ml ultra pure water, 0.207 gdison polystyrene sulfonate, (“PSS”,
MW=70,000), 4.049 g MnGJ 0.5 ml HCI (0.1 mol). All chemicals were obtained from
Sigma Aldrich, Seelze, Germany.
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6.8.3 Nanoscale patterning of bilayer model membranes

6.8.3.1 Substrate preparation

The substrates were constructed by a similar paiparprocess as described in chapter 6.8.1
with minor modifications. As the substrates wereedudor fluorescence recovery after
photobleaching experiments, the autofluorescendbefepoxy glue had to be blocked in the
experiments. Hence, a second layer of 1.5 nm chnonaind100 nm gold was evaporated on top
of the silicon dioxide layer. Afterwards, the wafimplate with the layered structures was
glued to a glass slide in a similar was as desdriifore and mechanical rupture was induced
by a scalpel in order to reveal the patternedaildtr surface. For different experiments, either
sparsely distributed silica beads (2 um in diaméeke Scientific Corp., CA, USA) or densely

packed colloidal monolayers were used as masks

6.8.3.2 Vesicle fusion

1,2-dioleoylsnglycero-3-phosphoethanolamine-N-(7-nitro-2-1,34madiazol-4-yl) (DOPE-
NBD) and 1,2-diphytanoy$nglycero-3-phosphocholine (DPhyPC) were purchaseam f
Avanti Polar Lipids (Alabaster, AL, USA) and usesd @eceived. Small unilamellar vesicles
(50 nm in diameter) were prepared by extrusion & rmg/ml lipid solution (DPhyPC and
0.8 mol% DOPE-NBD) in ultra-pure water (R > 1&Xdm, Millipore, Schwalbach, Germany).
The vesicles were stored at 4 °C and used witlday®. Vesicle fusion was performed in 0.1 M

KCI solution.

6.8.3.3 Lipid self-assembly

Self-assembly on the the patterned substrates etéesvad by a simple self-assembly process to
form a monolayer selectively on the gold part af #ubstrates. The polymerizable thiolipids
were self-assembled by immersion of the sample@r2ang/ml ethanolic solution of the lipid
for 24 hours, followed by thorough rinsing with atiol. Polymerization was achieved by UV
illumination at 254 nm at room temperature undgmlatiosphere, using a 6 W laboratory hand

lamp at a distance of 5 cm, delivering 5.8 mW4cm
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6.8.3.4 Fluorescence Recovery after Photobleaching

FRAP experiments were performed by Dr. Mathieu Jusigg a customized set-up based on an
Olympus IX70inverted microscope equipped with a photomultip{ieype B2F/RFI, Electron
Tubes Ltd., Middex, UK). The samples were illumadtvith a mercury lamp integrated in the
microscope for the observation and focusing, whetlka FRAP measurements were performed
with the 488 nm line of an argon ion laser, crapt@a circular spot (@ 4.2 um). All
measurements were conducted at room temperaturBs buffer, and repeated at least 15
times for each membrane.

Diffusion coefficients were determined by adjustthg experimental data to a model developed

by Soumpasi§?”
f(0=F)-[R)-RO) E{l— exf(;(s:] [ﬁ'o(zﬁJ + |1(2a[))2tﬂ}

wherew is the radius of the bleaching spbis the time,F(0) is the minimum fluorescence

intensity after photobleachind,(t) is the fluorescence intensity at tinheand Fi () is the
fluorescence intensity d@sreacheso andl,, I; are spherical Bessel functions of zero and first
order, and the diffusion coefficient.

The relative recovery, indicating the fraction oblmie lipids within the measured leaflet is

defined as:

Relative Recovery M [100%

- 0

whereF. is the fluorescence intensity before bleachifgs the fluorescence immediately after

bleaching andF.. is the recovered fluorescence intensity.
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7 Summary and Outlook

The motivation and unifying basis for the differgmbjects presented in this thesis was to
develop approaches and techniques to create syorddeens based on the assembly of colloidal
particles in two dimensions. Two distinct approachere pursuit. First, the focus was set on
the self-assembly processes of colloids. Crystdlhn approaches were developed to simplify

the fabrication of classical, single-size partici®nolayers and to produce more complex

architectures in a controlled way. Second, inneeagipproaches to lithography were elaborated
with the aim to introduce specific functions owustural features to the nanostructure arrays that
set them apart from existing approaches and atlteioutility.

In the following, a short summary of the reachetiemements is given followed by a short

outlook of possible research directions based isrthiesis.

Monolayer assembly processes

“Monolayers to go”

Though there are numerous monolayer crystallizatmoncesses available, the reliable
generation of crystals with a high long range oesr large areas is still not trivial. One of the
most powerful techniques to create crystals withaforementioned properties is the assembly
on a Langmuir trough. Yet, it requires special pqent not readily available in every lab and
is rather time-consuming. In this thesis, a mettwdirectly assemble colloidal particles into
close-packed monolayers with high long range ovges developed. In analogy to the assembly
on a Langmuir trough, the air/water interface isduto template the assembly process and the
monolayer can be transferred manually to arbitsafystrates. The direct assembly is driven by
the balance between attractive capillary forcesdeéeto drive the particles together and
sufficient electrostatic and dipole repulsion thgatequired to provide time for the particles to
find their minimum free energy position. It has beecognized that this balance can be
positively affected by the presence of small amewfitsurfactants on the surface or adjustment
of the pH value of the subphase.

It is believed that this method represents a \@éuaontribution to a relatively new research
area | coined “monolayers to go”. This includesstallization methods that are reliable, fast
and experimentally easy and were developed withaihe of making colloidal monolayers
available to a wide range of researchers. The dpeel method does not require any special
equipment and can be performed wherever neededl&bs around the globe to classrooms or

labcourses.
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Non-close-packed architectures

The close-packed monolayers were subjected tosmplanduced size reduction to yield non-
close-packed structures that are valuable for ic@ldithography as will be shown below. A

commercial plasma cleaner, available in almostyegerface-science related laboratory, was
used for the etching experiments. All important goaeters of the etching process were
investigated in order to provide a methodology th@menable to a broad range of researchers.
A strong change in the monolayer color was obserygzh size reduction of the individual

colloids. UV/Vis spectroscopy was used to char@maehe optical properties of such non-close-
packed architecture on glass and a simple modeldbas geometric considerations was derived
to explain the spectral features. Using this methbd size and inter-colloid spacing can be

estimated from the optical properties without tee of electron microscopy.

Binary monolayers

The air/water interface on a Langmuir trough waesduto co-assembly binary monolayers
comprised of a close-packed monolayer of large sdll spheres in the interstitial sites. Of
key importance for this project was the quantifratof the interface fraction of the colloids
from the surface-pressure area isotherms. Knowlefigigis interface fraction of the individual
colloids enables the precise adjustment of theclsiminetry of large and small sphersthe
interface Using this novel method, binary structures wi,lLSs and LS configurations were
prepared by co-assembly of colloids with a largeyeaof size ratios between 0.19 and 0.41. The
dimensions of the binary monolayer were limitedydmny the trough dimensions. Deposition on
arbitrary substrates and surface topographies wawoudstrated as well. Furthermore, in the
course of the project, a method was developeddoalize the contact angle of colloids at the

interface by embedding in a polymer matrix.

Lithographic processes

Non-conventional lithography

The non-conventional lithography process differsnir classical lithography as functional,
metal-complex containing colloidal particles ar@lagd. These are not used as masks but rather
as sacrificial materials that are combusted to gaeto metal nanoparticle arrays. In this thesis,
two key features of this process were experimgntaklized. First, it was shown that both size
and inter-particle distance in the array are sotidtermined by the properties of the colloids

and can be tuned accordingly. In contrast to atassiolloidal lithography, very small metal
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particle sizes with no inherent lower limit can peoduced. Using colloids with varying
platinum content, the final dot size was precisatjusted between 8 and 15 nm. The inter-
particle distance was adjusted between 132 nm &tchh by using size-increased emulsion
particles prepared by a seeded emulsion polymesizatocess.

Second, it was shown that the process can alssé@ 10 generate more complex inorganic
particles not available with the classical colldiidnography process. This was demonstrated
exemplarily for magnetic FePt alloy nanoparticlesnf precursor latex particles containing

stoichiometric amounts of Fe(acaand Pt(acag)

The syntheses of the metal-containing precursaxlggarticles led to various interesting
discoveries. It was shown that the reliable deteation of the metal contents of the colloids by
inductively coupled plasma optical emission speungty is non-trivial and requires the
addition of high amounts of surfactants. Additidpalt was discovered that the symmetric
metal-acetylacetonate are interfacially active ifferbnt extends. A model to explain the
observation based on hydrogen-bonding of waterh® d¢omplex, partially followed by

condensation reactions was proposed and experiliyeveeified.

Plasmon dimer architectures

The non-close-packed monolayers described above wsed in a lithographic process to
construct arrays of nano-crescent dimer units détfined mutual orientation. The placement of
nanoscale metallic objects in close proximity watkefined orientation gives rise to a coupling
process of the plasmon resonances that inducesysstofts of the resonance wavelengths and
causes strong near-field enhancements in smalingdibetween the two crescents.

The key innovation of the process is the use dhgles colloid to create two crescent-shaped
objects. The colloid mask thus defines the mutudaihtation and enables the precise placement
of the two objects in close proximity.

Two different architectures were developed. Fiasyertical alignment of two crescents with
their tips being placed on top of each other wasalestrated. The process thus provides a
colloidal lithographic approach to yield a quasi-8iichitecture of crescents formerly only
available with electron beam lithography. Secohd,drescent dimers were laterally oriented in
the substrate plane with their tips facing eaclentihe sharp curvature paired with the small
gap in between the tips gives rise to a stronglyaaned near-field in the small volume of the
gap.

A plasmon hybridization model to explain the shdtsthe plasmon resonances upon coupling

was elaborated for all polarization dependent rasoes.
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Ultraflat substrates

Colloidal lithography was applied as well to prodwsurface-embedded nanoparticle arrays by a
template-stripping method. In this approach, thecgf property of the arrays is the absence of
any surface topography: gold nanotriangles are lgemeously embedded in a silicon dioxide
matrix with smooth transitions between the matsrald a root-mean-square surface roughness
of only several angstroms. The properties of thibigecture were exploited in two applications.
The strong adhesion of the nanostructures to thetite caused by the embedding into the
matrix was used to create a very robust sensingitacture. Deposition and subsequent
mechanical removal of polyelectrolyte films wasfpened and monitored by the shifts of the
plasmon resonances. Thus, re-usability of a loedligurface plasmon resonance sensor was
demonstrated.

In a different application, the low surface rougésmavas exploited to produce patterned model
membrane architectures. Photopolymerizable ancipids| were assembled onto the gold
nanoparticles and the bilayer membrane was contptatesesicle fusion. Thus, an architecture
comprising of a fluid lipid bilayer membrane witlinmoscale diffusion barriers homogeneously

merged into the proximal leaflet was produced.

Outlook

The projects introduced in this thesis combine &tigated structural properties with the
simplicity of fabrication by colloidal lithographyAs thus, they might be exploited in several
applications only touched in this thesis. Yet, pfasf work can be dedicated to further refine or
extent the different methods in order to add maghssticated functions. As such, functional
colloidal particles with attractive materials propes could be used for the co-assembly of
binary monolayers in order to combine advanced maddeproperties with defined spatial

arrangements provided by the configuration of theaty monolayer. Additionally, such

bilayers could also be stacked into three-dimeradiarchitectures with possible applications in
photonics or phononics. Another feature of the @ss¢the possibility to structure topographic
substrates has not yet been further exploited buildvprovide an efficient route towards

hierarchical materials.

The non-conventional lithography approach is padigtattractive as a wide range of materials
can be patterned with nanometer precision. As detreied for iron-platinum alloys, also
complex materials can be generated. This approaald be extended into a variety of material

classes as for example complex metal-oxides ortgoadots. Ongoing investigations exploit



Summary and Outlook 235

the possibility of creating arrays of materials hwih stronger tendency towards oxidation.
Finally, research efforts to create gold nanopagitiave been initiated. Up to this point, the
low stability of applied gold complexes has imped&dsuccessful incorporation. As an
alternative approach, the incorporation of goldapanticles with subsequent combustion of the
organic shell is pursuit.

The plasmonic properties of the crescent dimersitri@rbe exploited in applications were
strong near-field enhancements are desired - mostipently in fluorescence enhancement and
surface enhanced Raman spectroscopy. Furthernteps, tswards an experimental observation
of the dark modes merit further research effortspassible way for their observation is to
induce asymmetries to the structures that add @ipaiments to the dark hybrid mode and thus,

strengthen the interaction with the electric fiefdhe incident light.
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8 List of Abbreviations

o surface tension

% interface tension

€ dielectric function / permittivity
AA acrylic acid

AFM atomic force microscopy

APS ammomium peroxodisulfate

d diameter

DCP dichlorophenole

e.g. exempli gratia;for example

Ext. Extinction

FRAP fluorescence recovery after photobleaching
ie. id est that is

KPS potassium peroxodisulfate

LS, large sphere-small sphere ratio
LSPR localized surface plasmon resonance
n refractive index

NapSS sodium para-styrene sulfonate
ncp non-close-packed

NSL nanosphere lithography

PMMA poly(methyl-methacrylate)

PS polystyrene

r radius

RIE reactive ion etching

RMS root mean square

SDS sodium dodecyl sulfate

SDT spinning drop tensionmetry
SAM self-assembled monolayer

sccm standard cubic centimeters per minute
SEM Scanning electron microscopy
TSG template stripped gold
UV/Vis-NIR ultraviolet-visible-near infrared
V59 2,2'-azobis(2-methylbutyronitrile)

wt.-% weight-percent
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