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CHAPTER

Introduction

The first steps working on a new chemical topic are often accompanied by an extensive
literature research, finding the necessary tools and knowledge to achieve your task or grasp
ideas to create a completely new path. The same situation has been the starting point for
this work. But during this enquiry the overwhelming amount of possible solutions was the
inception for the very fundamental idea of this thesis and the most important motivation:

It should be simpler.

Some of the most important research topics in the field of nanotechnology are focused
on the synthesis, modification and assembly of colloids in the size range of micrometers down
to double-digit nanometer sized objects.'* Beginning with isotropic particles, the simplest
way for the production of colloidal assemblies is the aggregation of objects in a gel or a
solid phase.® While these microstructures are usually disordered and fractal-like, they are
easy to apply and basic starting materials, like polystyrene spheres, can be used.® A higher
degree of organisation in these systems leads to three-dimensional colloidal crystals which
are producible by concentration of monodisperse spherical particles using sedimentation,
centrifugation and electrophoretic deposition.”® These materials possess uniform pores
and exceptional optical properties. %" Two-dimensional particle films can be produced by
using oppositely charged surfaces for random sequential adsorption with various densities
or targeted binding using biomolecules. '3 The crystallisation of colloids at a moving
meniscus, named convective assembly, is useful for large scale deposition. 416 Another
possibility is the adsorption of particles at a free liquid interface comparable to the Langmuir
approach for molecular self-assembly. "1 Some of these techniques have been used for
the creation of diodes or solar cells.?® The production of one-dimensional structures using
isotropic particles can be achieved using electric fields.?! 23 These structures are limited in

extend and formation in two dimensions, while expanding into a single direction. Similar
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results can be achieved using template assisted deposition of colloids such as wrinkled and

24,25 o1 the precise surface functionalization of substrates.26 However,

patterned structures
microfluidic devices as used in lab-on-a-chip approaches (LOC) represent a more elegant
way for the manipulation of particles, but lack a high throughput.?”?® To further increase
the self-assembling potential of colloids into more complex structures, it is not enough to
apply external stimuli for alignment, but to introduce direction-dependent interactions
onto potential building blocks.?%3% These anisotropic colloids, commonly referred to as
Janus particles named after the two-faced Roman god or simply patchy particles, possess

31,32 This potential

at least two distinct chemical or physical properties on their surface.
can be utilized to induce self-assembly on the building block level, rather then applying an

external force. Such an approach can result in a vast selection of feasible structures.

The resulting synthesis procedures are as numerous as they are diverse and imaginative
(see Fig. 1.1). A straightforward approach is the usage of liquid two-phase systems with
surface active colloids. This method allows to selectively choose one phase for surface
modification reactions, leading to anisotropic particles such as modified silica particles
or magnetic polymer composites.3336 This procedure provides considerable up-scaling
potential and it can adjust the Janus balance by using different solvent systems. However,
the patch number and geometry are fixed parameters. Another technique is used to deposit
particles on suitable flat substrates, thereby shielding the underlying surface from deposition
of polyelectrolytes or even DNA.3739 Furthermore, it is possible to link different etching
and annealing steps, assisted by shielding with sacrificial layers, to generate multivalent
polymer or silica particles.*! These methods are able to produce multivalent particles,
but are bound to difficult and time consuming treatment steps (e.g. thermal treatment,
reactive ion etching). The application of various wrinkled structures on the other hand
enables the tuned deposition of gold nanoparticles onto silica spheres by adjusting the
embedment of the particles.*? It is however also limited to divalent colloids. The deposition
of thin metal layers onto micro- or nanospheres is typically achieved by glancing angle or

electron-beam assisted deposition.43-4°

The produced particles can obtain gold, chromium
and nickel coatings. Alternatively, it is also possible to deposit organic macromolecules
to produce polymer patches.46 Research groups have shown a broad selection of patch

numbers and geometries using these techniques, although there are limits concerning

their up-scaling performance. A different approach utilizes small organic or inorganic



particles for further seed mediated nucleation and growth polymerization.*” 2 It enables the
production of anisotropic particles with a modulus or roughness gradient and furthermore
magnetic or plasmonic properties due to their initial seed. A related technique uses the
phase separation during copolymerization of monomers inside a swollen polymeric colloid
to create an anisotropic surface.?3?* Due to varying swelling behaviours in solvents or
changing pH response of the components, different geometries can be realised using these
particles. Additionally, controlled chemical surface modification is feasible. Although a
high reproducibility and up-scaling potential is given, starting materials are relatively
specific (e.g. blockcopolymers). The description and production of regular particle clusters
opened the way for another seed mediated approach.®® By forming differently sized starting
structures and subsequent encapsulation using polymerizable silanes, the production of
divalent building blocks with increasing number of patches is possible.?6® The limiting
factor of this technique is the purification and isolation step, which is commonly conducted
using analytical centrifuges. Such a set-up is able to separate single cluster types for further
modification. To achieve smaller patchy particles the synthesis and self-assembly of triblock
terpolymers shows very promising results.??%0 It was even shown to adjust geometry and
valency of the achieved colloids, by using different solvents feasible for single blocks. %!

However, the synthetical effort is very large in comparison to other approaches.

As most of the previously mentioned techniques are conducted in liquid, microcontact
printing (LCP) is a more direct concept by applying chemicals, or inks, directly onto the dry
colloid surface. Sometimes this stamping technique was used for the simple removal of excess
particles, to produce an uniform monolayer. %2 Furthermore, this approach was used to apply
silanes directly onto silica particles for subsequent adsorption of gold nanoparticles onto
the created patches and additionally it was shown how the elasticity of the used stamping
materials could influence the size of the applied patches.%? However, in this example it was
not possible to further change the geometry of the patches and no particle self-assembly
was investigated. Other research groups transferred ATRP initiators onto silica particles to
start polymerization directly on the colloid surface for further self-assembly experiments. %4
These systems possess a broad variety of physical properties, namely fluorescence labelled
patches, magnetic manipulation of the colloids and light-responsive coupling, but are
synthetically very demanding and long production times are required. The flexibility of

the microcontact printing process was meanwhile shown for various inks and also proteins,
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(d) Glancing Angle Deposition *3

(f) Copolymerisation in Seeds®?

NS

(h) Assembly of Triblock Terpolymers®*

Figure 1.1 Overview of established synthesis routes for anisotropic colloids.



65-68 T comparison to previously

which were applied onto organic and inorganic particles.
mentioned techniques, microcontact printing possesses a high precision and reproducibility.
Nevertheless, synthesis routes for pCP procedures mentioned here are still too complex,

time consuming and expensive for reasonable up-scaling.

Motivation

The driving force behind this research was to find a very basic system which shows the
same precision and reproducibility for the production of multivalent anisotropic colloids as
previously mentioned systems. It should be possible to use different ink systems, change
patch geometry and number as printing should be conducted on different sized particle
spheres. However, to furthermore access a robust up-scaling, additional simplifications
to the systems have to be made in comparison to other microcontact printing concepts.
Starting materials have to be accessible, relatively cheap or should possess at least a simple
synthesis route. In consideration of these factors, the self-assembly potential, using different

chemical and physical approaches, should still be feasible.

Outline of this Research

The presentation of the results starts in chapter 2 with a detailed introduction of the
investigated microcontact printing approach together with materials, procedures and the
underlying mechanisms followed by the analytical methods required for particle characteri-
zation. The subsequent chapter 3 will describe the results concerning anisotropic particles
with special attention to the accomplished patch geometries for single and double patched
particles. Chapter 4 will discuss the applied physical and chemical coupling systems in-
cluding their functionality and applicability. To further understand and discuss the results
a couple of mathematical evaluations will be presented in chapter 5. The same chapter
will introduce a new mechanical approach for the production of anisotropic particles via
microcontact printing using centrifugal forces. Finally, a conclusion of the received results
is given in chapter 6, which is followed by the materials and methods section in chapter 7

describing all applied procedures and calculations in detail.
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The Microcontact Printing Approach

The production of anisotropic particles by microcontact printing would not have been
possible, without the right choice of materials and their precise interaction. Due to this
requirement, it is only fair to dedicate this first part to the general process, elucidation of
components, explanation of mechanisms and the introduction of key parameters which are
needed to evaluate the quality of this process. The mechanisms behind this approach open

the way for new innovative aspects of this otherwise well-known approach.

2.1 A Process Overview

In the beginning of this research strategic objectives were determined to narrow the selection
of chemical materials. The goal was to obtain a simple, fast and economic method for the
preparation of multifunctional patched particles, with the potential for future up-scaling®’
while retaining a high quality, particle yield and excellent control over the patch geometry.
The nwCP process, as illustrated in Fig. 2.1, is divided into three major steps: Loading of
the stamp material with ink, the printing process and release of modified particles from
the stamp. Necessary for achieving those steps are a soft stamping material, a reliable and
flexible ink system, suitable particles with a broad size range, and a convenient release
method.

The soft stamping material polydimethylsiloxane (PDMS) is a very common material

for uCP, relatively cheap and easy to use.’® 7

There is a large selection of different
surface functionalizations using silanization, patterning techniques via moulding and simple
variation of the composition to change its properties. Thus, it is an ideal material for this
approach and future applications. ™ Particles for surface functionalization are divided

into two groups: organic and inorganic particles. There is a considerable amount of

synthesis procedures for organic patchy particles. 438981 However, incompatibility with
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Figure 2.1 Illustration of the microcontact printing approach. From left to right: Production of
PDMS stamps loaded with different concentrated polymer solutions; drop casting of silica
particle dispersion on cleaned glass substrates for monolayer creation; printing process
and solvent assisted particle release from stamp using ultrasonic treatment.
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different solvents could be a problem for further applications. Spherical inorganic particles
consisting of noble metals are expensive and difficult to synthesize in the size range
above 1 pm. %2 During this research a fast characterization should be achieved using light or
fluorescence microscopy, which would not be possible using considerable smaller nanospheres.
Since the work of Stober et al. silica particles are easily achievable and are commercial
available in large amounts.® Additionally, they possess a great stability against solvents
and temperature.®*® Furthermore, the monolayer production on hard substrates (e.g.
glass slides) is rather simple. Therefore these particles were chosen for this work. Following
the investigations of pCP on flat surfaces the straightforward approach was the usage of
molecular inks for the preparation of anisotropic particles.®0 However, these chemicals
exhibit in general a low viscosity and therefore are prone to ink diffusion or absorption
into porous particle surfaces.8” Polymeric inks with tunable molecular weight promise to
easily circumvent this problem and also have been studied in pCP applications.®® For this
reason a high molecular weight polymer with a great density of functional groups, which
is commercially available and not subjected to great synthetic effort was needed.®® The
opportunity of a strong electrostatic bond between the particle surface and the polymeric ink
was postulated. Due to these points polyethylenimine (PEI) as a cationic and polyacrylic
acid (PAA) as an anionic polyelectrolyte were chosen. Finally, a suitable particle release
method was needed. In general the silica particles will stick to the loaded stamp after the
printing procedure. The reason for this behaviour, is a stronger attraction between ink
and particle surface in comparison to the glass substrate. This fact is true for molecular®®
and polymeric inks.®® Commonly a solvent assisted particle release is conducted using

an ultrasonic bath.?? Although this sounds quite simple, it is an essential step during
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this investigation and will be discussed, as all components, in detail during the following

sections.

2.2 Polydimethylsiloxan as Stamping Material

PDMS is a flowable transparent silicone elastomer, which is commercially available under
the brand name Slygard 184. It is sold as a preparation kit consisting of two liquids:
the monomer and a crosslinking agent. Its main application fields are LED lighting
encapsulation, power supplies, connectors, sensors and high voltage resistors packs.“!
Furthermore it has great use in the field of microfluidics?? and as stamping material
for microcontact printing.®? The monomer liquid is actually a mixture of two polymeric
compounds, namely dimethylmethylhydrogen siloxane (trimethylsiloxy terminated) and
dimethy]l siloxane (dimethylvinylsiloxy terminated).% The curing agent contains a platinum
component catalysing the addition reaction between the polymer chains (compare Fig. 2.2)
and therefore creating an elastic network. The velocity of this crosslinking process can be
elevated significantly by increasing the temperature after mixing the two components.

CH3 CHz CH3

CHs [CHs 1 OHg —c—si-olsi—olsi—¢ -
HSC—sli—o{sli—o]lei—cm Hy T 3 " H
CHy M CHs CHs clle CHs
CH
GHa H.C—Si—CH
3L oI—Lh3
o Pt - Catalyst 5
HzC-Si-CHj
(|) => H3C—Z|—CH3
H4C-Si-CH =
S AT HaC—Si—CHs
o C|)H
. I
H3C—S||—CH3 $H3 c|;|-| c|;|-|3
CH ---C—Si+0—Si-tO—Si—CHy---

CH3 CHz CH3

Figure 2.2 Reaction scheme displays the crosslinking event between the two polymer components
during the addition of platinum catalyst.

Fig. 2.3 displays the general synthesis procedure for PDMS stamps. After mixing the
two components, the liquid needs to be degassed to prevent encapsulation of air bubbles
which could deform the surface or influence the mechanical properties. After this, the

polymer is cured at elevated temperatures enabling complete crosslinking throughout the

material. The flat air-liquid interface is used as the stamping side for all experiments.
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Figure 2.3 Schematic of the synthesis procedure of polydimethylsiloxane stamps.

AFM was used to determine the roughness of the product and is displayed in Fig. 2.4(a).
Although the AFM image shows a relatively smooth surface, further improvement was
achieved using another synthesis route. This process is described in more detail in
section 8.2.1, but includes the modification of silica wafers and the moulding of said flat
surface. Admittedly, the AFM image in Fig. 2.4(b) shows two impurities. However the
irregularities of the overall surface have been minimized even further. This approach was
chosen, to exclude any interference between the roughness of the PDMS stamp and loading
the ink using spin coating, or the general pCP process.

Due to the high amount of methyl groups on the stamp surface, they possess a
hydrophobic character and are therefore not accessible for water based inks (e.g. PEI). For
the introduction of hydrophilic groups air plasma treatment was used resulting in a thin
silicon oxide layer on top of the stamp.? After this process loading of stamps with water

solutions via spin-coating was feasible.

(a) PDMS surface (b) Flat PDMS surface

Figure 2.4 AFM height images with a size of 20 x 20 pm?: First measurement shows the air-liquid
interface normally formed (R, = 0.769nm) and the second shows the flat PDMS interface
after moulding of a modified silica wafer (R, = 0.489 nm). Height scale 20 nm

10



PREPARATION OF WRINKLED STAMPS USING AIR PLASMA

2.3 Preparation of Wrinkled Stamps using Air Plasma’

Additionally to flat unstructured PDMS substrates, structured stamps were introduced to
the pwCP process. A well-known procedure of PDMS structuring operates with the same air
plasma treatment mentioned above.”™ As illustrated in Fig. 2.5 the PDMS stamp will be
constantly elongated into one dimension while exposing it to air plasma. After the process

the PDMS stamp will be released and wrinkles are forming on the surface.

'\.A_'\/_’.\%

Figure 2.5 Wrinkle structuring of PDMS stamps using air plasma treatment.

These structures occur during the presence of at least two superimposed layers, with
differing modulus of elasticity, while being exposed to an increasing or decreasing external
stress. In the case of PDMS substrates the first layer consists of a thin inelastic silicon
dioxide layer, produced by the plasma treatment, and the second layer represented by the
remaining elastic material. Relaxation of external stress is induced during the contraction
of the substrate after plasma treatment. There are other published methods for the
generation of hard layers on PDMS substrates. For example coating with polymers or

9799 ozone radiation 90102 or the deposition of metal films. 103,104 Fig 2.6

polyelectrolyte,
illustrates the profile of generated wrinkles including the most important parameters, the
periodicity or wavelength A, the amplitude A and the thickness h, of the hard oxide
layer. Theoretical predictions for the generation of these structures have been made,
based on the mechanical properties of the used materials. "®1%5 Starting from a thin hard
film (height = h,, width = w) superimposed on a infinite elastic bottom layer without
consideration of any sheer forces between the two layers. As material properties only the

elastic modulus and the Poisson ratio of the oxide layer (E,, 1) and the substrate (Es, vs)

are used. Therefore the compression force F' inside the skin is formulated as:

T\ 2 whe A FE.w
r—g (7). A 2.1
o [(A) 30—02) "7 1= D)E, 2.1)

TThe results concerning the research in this section were conducted in cooperation with Daniela John
from Fraunhofer IAP. %
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In this case the wavelength A indicates a sinusoidal bending profile of the oxide layer
along the direction of applied stress acting on the elastic substrate. Wrinkle structuring of
the oxide layer only occurs over a critical compression force value F,, which corresponds to

a critical wavelength \. obtained by %:

(1-2)E, ] g

Ae = 27hy | =—0—
" {3<1—u3>Es

(2.2)

Equation 2.2 shows that the wavelength of wrinkles is only dependent on material
properties of two layers and the thickness h, of the hard oxide film. The thickness can
be changed using different plasma treatment parameters. In general, longer treatment
times, higher power usage and a decreased partial oxide pressure during the treatment
leads to a thicker oxide layer and therefore longer wavelengths.®” Nevertheless, it should be
mentioned that amplitude and wavelength are connected parameters and therefore cannot

be varied independently.

A A

h,

Figure 2.6 The schematic diagram shows the profile of a typical wrinkled PDMS stamp consisting of
a thin silicon oxide top layer and the underlying remaining stamp material. Wrinkled
structures are characterized by periodicity A and the amplitude A.

2.4 Silica Particles

The ideal particle choice for the foundation of multifunctional patchy particles was de-
termined almost immediately. Silicon dioxide (silica) spheres are a cheap and reliable
commercial product, and they are available in a huge range of different sizes (150 nm -
251m). 1% Silica particles have been the subject of several biomedical applications due to

their biocompatibility and low toxicity. %719 For example as enhancement of ultrasound

109-111 1112

imaging, optical images on cellular leve and as carrier material for magnetic

113-116

nanoparticles or radioactive ions. 7119 There are various synthetic procedures

for different silica geometries aiming on distinct implementations: monodisperse silica

120-130 131-134 135-137

particles, mesoporous silica spheres and hollow or core-shell particles.

12



SILICA PARTICLES
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Figure 2.7 Chemical structures and abbreviations of common alkoxysilanes with functional groups
for the surface modification of silica particles.

The surface functionalization of silica particles is conveniently achieved with one of
many commercially available alkoxy- or halosilanes. Alkoxysilanes bind to silanol groups
on the particle surface in a condensation reaction, whereas halosilanes initially undergo
a substitution process, changing the halide for an alcohol group, followed by the same
condensation. '3® The reactivity of alkoxysilanes decreases with longer alkyl chains, whereas
halosilanes exhibit the highest reactivity. These reactions can be executed in alcohols (e.g.
methanol or ethanol), under anhydrous conditions using toluene or by chemical vapour
deposition under reduced pressure or elevated temperatures. *%140 Prior to this, an increase
of surface silanol groups can be beneficial by boiling the particles in hydrochloric acid %
or using air plasma treatment. Fig. 2.7 gives a small excerpt of common alkoxysilanes.
Tetraethoxysilane should be mentioned separately, because it is starting material for
most particles synthesis approaches. In the course of this research several attempts of
surface functionalization of silica particles were tested. Initially, prior to the wuCP process,
functional groups were attached which should undergo a covalent bonding with molecular
inks (e.g. TEPSA). Alternatively the surface charge was inverted using APTES enabling the
use of anionic inks. The complete coverage of the particle surface with amine groups should
shift the isoelectric point to higher pH values. To verify the effect of this functionalization

approach, pH dependent zeta potential measurements were conducted.
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(a) Silica Particles (b) APTES Functionalized Silica Particles

Figure 2.8 Zeta potential measurements of blank and amine functionalized silica particles at increasing
pH values for determination of the isoelectric point.

Fig. 2.8(a) shows the zeta potential measurement of unmodified silica particles in a
pH range between 2 and 10. The surface potential decreases with increasing pH due to
deprotonation of surface silanol groups. At a pH value of 3.3 the graph crosses the zero
point into the negative region. This point indicates, that the concentration of protonated
and deprotonated silanol groups are in equilibrium. Lower pH values lead to an increase
in zeta potential as a majority of surface groups are protonated. This effect will become
more important in later discussions (see section 4.1). After the surface functionalization of
silica particles using APTES (see section 8.2.5), the same measurement was conducted and
the results are shown in Fig. 2.8(b). The shift of the isoelectric point is clearly visible and
its location is now at a pH value of 6.3. Following the incorporation of amine groups, the
concentration of protonated surface groups at this pH values increased. These results show

a successful surface functionalization using alkoxysilanes.

The stability against air plasma treatment is another advantage of silica particles.
This method is not only used to increase the hydrophilicity of surfaces, but also to remove
organic residues. This effect can be utilized to selectively etch organic layers, which
was exploited during this research and will be discussed later (see section 3.2.1).14! This
approach would not been possible using polymeric particles for longer etching times.

Finally, the production of silica particle monolayers was required for the puCP approach.
This process is described in detail later (see section 8.2.2). It includes cleaning of glass
substrates and drop casting of differently concentrated particles solutions in ethanol. The
concentration of the solutions was depended on the size of the used silica particles, as the

volume fraction is changing. With this approach, an economical micro- and nanosphere

system with flexible surface chemistry for further investigations was found.
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POLYELECTROLYTES AS INKS

2.5 Polyelectrolytes as Inks

On the basis of a very tunable particle system with a versatile surfaces chemistry (compare
section 2.4), the choice of an appropriate pCP ink had to be found. As mentioned earlier,
an electrostatic connection between the particle surface and the oppositely charged ink
should be obtained. To eliminate diffusion and absorption issues a high molecular weight
polyelectrolyte with a high density of charged and functionalisable groups with a good

commercial availability was targeted.
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Figure 2.9 Chemical structures of common anionic and cationic polyelectrolytes.

A small selection of cationic and anionic polyelectrolytes for the usage as inks is
displayed in Fig. 2.9. The first and most important candidate for this research was
polyethylenimine (PEI). It exhibits the highest positive charge density of polyelectrolytes

when fully protonated in aqueous solution and thus represents an ideal counterpart for

142-148

the negatively charged silica surface. Due to its unique properties, like its buffering

9 150

capabilities'* or pH dependent structure in solution, it is used in a broad range of

151,152

applications. Its chelating effect is useful in the purification of waste water and in the

paper industry as flocculation material for negatively charged fibres. '3 Moreover it is used

1

as release nanocarrier 4 and as a DNA delivery tool. %> 158 Different synthesis procedures

161

are available for linear PEI'?160 ysing a microwave approach,'®! low temperatures for

162

the reduction of side products'®® and also a patent for a living anionic polymerization

route. % The synthesis of branched PEI'4165 has the main advantage of reaching very
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high molecular weights by using simple crosslinking techniques. %6 For branched PEI it
is possible to include all types of amine groups, whereas linear PEI only possess primary
and secondary amines. Theoretical, branched PEI should exhibit a ratio of 1:2:1 for these
amine types, however investigations of commercial samples showed a ratio of 1:1:1 which
translates into an even higher degree of branching.'®” This finding is not a disadvantage,
because a strong entanglement of the polymer chains during the loading step would be

beneficial and therefore branched PEI was chosen for the uCP experiments.
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Figure 2.10 Diagrams show the AFM height profile of different concentrated polyethylenimine
solutions spin coated onto silica wafers. The scratch was caused by using a syringe
cannula which does not penetrated the hard surface.

The stamp loading was conducted by spin coating of PEI solutions on prepared PDMS
(see section 8.2.3). To reduce hydrophobicity, the PDMS surface was treated with air plasma
and afterwards different diluted aqueous solutions of high molecular weight PEI were spin
coated onto the stamp to produce a thin ink layer.'%® To evaluate the thickness of these
PEI films, model experiments were conducted using flat silica wafers as substrates. After
spin coating the PEI film on top of the silica wafer, the ink was scratched and measured
with AFM. Figure 2.10 displays the height profile of four PEI solutions corresponding to a
thickness range between 25 nm and 125nm. During this research, these four concentration
were used for all uCP experiements. Although PEI was by far the most used ink during
this investigation, experiments with polyacrylic acid (PAA) were also conducted. PAA
possesses a high density of accessible carboxyl groups with a pK, = 4.5'%% and is producible

by various methods. 707173 It was used as a negatively charged polyelectrolyte ink.
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PRINTING PROCEDURE

2.6 Printing Procedure

The next step of the microcontact printing approach was the practical implementation.
In this case, it describes the parallel alignment of the silica particle monolayer with the
loaded PDMS stamp while applying pressure on the substrates.

First the glass substrate of the particle monolayer was fixated horizontally using a
vacuum sample holder. A PDMS stamp loaded with polymeric ink was pressed against
the glass substrate and immediately afterwards the two substrates were separated again.
This approach does not need any reaction time between the particles and the ink due to
its electrostatic nature. Therefore a considerable amount of manufacturing time can be
saved using this approach. Higher adhesive forces between silica particles and ink film in
comparison to the glass substrate lead to the adherence of the particles to the stamp during
lift off. This procedure was conducted by hand and was not guided by a mechanical press.
However, the applied pressure during this process was still inspected (see section 8.2.4).
At this point the particles were embedded into the polymeric ink film on the PDMS stamp
which were afterwards stored dust-free until particle release, which will be discussed in the

following, or further modification (compare section 4.5).

2.7 Solvent Assisted Particle Release Mechanism

The release of the silica particles from the loaded stamp was conducted using an ultrasonic
bath. This method is commonly used to redisperse micro- and nanoparticles or synthesis
smaller particles from powders. 7189 The functional principle behind this approach is the
creation of cavitation bubbles inside a cleaning solvent induced by ultrasound (movement
faster than 18 kHz). '8! Cavitation bubbles are small vapour areas inside a liquid, which
apply pressure while they are rupturing. The bubble size is dependent on the speed of
the applied movement. Typically ultrasonic baths work at a speeds between 20kHz and
100 kHz and higher values translate into smaller bubbles with reduced rupturing force. The
kinetic energy achieved during this treatment interacts with the particles and is responsible
for their release. The diameter of the silica spheres used in this work is in general 10 to
200 times larger then the thickness of the polymer layer, depending on ink concentration
and particle size. As a consequence of this mismatch the particles will separate easily

from the stamp into the surrounding solvent. However, experiments have shown that an
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increase of treatment time is necessary for smaller particles or thicker ink films, respectively.
The release procedure is pictured in Fig. 2.11. A loaded PDMS stamp after the printing
procedure is placed into a closable centrifuge tube. The tube is filled with a suitable
solvent, which will be further discussed in the following section 2.8, and then placed into an
ultrasonic bath. After 10 to 25 min the tube is removed and the PDMS stamp is carefully
extracted from the liquid. If necessary the stamp was dried and stored for further analytical

processes (compare section 2.10).

oM

Figure 2.11 Schematic diagram displays the solvent assisted particle release mechanism of silica
spheres from a loaded PDMS stamp using an ultrasonic bath. The stamp is removed
after the ultrasonic treatment.

.

The fluorescence microscope images in Fig. 2.12 give first impressions of the resulting
single patched particles achieved by this pCP approach. For visualization of the patches
FITC was used as labelling agent (compare section 8.2.5). At this point no detailed
information about the obtained patch geometry will be given, as it is the main discussion in
the following chapter 3. However, another important influence during the particle release
will be discussed. Fig. 2.12(a) shows patched particles released at reduced temperature by
using ice cooled water in the ultrasonic bath. In contrast to this, particles in Fig. 2.12(b)
are released at higher temperatures by using the build-in heating component. It is clearly
visible that the quality of the patches received at lower temperature is significantly higher
compared to the ones achieved at elevated temperatures. Additionally, multiple residues of
free floating PEI are visible at higher release temperature. These residues detach most
probably from the PDMS stamp caused by the increasing solubility of the polymeric ink. '¥2
The application of ultrasound leads to an increase in temperature in the solvent system
over time. Therefore it is not sufficient to keep the bath at ambient conditions, but to
add ice at the beginning of the process. Following these findings, all uCP experiments in
this research were conducted under cooled conditions during the particle release process to

improve the patch quality and minimize contaminations inside the particle dispersions.

18
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0 pm 25

(a) Release at 15°C (b) Release at 40 °C

Figure 2.12 Fluorescence microscope images show the influence of temperature during the solvent
assisted particle release via ultrasonication on the patch quality.

2.8 Switching from 2D Modification to 3D Structure Printing

In the previous section the solvent assisted particle release using ultrasonication was
introduced. Additionally, the influence of temperature during this treatment on the
patch quality was explained. This section describes the investigations leading to the two
chosen release solvent, namely ethanol and acetone, and their distinct contribution to this
microcontact printing approach.

The SEM images displayed in Fig. 2.13 show patched particles printed under the same
conditions, but released in different solvents. Water was not an option for this experiments

1'83 and therefore could dissolve the ink layer before the

as it is a good solvent for PE
particle release and the formation of patches would not take place. The first experimentally
used solvent was ethanol, because it is able to dissolve low molecular weight PEI and it
is a common solvent for handling silica particles.'®* Fig. 2.13(a) displays the SEM image
of a patched particle released in ethanol and it shows a smooth, thin and symmetrical
circular patch on the surface of the silica particle. In the following non-solvents for PEI
were tested as release solvent to verify a resulting difference in the patch geometry. One
aspect for these non-solvents was the alteration of the PDMS stamp geometry. Several
common organic solvents (e.g. toluene, hexane) swell crosslinked PDMS to a significant

degree. For this reason three different solvents were chosen, which are non-solvents for PEI

and exhibit different swelling degrees for PDMS: toluene (¢ = 1.31), acetone (o = 1.06)
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(c) Release in Acetonitrile (d) Realease in Acetone

Figure 2.13 SEM images of silica particles printed with 3 wt% PEI and released in four different
solvents to investigate the solvent influence on patch geometry.

and acetonitrile (o = 1.01).18% The result for toluene is displayed in Fig. 2.13(b). The
patch shows a slightly thicker but highly irregular shape compared to the release in ethanol.
The patch released in acetonitrile in Fig. 2.13(c) reveals a similar geometry compared to
the ethanol sample, however its surface is not as smooth. A significant difference is visible
for the acetone sample. The patch geometry shows a considerable increase in thickness
and an almost plane surface. Repeated experiments confirmed that this observations was

reproducible and directly influenced by the chosen release solvent.

The hypothesis for this effect is illustrated in Fig. 2.14. PEI possesses a slight solubility

183

in ethanol,*®®> which is capable of penetrating the ink layer during ultrasonic treatment.
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Due to this behaviour the particles are able to detach from the stamp while a cohesion
fracture inside the PEI film occurs. This detachment takes place in a rather short timespan
as a full release of particles was possible within 10 min. In contrast, the release time
during use of acetone had to be increased to 25 min to achieve an adequate particle yield.
The insolubility of PEI in acetone, the longer necessary release time and the significant
increase of patch thickness indicates an adhesion failure between stamp and ink film. The
surrounding non-solvent must lead to a higher adhesion force between the particle and the
ink surface in comparison to the cohesion force inside the polymeric film. As a consequence

of this effect the particles attempt to rupture the ink layer whereby a longer release time is

necessary.
Particle Release Particle Release
in Ethanol 1n Acetone

2D Patches 3D Patches

Figure 2.14 Illustration showing the switch from 2D surface modification to 3D structure printing by
changing the release solvent: Ethanol induces a cohesion fracture inside the PEI layer
whereby acetone causes an adhesion failure between the ink and the stamp.

Further evidence were gathered to support this explanation by using ellipsometric
measurements (compare section 8.2.7). Very thin PEI films (below 30 nm) were prepared on
silica wafers and subsequently enclosed with different solvent reservoirs into a ellipsometry
vapour chamber while continuously measuring the film thickness. Fig. 2.15 shows the
normalized swelling behaviour of PEI films in an ethanol and acetone atmosphere. The
PEI film exposed to the ethanol vapour showed almost immediate and continuous swelling.

After 35 min the film thickness reached a plateau at a swelling degree of 200 %. This value
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was stable for approximately 8 min until dewetting of polymer film occurred. In contrast,
the film exposed to the acetone vapour did not show any transition for 45 min. Although
conditions differentiate from the complete submersion of a stamp into the respective solvent

during ultrasonication, it does shows very well the stability of PEI in acetone.
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Figure 2.15 Diagram showing swelling experiments of PEI films measured by ellipsometry. Experi-
ment with ethanol shows constant swelling and finally dewetting of the PEI film after
40min. No changes are visible for the acetone measurement.

These results clearly state a new opportunity for precise surface modification using
spherical particles. By changing the solvent during particle release it is possible to
significantly change the patch geometry from two-dimensional modification (2D) to three-
dimensional structure printing (3D). The range of these adjustments are presented in detail

in chapter 3 while additional capabilities of this new concept will follow in the next section.

2.9 Incorporation of Nano Additives

The particle release process using acetone as release solvent enables the significant increase
of the patch thickness. This switch from 2D modification to 3D structure printing gives a
new unexploited volume inside the patches, which can be used for further incorporation
of physical properties and functionalities. Fig. 2.16 shows the expanded nCP procedure,
introducing the incorporation of nano additives into the accessible volume without alter-
ation of the surface properties. This process is implemented by blending small amounts of
nano additives (e.g. quantum dots) into the ink solution prior to spin coating (compare
section 8.2.3). By selecting a suitable surface charge, compatible with the used polyelec-

trolyte, the nano additives disperse inside the ink film. After printing, the nano additives
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INCORPORATION OF NANO ADDITIVES

are enclosed in the ink film and remain so while particles are released in acetone, because
PEI will not dissolve. The additives are entrapped in the surrounding polymer matrix
without chemically altering the patch surface, giving the opportunity for additional physical

properties.
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Figure 2.16 Illustration of the microcontact printing process with the incorporation of nano additives
into the polyelectrolyte film during spin coating.
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The microscope images in Fig. 2.17 show possible applications for this procedure.
Fig. 2.17(a) displays particles with fluorescent labelling by introducing quantum dots into
the patches. With this technique it is feasible to determine the position of the patches
while retaining the functional groups on the surface for further modification (compare
section 4.3). Furthermore no leakage of fluorescent quantum dots was observed during
these experiments, even while non labelled particles were present. The negatively charged
quantum dots could otherwise easily attached to other positively charged PEI patches.
The introduction of superparamagnetic nanoparticles is shown in Fig. 2.17(b). With this
system, the possibility of particle alignment inside an magnetic field was examined (compare
section 4.2). Additionally, the incorporation of gold nanoparticles inside the patches was
investigated and is shown in Fig. 2.17(c). Due to the greatly differing refractive index of

186,187

gol in comparison to the surrounding materials, the patch become visible even on a

transmitting light microscope image. 188189

O

0 pm 25 0 Hm 50

(a) Fluorescent Quantum Dots (b) Superparamagnetic NP (c¢) Gold Nanoparticle

Figure 2.17 Microscope images show patched silica particles with incorporated nano additives.
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2.10 Key Parameters and Characterization

For the comparison of different printing scenarios (e.g. particle sizes, ink concentrations)
two key parameters were selected. These key figure were measured by suitable analytical
methods and are essential for the discussions in the following chapter. These characterization
methods will be shortly introduced.

The first parameter was the patch diameter d. This key figure was measured by
labelling of the achieved patches (see section 8.2.5) and recording of an adequate amount
of fluorescence microscope images. Afterwards, the patch diameter was obtained using
a microscope imaging software, measuring the fluorescence signal of the patches, and a
mean value with standard deviation was calculated for every printing system (compare
section 8.4.1). The microscope images in Fig. 2.18 give an impression of the measured

distance for different printing samples and particle orientation, which is highlighted using

a striped line.

Figure 2.18 The illustrated fluorescence microscope images show different patched particles labelled
with FITC. The striped black line was inserted to give an impression of the measured
distance for the calculation of the patch diameter d.

The second key parameter was the patch thickness ¢t. As described in section 2.8 it
is possible to significantly increase the patch geometry by switching the release solvent.
Therefore it is necessary to measure the patch thickness for different particles sizes and ink
concentrations. Measuring the thickness using the fluorescence signal was not feasible as the
image resolution was not sufficient for this approach. SEM imaging gives a clear perception
of the patch geometry, but provides only a small number of data points. Therefore an
indirect method was used, which is illustrated in Fig. 2.19.

Using acetone as release solvent leads to a thick patch structure, which is indirectly

quantifiable from the PDMS stamps after the particle release. Acetone does not dissolve
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Figure 2.19 Schematic diagram shows the AFM characterization of the PDMS stamp after particle
release for the indirect parameter determination of the patch thickness .

the polyelectrolyte layer and the remaining ink structure remains intact. Therefore the
thickness of the removed patch is measurable using the height channel of atomic force
microscopy. This approach was only feasible for samples released in acetone. The amount
of removed ink during the use of ethanol seems to be not significant enough to be detectable
with AFM. Another explanation is represented by the ink layer’s low solubility in ethanol,
which is able to compensate for removed ink by diffusion. AFM images for comparison of
the stamp surface after ethanol and acetone release are displayed in Fig. 2.20. The patch
diameter was not measured via AFM, because the ink layer showed very distinct cracks in
the surface after particle release. Possible an effect of slightly swelling PDMS which would
rupture the film. Due to this effect the remaining holes are often deformed and a spherical

geometry is not found.

\ P ‘L‘ Sl

(a) Ethanol - Height Scale 17 nm (b) Acetone - Height Scale 170 nm

Figure 2.20 AFM images of PDMS stamps loaded with 3 wt% PEI after the particle release in
different solvents. The use of acetone forms distinct holes inside the polyelectrolyte layer
as it is transferred onto the particle surface. This is not detectable during the use of
ethanol as the releasing solvent.
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CHAPTER

Investigation on the Patch Geometry

of Patchy Silica Particles

The previous chapter introduced the essential components and materials used during
printing of silica spheres for the synthesis of anisotropic particles. Additionally it described
new findings for the sophisticated patch geometry switch from two-dimensional modification
to three-dimensional structure printing. These findings, based upon the application of
polyelectrolyte inks, enable the use of an additional volume for further physical functionality
by the incorporation of nano additives. The following chapter will exclusively discuss the
achieved range of this approach including the patch diameter, thickness and yield for a
broad range of particle sizes. The reverse use of charges is investigated by adjustment of
particle surface chemistry and a suitable anionic polyelectrolyte. Finally, the increase of

patch number by sandwich printing and structured stamping material is presented. These

results clearly characterise the adaptable utilization of this microcontact printing toolbox.

3.1 Single Patched Particles

Initial printing experiments were conducted to produce anisotropic particles with only
one patch (SSP) or in other words divalent particles.®! For this research, unmodified
and thus negatively charged silica spheres with sizes of 5 pm, 4 pm, 2 pm and 1 pm where
printed using branched PEI with high molecular weight at different loading concentrations
(1/2/3/4 wt%). This section will discuss the achieved results for all particle sizes, starting

with the largest one, and the applicable ink concentrations. Initially, the patch geometry

produced by release in ethanol and acetone will be compared using the 5pum particles.

Subsequent experiments for smaller spheres were performed using only acetone as release
solvent in order to investigate the structure of these new 3D patches. All printing systems

are characterized by a fluorescence microscope image of the FITC labelled single patched
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particles, a SEM image visualizing the patch geometry in detail for a small exemplary
sample and a histogram showing the patch diameter distribution, along with the mean

patch diameter d and its standard deviation.
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Figure 3.1 Summary of the results for 5 pm single patched particles printed with four different PEI
concentrations and released in ethanol. Findings include a fluorescence microscope and
SEM image, and the patch diameter distribution for all concentrations.

Fig. 3.1 displays the results for 5 ym silica particles printed with four PEI concentrations
and released in ethanol for the production of 2D patches. The fluorescence signal on the
microscope images is relatively weak due to the thin functionalization of the particle

surface. However, the signal is still strong enough to be visible even as an overlay picture
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on top of the light microscope image. An increase of patch diameter is detectable for
increasing PEI concentrations. The same observation was made in the SEM images. A
thin modification layer is visible, which increases in diameter with rising ink concentration.
The increase of patch diameter with higher loading concentration was expected. Since the
same printing force is applied to all samples, the only difference is the thickness of the
polyelectrolyte film. A thicker ink layer results in a deeper embedment of the particle, which
translates into a larger patch diameter. The distribution of patch diameter shows relatively
broad but distinguishable results for the different ink loads. The diameter increases from
(1.8 £ 0.2) ym to (2.4 £ 0.3) pm with a very slight trend for broader distributions at higher
PEI concentrations, although this trend is almost non existing inside the standard deviation
range. The ink surface seems relatively smooth for the 1 wt% sample, but becomes rougher
for higher concentrations. The later would further confirm the theory of a cohesion fracture
for the use of ethanol as release solvent (see Fig 2.14). As the ink layer slightly dissolve
and the particle detaches from the stamp, bundles of polymer chains could protrude from
the patch surface as a result. The 1 wt% PEI solution produces a film thickness of only
25nm. It is possible that this thin film does not undergo a cohesion fracture, because
the entanglement of high molecular weight PEI is too strong in this small-sized area. An
additional indication for this assumption is the hydrodynamic radius of singular branched
PEI chains with comparable molecular weight in solution, which is higher than the thickness
of the ink film at this loading concentration. ' Therefore a complete detachment of the

film could take place and reveals a plain patch surface.

According to these results, comparable experiments for the synthesis of 3D SSP, by
using acetone as release solvent, are displayed in Fig. 3.2. The general trend for the patch
diameter is similar compared to the 2D patches. Increasing PEI concentrations translate
into greater patch diameters. However, although the diameter for the 1 wt% sample
remained the same with a value of (1.8 4 0.2) pm the obtained results seem to indicate a
stronger increase of diameter for patches released in acetone. The 4 wt% sample reaches
the highest patch diameter with (2.6 & 0.3) pm and is therefore 200 nm larger than the
corresponding 2D patch. Fluorescence microscope images reveal a considerably improved
contrast of the 3D patches, especially for the 3 and 4 wt% samples. That is even the case
if particle orientation does not grant the best visibility of the patch. The reason for this

effect, is not an strong increase of patch diameter, but foremost due to the significant
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Figure 3.2 Summary of the results for 5 nm single patched printed with four different PEI concen-
trations and released in acetone. Findings include a fluorescence microscope and SEM
image, and the patch diameter distribution for all concentrations.
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change in patch thickness. The SEM images allow a detailed analysis of the change in
patch geometry. This change begins rather unimpressive with the 1 wt% sample. It shows
almost the same pictures as the particle released in ethanol; another indication for the
previously discussed theory. Under these conditions the ink layer is too thin for a cohesion
fracture and therefore no difference is visible for the patch geometry released in ethanol and
acetone. But, starting from here the patch geometry turns almost into a coin-like shape for
the 2 wt% and becomes even more pronounced for the 3 wt% sample. However, for both
concentrations the patch geometry appears clean without protruding edges or residues.
Increasing the PEI concentration to 4 wt% reveals exactly this behaviour. The coin-like
structure turns even thicker, but the edges appear to become inaccurate. This effect could
be an indication for an upper limit of ink concentration that is applicable, before particles
tend to not detach during particle release. This observation will be discussed later again
(see section 3.3.1). The patch thickness was calculated by measuring the dried PDMS
stamps after particle release. Corresponding AFM images are displayed in the appendix
section 9.2.1 and the results will be discussed later in comparison with all other particle
sizes (see section 3.3.2). Again, this was only possible for the 3D patches, as no patch

thickness was measurable for the particles released in ethanol.

The next adjusted parameter was the microsphere size and therefore 4 pm silica
particles were used. The corresponding results are shown in Fig. 3.3. As already mentioned,
particle release was conducted using only acetone and the applicable PEI loading was
reduced to 3 wt%. Higher ink concentrations would not produce an adequate yield, as the
particles would not detach from the loaded stamp. All priorly mentioned observations are
also true for the smaller particle size. Patch diameter increases and the patch geometry
becomes more protruded with higher ink concentrations. In comparison to the 5pm
particles, the patch diameter is larger in relation to the particle size. The patch diameter
for the 5 um sample printed with 1 wt% PEI reaches only 36 % of the particle size. The
corresponding 4 pm sample shows 42 % of the particles size. The 3 wt% sample achieves
for both particle sizes the same absolute value of 2.2 um, but this translates again in 43 %
and 54 % of the particle size, respectively. Although the patch diameter increases relatively
for the smaller particle size, the standard deviation declines for these silica particles. As
will be discussed later, this observation is not a result of the actual printing process, but

the influence of the naturally occurring particle size distribution (see section 5.1). SEM
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Figure 3.3 Summary of the results for 4 pm single patched particles printed with three different PEI
concentrations and released in acetone. Findings include a fluorescence microscope and
SEM image, and the patch diameter distribution for all concentrations.

images display an almost unchanged geometry for the 1 and 2 wt% sample, but the 3 wt%
PEI loading shows an unusual edge effect of the patches. Due to its relative large patch
size in comparison to the sphere size, it is possible that the particle curvature is too
large and therefore it is not possible for the edges of the patch to remain attached to
the particle surface. However, this was not observed for other particle sizes. Another
possibility could be squeezing of polyelectrolyte from below the particle as an effect of
increased local pressure, forming a donut-like structure. But as calculation showed, this
effect should not be the case for a constant printing force while reducing the particle

size (compare section 5.3). Additionally, other particle sizes did not show this behaviour.
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A final suggestion could be a different surface composition of the silica particles. Since
the used microspheres originate from different suppliers, it could be possible that some
synthesis routes include stabilizer which could interfere with the electrostatic interaction,
although zeta potential measurement did not show any difference in surface charge. It has
to be mentioned that non of these hypothesises could be proven sufficiently during the
course of this research.

The next smaller silica particles with a size of 2 pm were only printed with two different
PEI concentrations and the results are displayed in Fig. 3.4. In contrast to other particle
sizes, microscope images show only the fluorescence channel of the measurement. In this
example, particle movement was too pronounced to achieve an aligned overlay picture
and an overview image showing a large amount of SPP without patch-less particles was
preferred. The 1 wt% sample shows again a similar patch geometry in comparison to
larger particles. The mean patch diameter of (1.13 4+ 0.15) pm translates into 53 % in
relation to the particle size and rises to 57 % for the 2 wt% sample with a diameter of
(1.20 £ 0.15) pm. This finding follows the trend for decreasing particle sizes. SEM images
show a relatively smooth patch surface for the 1 wt% sample and a noticeable roughness
increase for the 2 wt% sample, which is also comparable to previous observations (also

compare section 3.3.1). The patch diameter distribution does not exhibit a significant

difference between the herein used ink concentrations.
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Figure 3.4 Summary of the results for 2 pm single patched particles printed with two different PEI
concentrations and released in acetone. Findings include a fluorescence microscope and
SEM image, and the patch diameter distribution for all concentrations.
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Figure 3.5 Summary the results for 1pm single patched particles printed with 1 wt% PEI and
released in acetone. Findings include a fluorescence microscope and SEM image, and the
patch diameter distribution for all concentrations.

Finally, 1 pm silica spheres were used and printed with a ink concentration of 1 wt%.
The results are displayed in Fig. 3.5. Even at this particle size the printing process was
successful. The SEM image shows a relatively smooth surface of the patch, which seem
to obtain a quite large diameter. Fluorescence microscope image tend to be even more
difficult to achieve for these particle sizes as Brownian motion becomes more of an issue.
The diameter was calculated to be (0.59 £ 0.08) pm and consequently reaches a value of
58 % in relation to the particle size, being the largest value achieved for SPP and therefore
confirms this trend for the used particle size range.

These results show the successful synthesis of 2D and 3D SPP with controllable patch
diameter, which is influenced by the ink concentration and the suitable solvent during
particle release. Four very specific polylectrolyte concentrations have been used in the
course of this research. However, the full benefit of this approach becomes apparent as one
can tune the concentration very finely and therefore the height of the deposited layer on
the PDMS stamp. Broad standard deviations for the discussed results seem to indicate
the contrary, but in the case for perfectly monodisperse particles, the error margin would
decrease dramatically as will be explained later (compare section 5.1), which determines

the real precision of this HtCP process.

3.1.1 Inverse Printing for Positively Charged Particles

For further investigation of the potential and versatility of this approach, differently charged
polyelectrolytes should be used. For this experiment, the silica particle surface had to be
functionalized with positively charged groups by using a suitable alkoxysilane (compare
section 2.4). In this case a common amine modification using APTES was successfully

performed (see Fig. 2.8). As a potential ink the anionic polyacrylic acid (PAA) was
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chosen as acetone is also a non-solvent for this polymer and therefore should follow the
same mechanism as PEI printed particles. Labelling was performed by positively charged
quantum dots, which were introduced directly into the PAA solution prior to spin coating
onto the PDMS stamp. Positively charged quantum dots were obtained by a ligand

exchange reaction (see section 8.2.3) to ensure uniform distribution of the nanoparticles

inside the ink.

Figure 3.6 Fluorescence microscope images of amine modified silica particles printed with 3 wt%
PAA. Patches were labelled with incorporated quantum dots. The strong mismatch
between fluorescence and light microscope images derives from fast particle movement.

The synthesis of 3D SPP was conducted using a stamp loaded with 3 wt% of labelled
PAA and 5um silica spheres. Fluorescence microscope images of the released particles
are shown in Fig. 3.6. The successful printing of patches is visible via the transferred
fluorescence signal of the embedded quantum dots on the particle surface. However, the
geometry of the patches is not as distinct as previous SPP printed with PEI and also
the achieved yield was significantly lower. More unmodified particles without fluorescent
signal were detected. Fluorescence images seem to indicate that the patch thickness is
clearly decreased in comparison with the corresponding PEI sample (compare Fig. 3.2)
This observation is also confirmed by SEM images displayed in Fig. 3.7. Patches show
an nonspherical and thin geometry, which significantly differs from PEI patches. These
findings are explainable by several points: The PAA had a very low molecular weight
compared to the used PEI (8 kg mol™! vs 600 kg mol~!). Therefore the patch could dissolve
more rapidly in the surrounding ethanol, which is always used for washing and imaging after

particle release. Nevertheless, it is a clear confirmation of the high stability of PEI patches
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during the washing steps. Secondly, the PAA possesses a linear structure in contrast to
the former used branched PEI. The previously mentioned increased entanglement of the
branched structure is apparently another important point for the creation of 3D patches.
Furthermore the isoelectric point of the amine modified particles is located at a pH of
6.3, as zeta potential measurements have shown. This means that the surface is positively
charged below this pH value. For higher pH values the surface is still negatively charged or
at least neutral. As the printing process shows positive results, the functionalization of
particles was sufficient. Still, the concentration of accessible positive surface groups will
be lower in comparison to negatively charged groups on unmodified silica spheres. This
will influence the stability of the electrostatic bonding and would explain the reduced
yield. With further optimization of the process including high molecular weight ink, further
increase of the positive surface charge and possible screening of other release solvents a

functional change to anionic polyelectrolytes is possible.

Figure 3.7 SEM images of amine modified silica particles printed with polyacrylic acid.
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3.2 Double Patched Particles

The next challenge for the synthesis of anisotropic particles was to increase the number of
applied patches. In the microcontact printing community it is a common approach to use
two loaded stamps at once for the production of trivalent particles with two patches in a
180° angle. This approach is often called "sandwich” printing.®' Typically, it is a simple
extension of the one-sided printing and only requires the repetition of printing steps with
no further adjustment. However, these results are generally obtained by using molecular
inks, which would bind covalently to the particle surface. Hereby, the essential step is
the chemical reaction on the surface.% The system presented in this research uses the
electrostatic interaction between ink and particle surface. As clearly shown in the previous
chapter the essential and most important step during the production of 3D patches is the
solvent assisted release mechanism (compare section 2.8). During this step the geometry of
the patch is determined by the choice of solvent. Without this step the particles would
detach without any surface modification, for example by removal with an adhesive strip.
This effect became obvious during first experiments for the production of double patched
particles (DPP). Initially the same sandwich printing procedure was conducted. Particles
adhered to the first PDMS stamp and a second loaded stamp was pressed against it to print
another patch. These experiments lead to particles with one patch after particle release.
The functionalization of particle surface would only occur on the sphere side, which is
embedded in the ink layer. Additional experiments using the solvent assisted release while
both PDMS stamps were still joined together only produced SPP with no distinct patches

and a high amount of ink residues in the sample.

However, it was possible to introduce a simple air plasma etching process in between
two consecutive printing steps to successfully produce 3D DPP with high quality and good
yield. 4! The process is illustrated in Fig. 3.8. Due to the etching step, the polyelectrolyte
layer is carefully removed, which leads to a reduced contribution of the lateral component
of the adhesion force inside the ink film during the particle lift-off with the second stamp.
This slight removal of the ink enables the rupture of the polyelectrolyte layer and the
transfer onto the particle surface. All particles transferred onto the second stamp could
than be removed easily using the normal particle release route. Following this procedure

a feasible production of symmetrical patches is finally possible. The influence of the
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Figure 3.8 Illustration of the microcontact printing process for the synthesis of single and double
patched particles. The later introduces an additional intermediate step consisting of air
plasma etching, which is necessary for trivalent particles.

air plasma etching on the geometry of the first patch will be discussed in detail in the
next section 3.2.1. In the following the results for all 3D DPP including applicable ink

concentrations and particles sizes are discussed.

The fluorescence microscope images of 5 pm silica spheres show clearly the successful
printing of DPP with very distinct patches on both sides of the particles (see Fig 3.9).
From these images it is not possible to determine a difference between two patches. Also
SEM images show a symmetrical patch geometry for all ink concentrations except the
4 wt%. This sample shows a significant difference between two patches. This behaviour is
also observable for the patch diameter as it increases with thicker PEI films, but decreases
again for the last sample. The reason for this behaviour, is an unusual broadening of the
patch diameter distribution for the 4 wt% sample, which would suggest that two very
distinct patch geometries are formed for this parameter. This effect will be discussed in
more detail in section 3.3.1. Corresponding SEM images indicate that in comparison to

5pm SPP, the patch thickness is decreased, which will be reviewed later in section 3.3.2.

Decreasing the particle size to 4 pm gives a similar observation for the patch geometry.
Fig. 3.10 shows the achieved results for the three different ink concentrations. Again, the
patch quality shown on the microscope pictures is very good, patch thickness decreases
in comparison to the SPP sample and the highest PEI film produces a very broad patch
size distribution. As for the former sphere size that indicates the production of highly

asymmetrical patches on the particle surface, which can also be observed in Fig. 3.10(c).
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Figure 3.9 This figure summarizes the results for 5 pm double patched particles printed with four dif-
ferent PEI concentrations and released in acetone. Findings include a typical fluorescence
microscope and SEM image and the patch diameter distribution for all concentrations.
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Figure 3.10 This figure summarizes the results for 4 pm double patched particles printed with
three different PEI concentrations and released in acetone. Findings include a typical
fluorescence microscope and SEM image and the patch diameter distribution for all
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Figure 3.11 This figure summarizes the results for 2pum double patched particles printed with
two different PEI concentrations and released in acetone. Findings include a typical

fluorescence microscope and SEM image and the patch diameter distribution for all
concentrations.

The microscope images of 2 pm silica particles revealed a good yield of DPP particles
with very high quality and a fine patch diameter distribution (see Fig. 3.11). At least for
the 1 wt% sample the same observations are true for the patched particles depicted in the
SEM images. The highest applicable ink concentration of 2 wt% PEI on the other hand
shows the same asymmetrical patch geometry visible for all other particle sizes during the
production of DPP. The SEM image in Fig. 3.11(b) gives the best insight into this problem.

One particle patch is very thin and possesses a smooth surface while the other side shows

a protruding and rough patch.
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Figure 3.12 This figure summarizes the results for 1 pym double patched particles printed with PEI
and released in acetone. Findings include a typical fluorescence microscope and SEM
image and the patch diameter distribution for all concentrations.

This printing method was successfully transferred on the smallest used silica particles
with a size of 1 pm as it is shown in Fig. 3.12. Fluorescence microscope images also indicate

a more asymmetrical patch geometry for this particle size. However, as the SEM images
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point to a higher symmetry, the varying appearances of the patches are most likely due to
different angles in relation to the optical plane. For the given parameters it was therefore
possible to create symmetrical 3D patches on particles in this size range.

In summary, these results show how a fast and convenient intermediate step consisting
of air plasma etching is capable of initializing a successful sandwich printing for the
production of trivalent particles, while using polyelectrolyte inks. Also, as displayed in
Fig. 3.13, it was possible to use differently labelled polyelectrolytes (FITC & quantum dots)
for distinct patches on the particle surface. Apparently the thickness of patches is reduced
in comparison to SPP, which will be discussed in detail in section 3.3.2. Furthermore, the
highest applicable ink concentration for particle with a size of 5 pm, 4 pm and 2 pm shows
a unusual broadening of the patch diameter distribution, which is the result of highly
asymmetrical patches on the particle surface. In section 3.3.1 this behaviour will be further

investigated by comparing different patch diameters on the same particle.

Figure 3.13 Fluorescence microscope images show double patched particles with distinctly labelled
patches (FITC & quantum dots).

3.2.1 Influence of Intermediate Plasma Etching Step on Patch Geometry

During the last section, an intermediate air plasma etching step was introduced to the
CP process. This step enabled the production of double patched particles by reducing
the lateral adhesion forces inside the polyelectrolyte layer or even by the complete removal
of the surrounding PEI film. The effect of this process is illustrated in Fig. 3.14. However,
research of the achieved patches revealed asymmetrical patch geometries for higher ink
concentrations, which should be prevented during the process if it is possible. Due to
this observation further investigations were conducted determining the influence of air
plasma etching on the patch geometry of the first printed side. For this aim two different

experiments were constructed.
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Figure 3.14 The scheme shows the effect of the air plasma treatment during the pCP process.

For the first experiment several square silicon wafer pieces with a size of 1 x 1cm?
were spin coated with 60 pL of the same 4 wt% PEI solution to obtain films with a similar
thickness. Subsequently, the samples were exposed to air plasma treatment under the same
conditions (100 W, 0.2 mbar) but increasing process time (10s - 90s). Afterwards the PEI
film was scratched with a syringe cannula and height measurements were conducted at
two different locations using AFM. The mean height values are plotted against the plasma
etching time in Fig. 3.15. To calculate an etching speed v, of the PEI film a linear fit
was used. Although the fit does not achieve a high quality, a clear trend is visible. The

etching speed extracted from this plot was (1.0 £0.1) nms™!.

This value confirms the
actual etching effect of PEI during the process and gives a good estimation of the etching

speed of uncovered PEI for the given conditions.
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Figure 3.15 The diagram shows the AFM height measurements of PEI films exposed to air plasma
with increasing process time. Every measurement was conducted at two different locations
on the film surface to generate error bars. A linear fit was used to calculate the etching
speed ve of PEI from the slope.

The second experiment was conducted analogous, but with loaded PDMS stamps
after the first printing approach. With this approach, a similar structure as illustrated in

Fig. 3.14 was achieved. Different samples of 4 pm silica spheres were embedded by the
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printing process into a ink film produced by 2 wt% PEI. Afterwards the samples were
exposed to increasing plasma etching times. Subsequently, the particles were released and
the patch thickness was indirectly measured using AFM on the remaining holes on the
dried stamps (compare section 2.10). The mean patch thickness ¢t was plotted against
the plasma etching time in Fig. 3.16. Again, a linear fit was used to calculate the change
of patch thickness during plasma treatment, which resulted in (0.3 +0.1) nms~!. These
results show that the etching speed is reduced to one third due to screening by the silica
particles. Still, this indicates that the introduction of an additional plasma treatment step
during the wCP process would lead to a decrease in patch thickness of the first printed
patch. For a plasma treatment time of 60s the decrease in patch thickness would be 20 nm.
Printing results with low ink concentrations (1 & 2 wt%) did not show a asymmetrical
patch thickness decrease of this magnitude. In fact, the asymmetrical behaviour was only
observed for the highest applicable ink concentration as shown in the last section 3.20.
Considering the last two measuring points in Fig. 3.16, showing almost no difference in
patch thickness between 60s and 90s, a trend is visible. A possible hypothesis is, that the
etching speed is stronger reduced by the shielding silica particles, if the ratio between ink
film and particle size gets smaller and could possible reach a plateau value for the film

thickness (approx. (254 5)nm).
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Figure 3.16 The diagram shows the indirectly measured thickness t of patches exposed to air plasma
with increasing process time. A linear fit was used to calculate the change of patch
thickness with time.
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Additionally, the influence of plasma etching on the patch diameter was investigated,
although DPP results in section 3.20 did not show a significant decrease of this value.
Fig. 3.17 shows the diameter d, which was obtained directly by labelling the released
particle from the previous experiment, measuring them with fluorescence microscope, and
indirectly by using the AFM method on the PDMS stamps. As previously stated in
section 2.10, AFM was in general not used to calculate the patch diameter of the produced
patched particles, due to strong deformation of the remaining polyelectrolyte layer after
release. However, it is clearly visible that the change of d cannot be measured by using the
fluorescence microscope data, because no change within the error range is visible. Even a
trend cannot be detected. Therefore the AFM data was obtained. In comparison to the
fluorescence microscope values, the AFM measurements show an overestimation of the
patch diameter due to contraction of the polyelectrolyte layer outside of the holes after
particle release. This effect leads to an increase of the hole diameter on the PDMS stamps.

Still, the influence of the plasma etching is visible.
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Figure 3.17 The diagram shows measured diameter d of patches exposed to air plasma with increasing
process time. The parameter was investigated with labelled samples using fluorescence
microscope and indirectly using AFM on the dried PDMS stamps after particle release.

The linear fit was applied to the AFM data in Fig. 3.18 and shows a decrease of the
patch diameter d with a value of (5 + 1)nms~!. As for the previous measurement, almost
no change is detectable between 60s and 90s. Nevertheless, these values were included
into the linear fit. Calculation of the patch decrease by using the 60s plasma treatment

during the uCP process gives a possible maximal value of 300 nm. However, this significant
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Figure 3.18 The diagram shows the measured diameter d of patches exposed to air plasma with
increasing process time. The parameter was investigated indirectly using AFM on the
dried PDMS stamps after particle release. A linear fit was used to calculate the change
of d with time.

decrease in patch diameter was not visible for results in section 3.20.

The conducted experiments give an insight of the influence of plasma treatment during
the nCP process on the patch geometry. Model experiments showed that a significant
change of thickness and diameter? is possible. However, these results were solely obtained
by the indirect AFM method and could not be confirmed for the patch diameter by using
fluorescence microscopy. Especially the patch diameter values are prone to overestimation,
due to the ink layer contraction outside of the holes, which is clearly visible in Fig. 3.17.
Futhermore, no significant asymmetrical geometry of the patches was observed for the
DPP results, except for the highest applicable ink concentration. The most likely scenario
is a complete shielding of the underlying PEI (the patch) by the silica particles. As a
result, no significant etching and therefore no patch geometry change occurs. With this
data it is save to say, that the plasma etching is a feasible intermediate process for the
production of 3D DPP, which does not alter the geometrical shape of the first patch. Still,
these results do not explain the asymmetrical patch geometry for DPP particles printed
with the highest applicable ink concentration. Further discussions about this effect will be

conducted in the following section.

e(t) = (0.3 £0.1)nms™%; ve(d) = (5 1) nms™?
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3.3 Discussions and Comparison of Patch Parameters

This section will summarize obtained patch parameters for SPP and DPP of the previous
sections. Initially, an overview of the patch geometry is given for all SPP and DPP printed
with an ink concentration of 1 wt%. SEM images of these samples are displayed in Fig. 3.19
and 3.20 for SPP and DPP, respectively. The obtained patches are subsequently colourized
for better visualization and all pictures possess the same scale, except Fig. 3.20(d), to give

an impression of the achieved functionalization range of this uCP process.

3.3.1 Patch Diameter

The calculated patch diameters d for all samples are displayed in the diagrams of Fig. 3.21.
The corresponding values can be found in section 9.1. In general, the patch diameter
increases with increasing ink concentration and decreases with decreasing particle size. All
SPP samples show a higher patch diameter as the corresponding DPP samples (except
5um with 3 wt%). Patch size distribution shows no significant change within a sphere
size, but a slight broadening with increasing ink concentration. An unusual effect is the
strong broadening of the DPP patch diameter distribution for the highest applicable ink

concentration.

To further investigate this effect the two patches on DPP samples were additionally
classified as larger and smaller patch. With this method, a diameter ratio R between the
larger and the smaller patch was obtained and a mean value was calculated for every printing
parameter (compare section 8.4.1). The resulting values are displayed in Fig. 3.22(b). All
samples have a value below or close to 1.15, except the DPP particles printed with the
highest applicable ink concentration. All of the later samples possess a value above 1.2,
which was chosen as a self-imposed limit for symmetrical DPP. The decreasing diameter
during DPP production and the asymmetrically sized patches for high ink concentration
could evolve based on the same effect. During SPP production, a hard glass substrate is
used as the counterpart of the soft PDMS stamp. In the case of DPP two soft PDMS
stamps are used. As the same force was applied during all printing experiments, a softer
stamp material leads to a damping of printing pressure. Therefore, the particles would not
bend the PDMS stamp to the same degree and the patch diameter would decrease. That is

in particular the case for the second patch as it is only applied during the second step. The
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(a) 5pm SPP (b) 4pm SPP

(c) 2pm SPP (d) 1pm SPP

Figure 3.19 SEM images of all single patched particle sizes printed with 1 wt% PEL
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(b) 4pm DPP

(¢) 2pm DPP (d) 1pm DPP

Figure 3.20 SEM images of all double patched particle sizes printed with 2 wt% PEIL
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Figure 3.21 Diagrams show the patch diameter for all single and double patched particles, including

all particle sizes and PEI concentrations. Error bars represent the standard deviation.
first patch was obtained by printing against a hard glass substrate. However, only high ink
concentrations seem to lead to a significant asymmetrical effect. It is possible that thicker
polyelectrolyte films are not penetrated during the second printing step and therefore the
particles are not completely embedded into the ink. During particle release only a fraction
of the underlying ink is removed and smaller patches, in comparison to the first one, are
produced. All results concerning DPP production are difficult to interpret, but lower ink

concentrations achieve a good quality of trivalent particles with adjustable patch diameter.
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Figure 3.22 Diagrams show the surface fraction of the patch for all SPP and the patch size ratio for
all DPP, including all particle sizes and PEI concentrations. Error bars represent the
standard deviation.

Additionally, another key figure was calculated, which is valuable for particle assembly
experiments. Fig. 3.22(a) shows the surface fraction of the patch Ay for all SPP revealing
the actual functionalized surface area. The corresponding values can be found in section 9.1.
For this method, the patch size was calculated by assuming a disc-like shape for the patch
and calculating the overall surface area of the particles (see section 8.4.1). These values
range from 3.2 % for the 5 pm spheres printed with 1 wt% PEI up to 9.0 % for the 2 um
silica particles printed with 2 wt% PEI, which again shows the broad distribution range
of this process. Controlling the patchiness of particles is an essential property for further

self-assembly experiments.
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Figure 3.23 Diagrams show the patch thickness for all single and double patched particles, including
all particle sizes and PEI concentrations. Error bars represent the standard deviation.

3.3.2 Patch Thickness

The patch thickness ¢t measured indirectly via AFM is displayed in Fig. 3.23(a) for SPP and
in Fig. 3.23(b) for DPP, respectively. The corresponding data is displayed in section 9.1.
As introduced in section 2.5, the height of the PEI films deposited on silica wafer pieces
was already measured. These values are additionally displayed in the diagrams to compare
the measured results with the maximum achievable limit. Remarkably these values are
in perfect agreement with the measured patch thickness for the 5 pm SPP. This course
shows that a complete removal of the underlying PEI layer takes place for this particle
size. Smaller particles achieve only reduced values. These results suggest two different
explanations: First, the kinetic energy, which is produced in the ultrasonic bath during
particle release, is higher for the 5 pnm silica spheres and particle release is therefore faster.
In the case of smaller particles the produced energy is reduced and therefore the release
time is increased. During this longer time period the solvent is able to penetrate the ink
and weaken the cohesion forces inside the PEI. Therefore a partial patch release is possible
due to cohesion fracture and the patch thickness is decreased. The second more feasible
explanation will be discussed in detail in section 5.2. In short, calculations have shown,
that the printing pressure for individual particles decreases with decreasing particle size.
This effect occurs due to a higher packaging of smaller particles and therefore a force
distribution to a greater number of contact areas between the particles and the ink layer.
For this reason smaller particles show thinner patches, as they are not as deeply embedded

into the ink layer compared to the 5 um spheres, because a reduced pressure is applied.

Corresponding t values for DPP are reduced in comparison to the SPP results. As

already explained in the previous section for the patch diameter, this effect seems to be a
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results of the usage of two soft stamping materials in contrast to the hard glass substrate
used for SPP. Therefore, the second patch could be thinner, because particles are not
completely embedded into the ink layer. Interestingly, all sphere sizes show among each
other almost the same patch thickness for ink concentrations between 1 and 3 wt% PEIL. A
reason for this effect is difficult to discuss, as this effect was not visible for SPP particles.
It is possible, that a differentiation is not possible due to the relative broad error margins
and the smaller absolute values. A slight influence of the air plasma etching process is also
still feasible (compare section 3.2.1).

Generally speaking, these results show that the production of real 3D patches is only
to an extent transferable to trivalent particles. SPP reach applicable patch thicknesses
up to 125 nm, while DPP only reach a value of 25 nm. Higher ink concentrations tend to
result in asymmetrical patch geometries. Nevertheless, this effect could be an intended

goal for particles with differently sized patches on the surface.

3.3.3 Patch Yield

A very important factor of this production techniques is a high yield of synthesized patched
particles. The patch yield Y was obtained for 3D SPP and DPP (released in acetone) by
fluorescence microscopy as the mean value of different FITC labelled samples (compare
section 8.4.1). Tab. 3.1 displays the achieved yields for single patched particles and various
printing parameters. Patch yield was not obtained for 1pm silica particles, because of
insufficient data volume.! Fluorescence microscopy was difficult at this particle size due
to high Brownian motion and therefore the identification of real patches. The remaining
SPP sizes show a patch yield over 85 % for all printing parameters. These are excellent
values and could possible be even higher. Due to particle rotation, missing patches could
be concealed behind the sphere, averted from the camera field of view.

The corresponding results for the patch yield of DPP are displayed in Tab. 3.2 and
confirms this explanation. The table shows Yppp values, corresponding only to clearly
visible particles with two distinct patches, and Yspp values, which show only one patch.
In this case, even if particle rotation is present, at least one surface functionalization is
always visible due to the 180° angle between the patches. These results show a mean Yspp

value for all printing parameters of (94 &+ 5) %, which means almost full conversion for the

tPatch yields were not calculated for samples below 50 particles.
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Table 3.1 The patch yield for 3D single patched particles Yspp at different particle sizes and increasing
ink concentration obtained by fluorescence microscope.

PEI [wt%)] YSPP 5um YSPP 4um Yspp 2pm
1 86 % 98 % 87 %
2 90 % 93 % 86 %
3 88 % 86 %
4 92%

Table 3.2 The patch yield for 3D double patched particles Yppp at different particle sizes and
increasing ink concentration. Yspp of the same samples also included.

PEI [wt%] Yppp 5um (Yspp) Yppp 4pm (Yspp ) Yppp 2um (Yspp )
1 69% (96 %) 98% (100 %) 73% (91 %)
5 81% (97%) 8% (93%) 0% (94.%)
3 57% (86 %) 79% (100 %)
4 72% (92 %)

production of 3D single patched particles via microcontact printing. The mean Yppp value
with (76 4+ 11) % ranges clearly below, but some printing parameters remarkably showed
conversions up to 98 %. However, as the production of trivalent particles showed generally
lower performance in comparison to single patched particles, a full conversion is not to be

expected for this by hand approach, without further mechanical assistance.

3.4 Multi Patched Particles'

Following the nCP approach for the production of SPP and DPP using flat stamps, the
possibilities of wrinkled structured substrates were investigated. For this, wrinkled stamps
were produced by stretching and simultaneous air plasma treatment of PDMS pieces
(compare section 2.3). During this research it was discovered, that printing would not
be successful using these stamps due to their hard surface. To achieve wrinkles with
high wavelengths (A > 1pum), a long plasma treatment time is necessary, which results
in a thick silicon oxide layer. This drawback was circumvented by moulding of PDMS

replica of these wrinkles. For this approach, the original PDMS stamp was functionalized

TResults in this section were conducted in cooperation with Daniela John from Fraunhofer IAP. They
are described in detail in her dissertation and in a joint publication.®”:%¢ The underlying concept and data
evaluation were performed together, while Daniela John synthesized the wrinkled substrates and executed
the printing.
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(a) A=1.5pm (b) A =3um

Figure 3.24 SEM images of MPP produced by printing 20 pm silica particles with different wrinkled
stamps loaded with 4 wt% PEI. The decrease of striped structures on the particle surface
with increasing wavelength A is visible.

with n-octyltriethoxysilane by gas phase silanization to passivate its surface. Afterwards
a replica was formed by pouring freshly mixed PDMS over the original stamp. After
crosslinking the two stamps could be separated from each other and the new soft wrinkled

stamp could be used for microcontact printing experiments.

SEM images in Fig. 3.24 display 20 pm silica particles, which were printed from one
side with wrinkles possessing different wavelengths A\. The stamps were loaded with
4 wt% of PEIL A transfer of the striped structure onto the particle surface is clearly
visible. As expected, smaller A values led to a higher number of lines per modification
side (or patch). With a wavelength of 1.5um a patch consists of seven individual PEI
lines was achieved. By doubling the wavelength to 3 nm a number of three to five lines is
visible, depending on the particle and distinctness of the transferred structure. To show
that this line transfer from wrinkled stamps is also feasible for the sandwich approach,
differently labelled polyelectrolyte inks were prepared and printed onto opposite sides of
the particles. The resulting fluorescence microscope images are illustrated in Fig. 3.25.
The figure includes light, fluorescence and overlay images. For these large silica spheres the
line structures are already slightly visible via light microscope. The fluorescence channel
displays the two distinctly labelled particles sides in red and green (RBITC & FITC),
which confirms successful sandwich printing for these set of parameters. The geometry of
sandwich printed MPP is even better visualized via SEM in Fig. 3.25(d). A curiosity of
this approach is the transfer of thick structures rather then lines consisting of polymer
monolayers onto the particle surface. The reason for this observation is an effect during

spin coating of the ink. Investigations on loaded wrinkles showed that the polyelectrolyte
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is filling the grooves during this process rather then evenly distributing across the PDMS
surface. Therefore, the transferred structures are again replicas of the wrinkles. This
transfer from the groove during microcontact printing is known as intaglio printing. In the
course of this dissertation no further experiments were conducted using structured PDMS

or other stamping materials.

(a) Microscope Image of MPP (b) Fluorescence Image of MPP

Q0 .
O C‘Q o

O U
(¢) Overlay Image of MPP (d) SEM Image of MPP

Figure 3.25 Fluorescence microscope and SEM images of sandwich printed 20 pm silica particles using

wrinkled PDMS stamps. The wavelength A\ of the wrinkles is 3 pm. Different coloured

PEI patches were labelled using fluorescein isothiocyanate (green) and rhodamine B
isothiocyanate (red) prior to printing process.
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Self-Assembly of Anisotropic Particles

A detailed evaluation of the achievable geometries of patchy silica particles has been
described in the previous chapter. However, it did not comment on their behaviour in
solution nor on further functionalization methods leading to sophisticated coupling. This
chapter will initially introduce the electrostatic behaviour of divalent particles achieved
by printing with polyethylenimine ink in alcoholic and aqueous solutions, as well as its
particular reaction to changing pH. Furthermore, magnetic, biological and supramolecular
coupling systems specificly, adapted for this puCP process, were investigated to find the

most promising tool for prospective self-assembly experiments.

4.1 Electrostatic Interactions and pH Dependence

Initially, there was a strong expectation to observe random self-assembly behaviour between
the printed particles (SPP & DPP) in aqueous solutions, as the underlying mechanism of
the uCP approach is based on the electrostatic interaction between the negatively charged
particle surface and the positively charged polyethylenimine. However, this effect was not
observed during first microscope experiments in ethanol or water. At first it was assumed
that the labelling agent was responsible for the missing attraction between patches and
particle surfaces. The labelling agent FITC was originally introduced in order to visualize
the patches. FITC reacts with free amine groups on the PEI patch and therefore shields
the positive surface which could interact with particle surfaces. To investigate this effect
experiments without it were conducted.

Fig. 4.1 displays microscope images of 5 um SPP without further functionalization or
labelling with fluorescent dyes. A highly concentrated dispersion of particles in water was
prepared to amplify possible impacts, which would lead to self-assembly. Although some

connected particle are visible at this high concentration, the majority of particles do not
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Figure 4.1 Light microscope images of non-functionalized 5 um SPP printed with 3 wt% PEI and
subsequently dispersed at high concentration in water.

assemble in any manner. Also, no large agglomerates were visible in this sample due to
successful treatment in an ultrasonic bath. A clear indication for no or only insufficient
attraction forces between the two oppositely charged surfaces. It seems that this system

does not fulfil the requirements for coupling behaviour between divalent particles.

Figure 4.2 This series of images shows 4 pnm SPP printed with 3 wt% PEI and labelled with FITC at
a moving ethanol-air interface (striped line).

To proof this statement, a special scenario was documented and analysed using
fluorescence microscopy. The series of pictures in Fig. 4.2 shows a couple of printed and

labelled SPP at a moving ethanol-air interface (striped line). The particles are in direct
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contact with each other, but still retain their rotational freedom without visible attraction
forces between the particle-particle, patch-patch or particle-patch surface. At this point
an attractive coupling between the divalent patches without further chemical or physical

modification was excluded.

SiO X Particles
SiO, Particles after pCP
SiO X Particles in USB with PDMS
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Figure 4.3 Diagram shows the silicon oxide binding energy region measured by XPS.

A reasonable explanation for this behaviour was found by investigating another
peculiarity of PDMS stamps. Commonly the transfer of low molecular weight fragments of
PDMS during printing is possible. These oligomers can contaminate the substrate during
printing, as small chains can diffuse from the inside of the PDMS stamp. Publications on
this effect have shown, that this transfer can be minimized using oxygen plasma treatment
to seal the surface of the stamp by oxidizing PDMS, leading to a silicon oxide layer. 19!
In the course of this research the same process with comparable parameters was used to
prevent sample contamination. Nevertheless, additional XPS experiments regarding this
problem were conducted. Fig. 4.3 shows XPS measurements of the binding energy region
of silicon for three varying samples. The first sample was a blank test of purchased silica
particles. Only one clear signal corresponding to the SiO4 group of silica particles was
observed. The second sample shows silica particles with printed PEI patches. The signal
shows a poorer signal-to-noise ratio due to the low concentration of measured particles

and a slight shift to lower binding energies. This shift can be explained by the presence of

SiO3C and SiO2C;y groups indicating a slight contamination of the printed samples with
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PDMS oligomers. A final experiment was executed to exclude the diffusion of oligomers
from the PDMS stamp during the particle release. For this, blank silica particles were
dispersed in acetone, a piece of PDMS stamp was submerged into the solvent and this
mixture was treated for 25 min in an ultrasonic bath to simulate the particle release process.
The XPS results show again a worse signal-to-noise ratio due to low concentration, however
no shift of the binding energy peak is observed and hence no diffusion of oligomers from
the PDMS stamp during particle release occurs. These results show clearly that a slight
transfer of PDMS oligomers takes places during microcontact printing. Therefore, it is
possible that a small amount of hydrophobic chains are still located on the patch surface
and shield the positive charge of the underlying amine groups. An attractive force between
the silica particle surface and PEI patches would be prevented. These results would explain
the missing strong agglomeration of the printed particles in aqueous solutions. Admittedly,
these findings were initially very unpleasant, because further chemical functionalization
would be impossible due to shielding. However, as the following sections 4.3 and 4.4 will
show, that is not the case. Results indicate only a slight presence of PDMS oligomers,
which do not interfere with patch modification, but do prevent strong agglomeration of

divalent SPP in aqueous solutions, which is a huge benefit for self-assembly experiments.

To additionally investigate the stability of printed PEI patches in water, pH dependent
experiments with SPP were conducted. Fig. 4.4 shows a series of microscope images of
labelled SPP at increasing pH values. Between a pH value of 4 and 10 all particles show
clear patches without any disintegration. The patch stability in water at intermediate pH
values is good, although no time resolved experiments were conducted. It is to be expected,
that during a longer time period polymer chains could dissolve from the patch surface.
Exceeding the iso-electric point of the silica surface or of the polyethylenimine at a pH
of 2 and 12 respectively, a new behaviour becomes observable. Remarkably, PEI patches
detach from the particle surface without losing their structural integrity. This fact is a
strong argument for the used high molecular weight PEI and its particular entanglement
during spin coating. The stability of the PEI patches in water is still intact without
electrostatic stabilization from the particle surface. The detachment itself is explained by
the reduction of charged groups on the silica surface or the polyethylenimine, respectively.
If the pH is reaching values below 3, particle surface groups (e.g. hydroxy groups) will be

protonated and therefore losing the electrostatic bonding. At pH values higher then 11 PEI
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(d) pH = 8 (e) pH = 10 (f) pH = 12

Figure 4.4 Light microscope images of single patched particles at different pH values.

becomes deprotonated leading to the same results. This mechanism could be deliberately
triggered to detach coupled particles, release incorporated nano additives from the patch
into surrounding solvent or to recycle already printed silica particles. Accordingly another

potential function is introduced into this simple system.

4.2 Magnetic Coupling using Superparamagnetic Nanoparticles

As stated before in section 2.9, it is possible to incorporate nano additives into the polymer
matrix of the PEI patches by dispersing them into the polymer ink prior to spin coating.
For that reason, superparamagnetic iron oxide particles were purchased to investigate the
possibility of magnetic field directed self-assembly of SPP particles (Fig. 4.5).192:193 Without
a magnetic field the domains inside of superparamagnetic materials (Weiss domain) do not
possess an external magnetic dipole. However, by applying a field the domains align and a
single nanoparticle exhibits a magnetic dipole 7 # 0.1%4 The proposed concept is based on
the idea that an external magnetic field induces self-assembly between different particles,
by magnetically bonding of their patches. The subsequent addition of a homobifunctional

linker should stabilize the coupling between the PEI patches by crosslinking of free amine
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Assembly in
Magnetic Field P
’ -
Addition of
Crosslinker
° Magnetic Self-Assembly
nanoparticles and Crosslinking

Figure 4.5 Schematic diagram of the SSP coupling using superparamagnetic nanoparticles as nano
additives inside the patches. After applying an external field the printed patches should
assemble and the addition of a homobifunctional linker should enable stable coupling.

groups. After this step the external magnetic field could be removed without losing the
established particle dimers. For other applications a detachment of the particles without
crosslinking could be achieved by simple removal of the external magnetic field. Subsequent
experiments would introduce trivalent particles with two magnetic patches for self-assembly

into particle strings.
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Figure 4.6 Light microscope images show 4 pm SPP with superparamagnetic iron oxide nanoparticles
incorporated into the PEI patch after alignment in the magnetic field and addition of a
homobifunctional crosslinker.

However, although this concept seemed promising and would have been a very elegant
way for self-assembly application, it was experimentally not successful. Fig. 4.6 displays
microscope images of 4 pnm SPP with incorporated superparamagnetic iron oxide nanopar-
ticles after self-assembly between two neodymium magnets and addition of the crosslinking

agent. A detailed protocol can be found in section 8.2.6. The figure shows large scale
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images of magnetic SPP, however non of them showing any observable self-assembly into
dimers. Several attempts have been conducted following slightly adjusted protocols, but
no sufficient dimer formation could be achieved. As there are multiple possible sources of
error leading to an unsuccessful experimental result, this concept was discarded. One of
the first explanations was the failed incorporation of the nano additives into the PEI patch.
As no indirect measurement was possible in contrast to quantum dots (fluorescence signal),
it was not certain if the iron oxide nanoparticles would be embedded into the PEI matrix.
An alternative experiment using 1 pm SPP under otherwise comparable conditions was
conducted showing an unusual results, but simultaneous providing the proof for successful

incorporation of magnetic nano additives into the patches of larger silica particles.

Figure 4.7 Light microscope images show 1 pm SPP with superparamagnetic iron oxide nanoparticles
incorporated into the PEI patch after alignment in the magnetic field and addition of a
homobifunctional crosslinker. Observable lines consisting of superparamagnetic iron oxide
nanoparticles.

Fig. 4.7 displays further microscope images of 1 pm SPP with incorporated magnetic
nano additives after alignment in an external magnetic field. As described in chapter 3 the
polymer ink thickness had to be reduced for printing on smaller silica particles. Therefore
the achieved patch thickness ¢ for 1 pm SPP was reduced to (8 &+ 2) nm. As the used nano
additives possess an average diameter of (20 & 5) nm, they cannot be completely embedded
into the PEI patch, but can be at least attached to the particle surface. The images
show isolated silica spheres and in addition long thin line- or rod-like structures. Some of
these structures reach a length of up to 68 pm. As there are no other components, these

structures must consist of magnetic nanoparticles, which were detached from the PEI patch

and aligned by the external field along the magnetic field lines. During microscope imaging
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the formed structure are still stable. These findings show two important results: First,
the alignment of the magnetic nano additives in an external magnetic field is possible.
Second, the embedding of the nano additives into thicker PEI patches (e.g. on 4 pnm SPP) is
successful, as no self-assembly of iron oxide particles into rod-like structures was observed.
However, these findings also seem to indicate that the magnetic force between different
patches is not strong enough to create a stable bond between the used SPP. Additionally,
it is not clear how the particle interact inside the patches. It could be possible that the
attractive forces of the nano additives only occurs inside the PEI patch and does not
reach below the patch surface. This effect could lead to agglomeration of the nanoparticles
inside the patch or destruction of the surrounding polymer matrix, if the magnetic field
is strong enough. As already mentioned further experiments were discarded, because to
many questions arose during this investigation, leading to too many additional experiments.
This section is intended to be a cause of thought for following research attempts, as it is

not clear if other experimental conditions could still lead to a favourable result.

4.3 Avidin-Biotin Coupling

In contrast to the previously described attempt of incorporating magnetic nano additives
into the PEI patch, this section describes the chemical functionalization of later with
avidin and biotin to induce self-assembly between printed particles. 9196 The avidin-biotin
complex is used in various biotechnological applications due to its high affinity constant
for the production of stable biomolecular structures.'9"1%® Furthermore, the following
approach illustrates the versatility of three-dimensional patches by utilizing the created
unused volume as well as the high density of functional groups on their surface. This concept
using 5pm silica spheres is illustrated in Fig. 4.8. Detailed protocols of the described
approach can be found in section 8.2.5. As a first step, two different particles species were
designed. While both were printed with the same PEI concentration (3 wt%) and under
the same printing condition, one was fluorescent labelled using quantum dots inside the 3D
patch by blending them into the polymer ink prior to printing. After the release in acetone
the quantum dots remain in the thick PEI matrix, adding a further physical properties to
the system. With this approach it is possible to mark certain particles without changing
the chemical surface of the patch or the particle.

Fig. 4.9(a) shows a FM images of the quantum dot labelled species. The fluorescence
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Figure 4.8 Schematic diagram of the synthesis route for avidin and biotin functionalized single
patched particles for the formation of coupled heterodimers.

signal contrast is very good and throughout this research no leakage of quantum dots into
the surrounding solvent was observed. That is a very important factor as other positively
charged surfaces could otherwise be contaminated by the negatively charged quantum
dots, e.g. the PEI patches of the second particle species. For the sake of completeness, a
sample of the second species was labelled with FITC to test for successful printing prior to
further functionalization. The corresponding results are displayed in Fig. 4.9(b). The next
step was the patch modification of labelled and unlabelled species with avidin and biotin,
respectively. The chemical modification was conducted using the established EDC/NHS
method which activates the carboxilic acid groups of avidin and biotin with a reactive
NHS ester. This ester reacts in a second step with the free amine groups on the patch
surface. 199200 Fluorescence microscope images in Fig. 4.9(c) and 4.9(d) were recorded in
PBS-buffer to verify that no agglomeration of the two distinctly functionalized species with
each other took place during this stage (additional images see appendix 9.3.2). Labelled
avidin-SPP and biotin-SPP did not show any agglomeration at this point. Biotin-SPP did
not show fluorescent labelling, as the free amine groups were occupied by the attached

biotin and no subsequent highlighting using FITC was conducted.

Finally, both species were joined and mixed together in water for 15 min. Afterwards
fluorescence microscope images were recorded and are displayed in Fig. 4.10. Due to the
strong binding forces between avidin and biotin, the modified SPP self-assembled into

heterodimers, as only one particle shows a fluorescent signal. It is clearly visible that the
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Figure 4.9 Fluorescence microscope images of labelled SPP prior and after modification with avidin
and biotin via EDC/NHS coupling. Image were taken in water and PBS-buffer respectively.

particles bind along the line connecting their centres, through the labelled avidin-patch.
In order to give a qualitative statement on the achieved coupling, a statistical evaluation
was conducted. For this process, several microscopic images of the mixed sample were
analysed for three different particle species: Coupled heterodimers, free or agglomerated
fluorescent avidin-SPP and the corresponding biotin-SPP. With these values it was possible
to calculate a maximum amount of achievable heterodimers in this sample, consisting
of a single avidin- and biotin-SPP. The corresponding microscope images can be found
in section 9.3.2. With this method a binding efficiency of up to 55 % could be achieved.
This is an impressive value considering the large size of these silica particles (5 pm), the
rather low concentration deliberately chosen and the fact that a successful coupling is only

possible for a direct collision between two complementary patches. The motion of silica
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Figure 4.10 Achieved avidin-biotin heterodimers after joining of both modified particle species.

particles of this size is mainly affected by gravity and not by Brownian motion. Therefore,
the efficiency of the used system is very high and underlines again the high accessibility of

the used 3D patches.

4.4 Supramolecular Coupling using Host-Guest Chemistry'

After the successful coupling of printed particles using avidin and biotin, other coupling
systems with additional functionality were investigated. The light responsive host-guest
chemistry consisting of cyclodextrins (CD) and azobenzenes is a well established and
switchable coupling system.?%17210 The attractive interaction between azobenzene and the
cyclodextrin is based on an entropy gain in solution. The circular cyclodextrin possesses a
cavity and while it is dissolved in water, this space is normally filled with water molecules.
In its non-polar linear E-isomer form the azobenzene can enter this cavity replacing
the water molecules and therefore leading to an increase in entropy. For this reason,
all experiments with this system had to be performed in aqueous solution. Still, this
coupling is not irreversible. The azobenzene is not trapped inside the CD molecule and
is able to freely leave the host molecule. The two substances are in a constant dynamic
equilibrium leaning on the side of the host-guest complex. By radiation of the azobenzene
compound with UV light the molecule can be switch into its polar and bend Z-isomer.

In this chemical configuration the molecule cannot access the CD cavity. Therefore, the

fCyclodextrin and arylazopyrazoles derivates used in this section were kindly synthesized and provided
by Sven Sagebiel from the University of Miinster.
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Figure 4.11 Schematic diagram of cyclodextrin and arylazopyrazole functionalized single patched
particles for the formation of heterodimers.

equilibrium is shifted onto the released form of the guest molecule. A problem of this
azobenzene system is its incomplete photoswitching and the low thermodynamic stability
of the Z-isomer. These problems have been addressed by Stricker et al. by modifying
the chemical structure of this guest molecule by using water soluble arylazopyrazoles
(AAP).2! This coupling system was transferred onto divalent single patched particles and
its concept is displayed in Fig. 4.11. Two different species of SPP were modified with
CD and APP functionalities respectively. This functionalization was conducted similar
to the already described avidin-biotin approach using EDC/NHS coupling, because both
provided molecules possessed a carboxyl group for attachment (compare section 8.2.5).
After functionalization the two species were dispersed in water and afterwards joined and
mixed for 15 min to produce heterodimers. Without any further radiation treatment AAP
molecules possess its non-polar and linear form, which is able to access the CD cavity.
To increase the number of generated heterodimers by improving the collision frequency,
a smaller silica particle size of 2 pym was chosen, in comparison to avidin-biotin coupling.
However, as patch thickness measurements for 2 pm spheres have shown that the value for
t only reaches (19 £+ 5) nm, no quantum dots were incorporated into the PEI patches to

prevent cross contamination of potentially leaking nano additives.

Fig. 4.12 shows microscope images of the coupled heterodimers. In comparison
to previously shown results for the avidin-biotin coupling, the concentration of formed

heterodimers has been significantly increased. Nevertheless, images still show particles
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without coupling partner. A reason for this findings could be a mismatch in numbers of
CD and AAP modified particles in the system. In such a scenario one species could ran
out of possible counterparts. Another point could be insufficient time during self-assembly
or an unsuitable mixing form. The best results concerning this point, were obtained
by carefully tilting of the sample inside a closed vessel, so that the dispersion is fully
moved from one side of the container to the other. More intensive mixing methods, e.g.
ultra sonification, led to no or only insufficient dimer formation. In comparison to the
avidin-biotin coupling, this system seems to be more vulnerable to external kinetic energy,
which could be explained by its dynamic nature and could be deliberately used to cleave
the formed dimers. Still, a binding efficiency was calculated for this system. Corresponding
images can be found in section 9.3.3 (compare Fig. 9.13). Under these condition that the
uncoupled particles consist of an equal amount of CD and AAP modified particle, a binding
efficiency of 72 % was calculated. The usage of smaller silica spheres and the transfer to
another coupling system was therefore successful and even higher binding efficiency could

be achieved.

Figure 4.12 Light microscope images of single patched particles functionalized with cyclodextrin and
arylazopyrazole during their formation into heterodimers.
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4.5 Self-Assembly of Amphiphilic Particles in Various Solvents

Besides the self-assembly investigations on physical incorporation of nano additives and the
chemical modification of the patches, another synthesis route was explored. The concept is
based on the enormous library of easily available silanes, which allows a high flexibility and
a wealth of possibilities for chemicals systems.?!? Combined with simple reaction conditions
it forms an ideal tool for the functionalization of silica particle surfaces. Normally, particle
functionalization is conducted in alcoholic or dry organic solutions based on the reactivity
of the used alkoxysilane. However, for our approach, combining microcontact printing and

silica particle modification, chemical vapour deposition is more suitable.

é

- ol

Chemical
Vapour
Deposition
_

n))))
7—» Hydrophobic Hydrophilic
);

Figure 4.13 Schematic diagram of the synthesis route for amphiphilic SPP, by chemical vapour
deposition of octyltriethoxysilane after the first printing process.

Fig. 4.13 displays the synthesis route of this approach. The idea was to keep the
particles attached to the PDMS stamp after the first printing step. Therefore the blank
silica surface pointed upwards and is easily reachable by chemical vapour. The reaction
can be conducted inside a desiccator with a silane reservoir under reduced pressure in
order to initiate the gasphase reaction. After functionalization the loaded PDMS stamps
can be removed from the desiccator and the modified particles can be released from the
stamp as usual by ultrasonication. For this approach, hydrophobic octyltriethoxy silane
was chosen for the production of highly amphiphilic particles. A detailed description of the
modification process can be found in section 8.2.5. Microscopic images of modified particles,

released from the stamp using acetone and labelled with FITC, are displayed in Fig. 4.14.
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The particles are thoroughly dispersed in ethanol using ultrasonication to observe if the
printing is still successful. An overall great quality of patches on the particles was obtained.
The printing process and especially the particle release mechanism is not prevented by the
vapour deposition or the applied low pressure. Additionally, no large amount of bigger
agglomerations are visible. This means that ethanol is still an adequate solvent for the
modified particles, despite their highly amphiphilic surface. To investigate the influence of
different solvent polarities on the structure formation of amphiphilic particles, modified
particles were transferred into water, ethanol and toluene, thoroughly dispersed using
ultrasound. Afterwards samples were placed into coverglass container with lid to prevent
solvent evaporation and were allowed to self-assemble freely for 30 min. Although all

particles showed good stability in all solvents, small agglomeration could be observed for

all polarities. FM images of these measurements are displayed in Fig. 4.15.

Figure 4.14 Light microscope images of amphiphilic patched particles labelled with FITC dispersed
in ethanol using ultrasonication.

First, amphiphilic particles in water were observed. All three images show small particle
structures aligned and floating. All hydrophilic patches consisting of polyethylenimine
are directed outwards pointing to surrounding water. The particles are connected to each
other with the modified hydrophobic surface. Second, the particles dispersed in ethanol
are shown. These images do not enable distinct statements regarding patch orientation as
some point inwards, but the majority displays the same behaviour as previously observed
for particles in water. Finally, the toluene samples show the complete opposite. All patches
visible for these agglomerations, are directed inwards, shielding the hydrophilic patches

from the non-polar solvent.
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(a) SSP in Water

(b) SSP in Ethanol

(c¢) SSP in Toluene

Figure 4.15 Light microscope images of amphiphilic patched particles labelled with FITC showing
their cluster formation in different solvents.

72



SELF-ASSEMBLY OF AMPHIPHILIC PARTICLES IN VARIOUS SOLVENTS

(a) SSP in water (b) SSP in ethanol (¢) SSP in toluene
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Figure 4.16 Light microscope images of two distinct cluster formations of amphiphilic patched
particles and a schematic diagram illustrating the cluster formation depending on the
relative polarity of the solvent.

This behaviour is described in more detail in Fig. 4.16. Fluorescence images of three
agglomerates in different solvents are displayed, accompanied by two-dimensional sketches
to clarify the evolved structures. By scaling the relative polarity of water to 1.00 the
variation between the solvents becomes more clearly, as ethanol and toluene possess a
relative polarity of 0.65 and 0.10, respectively.?'? The string like structure obtained in
water shows that all hydrophilic patches are turned outwards due to the high polarity
of water. In contrast to this behaviour, the achieved line structure in toluene illustrates
the shielding of patches from the very non-polar toluene. In between, an unstructured
agglomerate in ethanol does not show any preferred direction of the patches. These images
show how a simple intermediate step can alter the behaviour of printed particles in various
solvents. Using this process in combination with other reported coupling systems could
lead to a higher recognition number between particles and prevent wrongly aligned couples.
Furthermore, as already mentioned, this technique is not limited to modification with alkyl
chains as presented here. Silanes with more sophisticated structures or functional groups

could be used to directly induce crosslinking events between particles.
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CHAPTER

Theoretical Considerations and

Control of Printing Pressure

The preceding investigation have shown the achievements of this new microcontact printing
approach and its recognisable scope of application. Certain characteristics however, require
still further considerations. The following topics are mainly accompanied by simple mathe-
matical solutions, which serve as a basis for discussion. First, the recurrent measurement
of relatively broad error margins for patch diameters achieved by all printing conditions
was analysed and its connection to the naturally occurring particle size distribution was
investigated. Second, a more detailed discussion about the differences concerning printing
pressure for various used particles sizes is conducted. This evaluation will conclude in a

new sophisticated method for microcontact printing using centrifugal force.

5.1 Influence of Particle Size Distribution on Patch Diameter

Taking a look at the results for the patch diameter d of single patched particles in Tab. 9.1
a relatively broad standard deviation for almost all particle sizes and printing conditions
becomes obvious. These errors can raise up to 27 % of the measured patch diameter, which
is the case for the 1 um sample. An important point for the quality assessment of this
approach were narrow patch diameter distributions, enabling a way to integrate precise
self-assembling conditions. During investigations for possible factors, which could lead to a
significant broadening of these error margins, the influence of the particle size distribution
was evaluated. This parameter is independent from the used printing procedures and is a
naturally occurring condition for synthesized silica particles. Therefore, it is possible that
the influence will be dependent on the used synthesis route or particle batch.

For this purpose mathematical calculations based on simplified assumptions were

conducted. The goal was to receive an initial impression of the overall impact of this factor.
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Figure 5.1 Schematic illustration of the influence of particle size distribution on the patch diameter.
Four particle sizes (solid line) used in this research, (5.06 £ 0.44) pm, (4.08 £ 0.11) pm,
(2.12+0.06) pm and (1.01 £ 0.10) pm, are depicted inside a thick ink film, with upper
(striped line) and lower (dotted line) size distribution limit. Given variables are particle
radius r, ink film thickness h and half patch diameter x.
Fig. 5.1 illustrates the thoughts behind this approach and the necessary variables. The
sketch shows four particle sizes embedded inside a thick ink layer, as it would be the case
during microcontact printing. Additionally, the upper (striped line) and lower (dotted line)
particle size distribution limit is highlighted. All drawn particles sizes are placed on top

of the PDMS stamp. This instance already demonstrates the three important and very

simplified assumptions used in this calculations:
1. Particles are penetrating the ink layer completely, reaching the PDMS stamp.
2. Ink surface is not disturbed and the layer is not moved during this process.

3. No bending of the PDMS stamp.

All points are obviously a strong simplification of the actual occurring process during
printing. Bending of the PDMS surface is more than likely and the ink layer will somehow
be deformed by the penetrating particles. Still, the goal at this point is not to give a
precise prediction of the achievable patch diameter, as this needs a much more demanding
mathematical construct. The influence of the particle size distribution should be obtained.
Therefore, these assumptions are an immense assistance for keeping the calculations simple,
but meaningful results can be achieved. The diagrams displayed in Fig. 5.2 show the
calculated results. For explanation: The theoretical patch diameter is plotted against the

PEI film thickness for every particle batch with its corresponding particle size distribution.
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In all diagrams the PEI thickness associated with the PEI concentration used for printing
is highlighted at single points on the resulting graph (e.g. two used PEI concentrations for
the 2 pm particles). First, the theoretical diameter was calculated for the mean particle
size. Afterwards, the upper and lower particle size was applied and the resulting data is
plotted as red areas surrounding the mean values. With these data points, the resulting
theoretical error margin e, describing this influence for every particle size was calculated
and can be found in Tab. 5.1. A detailed description of the used calculations can be found

in section 8.4.2.
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Figure 5.2 Theoretical patch diameter as a function of the ink film thickness for all particles. Red
areas highlight influence of the particle size distribution on the patch diameter. Film
thicknesses corresponding to the polymer solutions used experimentally are highlighted in
different colours.

The graphs nicely describe the increasing influence of the particle size distribution on
the absolute patch diameters with increasing film thickness. Furthermore, a clear distinction
between the used particle batches is visible. For example, the calculated influence for the

used (5.06 & 0.44) pm particles is considerably larger in comparison to the (4.08 £ 0.11) pm
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Table 5.1 Theoretical calculated error e, describing the influence of the particle size distribution
for different particles sizes on the patch diameter, which was obtained using a simplified
mathematical calculation.

PEI [wt%] € 5.06 pm € 4.08 pm € 2.12um € 1.01 pm
1 0.13 pm 0.04 pm 0.03 pm 0.07 pm
2 0.18 pm 0.08 nm 0.04 pm
3 0.23 pm 0.121m
4 0.28 pm
1 59 % 23 % 20% 88 %
2 62 % 40 % 27%
3 74 % 48 %
4 88 %

sample as a result of the varying size distribution. In the case of the (1.01 + 0.10) pm
sample, the absolute values describing the influence reach higher numbers in comparison
to the 2 pm silica particles. This influence depends strongly on the used particles or the
synthesis route. Generally, it is more difficult to produce monodisperse silica particles at
larger size (> 1um) in comparison to smaller spheres. The achieved results in Tab. 5.1
are displayed as absolute values and as percentage of the experimentally measured error

margin. All results indicate a feasible and significant influence reaching from 20 % to 88 %.

With these findings, the achieved printing quality has to be discussed anew. As the
broadening of experimentally obtained patch diameter is, too a significant degree, not the
outcome of the actual printing process, but a result of polydisperse particles. The precision
of this new approach is clearly higher than initial results would indicate. Especially
considering the harsh simplification used for this evaluation. Bending and deformation of
the ink layer will certainly increase this effect even further. Furthermore, this evaluation
could reveal another important parameter, which was not discussed until this point: Particle
surface anomaly due to particle history or differences in the synthesis route. Results show
that a large part of the visualized broadening of ds,m is due to particle polydispersity.
In contrast the error margin for da,m seems to originate only to small portion from this
effect. Still, these particles show a considerable patch diameter distribution. The 2 pm
sample was the only purchased silica particle batch delivered dispersed in water and not

in dry state. Additionally, due to its narrow size distribution, a further adaptation of
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a classical silica synthesis procedure using surfactants could be possible. 121124125 Thjig

addition on the other hand could lead to disadvantages during the printing process, which
would manifest in the measured broadening of d. This connection becomes even more
plausible considering that the particle samples with the highest calculated e, values, due to
polydispersity (5 pum & 1pm), are purchased from the same supplier and both samples do
not show stronger additional broadening of d. This indication makes the necessity of precise
particle surface composition and its influence during microcontact printing obvious. Further
results concerning this effect should be greatly considered to increase reproducibility of

this approach and gain a higher comparability between different particle batches.

5.2 Variations of Printing Pressure for Different Particle Sizes

One of the important selection criteria for the usage of polymeric ink in contrast to
molecular inks, was the ability to adjust patch parameters (d, ¢, etc.) at a constant printing
force. This feature would increase the flexibility of this approach considerable, especially in
view of possible up-scaling procedures. Nevertheless, it is evident that during the printing of
micrometer scaled objects even a slight mismatch could lead to significant variations during
printing. As described in detail in section 3.3.2 the measured patch thickness ¢ showed
a decreasing trend for smaller particles. As all printing conditions were kept constant,
the only differentiating parameter was the used particle size. Therefore, investigations
concerning the particle size and the resulting patch thickness were conducted, leading to
an evaluation of pressures during microcontact printing.

Using silica spheres with varying sizes led to the build-up of particle monolayers
with a different packing densities. The illustrations in Fig. 5.3 show the two-dimensional
projection of hexagonal densely packed particle monolayers for the used particle sizes. The
displayed section has a edge length of 20 pm. All particles exhibit a smaller blue circle,
indicating the contact area of the particle surface and the underlying ink layer. For the
calculation of this contact area, the assumptions used in section 5.1 were applied. The
idea behind this calculations was to obtain a printing pressure for a microcontact printing
approach using a 1 x 1cm? substrate while changing the particle size and therefore the
achieved contact area. Again, no bending of the PDMS stamp was included. However,
as this assumption is true for all four calculations, the systematic error is neglectable for

a comparative analysis. A detailed description of the used calculations can be found in
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(c) (2.12 £ 0.06) pm particles (d) (1.01 £0.10) pm particles

Figure 5.3 Illustrations show the monolayer packing of different particle sizes and the blue contact
area between the particle surface and the underlying ink film.
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section 8.4.3. A significant increase of the contact area for smaller particles is already
visible from the shown sketch. Therefore, as the applied printing force is comparable for
all printing experiments (compare section 9.4), a decreasing printing pressure for smaller
particles was expected. The calculated results are shown in Tab. 5.2 as absolute and
relative values scaled to the 5pm sample. An almost linear decreasing trend is visible for
the used spheres. This would certainly confirm the experimentally obtained data, showing
thinner patches for smaller particles. The particles will not be embedded as deeply into
the ink layer as the comparable 5 nm sample, due to decreasing printing pressure for the
individual particle with decreasing sphere sizes.

Several simplification have been made to obtain this evaluation, including no bending
of PDMS, perfect monodisperse particle and no deformation or squeezing of the ink layer.
Due to these simplifications, the obtained results, especially the absolute values, should be
considered with caution. Still, a clear decreasing trend for the printing pressure, which
explains the experimentally measured results, was constructed. In respect to comparable
conditions between all printing experiments, this effect should be taken into account.
However, for the precise tuning of the applied force to counteract this effect, a specialized
instrument would have been needed. The following section will introduce an initial attempt

to enable precise pressure control.

Table 5.2 Calculated absolute and relative printing pressures for used particle sizes.

Sample 5.06 pm 4.08 pm 2.12 pm 1.01 pm
Pressure 889 kPa 718 kPa 375 kPa 181 kPa
Rel. Pressure 100 % 81 % 42 % 20 %

81



THEORETICAL CONSIDERATIONS AND CONTROL OF PRINTING PRESSURE

5.3 Pressure Control using Centrifugal Force'

Until this point, all presented results in chapter 3 and 4 were exclusively produced by
hand, meaning that no mechanical device was used to improve the alignment or pressure
control during microcontact printing. This point alone is a statement for the simplicity
of this approach and how the adjustment of the polymer ink layer on the stamps is able
to finely tune the achieved patch geometry. Nevertheless, as the previous section 5.2 and
its calculation showed, there is obviously a connection between the used particle size, the
applied printing force and the resulting printing pressure of the individual particle. In an
effort to enhance the pressure control during printing, as well as the parallel alignment of
the particle monolayer in respect to the loaded PDMS stamp, a new and innovative design
for microcontact printing using centrifugal forces was developed. The structure of this
advancement will be described briefly in the following section, as well as initial printing

results obtained by this approach.

Stamp Glas with
with Ink Silica Particles
| ]
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Spring Mass
Figure 5.4 Schematic of the inside of the developed centrifuge chamber for microcontact printing of
single patched particles.

The idea was to utilize the rotor of an analytical centrifuge (LUMiFrac) to apply
centrifugal forces onto the used printing substrates. By careful adjustment of the rotation
speed of the rotor, precise tuning of the printing force should be achieved. For this purpose
new centrifuge chambers had to be planed and constructed, whom would fulfil the necessary
specifications. Fig. 5.4 illustrates the rough design of these novel chambers. On the right

hand side of the chamber, the glass substrate with the applied silica particle monolayer is

"The development and construction of the used centrifuge set-up was conducted with the help of
Uwe Rietz and Prof. Dr. Dietmar Lerche from LUM GmbH located in Berlin-Adlershof.
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(c) Washer Height 1.1 mm (d) Washer Height 1.2 mm

Figure 5.5 Light microscope images show single patched particles printed inside the centrifuge
chamber. Higher printing pressures were realized using thicker flat washer.

fixed onto a moveable slide connected to a weight. On the left hand side the corresponding
loaded PDMS stamp is mounted onto an immobile sample holder. Both substrates are
fixated using strong adhesive tapes, which are able to hold the substrates during the
centrifuge printing process. Stamp and particle monolayer are separated by a fine wave
spring. This spring was installed to obtain an automatic detachment of the two substrates
after the printing process. At the start of the experiment the spring separates the two
substrates. By increasing the rotation speed the weight will be pressed to the outside of the
chamber (movement to the left of displayed illustration). During this process, the weight
will work against the spring until the two substrates are connected and the weight touches
the inner metallic cylinder. During this event a signal will be send to the centrifuge software
to confirm successful contact of the substrates. The exact distance between the substrates

and therefore the applied pressure was adjusted using very thin washers, which are installed
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under the relevant substrates. After contact, the rotation speed will be decreased slowly,
while the wave spring is able to detach the printing substrates carefully. With this set-up, a
gentle printing procedure with very good parallel alignment and pressure control is possible.
The LUMiFrac is able to hold eight distinct chambers to conduct simultaneous printing

experiments under various conditions (i.e. different washer selection.)

Table 5.3 The patch yield, diameter and thickness (Y, D, t) for 5um 3D single patched particles
Yspp obtained by centrifuge printing at different printing pressures.

PEI [Wt%] Yb.9mm YI.O mm Yi.l mm Y1.2 mm

3 95 % 92 % 80 % 78 %
PEI [Wt%] dO.Q mm dl.O mm dl.l mm d1.2 mm

3 (2.99 £ 0.23) pm (2.69 +0.24) um (3.01 £0.20)um (3.2 = 2.0) pm
PEI [Wt%] t0.9mm t1.0mm t1.1 mm t1.2mm

3 (74 £ 3) nm (87 £5)nm (83 £ 4)nm (82 £ 6) nm

For initial test experiments 5pm silica particles were printed using a 3 wt% PEI
film. Due to steric reasons, circular glass slides and PDMS stamps were produced, but
otherwise equal preparation conditions for the printing process were used. Starting with
four different washer settings with a thickness of 0.9 mm. 1.0 mm, 1.1 mm and 1.2 mm first
experiments were conducted. The washer thicknesses of 0.9 mm translates into almost
no contact between the substrates, while 1.0 mm gives a complete contact of stamp and
particle monolayer. Thicker washer settings were used to further increase the pressure
during printing. The resulting single patched particles are displayed on the microscope
images in Fig. 5.5. The pictures for all washer settings show a remarkable concentration
of printed particles with very distinct patches. These findings are without a doubt the
best printing results obtained during this research. The patch yield for all samples was
calculated and the numbers are displayed in Tab. 5.3. Due to the high concentration of
printed particles, between 400 and 1500 particles could be counted for this calculation.
Especially the first two washer settings show almost perfect values of up to 92 % to 95 %.
For the observable particles without printed patch it is highly likely, that they are missing
due to rotational mismatch with the microscope focusing plane, meaning the patch side is
directed away from the microscope camera. Higher pressure settings show a drop of patch

yields to 80 % and 78 %, respectively.
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Figure 5.6 Diagrams show the patch diameter and thickness results for all printing pressures tested
inside the centrifuge chamber. Orange line and area represent the corresponding result
with error margin obtained by hand printing for same printing conditions.

The next calculated results were the average patch diameter d for all washer settings.
The received values are displayed in Fig. 5.6 and Tab. 5.3. Starting from the 1.0 mm setting,
a continuous rise of the achieved patch diameter is visible. This behaviour is understandable
as an increasing pressure leads to a stronger penetration of the PEI layer. Additionally, at
higher forces the polymeric film will be squeezed from under the particle, increasing the
patch diameter in the process. The plotted orange line with its surrounding area shows the
corresponding d value with error margin obtained by hand printing. Its mean value lies
slightly below the 1.0 mm washer setting, indicating a higher pressure during centrifuge
printing. However, the achieved d value for the first sample appears out of place. It reaches
a value comparable to the second highest pressure used in this experiment, which is not in
accordance with the explained printing pressure theory. Examining the measured patch
thickness values in Fig. 5.6 and Tab. 5.3 give a possible explanation. Again, starting from
the 1.0 mm setting, a continuous but very low decrease (+ 5nm) of the ¢ value is observable
for increasing printing pressure. As stated above, the PEI layer around the silica particle
will be deformed or even compressed under printing forces. Therefore, a reduced patch
thickness caused by higher printing force becomes comprehensive. Still, the variation is
almost not significant given the error range. That holds also true for the comparison with
by-hand experiments. The corresponding values lies within the newly achieved thicknesses.
In contrast to this result, the 0.9 mm sample exhibits the lowest measured printing pressure.
The here proposed hypothesis for the unusual printing results are, that the particles are
only partially in contact with the PEI layer, leading to a very low patch thickness after
particle release. However, the particles are able to remove a broad area of the top PEI

layer during this process, leading to strong increase in patch diameter. Another point
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could be the missing deformation and compression of the PEI film in contrast to the other
achieved results. If the patch is not compressed under this low pressure, the polymer chains
could possibly swell to a higher degree during microscopic imaging in ethanol, simulating a
generally larger patch geometry. Both explanations are difficult to verify, but should be
given here as considerations. The previously addressed drop in patch yield for increased
washer settings was partially explained during the measurement of the patch thickness
via AFM on the dried PDMS stamps. AFM images of these stamps can be found in the
appendix section 9.2.3 (compare Fig. 9.8). The created holes in the PEI film normally
produced during particle release in acetone show additional, very deep indentations. These
grooves are most likely the results of silica particles being pressed into the PDMS stamps
due to very high pressure. An exemplary topographical presentation of the different stamps
is given in Fig. 5.7. The first diagram displays a hole, which only represents the missing
PEI on top of the PDMS surface, whereas the second shows a deep crack as the result of
the penetrating silica particle. This effect will most likely destroy the underlying polymeric

ink film and therefore reduce the achieved patch yield.
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Figure 5.7 Diagrams show the topographic difference between holes in the PDMS stamp after particle
release for different washer settings. Increased pressure due to a 1.2 mm washer thickness
leads to rupture of the PDMS stamp under the PEI layer (b).

As a conclusion for the obtained results of this new approach, two important points have
to be mentioned: First a remarkable patch yield could be achieved, most likely due to the
precise alignment of particle monolayer and PDMS stamp. The two lowest printing pressures
even showed full conversion under these conditions. Second, the achieved quality of the
patch geometry investigated by fluorescence microscopy is clearly excellent. Unfortunately,
this process does not possess a high up-scaling capability for future applications like
other methods (e.g. roll-to-roll). Nevertheless, for the moment it sets a benchmark as a

production instrument for microcontact printing of silica particles with polyelectrolyte ink.
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Conclusion

This research addressed the question, if it is possible to simplify current microcontact
printing systems for the production of anisotropic building blocks or patchy particles,
by using common chemicals while still maintaining reproducibility, high precision and

tunability of the Janus-balance.

Chapter 2 introduced the microcontact printing materials as well as their defined
electrostatic interactions. In particular polydimethylsiloxane stamps, silica particles and
high molecular weight polyethylenimine ink were mainly used in this research. All of
these components are commercially available in large quantities and affordable, which
gives this approach a huge potential for further up-scaling developments. The benefits of
polymeric over molecular inks was described including its flexible influence on the printing
pressure. With this alteration of the uCP concept, a new method of solvent assisted
particle release mechanism enabled the switch from two-dimensional surface modification to
three-dimensional structure printing on colloidal silica particles, without changing printing
parameters or starting materials. This effect opened the way to use the internal volume of
the achieved patches for incorporation of nano additives, introducing additional physical
properties into the patches without alteration of the surface chemistry.

The success of this system and its achievable range was further investigated in chapter 3
by giving detailed information about patch geometry parameters including diameter,
thickness and yield. For this purpose, silica particles in a size range between 1 pm and
5pm were printed with different ink concentrations to change the Janus-balance of these
single patched particles. A necessary intermediate step, consisting of air-plasma treatment,
for the production of trivalent particles using ,,sandwich” printing was discovered and

comparative studies concerning the patch geometry of single and double patched particles
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Patch Properties Nano Additives

Y Fluorescence
Quantum Dots
:I: PY Magnetism
MNP (Fe / Co)
i . ! °® Plasmon Resonance
Diameter & Thickness Gold Nanoparticle
Coupling Chemistry
Avidin Biotin Photo Responsive Amphiphilic
Complex Coupling Particles

Self-assembly

Figure 6.1 This schematic summarizes roughly the achieved results. Starting with the precise control
over patch properties like diameter and thickness and the ability of incorporation of nano
additives for additional physical properties. Furthermore the researched coupling systems
are presented aiming for self-assembly of particle dimers. A small selection of exemplary
FM and SEM images for single and double patched particles is presented.
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were conducted. Additionally, the usage of structured PDMS stamps during printing was
described. These results demonstrate the excellent precision of this approach and opens
the pathway for even greater accuracy as further parameters can be finely tuned and

investigated, e.g. humidity and temperature during stamp loading.

The performance of these synthesized anisotropic colloids was further investigated
in chapter 4, starting with behaviour studies in alcoholic and aqueous dispersions. Here,
the stability of the applied patches was studied in a broad pH range, discovering a
release mechanism by disabling the electrostatic bonding between particle surface and
polyelectrolyte ink. Furthermore, the absence of strong attractive forces between divalent
particles in water was investigated using XPS measurements. These results lead to the
conclusion that the transfer of small PDMS oligomers onto the patch surface is shielding
charges, preventing colloidal agglomeration. However, based on this knowledge, further
patch modifications for particle self-assembly were introduced including physical approaches
using magnetic nano additives, chemical patch functionalization with avidin-biotin or
the light responsive cyclodextrin-arylazopyrazoles coupling as well as particle surface
modification for the synthesis of highly amphiphilic colloids. The successful coupling, its
efficiency, stability and behaviour in different solvents were evaluated to find a suitable
coupling system for future assembly experiments. Based on these results the possibility of

more sophisticated structures by colloidal self-assembly is given.

Certain findings needed further analysis to understand their underlying mechanics,
including the relatively broad patch diameter distribution and the decreasing patch thickness
for smaller silica particles. Mathematical assumptions for both effects are introduced in
chapter 5. First, they demonstrate the connection between the naturally occurring particle
size distribution and the broadening of the patch diameter, indicating an even higher
precision for this uCP approach. Second, explaining the increase of contact area between
particle and ink surface due to higher particle packaging, leading to a decrease in printing

pressure for smaller particles.

These calculations ultimately lead to the development of a new mechanical micro-
contact printing approach, using centrifugal forces for high pressure control and excellent
parallel alignment of printing substrates. First results with this device and the comparison
with previously conducted by-hand experiments conclude this research. It furthermore

displays the advantages of such a device for future applications using a mechanical printing
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approach, especially for accessing even smaller nano particles with great precision and

excellent yield.

In conclusion, this work demonstrates the successful adjustment of the uCP approach
using commercially available and affordable silica particles and polyelectrolytes for high
flexibility, reduced costs and higher scale-up value. Furthermore, its was possible to
increase the modification potential by introducing three-dimensional patches for additional
functionalization volume. While keeping a high colloidal stability, different coupling systems

showed the self-assembly capabilities of this toolbox for anisotropic particles.
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Zusammenfassung

Diese Forschungsarbeit befasste sich mit der Frage, ob es moglich ist, bekannte Mikrokontakt-
druckverfahren, zur Herstellung von anisotropen Bausteinen (Patchy Particles), weiter zu
vereinfachen. Dabei sollten gangige Chemikalien verwendet werden ohne einen Verlust in

Reproduzierbarkeit, hoher Prézision und Feineinstellung der Janus-Balance zu erleiden.

In Kapitel 2 wurden die verwendeten Mikrokontaktdruckmaterialien sowie deren
elektrostatische Wechselwirkungen vorgestellt. Insbesondere handelte es sich dabei um
Polydimethylsiloxan Stempel, Silikapartikel und hoch molekulare Polyethylenimin Tinte.
All diese Produkte sind kommerziel in grofien und bezahlbaren Mengen erhéaltlich. Nicht nur
die Vorteile von polymeren Tinten im Gegensatz zu molekularen Tinten wurde beschrieben,
sondern auch die hohe Flexibilitdt dieses Verfahrens beziiglich der verwendeten Druckkraft.
Mit dieser Anpassung des Mikrokontaktdrucks, wurde eine neue Methode der Losungsmittel
unterstiitzten Partikelablosung ermoglicht, mit deren Hilfe ein einfaches Schalten zwischen
zwei dimensionaler Oberflachenfunktionalisierung und drei dimensionalem Strukturdrucks
moglich war, ohne Druckparameter oder Startchemikalien zu verdndern. Dadurch konnte
neu erschaffenes internes Volumen verwendet werden um Nanoadditive einzufithren und
so zusatzliche physikalische Eigenschaften zu integrieren, ohne die Oberflichenchemie der
Patches verandert wurde.

Der Erfolg dieses Systems und seine erreichbaren Grenzen wurde griindlichst in
Kapitel 3 erforscht, indem detaillierte Geometrieparameter der Patches einschliellich
Durchmesser, Dicke und Ausbeute, erworben wurden. Hierflir wurden Silikapartikel in einem
GroBenbereich von 1 pum bis 5 pm mit unterschiedlichen Tintenkonzentrationen bedruckt,
um Veranderungen erforschen zu kénnen. Ein notwendiger Luftplasma Atzschritt fiir die

Produktion von trivalenten Partikeln, mit Hilfe des sogenannten ,,Sandwich “-Drucks, wurde
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erldutert und vergleichende Untersuchen von einfach und zweifach modifizierten Bausteinen
wurden durchgefiihrt. Zusétzlich dazu, wurde die Verwendung von strukturierten Stempel
beschrieben. Die Ergebnisse verdeutlichen die exzellente Genauigkeit dieser Methode und
offnet den Weg um eine hoch hoéhere Préazision zu erreichen da weitere Parametere genau
eingestellt und untersucht werden kénnen, z.B. Luftfeuchtigkeit und Temperature wéhrend

der Stempelbeladung.

Die Performance der herstellten anisotropen Partikel wurde in Kapitel 4 mit Verhal-
tensstudien in alkoholischen und wéssrigen Dispersionen getestet. Dabei wurde die Stabilitét
der Oberflachenfunktionalisierungen in einem breiten pH Bereich untersucht. Dadurch
wurde ein Ablésungsmechanismus bei sehr hohen bzw. niedrigen pH-Werten entdeckt,
der zur Deaktivierung elektrostatischer Wechselwirkungen zwischen Partikeloberfliche
und Polyelektrolyte Tinte fithrte. Desweitern wurden die Abwesenheit starker Wechsel-
wirkung der divalenten Partikel in Wasser mit Hilfe von XPS untersucht. Das Resultat
zeigte, dass der Transfer kleinster PDMS Oligomere auf die Patchoberfliche zu einer
Ladungsabschirmung fiihrte. Dadurch konnte Agglomeration verhindert werden. Aufgrund
dieser Ergebnisse wurden weitere Modifikationen fiir Partikelassemblierung durchgefiihrt.
Hierfiir wurde die Einfithrung von magnetischen Nanoadditiven, die Funktionalisierung
mit Avidin-Biotin sowie dem Lichtschaltbaren Cyclodextrin-Arylazopyrazol Komplexen
und die Partikeloberflachenfunktionalisierung zur Herstellung amphiphiler Teilchen un-
tersucht. Die Effizienz der Kopplung, deren Stabilitat sowie das Verhalten in unter-
schiedlichen Losungsmittel wurde beschrieben. Basierend of diesen Ergebnissen konnen

noch anspruchsvollere Strukturen durch kolloidale Selbstassemblierung erzeugt werden.

Einige Ergebnisse dieser Arbeit bendtigten zusétzlicher Analyse um die zugrundeliegen-
den Mechaniken verstehen zu kénnen. Dazu gehorte die relative hohe Streuung des
Durchmessers fiir unterschiedliche Partikelsysteme, sowie das Ausdiinnen des Patches mit
kleineren Silikapartikeln. Mathematische Modelle in Kapitel 5 beschreiben beide Effekte.
Dadurch war es moglich einen Zusammenhang zwischen der naturlichen Partikelgrofien-
verteilung sowie der Verbreitung des Patchdurchmessers festzustellen. Des Weitern konnte
eine Verkleinerung der Druckkraft durch eine Erhéhung der Packungsdichte fiir kleine

Partikel beschrieben werden, wodurch eine Erklarung der Ausdiinnung moglich war.

All diese Berechnung fiihrten schlussendlich zur Entwicklung eines neuen mechanischen

Mikrokontaktdruckverfahrens, welches mit Hilfe von Zentrifugalkréften eine hohe Druck-
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kontrolle und eine exzellente parallele Ausrichtung zwischen den Substraten ermoglicht.
Erste Ergebnisse, sowie deren Vergleich mit bisher erhaltenen Resultaten schlieflen diese
Forschung ab. Des Weiteren zeigt es die Vorteile einer solchen Vorrichtung fiir kommende
Applikationen, besonders um noch kleinere Nanopartikel mit einer hohen Prazision modi-

fizieren zu konnen.

Zusammenfassend ist zu sagen, dass diese Forschung die erfolgreiche Anpassung des
Mikrokontaktdruckverfahrens mit kommerziel erhéltlichen und bezahlbaren Silikapartikeln
und Polyelektrolyten demonstriert, um hohe Flexibilitéit, reduzierte Kosten und ein erweit-
ertes Skalierungspotential zu bieten. Zusétzlich ist es gelungen, die Funktionalisierungs-
dichte zu erhéhen, indem drei dimensionaler Strukturdruck bisher ungenutztes Volumen
schaffen konnte. Wahrend eine hohe kolloidale Stabilitat erhalten blieb, ist es gelungen
unterschiedliche Kopplungssysteme zu nutzen, um das Selbstorganisationspotential dieser

Toolbox fiir anisotrope Partikel aufzuzeigen.
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CHAPTER 8 -

Materials and Methods

This chapter gives data about all utilized chemicals substances and their origin, that is
supplier, synthesis route and corresponding literature source where applicable. Furthermore
detailed information of all investigated methods is given. Analytical instruments and their
application with employed software along with necessary sample preparations are introduced.

Finally, all applied calculations are outlined including defined variables.

8.1 Chemicals

Inorganic particles Dry silica particles with a size of (5.06 £ 0.44) pm and (1.01 £ 0.10) pm
were purchased from Bang Laboratories, with a size of (4.08 + 0.11) ym from Cospheric and
particles in aqueous solution with a size of (2.12 4+ 0.06) um from microparticles. InP based
core-multi-shell quantum dots were provided by the department Functional Materials and
Devices of Fraunhofer IAP. The quantum dots consist of an InPZnS hybrid core covered
with one monolayer of ZnSe and six monolayers of ZnS shells.?'* The ligand shell consisted
of mercaptopropionic acid molecules which were attached to the quantum dot surface via
the thiol group. The peak emission wavelength was 618 nm with a full width half maximum
of 68 nm. The quantum yield of the quantum dots was 34%. Superparamagnetic dextran
nanoparticles consisting of 55 to 85 wt% of iron oxide in a matrix of dextran (40000 Da)
with a size of 20nm were purchased from micromod. Gold nanoparticles with a size of
(25 £ 10) nm were synthesized by reduction of gold(III) chloride trihydrate (Sigma Aldrich)
with sodium citrate (Sigma Aldrich).?'

Stamp Material and Inks Poly(dimethylsiloxane) (PDMS) stamps were prepared from
the Sylgard 184 elastomer kit obtained from Dow Corning as described in the methods

section below. Aqueous solutions (50 wt%) of linear and branched polyethylenimine

95



MATERIALS AND METHODS

(L/BPEI) were purchased from Fluka Chemicals and Sigma Aldrich, respectively with a
molecular weight distribution of 600 to 1000 kg mol~! for both polyelectrolytes. An aqueous
solution of polyacrylic acid (PAA) with a concentration of 45 wt% and a molecular weight

of 8000 g mol~! was acquired from Sigma Aldrich.

Particle and Patch Functionalization 3-Aminopropyltriethoxysilane (APTES) and octyl-
triethoxysilane (OTES) were purchased from abcr GmbH. Fluorescein isothiocyanate
(FITC) was obtained from Sigma Aldrich. Salt free avidin was purchased from Thermo
Scientific and biotin from Applichem. N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC-HC]) from Fluka and N-Hydroxysuccinimide (NHS) from Sigma Aldrich
were used. Arylazopyrazoles and cylclodextrin functionalized with carboxy groups were
kindly provided by Sven Sagebiel from WWU Miinster.42!! Cysteamine was purchased

from Sigma Aldrich.

Solvents Ethanol was purchased from Th. Geyer (reinst), acetone from VWR (ACS
reagent) and Dimethylsulfoxid (DMSO) from Merck (ACS grade). Milli-Q water (Typ 1,
18.2MQ cm) was purified using a Milli-Q Reference water purification system from Merck

with a Biopak Polisher.

Consumables & Miscellaneous Microscope slides (Superfrost, 90°) and cover slides
(20 x 20mm? and 24 x 60 mm?) were purchased from Carl Roth. For long time experiments
a Chambered #1.5 German Coverglass system with eight wells was used from the company
Tek-Lab. As microscope oil the Type F immersion liquid (n, = 1.56) from Leica was used.
Neodymium magnets with a size of 80 x 80 x 20 mm? and a traction force of 400 kg were
purchased from magnetportal.de. The homobifunctional epoxy-crosslinker Poly(ethylene
glycol) diglycidyl ether (2000 gmol~!) was purchased from Sigma Aldrich. Silica wafer

(Orientation 100, p-type boron) were purchased from CrysTec.
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8.2 Methods

8.2.1 Synthesis of PDMS Stamps

Poly(dimethylsiloxane) (PDMS) was synthesized on the basis of a commercial available
elastomer kit, which consists of monomer and curing agent. To produce flat PDMS stamps
36.3 g of a 10:1 mixture of monomer and curing agent was poured into a clean, plane square
polystyrene Petri dish (side length 12 cm) to obtain a 3mm thick film. The mixture was
degassed over night under ambient conditions. During this time all enclosed air bubbles
ascend from the bulk material and the film was cured for 2h at 80°C. The crosslinked
PDMS was cut into 1 x 1cm? pieces or punched out in circular form with a diameter of
1 cm for further use. To further improve the surface properties and roughness of the PDMS
stamps a second approach was conducted. A piece of silicon wafer (8 x 8 cm?) was cleaned
using a COy snow-jet.2!6 For this the silicon wafer was fixated using vacuum on a hotplate
heated to 200°C. Possible soiling was removed afterwards by a high pressure stream
of accelerated dry-ice, which was produced by gaseous carbon dioxide passing through
an narrow orifice. With this procedure larger particles were sling away due to the high
velocity of the carbon dioxide stream. Furthermore carbon dioxide is a good solvent for
various nonpolar organic chemicals, giving it the ability to remove even remains of organic
solvent. The silicon surface was activated using air plasma treatment (60s, 300 W, 0.2 mbar,
PlasmaFlecto 10) to increase the amount of active surface groups. Finally the silicon
wafer was brought into a desiccator with a reservoir containing 1 mL n-octyltriethoxysilane
(OTES) and a vacuum of 0.2 mbar was applied for 30 min. After this the desiccator was
closed and the silanization process run for 24 h. The wafer was removed from the desiccator
and rinsed thoroughly with ethanol. The modified silicon wafer surface served as a new
interface for the synthesis of exceptional flat PDMS stamps. For this the synthesis as
described above was repeated using the silicon wafer as a bottom piece to produce a replica.
Due to the hydrophilic modification of the silica wafer the PDMS was removable after

curing without any residues.

Preparation of Wrinkled Stamps

For the production of wrinkled substrates from PDMS stamp a clamping device was used.

PDMS stamp with a size of 1 x 2.5 cm? were cut and mounted onto the clamping device.
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Subsequently the stamp was stretched to 130 % of its own length while using air plasma
treatment (1 to 60s, 100 to 300 W, 0.05 to 0.2mbar, PlasmaFlecto 10). After this, the

PDMS stamp was released slowly and carefully, to obtain the wrinkled surface stamps.8”

8.2.2 Silica Particle Monolayer

Silica particles were dispersed in ethanol at different concentrations (see Tab. 8.1), using an
ultrasonic bath for 10 min (37 kHz, Elmasonic P). Microscope slides (VWR) were cut into
1 x 1 cm? pieces, cleaned with ethanol, dried under nitrogen and activated using air plasma
treatment (60s, 300 W, 0.2mbar, PlasmaFlecto 10). Monolayers were obtained by drop
casting 3 ulL of particle dispersion onto the glass substrates. Possible multilayer buildups
were removed during additional uCP steps. For the microcontact printing processes in the
centrifuge chamber, circular cover glasses with a diameter of 1 cm were used as a substrate

to produce particle monolayers.

Table 8.1 Silica particle sizes with corresponding ethanol solution concentrations for the preparation
of particle monolayers on glass substrates.

Particle Size 5.06 pm 4.08 pm 2.12pm 1.01 pm

Concentration 4 wt% 3 wt% 2 wt% 1 wt%

8.2.3 Polyelectrolyte Ink Films and Loading of Stamp Material

The purchased PEI solution was diluted with Milli-Q water to obtain the desired concen-
trations of 1, 2, 3 and 4 wt%. Other polymeric inks were diluted or formulated accordingly.
The surface of flat PDMS stamps was activated using air plasma treatment (60s, 300 W,
0.2mbar, PlasmaFlecto 10). The activated PDMS stamps were loaded with polymer
ink by spin coating 60 nL ink solution of the desired concentration (60s at 4000 rpm /
Laurell WS-650-23B). No further precautions, except storing them in a dust free container,
were conducted until usage for printing. For measuring the film thickness of these samples
cleaned silica wafer pieces with a size of 1 x 1cm? were used as substrate. After spin
coating of the polymeric ink, the film was scratch using a cannula tip and the height profile

was measured using atomic force microscopy.

Incorporation of Nano Additives To achieve additional physical properties inside the

patches nano additives were incorporated. For example 1 wt% of quantum dots were
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added to the polymeric ink solution (with respect to the polymer weight) prior to spin
coating to achieve fluorescent patches. Other research included superparamagnetic iron
oxide and gold nanoparticle, where similar nano additive concentrations were used. For
the incorporation of quantum dots into anionic inks (e.g. PAA) a ligand exchange with

the positive cysteamine was conducted.?!”

8.2.4 Microcontact Printing

Single Patched Particles The fabrication of SPP with 2D or 3D patches was conducted
as follows: A silica particle monolayer on a glass substrate was fixated horizontally using a
vacuum sample holder. A PDMS stamp loaded the polymeric ink film was brought into
contact with the particle monolayer and pressure was applied (approx. 1.3 x 10* Pa, see
Fig. 9.14). During separation process of the stamp and glass substrate, particles were
embedded into the ink film and were removed with the PDMS substrate. The particle
loaded stamp was immersed into 2mL of solvent, choosing ethanol for 2D and acetone for
3D patches, and the particles were released using an ultrasonic bath (37 kHz, Elmasonic P).
Due to the different solubilities of the polymeric inks in the chosen solvent, time needed
for particle release was changed from 10 to 25 min for ethanol and acetone, respectively.
Single patched particles with 2D or 3D patches were collected and concentrated for further

applications using centrifugation.

Double Patched Particles For synthesis of DPP the PDMS stamp after the first printing
step, holding the embedded particles, was etched using air plasma treatment (60s, 300 W,
0.2 mbar, PlasmaFlecto 10) after the separation step. A second printing step was conducted
with a new loaded PDMS stamp. After the separation of the two PDMS substrates, only
the second stamp was used for particle release and further treatment to ensure a high
yield of fully functionalized particles. Solvent assisted particle release was conducted as

described above.

8.2.5 Patch and Particle Functionalization

Silica Particle Modification using Silanes For the surface modification of silica particles,
20 mg of any sphere size were dispersed carefully in 5 mL of concentrated hydrochloric acid
(HCl). Afterwards the dispersion was boiled for 5h to activate the particle surface for

further functionalization. The particles were washed thoroughly in water (3x) and ethanol
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(3x) using centrifugation and redispersion. For the modification using triethoxysilanes, the
particles were dispersed in 5 mL ethanol, stirred rigorously and 100 uL of the respective
silane were added (e.g. APTES). After reacting over night, the particles were washed in

ethanol (3x) to remove excess silane residues and stored in ethanol for further use.
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Figure 8.1 The reaction scheme illustrated here shows the exemplary coupling between fluorescein
isothiocyanate (FITC) and linear PEI. The reaction was conducted in ethanol at ambient
conditions, 218220

Fluorescence Labelling of Patches Fluorescent labelling of patchy particles for mi-
croscopy was conducted as follows: A sample of released particles was centrifuged and
redispersed in a 1 wt% FITC ethanol solution (compare Fig. 8.1). After incubation time of
1min the sample was washed three times in ethanol by centrifugation and subsequent re-
dispersion using ultrasonic bath (37 kHz, Elmasonic P). Alternatively fluorescence labelling
for 3D patches was conduct by introducing quantum dots into the polymeric ink layer prior
to printing. For this, 1 wt% of quantum dots were added to the aqueous polymeric ink

solution (with respect to the polymer weight) and diluted to the required concentration.

Avidin and Biotin Functionalization Patched particles were functionalized with avidin
and biotin by EDC/NHS-crosslinking using their carboxyl group and thereby covalently
bonding them to the amines of the PEI patch. 1 mg of EDC was dissolved in 100 nL. of
PBS-buffer (pH = 7.4), 2mg NHS in 20 pnL. DMSO and 1 mg avidin or biotin was dissolved
in 500 u. PBS-buffer. A released particle sample was collected and then re-dispersed in
100 pL of PBS-buffer. The EDC, NHS and avidin/biotin solution were mixed into additional
100 uL. of PBS-buffer. After 15 min the particle solution was added to this mixture and
the vessel was tilted for 2h (Nutating Mixer). Finally, the functionalized particles were

washed three times with PBS-buffer to remove remaining reagents.
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Arylazopyrazoles and Cyclodextrin Functionalization Patched particles were function-
alized with arylazopyrazoles and cyclodextrin using there carboxyl group and covalently
bonding them to the amine groups of the PEI patch by EDC/NHS-crosslinking. 1 mg of
EDC was dissolved in 100 uL of PBS-buffer (pH = 7.4), 2mg NHS in 20 pL. DMSO and
1mg arylazopyrazoles or cyclodextrin was dissolved in 200 nL. DMSO. A released particle
sample was collected and then re-dispersed in 500 uL. of PBS-buffer. The EDC, NHS and
avidin/biotin solution were mixed into additional 100 nL. of PBS-buffer. After 15 min the
particle solution was added to this mixture and the vessel was tilted for 2h (Nutating

Mixer). Finally, the functionalized particles were washed three times with PBS-buffer to

_N crl J

N O H

N
+

@]
HO-N
O

" O
R.)I\H,R i
O

Figure 8.2 Example reaction scheme of the EDC/NHS coupling between a molecule with carboxyl
group and a primary amine.

remove remaining reagents.

Chemical Vapour Deposition for Amphiphilic Particles The first step of the production
of amphiphilic particles via chemical vapour deposition, was an usual pCP process for
SPP without releasing the particles from the PDMS stamp. The displayed results were
obtained by using 4 pm silica spheres with a PEI concentration of 3 wt% and 2 pm spheres
with 2 wt% PEI. The loaded PDMS stamps were located inside a desiccator with small
solvent reservoir on the bottom. For the hydrophilic modification of the particle surface,

100 nLL of ocytyltriethoxysilane were inserted into the solvent reservoir. The desiccator was
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thoroughly closed and connected to a membrane vacuum pump to apply a pressure of
0.4mbar. After 30 min the vacuum valve was closed and the reaction was conducted for
24 h. Afterwards, the desiccator was open carefully to release entrapped silane vapours
and the PDMS stamps were removed. Further particle release and patch labelling was

conducted as previously described.

8.2.6 Self-Assembly of Superparamagnetic Patchy Particles

Initially, magnetic single patched particles were printed as described above. A concentration
of 4 wt% superparamagnetic nano additives (with respect to the polymer weight) was
chosen inside the polymer ink. After particle release in acetone and cleaning in ethanol, the
magnetic SPP were dispersed in 150 nl. water using ultrasonic bath (37 kHz, Elmasonic P)
and inserted into a Tek-Lab coverglass chamber with lid. The closed container was directly
placed between two neodymium magnets with a distance of 10cm. After 30 min the
homobifunctional crosslinker with epoxy functionality was added (10 pL, 1gL™!) and the
sample remained between the magnets for another 24 h. Finally, the sample was placed

onto the fluorescence microscope for imaging.

8.2.7 Swelling Degree Measurement of Polyethylenimine Films

The swelling degree of PEI films was measured by ellipsometry and samples were prepared
as follows: A piece of silicon wafer (1 x 1cm?) was cleaned using a COy snow-jet. 216
Afterwards the surface was air plasma activated (60s, 300 W, 0.2 mbar, PlasmaFlecto 10)
to remove hydrophobicity. Finally, a 1 wt% PEI solution was spin coated onto the silicon
wafer (60s at 4000 rpm / Laurell WS-650-23B). After drying, the sample was inserted into
a vapour chamber with sight glasses for the optical path of the ellipsometry instrument.

To simulate the situation during particle release, a solvent reservoir was enclosed with the

sample and the film thickness was measured over time.
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8.3 Instruments

Atomic Force Microscope Close-up and precise imaging of the PDMS stamps after
solvent assisted particle release of printed particles was conducted by atomic force mi-
croscopy (AFM) with a Bruker Dimension Icon using Tapping Mode with OTESPA-R3
tips (k = 26Nm™!, fo = 300kHz). Nanoscope (Version 9.1) and Nanoscope Analysis

(Version 1.5) were used for measurements and for the image processing, respectively.

Dynamic Light Scattering and Surface Potential Measurement Particle size and zeta
potential of fully surface functionalized particles were measured with a Malvern Zetasizer
Nano ZS possessing a red 633 nm laser. For data processing the Malvern Zetasizer Software
(Version 7.11) was used. All particle sizes are given as the mean value of the Z-Average of
at least five size measurements with its standard deviation. Values for pH-dependent zeta
potential measurement are mean values of three measuring points for every pH value with

the corresponding standard deviation.

Ellipsometry Film thickness measurement in combination with swelling experiments due
to solvent vapour annealing of polyethyleneimine were conducted using an ellipsometer
from the company Optrel GBR named Multiskop. For data processing the software Elli

(Version 3.2) was used.

Fluorescence and Light Microscope All fluorescence and light microscope (FL/LM)
pictures were taken with a DMi8 (Leica) at different magnifications (20x/40x/63x dry and
100x oil objective). For image processing the LAS X software (Version 2.0.0.14332) from
Leica was used. A 7.5 pL drop of liquid sample was placed in between to microscope cover
slides and for long time experiments or to prevent solvent evaporation, at least 100 pL. were

used inside a eight-well chamber system.

Scanning Electron Microscope For all scanning electron microscopy (SEM) images a
JSM6330F (JOEL) and a GeminiSEM 300 (Zeiss) at an acceleration voltage of 5kV
were used. Before measuring, the samples were sputtered with platinum layer with a
thickness of 4nm. Further image adaptations (e.g. crop picture, insertion of scale bars,
subsequent colouring) was conducted using CorelDRAW (Version 16.4.1.1281) from the

Corel Corporation.
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X-Ray Photoelectron Spectroscopy X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out using an AXIS165 instrument (Kratos Analytical, UK ). Monochro-
matic Al-K, radiation (300 W) was used for excitation. The instrument was run in
electrostatic mode and thermal electrons from a filament were used to neutralize the sample
charges. CASA-XPS software (Version 2.3.16) was used for data processing. All quantifi-
cation was carried out after subtracting a Shirley background and Gaussian-Lorentzian

functions (30% Lorentz) were used for peak fitting.
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8.4 Calculations
8.4.1 Patch Parameters
Patch Diameter

The patch diameter d; was measured using fluorescence microscope image of the labelled
patches for every set of microcontact printing parameters (e.g. 4pm SPP printed with
1 wt% PEI), but for more than one experiment. The mean value of the patch diameter d

was calculated as follows:

d="=" (8.1)

The error margin for the patch diameter eg was calculated as the standard deviation based

on a sample as follows:

Patch Thickness

The patch thickness t; was measured using atomic force microscopy of loaded PDMS stamps
after the solvent assisted particle release in the ultrasonic bath. Due to the remaining
holes inside the ink film, an indirect method of determination of the patch thickness was

possible. The mean value of the patch thickness ¢ was calculated as follows:

n
> ti
=0

g =1

. (8.3)

The error margin for the patch diameter e; was calculated as the standard deviation based

on a sample as follows:

(8.4)
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Surface Fraction of Patch

For a better impression of the range which is available with this approach, the surface
fraction of the patch Ay was calculated. For this, the surface area of the patch was
calculated using the determined patch diameter d for all microcontact printing parameters

and the surface area of the particle with the particle radius r obtained from the supplier:

2
Apate . (4
Ay = 2Pt 009 = 2(2) 100% (8.5)

AParticle T 7.2
Patch Diameter Ratio

To compare symmetry of both patches during the synthesis of DPP the patch diameter

ratio R was calculated as the quotient of the larger and small patch diameter:

diar
R =18 > (8.6)
dsmall

Patch Yield

In the case of SPP the patch yield Yspp was calculated as the ratio of particles with one
clearly visible patch ngpp and number of particles without nwithout plus flawed patches
NFlawed 1N & given sample. For the patch yield of DPP particles Yppp only particles with

two clearly visible patches were accounted for:

NSpp Yopp — NDPP

(8.7)
NWithout T NFlawed NWithout T NFlawed + NSPP

Yspp =

Yield calculations were performed beginning with a particle number of at least 50 per

printing experiment.

8.4.2 Influence of Particle Size Distribution

To calculate the influence of the natural particle size distribution (r £ §) on the patch
diameter d during microcontact printing, the following simple mathematical model was
applied. After printing, the particle is completely emerged into the ink film without
altering its surrounding surface (no deformation of the ink). The particle rests on top of
the PDMS stamp, which is not penetrable and does not bend (see Fig. 5.3). This model

is very simplified and will give an absolute minimum for the influence of the particle size
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distribution, since bending of the soft PDMS stamps is more than reasonable and will
lead to an increase in the absolute patch diameter value. By measuring the polymer film
thickness for the used PEI solutions (compare Fig. 2.10) h was obtained for all samples.
The particle radius r; is taken from the manufacturers records which possesses a certain

range (cv. = coefficient of variation = §). Therefore we are able to use:

(r; — h)2 +22 =12

2

a2 =1 — (r; — h)?

@ =\/r2 — (r; — h)? (88)

= \/r? —r?+2r;h — h?

T =/ 2r;h — h?

With this we are able to calculate the influence limits on the patch diameter d4s as follows:

dis =22 =2\/2(r; £6) -h — h2 (8.9)

The resulting graphs, calculated error describing this influence e, and corresponding

discussion can be found in section 5.1.

8.4.3 Printing Pressure for Different Particle Sizes

In order to calculate the change of printing pressure P for different particle size systems or
flat substrates at a given printing force F', a mathematical model system was constructed
(compare Fig. 5.3). Starting from a square substrate with the surface area Agyys (edge
length a), the amount of monodisperse particles npa¢ with the diameter 2r; which are
necessary to build a dense monolayer on top was calculated. To take into account the
two-dimensional close-packing of equal spheres, the corresponding packaging factor f
was introduced.??! For this two-dimensional projection Apay of the particles space was

introduced:

2
ASubs _a 4

APart f_777‘z23\/§

(8.10)

NPart =

Additionally, the contact area between each particle and the polymer ink Aconpart film

was calculated by using the patch diameter d, obtained in the previous mathematical

107



MATERIALS AND METHODS

assumption (compare section 8.4.2) for different particles sizes without including the

influence of the particle size distribution §:

d,?

AConPart =TT: ? (811)

With this, the total contact area between all particles and the polymer film on the substrate

Acontact could be calculated:

Acontact = AConPart - NPart (812)

Finally the printing pressure for different values of d, representing the various particles

sizes, could be calculated as follows:

Py (8.13)

B F B F
AContact (Clmz ) an ) ™ >
2 r2 32

For better visualization a relative printing pressure P, scaled to the printing pressure of

the 5 pm sample was introduced:

Py

P. =
" P5pm

-100 % (8.14)

The achieved results and their discussion can be found in section 5.2.

8.4.4 Surface Roughness

To compare different PDMS manufacturing processes the roughness of the stamp surface
was obtained using AFM images and the corresponding Nanoscope software. The roughness
parameter R, was calculated following the root mean squared method with yf as the mean

square of the measured height profile across the surface:

(8.15)
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Appendix

9.1 Tables

The tables in this section summarize the achieved results concerning patch diameter d
and thickness ¢ for single and double patched particles (SPP & DPP) with different silica
particles sizes and all applicable ink concentrations. The error margins shown here are

calculated as the standard deviation based on a sample.

Patch Diameter

Table 9.1 Patch diameter d with standard deviation for single patched particles (SPP) at different
particle sizes and increasing ink concentration. Results were obtained using fluorescence
microscopy and measuring the patches in different samples.

PEI [Wt%] d 5pum d 4pm d 2 pm d 1pm

1 (1.80 +0.22) pm (1.72 £ 0.17) pm (1.13 4 0.15) pm- (0.59 =+ 0.08) pm
2 (2.16 +0.29) pm. (2.00 £ 0.20) pm (1.20 + 0.15) pm

3 (2.38 +0.31) pm. (2.23 =+ 0.25) pm

4 (2.57 + 0.32) pm

Table 9.2 Patch diameter d with standard deviation for double patched particles (DPP) at different
particle sizes and increasing ink concentration. Results were obtained using fluorescence
microscopy and measuring the patches in different samples.

PEI [Wt%] d 5pm d 4 pm d 2pm d 1pm

1 (1.96 £ 0.25) pm  (1.72 £ 0.25) pm  (1.01 +0.11) pm (0.50 = 0.07) pm
2 (2.30 £0.25) pm  (1.84 4 0.26) um (1.18 =+ 0.18) pm

3 (2.45+0.31) pm  (2.23 4 0.39) um

4 (2.37 £ 0.45) pm
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Table 9.3 The patch surface area as a fraction of the total particle surface Ay for single patched
particles (SPP) at different particles sizes and increasing polymer ink concentration.

PEI [wt%] Af 5um Af 4ym Af 2ym Af 1ym
1 3.2% 4.6% 8.0% 8.6 %
2 4.7% 6.3% 9.0%
3 5.7% 7.8%
4 6.6 %

Table 9.4 The patch diameter ratio R for double patched particles (DPP) at different particles sizes
and increasing polymer ink concentration.

PEI [wt%) R 5um R 4um Roum Rium
1 1.12 1.16 1.16 1.16
2 1.13 1.16 1.16
3 1.16 1.16
4 1.16

Patch Thickness

Table 9.5 Patch thickness ¢ with standard deviation for single patched particles (SPP) at different
particle sizes and increasing ink concentration. Results were obtained indirectly using
atomic force microscopy on the dried PDMS stamps after particle release.

PEI [wt%) t 5 pm t 4pm t 2um t 1ym
1 (23 +£6) nm (14 +1)nm (11 +4)nm (8+2)nm
2 (48 £ 5) nm (29 + 6) nm (19 £5)nm
3 (82 +4)nm (62 +9)nm
4 (125 + 8) nm

Table 9.6 Patch thickness ¢ with standard deviation for double patched particles (DPP) at different
particle sizes and increasing ink concentration. Results were obtained indirectly using
atomic force microscopy on the dried PDMS stamps after particle release.

PEI [wt%] Af 5ym Af dym Af 2pm
1 (17+£5) nm (8 £ 6)nm (16 +5) nm
2 (26 + 5) nm (19+4)nm (22 £12)nm
3 (33 +4)nm (29 +9) nm
4 (87 £ 7)nm
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9.2 Atomic Force Microscope Measurements

The AFM height images displayed in this section are exemplary measurements of dried
PDMS stamps after particle release. Results show pictures of the first and, were appropriate,
also the second stamp with different silica particles sizes and all applicable ink concentrations.
Calculations concerning the patch thickness ¢ were obtained using additional images which

are not shown here.

9.2.1 Single Patched Particle Stamps

(c¢) 3 wt% PEI - Height 170 nm (d) 4 wt% PEI - Height 230 nm

Figure 9.1 AFM images of PDMS stamps loaded with different PEI concentrations after release of
5 pm silica particles in acetone. Images size 30 x 30 pm?.
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5 e

(a) 1 wt% PEI - Height 50nm  (b) 2 wt% PEI - Height 85nm (c) 3 wt% PEI - Height 160 nm

|
y S {

Figure 9.2 AFM images of PDMS stamps loaded with different PEI concentrations after release of
4 pm silica particles in acetone. Images size 50 x 50 pm?.

- WA S

(a) 1 wt% PEI - Height 50 nm (b) 2 wt% PEI - Height 70 nm

Figure 9.3 AFM images of PDMS stamps loaded with different PEI concentrations after release of
2 pm silica particles in acetone. Images size 25 x 25 pm?.

AT A
(a) 1 wt% PEI - Height 50 nm

Figure 9.4 AFM images of PDMS stamps loaded with 1 wt% PEI after release of 1 pm silica particles
in acetone. Images size 25 x 25 pm?.
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9.2.2 Double Patched Particle Stamps

Figure 9.5 AFM images of the first and second PDMS stamps loaded with different PEI concentrations
after release of 5pm silica particles in acetone. Images size 35 x 35 pm?. Height Scales:
a) 55nm b) 60nm c) 70nm d) 180 nm.
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6 AFM images of the first and second PDMS stamps loaded with different PEI concentrations

9

Figure

after release of 4 um silica particles in acetone. Images size 35 x 35 pm?. Height Scales:

a) 30nm b) 70nm c) 100 nm.
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Figure 9.7 AFM images of the first and second PDMS stamps loaded with different PEI concentrations
after release of 2 m silica particles in acetone. Images size 35 x 35 pm?. Height Scales:
a) 30nm b) 70nm.
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9.2.3 Microcontact Printing using Centrifuge

The AFM height images shown here are exemplary measurement of dried PDMS stamps
after particle release. The displayed results are obtained by using the sophisticated

microcontact printing approach using centrifugal forces (see section 5.3).

(b) Washer Height 1.0 mm

(c) Washer Height 1.1 mm (d) Washer Height 1.2 mm

Figure 9.8 AFM images of dried PDMS stamps after particle release, produced by microcontact
printing via centrifuge set-up. Four different printing pressure indicated by differently
thick washers were used. Images size 30 x 30 pm?. Height Scales: a) 150 nm b) 150 nm c)
150 nm d) 290 nm.
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9.3 Fluorescence and Light Mircroscope Images

9.3.1 Silica Particle Monolayer

The displayed light microscope images should give an impression of the packing density of
different silica particle monolayers and the absence of multilayer formation using the drop

casting approach from alcoholic dispersions at low concentrations (compare section 8.2.2).

(a) 5pm Particle (b) 4 pm Particle

(¢) 2pm Particle (d) 1pm Particle

Figure 9.9 Light microscope images of monolayers consisting of different sized silica particles on glass
substrate produced by drop casting method.
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9.3.2 Avidin-Biotin Coupling

Additional fluorescence microscope images displayed in this section show the behaviour of
avidin and biotin modified single patched particles (SPP) prior and after mixing. Without
mixing the two species, almost no agglomeration is visible. After mixing the formation of

heterodimers becomes noticeable.

Figure 9.10 Fluorescence microscope images of avidin modified SPP dispersed in PBS-buffer.

Figure 9.11 Fluorescence microscope images of biotin modified SPP dispersed in PBS-buffer.
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2 24

Figure 9.12 Fluorescence microscope images of avidin- and biotin-SPP coupled into heterodimers. A
binding efficiency of this coupling system with a value of 55 % was calculated.
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9.3.3 Supramolecular Coupling using Arylazopyrazoles and Cyclodextrin

Light microscope images displayed here should show additional images of the heterodimer
formation of CD and AAP modified particles. Although singular particles are still visible,

the coupling became significant after mixing the two particles species.

Figure 9.13 Fluorescence microscope images of CD- and AAP-SPP coupled into heterodimers.
Presumed that an equal amount of uncoupled particle are modified with CD and
AAP, a binding efficiency of 72 % was calculated.
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9.4 Printing Pressure Measurement

The figure shows the calculated printing pressures for 43 consecutive printing processes
conducted by hand. The pressure was calculated for every point using the area of the
PDMS stamp and the used glass substrate and the weight which was read out with a
balance during the printing procedure. After this the average printing pressure along with

a standard deviation was calculated.

3x10° \
Pressure |
ST Mean Value & Standard Dev
= ; ‘ ‘
=} 1 :
g 20 'H A 1 BN T -
= B B B : 2 :
2 \
S Ix10 N R
Q-‘ |
T T T T T
0 75 100 125 150 175
Time [s]

Figure 9.14 Diagram shows the calculated pressure of 43 printing processes over time. An average
printing pressure of 1.3 x 10* Pa was calculated. The pressure was calculated using the
achieved weight on a balance and the area of the substrates during printing process.
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