TECHNISCHE
UNIVERSITAT
WIEN

Vienna University of Technology

DISSERTATION

Liquid-Repellent Surfaces based on

Nanostructured Silicon Substrates

ausgefihrt zum Zwecke der Erlangung des akademischen Grades eines

Doktors der technischen Wissenschaften (Dr.techn.)

unter der Leitung von
Ao.Univ.Prof. Dipl.-Ing. Dr.techn. Helmuth Hoffmann

Institut 163

fir Angewandte Synthesechemie

eingereicht an der Technischen Universitat Wien,

Fakultat fir Technische Chemie

von

Roland Bittner, BSc. MSc.

0505319
Pannaschgasse 4/11
1050 Wien

Wien, am 31. Oktober 2017 Roland Bittner



[TU L.

Die approbierte  Originalversion  dieser
Dissertation ist in der Hauptbibliothek der
Technischen Universitat Wien aufgestellt und

TURY

http://www.ub.tuwien.ac.at
LARY Universitétsbibliothek

The approved original version of this thesis is
available at the main library of the Vienna
University of Technology.

http://www.ub.tuwien.ac.at/eng




TECHNISCHE
UNIVERSITAT
WIEN

Vienna University of Technology

Ich habe zur Kenntnis genommen, dass ich zur Drucklegung meiner Arbeit unter der Bezeichnung
Dissertation

nur mit Bewilligung der Priifungskommission berechtigt bin.

Ich erklare weiters Eides statt, dass ich meine Dissertation nach den anerkannten Grundsatzen fiir
wissenschaftliche Abhandlungen selbststandig ausgefiihrt habe und alle verwendeten Hilfsmittel,

insbesondere die zugrunde gelegte Literatur, genannt habe.

Weiters erklare ich, dass ich dieses Dissertationsthema bisher weder im In- noch Ausland einer
Beurteilerin/einem Beurteiler zur Begutachtung in irgendeiner Form als Prifungsarbeit vorgelegt

habe und dass diese Arbeit mit der vom Begutachter beurteilten Arbeit Gbereinstimmt.



[TU L.

Die approbierte  Originalversion  dieser
Dissertation ist in der Hauptbibliothek der
Technischen Universitat Wien aufgestellt und

TURY

http://www.ub.tuwien.ac.at
LARY Universitétsbibliothek

The approved original version of this thesis is
available at the main library of the Vienna
University of Technology.

http://www.ub.tuwien.ac.at/eng




Acknowledgments V

Acknowledgments

l-would like to express my deep gratitude to Prof. Helmuth Hoffmann for his intense support and
supervision throughout the whole thesis, always having spare time to give me competent advice

and for giving me the opportunity to work in his group.

| want to thank Prof. Marko Mihovilovic for entrusting me with an employment at the institute
which enabled me doing this work and especially for supporting me beyond that to finish my thesis

in the course of ‘Bildungskarenz’.

| am also particularly grateful for the fruitful scientific cooperation with Prof. Karl Kirchner and for
his effort to establish the organisational foundation allowing me to apply for ‘Bildungskarenz’ in the

first place.

Advice and ionic liquids supplied by Prof. Katharina Schréder has been proven to be indispensable
and greatly enhanced the scope of the work beyond the original intent, setting the course of the

second half of the thesis to a relatively little investigated but highly interesting topic.

| wish to acknowledge the help and productive discussions with Prof. Gernot Friedbacher, granting
me access to the SEM device, providing me with invaluable insights in the etching process and for

encouraging me to accompany him on conferences.

Special thanks have to be given to Elisabeth Eitenberger who eagerly performed all SEM

measurements, also only on short notice, and helped interpreting the results.

It is especially important for me to express a particularly hearty appreciation for the contribution
of Sarah Umdasch whose unconditional support in all its facets regarding the thesis and beyond can

hardly be put into words.

| am very grateful for the ongoing support of my parents for the entirety of my whole studies
without whom it would not have been possible, providing me the necessary spiritual and financial

backing and encouragement to stay on track.

Finally, | want to thank all my colleagues, especially from the groups of Prof. Kirchner, Prof. Linert
and Prof. Weinberger, not only for research related discussions and for occasionally performing an
experiment for me but also for providing an enjoyable working atmosphere, particularly during

lunch and coffee breaks.



Vi Abstract

Abstract

This.work focuses on the preparation of liquid repellent surfaces. We follow two fundamentally
different biomimetic approaches to reach this goal, Cassie-Baxter systems and SLIPS (Slippery Liquid

Infused Porous Surfaces) systems.

Cassie-Baxter systems are commonly found in nature, with the lotus leaf as the most popular
example. They combine high surface roughness and low surface energy to reach superlyophobic
properties with contact angles above 150° and a contact angle hysteresis below 10°. In order to
mimic such a surface, we first employed silver assisted etching of a silicon substrate to create a
rough surface covered in upright standing silicon nanowires. This surface was then coated with a
covalently bound monolayer of an azide-terminated silane, which was subsequently coupled with
a polyfluorinated alkyne in a Huisgen 1,3-dipolar cycloaddition, leading to the desired low surface
energy. This procedure ensures that the second layer is also present on the surface as a monolayer,
maintaining the initial surface structure, while allowing easy variation of the terminal functionality
and adjustment to the demands of different practical applications. Overall, a contact angle of
168 + 3° for water and even more impressively 113 + 2° for ethanol, which is much harder to repel

due to its lower surface tension, was achieved.

While less widespread, SLIPS systems can also be found in nature. For example, carnivorous pitcher
plants use SLIPS surfaces to catch their prey. In general, SLIPS use porous surfaces impregnated
with a lubricant liquid to repel a second, immiscible liquid. The second liquid only comes in contact
with the impregnation liquid. The contact angles are much smaller in SLIPS systems compared with
Cassie-Baxter surfaces but, due to the negligible hysteresis, the slightest tilt of the surface is enough
to detach a drop of probe liquid. In this work, we used ionic liquids as impregnation liquids due to
their extremely low volatility which enhances the longevity of the impregnated surface. After a
screening of a few selected ionic liquids, we found [C;mim][MeSO,4] to be the most suitable
compound to repel even low surface tension liquids. A second, major requirement for a stable SLIPS
system is a suitable coating of the substrate surface prior to impregnation in order to prevent
replacement of the impregnation liquid with the probe liquid. For this purpose, we synthesised a
coating compound that closely matches the surface tension of the impregnation liquid. The coating
was then applied to silicon nanowire substrates prepared by using again silver-assisted etching.
After impregnation with the ionic liquid, the resulting SLIPS was able to repel cyclohexane (roll-off

angle: 1.8 £+ 1.2°) and toluene (roll-off angle: 5 + 0.5°) at minimal substrate tilting.
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Zusammenfassung

In -dieser Arbeit verfolgen wir zwei unterschiedliche, durch die Natur inspirierte Ansatze zur
Herstellung von flissigkeitsabweisenden Oberflachen, ndamlich Cassie-Baxter und SLIPS (Slippery

Liquid Infused Porous Surfaces) Systeme.

Cassie-Baxter Systeme sind in erster Linie durch den Lotus Effekt bekannt. Dabei fiihrt eine
Kombination von rauen Oberflichen mit gleichzeitig niedriger Oberflaichenenergie zu
superlyophoben Eigenschaften mit Kontaktwinkeln tGber 150° und einer Kontaktwinkelhysterese
kleiner als 10°. Um solche Oberflachen nachzuahmen, haben wir Siliziumsubstrate verwendet, die
durch silberkatalysiertes Atzen vollstindig mit aufrechtstehenden Siliziumnanodrahten bedeckt
wurden. Die Oberflichen wurden dann mit einer kovalent gebundenen, Azid-terminierten
Monoschicht versehen, die in weiterer Folge mit einem polyfluorierten Alkin in einer Huisgen 1,3-
dipolaren Cycloaddition umgesetzt wurde, um eine niedrige Oberflachenenergie zu erreichen.
Dadurch liegt eine modifizierte Monoschicht auf der Oberfliche vor und die préaparierte
Oberflachenstruktur bleibt erhalten, aber gleichzeitig konnen durch Variation des Alkins je nach
Anforderung verschiedene Funktionalitdten an die Oberflache gebunden werden. Auf den fertigen
Oberflachen konnten wir sowohl mit Wasser (168 * 3°) als auch mit Ethanol (113 + 2°), das durch

seine niedrigere Oberflichenspannung schwerer abweisbar ist, hohe Kontaktwinkel beobachten.

SLIPS Systeme, die in der Natur beispielsweise bei fleischfressenden Kannenpflanzen zum Fangen
von Insekten vorkommen, bestehen allgemein aus pordsen, mit Impragnierfliissigkeit getrankten
Oberflachen. Eine zweite, unmischbare Flissigkeit, die mit dieser Anordnung in Kontakt kommt,
interagiert dann lediglich mit der Impragnierflissigkeit aber nicht mit dem festen Substrat. Die mit
SLIPS Systemen erreichbaren Kontaktwinkel liegen zwar deutlich unter denen von Cassie-Baxter
Systemen, dafiir zeichnen sie sich durch eine verschwindend geringe Kontaktwinkelhysterese aus,
sodass ein Tropfen bereits bei minimaler Neigung des Substrats abzurinnen beginnt. In dieser Arbeit
konzentrierten wir uns auf die Verwendung von ionischen FlUssigkeiten als Impragnierfliissigkeiten,
da diese schwer fllchtig sind und damit sehr langlebige Systeme moglich sind. Nach einigen
Vorversuchen konnten wir mit [Comim][MeSO,4] eine Impragnierflissigkeit finden, die selbst
Flussigkeiten mit niedriger Oberflachenspannung abweisen kann. Um ein stabiles SLIPS System
darauf aufzubauen, haben wir eine genau auf die Eigenschaften der ionischen Flissigkeit
abgestimmte Beschichtung synthetisiert, und konnten diese auf silberkatalysiert geéatztes
Siliziumsubstrat aufbringen. Das fertige SLIPS System war in der Lage Tropfen von Cyclohexan

(1.8 £1.2°) und Toluol (5 £ 0.5°) nur durch duRerst geringe Neigung abrinnen zu lassen.
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Introduction 1

1 Introduction

Wettability is a fascinating property. There are numerous cases in flora and fauna where only
precisely adjusted wettability enables certain tasks to be fulfilled [1]. Yet they are often overlooked

since their benefit may not be apparent on first sight.

Probably the most commonly given example in this regard is the leaf of the lotus plant [2]. Its
hydrophobic properties allow raindrops to easily roll off the leaf and take dust particles with them
in the process, leaving behind a clean surface which in turn enhances the efficiency for
photosynthesis. Rice plants even bring this to the next level [3]. They have relatively narrow but
elongated leaves. Anisotropic hydrophobic behaviour forces the drop to move along the whole leaf
and prevents it from falling off prematurely. This ensures that each drop cleans a good portion of
the leaf. Similarly wings of different insects like the cicada, flies, moths and many more also show
self-cleaning properties [4-6]. Butterflies use again anisotropic wettability on their wings to guide
water drops away from their body helping them to stay clean in wet environment [7, 8]. The use of
specialized wettability in nature is, however, not confined to self-cleaning. For instance, water
striders rely on their hydrophobic feet to keep them floating on water surfaces [9]. Namib desert
beetle Stenocara sp. was reported to use a sophisticated arrangement of both hydrophobic and
hydrophilic areas on its carapace to collect water from morning dew, guiding it directly into its
mouth in an otherwise arid environment [10]. Also, plants like Euphorbia Polychrome, Echeveria

Schaviana, Echeveria Elegans or Alchemilla Mollis use similar strategies to collect water [11].

In all these cases, it could be shown that in fact only two properties are required to control
wettability. On one hand, the surface energy of the outermost layer largely defines the general
regime in which the overall wettability will be. A low surface energy, due to a thin film of wax or
even proteins, will result in hydrophobic behaviour. Accordingly, high surface energy will give
hydrophilic surfaces. Roughness, on the other hand, enhances prevailing conditions and leads to
more extreme behaviour. This works in both ways, ultimately resulting in superhydrophobic or

superhydrophilic surfaces.

The most distinct way a combination of roughness and low surface energy can lead to hydrophobic
behaviour is if the drop follows the so-called Cassie-Baxter wetting model [12]. Here, the drop only
touches the substrate at the outermost part of the rough surface while air is trapped in the pores
which enhances hydrophobicity leading to sphere-shaped drops. This behaviour can also be

observed at home when for example watering indoor plants with already very dry soil or when
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trying to wet awvery dry kitchen sponge. However, in both these cases, as well as in a lot of cases in

nature; the Cassie“Baxter state is only metastable.

A'slightly more complex self-cleaning surface in nature can be found on snail shells [13] and fish
scales [14]. In those examples the surface is hydrophilic. Thus, when in a wet environment, all pores
are completely filled with water, forming a lubricant to repel oil drops, effectively resulting in an
oleophobic surface. This not only keeps the surfaces clean from contaminants but also inhibits the
attachment of algae or plankton. Pitcher plants, carnivorous plants, which feed on insects or even
small mammals, use an analogous technique to capture their prey [15]. They possess a horn shaped
trap which is oleophobic on the inside due to a lubricating water film. An insect sitting on its rim
will inevitably slide down to the bottom, unable to crawl up due to the slippery surface or fly due

to the constricted space and will be digested.

The wetting state in these examples, consisting of a completely wetted rough surface which is then
able to repel other immiscible liquids, is known as slippery liquid infused porous surface (SLIPS) and
represents the second group of hydrophobic surfaces [16]. Even though both, SLIPS and Cassie-
Baxter states, repel liquids, drops behave fundamentally different in these two states. While drops
in Cassie-Baxter states are remarkable because of their pronounced sphere-shape, SLIPS show
flatter drops but they are much more mobile. A SLIPS surface only has to be tilted ever so slightly

for the drop to start moving off the surface.

The versatile uses of surfaces with special wettability in nature is indeed compelling and exceeds
the small selection of examples given here by far. Inspired by those, there is a multitude of possible
applications where similar properties can be used advantageously. A few examples where
wettability is of pivotal importance for industrial and commercial tasks are given in the following

paragraphs.

Textiles are a prime example where self-cleaning properties are desirable [17]. Properly prepared
hydrophobicity will prevent them from getting dirty in the first place when spilling liquid on them.
Beyond that, growth of bacteria can be inhibited by oleophobicity to avoid smell [18]. There are
already several commercial fabrics incorporating such properties but there is still room for
improvement since the demands on the fabric in day to day use are quite high. They have to
withstand high and low temperatures, direct sunlight and cleaning in washing machines, while
maintaining colour and softness and being producible in a cost-efficient and environmentally

friendly way.
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Anti-freezing’is another important issue for several applications. Layers of ice reduce the efficiency
of refrigerators; air-conditioners, aircrafts and wind turbines. It could be shown that hydrophobic
surfaces can tackle this problem on several fronts. First of all, it was reported that surfaces with low
surface energy require higher supersaturation of water in air before nucleation of small water
drops, enabling condensation, can take place [19]. Subsequent growth of ice is also slowed down
by rough surfaces due to limited heat exchange between ice and substrate [20]. Beyond that,

already formed ice on such a surface is attached much more loosely, facilitating its removal [21].

Corrosion is a major problem for modern economics and environment which can again be
addressed with hydrophobic surfaces [22]. A significant part of current steel production is necessary
just to replace defect parts. It was shown that hydrophobic and oleophobic surfaces are able to
slow down the progression of corrosion by providing a film limiting the contact of the substrate
with solvents or corrosive compounds and therefore inhibiting reactions. There are several
approaches described, working not only for steel but also for aluminium [23], copper [24, 25], zinc

[26] and nickel [27].

Optical devices can also profit from hydrophobic surfaces with self-cleaning properties [28].
Antireflective coatings are already commonly used on lenses. The best example for this are
probably eye-glasses but also solar cells greatly benefit from the absence of reflections. By
modifying the coatings to feature also hydrophobicity, dust can effectively be removed from their
surface, further enhancing the performance. The primary limiting factor here is that the roughness

only can be in the nanometre scale to not undermine the transparency of the device.

There are also reports about drag reduction of water on hydrophobic surfaces [29]. Due to reduced
interactions between water and the substrate, water glides more easily over such surfaces. This can
be advantageous for boats but also for pipe systems. It could be shown that the flow of water
through hydrophobic pipes is improved in comparison to untreated pipes when using the same

pressure.

Another field, where hydrophobic surfaces can be applied, is the separation of oil and water [30,
31]. When using a hydrophobic but oleophilic mesh, water will be repelled and cannot penetrate
the mesh. For organic solvents on the other hand, the mesh will be no hindrance and they will pass
right through it and can be collected separately. Similarly, when such a material is processed in form
of an open-cell foam, it can also be used to absorb oil spills in water, since only oil can enter the

sponge while water will be repelled.
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Wettability.is also'an integral factor for bio-adhesion on surfaces [32]. Proteins tend to stick more
easily'to'hydrophobic surfaces due to their commonly hydrophobic sidechains, whereas hydrophilic
surfaces only lead to loosely bound proteins. The relation between adhesion and wettability can
also be extended to whole cells. For medical application, the prevention of platelet adhesion, which
is a main factor for blood coagulation, is of special importance. Hydrophobic surfaces on implants
or other devices repelling platelets are reported to improve compatibility with blood in in-vitro tests
[33]. A very different application making use of similar properties can be found in paint for ship
hulls. Reduced algae growth on hulls extends the necessary interval for cleaning and repainting to

avoid damage due to biofouling.

Properly controlled wettability can also be used in chemical catalysis. SILP (supported ionic liquid
phases) can be used to immobilize a thin layer of ionic liquid on a porous surface submerged in
another immiscible liquid [34]. If solubilities are well-adjusted, a catalyst then remains dissolved
only in the ionic liquid, while the precursor and the product are mainly dissolved in the second
liquid. The reaction happens then at the interface between those two, which is relatively large due
to the porous nature of the substrate. With this method, reactions can be performed in columns
for even higher yield without the need to covalently bind the catalyst and likely worsen its
performance. Once a robust system is developed, it can then possibly be employed for all kind of

catalysts showing suitable partition equilibria.

Besides the examples listed, which are already largely in commercial use, there are countless other
options to exploit properly selected wettability. It can be used for aquatic vessels moving like water
striders or lab-on-a-chip devices to move drops of samples over a surface with anisotropic or
switchable wettability to the desired location. Basically, whenever a solid is in contact with a liquid,

wettability is a major factor to tune the system properties.

For most of the applications listed above, Cassie-Baxter wetting is the instrument of choice to reach
the desired properties. Thus, there has been put significant effort into mimicking nature and
artificially producing rough surfaces with low surface energy, especially since it is more challenging
to achieve hydrophobic than hydrophilic behaviour. The different approaches can best be classified

in two groups, each with two subgroups.

First of all, there are top-down approaches. These summarize the machining of large pieces of flat,
solid substrates into finer structures by using moulds, lasers or other tools to create surface
roughness. This group can further be divided depending on the surface energy of the substrate. If

materials with low surface energy are used to begin with, no additional modifications are then
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necessary (Approach 1), otherwise a subsequent surface modification is required (Approach 2).
Secondly, 'thereare bottom-up methods. They include approaches where small building blocks
spontaneously self-assemble to form well-organized larger structures. If the building blocks already
show low surface energy, again no subsequent surface modification is necessary (Approach 3),

otherwise a surface coating step must be added (Approach 4).

The four approaches have different advantages and limitations. Approach 1 uses bulk materials
with low surface energy. This makes it most resistant to mechanical damage since scratches only
uncover a surface with again low surface energy. In approach 2 to 4, the substrate can be chosen
freely, but requires the addition of hydrophobic properties on top. The bulk can then be chosen to

meet other requirements of a workpiece except for wettability.

Approach 1 and 3 directly use low surface energy material for producing roughness. This saves a
step in the production process. It also reduces the number of different materials on the surface
making the surface less susceptible to chemical or mechanical damage, since each interface or
compound is potentially a soft spot. On the other hand, when separating the generation of
roughness and the coating with a low surface energy substance, an independent optimization of
those two steps is possible. An overview over the characteristics of the different approaches can be

seenin Table 1.

Approach 1 Approach 2 Approach 3 Approach 4
Substrate independent from

wettability considerations i * * *
Mechanical and chemical stability + +/- +/- -
Roughness and surface energy

independently optimizable i * i *
Minimal preparation steps 1 P 1 2
Different materials 1 2 2 3

Table 1: General characteristic of different preparation methods for Cassie-Baxter systems with + and -
representing advantageous and disadvantageous behaviour, respectively. Approach 1: Top-down
methods applied on low surface energy substrate; Approach 2: Top-down methods applied to any
substrate with subsequent surface modification; Approach 3: Bottom-up methods using low surface
energy building blocks; Approach 4: Bottom-up methods using any building blocks with subsequent
surface modification.

There are numerous specific methods presented in literature to produce Cassie-Baxter systems
according to one approach or the other. Basically, any method resulting in a rough surface is in
theory suitable and can be combined at will with different methods to achieve low surface energy.
Also, if the same general method was chosen by two authors, still they often differ strongly in the
details. It is therefore not possible to present here an extensive list but only a few selected

examples, most of them representing a common class of treatments.
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As an example.following approach 1, it was reported that lotus leaves can be used as templates
[35]:First)ca negativereplica out of poly(dimethylsiloxane) was prepared and it was then again used
as a mould to prepare a positive replica. It was found that the final cast showed similar hydrophobic
behaviour as the original leaf. Another procedure employing approach 1 uses oxygen plasma
treatment of polytetrafluoroethylene (PTFE) substrate [36]. This will create needle-like structures
without significantly changing the surface composition. By altering the duration of the treatment,

the length of the needles could be changed reaching 1 um after 300 s.

Methods following approach 2 often use anisotropic etching. A prime example for anisotropic
etching is photolithography. For example, x-ray lithography was used to create regular patterns of
spikes on a silicon wafer [37]. Subsequent sputtering with gold and treatment with hexadecane

thiol could then create a rough, low energy hydrocarbon surface.

Assemblies from colloidal solutions can be used to produce surfaces according to approach 3. Low
surface energy silica spheres could be produced by using tetraethoxysilane in a sol-gel process and
later adding 1H,1H,2H,2H-perfluorodecyltriethoxysilane to the mixture for surface modification
[38]. These beads could then be applied to glass slides via spin-coating to obtain hydrophobic

surfaces.

Chemical bath deposition can be employed to reach Cassie-Baxter states according to approach 4.
It was reported that a solution of CoCl, and NH,CO can be used to deposit Co(OH); on glass slides
[39]. Under the chosen conditions, growth of ordered single crystals occurred, showing mostly
upwards facing spikes. The needles with a diameter of only about 6.5 nm were then coated with
lauric acid, which gave strong hydrophobic properties. Another quite unusual procedure falling in
this category is the treatment of a glass slide with candle soot [40]. In this work, the fractal-like
structure of nanospheres present in soot was reinforced with tetraethoxysilane in a chemical vapor
deposition process. Then the original nanospheres were removed in a calcination step and the
surface was coated with a polyfluorinated silane leaving a transparent surface with exceptional

liquid-repelling properties.

In addition to using only a single approach, some authors also combine a top-down method with a
bottom-up method to achieve hierarchically structured surfaces [41]. These surfaces typically show
roughness with large features, each of which is then covered again by a rough surface with features
several orders of magnitude smaller. They are known to show even better liquid repellent
properties but are significantly more laborious to produce. The best liquid repellent behaviour

currently known, can be achieved with surfaces featuring overhanging structures forming
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mushroom:-like shapes [42]. However, these formations can virtually exclusively be produced with

highlyelaborate photolithography methods and are therefore not applicable to large areas.

SLIPS systems, like Cassie-Baxter systems, as well need rough surfaces and control over surface
energy. Therefore, in principal, the same four approaches described for Cassie-Baxter systems are
also applicable to them. The two main difference here are, first, that the particular shape of the
rough surface only plays a minor role. Its main purpose is to act as a reservoir for the lubricating
impregnation liquid. Secondly, also the surface energy must not be as low as possible, but it has to
be adjusted precisely to the impregnation liquid, to allow the impregnation liquid to completely
wet the surface regardless of other parameters. The impregnation liquid itself should have low
volatility and should be immiscible with as many probe liquids as possible, since immiscibility is a

basic requirement for a stable system.

To give an example of a SLIPS system described in literature, it was reported that a combination of
photolithography and wet-chemical etching can be used to create a hierarchically structured silicon
substrate [43]. The surface was then coated with a perfluorinated silane and wetted by a spin-
coating process with a perfluoropolyether (DuPont Krytox) to ensure a homogeneous thin film of
the lubricant. Krytox is known to be immiscible with both aqueous as well as several non-aqueous
solvents. The resulting surface could then repel several liquids like water but also ethanol or
heptane. Other authors used photolithography in addition to two different plasma etching steps to
create hierarchically structured surface morphologies on silicon wafers [44]. They then applied a
coating of trichloro(octadecyl)silane (OTS) in solution and dipped the samples either in a silicon oil
or in an ionic liquid (1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide) and removed
it slowly to retain only a thin film on the surface. These surfaces were then able to easily repel drops

of water.

In this work, we focused first on the preparation of Cassie-Baxter systems as liquid-repellent model
surfaces based on silicon as substrate material. Silicon is available in high purity at moderate prices
and is, due toits leading role in semiconductor industry, one of the best studied substrate materials.
Silicon can not only be coated with a wide range of different compounds based on the well-
established trichlorosilane or trialkoxysilane surface coupling technique [45], it can also be
morphologically modified by a wide variety of different techniques [46]. In this work, a metal-
assisted wet-chemical etching technique was employed, which uses metal particles precipitated on
the surface to catalyse anisotropic etching [47], following the previously described approach 2,
which arguably combines the most advantages. Metal-assisted etching in combination with

alkylsilane surface modification was already used before for the preparation of Cassie-Baxter
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systems [48]. However, we wanted to develop a method to coat such surfaces in a two-step process,
in'which'the first step provides a monolayer of a covalently bound precursor which can then further
be transferred into any desired functionality using in-situ surface coupling reactions. This should
provide a toolbox for easy and versatile surface modification and, in our case, allow us to vary

surface energies while maintaining the morphology of the substrate.

Beyond that, we also wanted to prepare SLIPS systems representing a more specialized approach
to liquid repellent behaviour. As substrates, we also wanted to employ silicon wafers treated by
metal-assisted etching for the same reasons mentioned above. The main point distinguishing our
work from existing research should be the chemistry of the impregnation liquid and the coating
used. Whereas most SLIPS systems described in literature to date are based on fluorinated
impregnation liquids and surface modifications, we wanted to explore a new class of impregnation
liquids — ionic liquids. They fulfil the requirements of low volatility and low miscibility with many
other liquids. lonic liquids have the additional advantage that their physical properties can be tuned
over a wide range by varying their chemical composition, which should allow better fine-tuning of
the liquid-repellent properties of the final SLIPS system than with any other impregnation liquid.
Surprisingly, only few reports can be found in literature using ionic liquids as impregnation liquids

for SLIPS [49].
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2 [Theory

2.1 Theoretical Background

2.1.1 Wetting Properties of Flat Surfaces

The main property to distinguish between wetting and non-wetting behaviour is the contact angle.
It was discovered by Thomas Young in the early 19'" century that the contact angle (8) is defined by
the balance of three different forces (Figure 1), the surface energy of solid substrate (y), the surface
tension of the involved liquid (y;) and the interface energy between those two phases (yg;),
resulting in the Young equation [50] (Equation 1). The static contact angle in equilibrium on a flat

surface is therefore also often referred to as ‘Young angle’.

Y

Surface tension

2 P
s Ysi

Surfacé energy Interface Energy

Figure 1: Involved forces at the boundary of a drop according to Young.

cosg = LTst (1)
Vi

Two of the variables occurring in this equation are readily accessible, the surface tension of the
liquid with pendant drop measurements as well as the contact angle using a goniometer, the other
two terms are not directly measurable. In order to be able to solve this equation, an approximation
for one of the two, usually the interface tension, is necessary. There are several different ways to
do so. The first attempt was made by Berthelot in the late 19" century stating that the interfacial
cohesion work is equal the geometric mean of the cohesion work of the solid and the cohesion

work of the liquid.
Ws = JWsW, (2)

The cohesion work in general is thereby the work per area necessary to split the material apart.
When splitting one compound in half, this means that is necessary to expend twice the surface
energy or surface tension since two new areas of the same size are created. When separating two
different phases, one new area for each compound is formed and simultaneously the interface

tension is lost. This can be seen in Equation 3, 4 and 5.
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Ws = 2y (3)
W, =2y, (4)
Wg=vs+vi— Vs (5)

When Equation 2, 3, 4 and 5 are then combined, the Berthelot hypothesis is formed (Equation 6).

Ysi = Vs T Vi — 2{¥sV1 (6)

Fowkes later refined the basic idea how the surface energy is formed [51, 52]. He assumed that the
total surface energy is the sum of different kind of interactions, being dispersive, hydrogen bonds,

acid-base, polar and induction.
Y=yt +yh 4y P 4yt (7)

Dispersive interactions mainly account for London interactions, which are the spontaneous
formation and attraction of dipoles in atoms. Thus, they are ubiquitous in all solids and liquids. The
other terms, since they can all be associated with polar interactions, were later combined by
Owens, Wendt, Kaelble and Rabel into a single parameter [53-55] (Equation 8). Analogous to the
Berthelot hypothesis, they then used the geometric mean of the dispersive and polar components

to form the OWKR approximation (Equation 9).

y=v4+y? (8)
Ysi=7Vs+¥i— 2< vvE+ v le> (9)

For interfaces where only a single kind of interactions can be found, the omnipresent dispersive
interactions, the simpler Berthelot hypothesis is equivalent with the OWKR approximation,
otherwise the OWKR approximation is more reliable. When using any of the two presented
approaches to approximate yg; in Equation 1, it can be seen that only the surface tension of the
liquid and the surface energy of the substrate influence the final contact angle. In order to achieve

liquid repellent behaviour, a high surface tension and a low surface energy is necessary.

2.1.2 Solid Surface Energy Calculations
While there are several methods to calculate the surface energy of a solid, only two are presented
here, which are also being used in this work. A good overview about multiple different methods

was recently presented by Zenkiewicz [56]. The first one discussed here, is the Owens-Wendt
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approach based on their approximation for y5; made in Equation 9. When applying it on Equation
1, Eqguation<10carn be obtained.
2( vitvéd+ /Vf)’f)

0=—F+—~—-1 10
cos VAP (10)

The variables in this equation are the polar and dispersive share of the surface energy, the polar
and dispersive share of the surface tension and the contact angle. In order to use this equation for
the determination of the surface energy, the contact angle of two different probe liquids on the
surface has to be measured. Furthermore, the polar and dispersive share of the probe liquids has
to be known. Only then a solvable system of equations can be established with only two unknown
variables, the polar and dispersive share of the surface energy, and two equations, one for each
probe liquid. The two equations can then be combined and solved for these variables as shown in

Equation 11 and 12.

2
p [VE,¥11(1+cos81)~ [vf;v1,2(1+cos6,)

Vst = (11)
2( /V{ﬂyfz— /Vflyl‘é)
2
o[ JrianaGrcostn- rfiyiaGircossy)
= (12)

Vs = /p d / d.,p
2( ViV~ Vl,ﬂ’l,z)

This method works best if the ratio between polar and dispersive components of the two involved
liquids are as different as possible, since otherwise the denominator in the equations becomes close
to zero, leading to high errors. Also, the liquids should be chosen to avoid contact angles close to

0° or 180° since these extreme contact angles cannot be determined precisely.

The second method presented here, is the so-called Zisman plot. The goal of this method is to
extrapolate the surface tension to the point where the contact angle exactly becomes 0°. At this
point, cos@ in the Young equation (Equation 1) becomes 1 and the equation can thus be rewritten

as Equation 13.

Ys =V T V1 (13)

y; is then known from the extrapolation but, generally, y,; is unknown. However, ¥ has to be
always positive. This means, in any case, this method allows at least the determination of a lower

limit of the surface energy of the solid.
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Under certain conditions, more information can be retrieved. If the surface energy and the surface
tension‘is defined 'completely only by dispersive interaction at the point where the contact angle is
0°, the Berthelot hypothesis (Equation 6) is applicable to approximate y,; there. When replacing y¢;
with the corresponding terms in Equation 13 and simplifying, it can be shown that Equation 14 can

be obtained.

Vs =V1 (14)

From Equation 13 and Equation 14 can be seen that as long as the Berthelot hypothesis is applicable
at the point where the contact angle is 0°, y; has to be zero and knowledge of the extrapolated

surface tension alone is enough to determine the surface energy of the solid.

In order to apply the whole method, it is necessary to obtain the surface tension of a probe liquid
which would resulting in a contact angle of 0°. This is usually done by measuring the contact angle
as a function of the surface tension with subsequent extrapolation. If possible, usually the whole
experimental set-up is chosen to fulfil the Berthelot hypothesis at any point. This, on one hand,
ensures that the Berthelot hypothesis is fulfilled at the only relevant point for the calculation, where
the contact angle is 0°, but it also allows easier extrapolation. It is then possible to apply the

Berthelot hypothesis to the Young equation and use the resulting Equation 15 to fit all obtained

data. This way a linear relation is expected when plotting cosé against —2_ with the slope \/75
N7

cosf = 2\/%— (15)

If the Berthelot hypothesis is not suitable for the whole system, cos@ is usually plotted against y; in
combination with any fit representing the data properly. It has to be stressed again, that for a
precise determination of the surface energy, the Berthelot hypothesis still has to be valid at the
point where the contact angle becomes 0°. Otherwise yg; is greater than 0 at this point and,

according to Equation 13, only a lower limit for the surface energy can be determined.

2.1.3 Wetting Properties of Rough Surfaces

The compound with the lowest surface energy currently known and therefore best suited to repel
liquids is CyoFs42, having a surface energy of 6.7 mJ/m? [57]. However, when looking at different
common organic solvents and calculating their contact angle on CxoFs2 using Equation 1 and 6, it
becomes evident that not even this compound is capable to reach particularly high contact angles

(Table 2).
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y yP yd 0 Ref.

(m)/m?)  (m)/m?)  (mi/m?) ()
Water 72.8 51.0 21.8 113.2 [58]
Nitromethane 36.8 16.5 20.3 98.4 [58]
Benzene 28.4 1.7 26.7 91.6 [59]
Toluene 28.4 2.3 26.1 91.6 [59]
Chloroform 27.2 2.3 24.8 90.4 [58]
1-octanol 26.7 5.4 21.3 89.9 [59]
Dichloromethane 26.5 3.3 23.2 89.7 [58]
Ethanol 22.3 3.3 19.0 84.5 [60]

Table 2: Total, polar and dispersive surface tension of different liquids and calculated contact angle on
a flat CxoF4, surface using the Young equation.

To further enhance the liquid repellent properties of a substrate, roughness can be introduced.
When examining the behaviour of a liquid drop on such a surface, three different states can be
observed. In the Wenzel state [61] (Figure 2) the liquid penetrates the pores of the substrate. The

contact area between the liquid and the substrate is therefore extended by the roughness (r).

Figure 2: Wenzel wetting state.
The same is true for the contact area between substrate and surrounding. The roughness is thereby
defined as the actual surface area divided by the projected geometric area. It must therefore always
be equal to or greater than 1. The contact angle in this state can be described with a modified Young
equation (Equation 1) where y; and y,; have to be multiplied with the factor r to account for the
increased interface area (Equation 16).

TVYs—TVst
Vsl 16
" (16)

cosf* =

When comparing the contact angle of a flat and a rough Wenzel-state substrate, it can be seen that
at a flat contact angel of 90° also the rough contact angle has to be 90°. However, small deviations

from 90° lead to significantly bigger deviations on the rough substrate (Figure 3).
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Figure 3: Calculated rough contact angles as a function of the flat contact angle according to the Wenzel
state.

Another possible behaviour is according to the Cassie-Baxter model [12]. Here the drop only
touches the tips of the rough surface but the inside of the pores stays dry (Figure 4). At the area
between the drop and the rough surface as a whole, the drop is then only partly in contact with the
solid but also with the surrounding. The cosine of the rough contact angle can then be expressed
as the weighted arithmetic mean of the cosine of the contact angle to the substrate and to the
surrounding (Equation 17). The weighting factor (¢) is here defined by the solid fraction at the

interface.

Figure 4: Cassie-Baxter wetting state.

cosf” = ¢ cosbs + (1 — $)cos Bppres (17)

However, if the surrounding is gaseous, the contact angle 6,5 Will be always 180° since liquids
cannot wet gases. The contact angle of a drop in the Cassie-Baxter state will therefore always be

higher than on a flat substrate (Figure 5).
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Figure 5: Calculated rough contact angle as a function of the flat contact angle according to the Cassie-
Baxter state.

Similar to the Cassie-Baxter state is the impregnated Cassie-Baxter state (Figure 6). In this case, the
pores are not filled with air but with the probe liquid itself. The same thoughts also apply here but
with the difference that a liquid will always completely wet itself completely and therefor 6,5

will be 0° in this case (Equation 17, Figure 7).

Figure 6: Impregnated Cassie-Baxter wetting state.
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Figure 7: Calculated rough contact angle as a function of the flat contact angle according to the
impregnated Cassie-Baxter state.

In order to understand which state is the most stable under different conditions, surface
impregnation has to be discussed. When an impregnated surface is extended by a small amount
(dx), the energy of the system changes with the amount of newly formed and lost interface times
the energy of the interface (Equation 18). In this case, the surface area inside of the pores (r — ¢)
will be covered with liquid instead of being dry (y5; — ) and the liquid filling the pores will expose

the newly formed liquid surface area (1 — ¢) to the surrounding (y;).

dE = (1 —¢) Vst — V) dx + (1 — @) y, dx (18)

If the energy change is below 0, a completely impregnated surface is the most stable configuration
since then the expansion of the impregnated area will always stabilize the system. This is true if
Inequation 19 is fulfilled.

1_
cosf > — (19)

Since Cassie-Baxter and Wenzel state require dry pores, at least outside of the contact area, they
cannot be the thermodynamically stable states beyond this point. The only model for which the
requirements are then met, which then also must be the thermodynamically stable one, is the
impregnated Cassie-Baxter model. With the same argument, it can be concluded that below this

point only Cassie-Baxter and Wenzel can potentially be thermodynamically stable.

To further distinguish between Cassie-Baxter and Wenzel, the total energy of a drop being placed

on a rough surface has to be established for both systems, respectively. It is thereby assumed that
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the drop is relatively small, so that deformation due to gravity can be neglected. The drop will then
form'a'spherical.cap. Moreover, the volume of the drop should be the same for both systems. The
amount of liquid inside the pores in the Wenzel state will be neglected for this purpose, since it is
assumed that is very small in comparison to the total volume of the drop. For Cassie-Baxter, the
calculated energy can be seen in Equation 20 with S being the outer surface of the spherical cap

and C being the contact area between drop and substrate.

Ecg = ScYi + CcgPysi + Ceg(1 — @)yi — Cepdys (20)
By using the Young equation as well as Equation 17, it can be simplified to Equation 21.
Ecg = vi(Sce — Ccpcostcp) (21)

In a similar manner, the energy of a drop in the Wenzel state (Equation 22) can be simplified by

using the Young equation and Equation 16 to obtain Equation 23.
Ew = Swyi + Cwrysi — CwTys (22)
Ew = v1(Sw — Cwcosby,) (23)

S and C can be expressed as a function of only the drop volume V and the contact angle 6.

S=02- 2cos€)3\/ Win (24)

(cos3 6—3cosf+2)2

C =sin0 3\/ vin (25)

(cos38-3cosOH+2)2

Since Equation 21 and 23 only differ in their respective indices, insertion of Equations 24 and 25
can be done in a more general approach with x = CB or W leading to Equations 26 and, after some

simplification, Equation 27.

E, = yla\/ ovEin (2 — 2cosB, — sin? 8, cosb,.) (26)

(cos3 6,—3c0s0,+2)2

E, = v, \9V2r {/cos3 6, — 3cosh, + 2 (27)

Inequation 28, which assesses the stability range of the two states, can then be rewritten as

Inequation 29 by using Equation 27 and eliminating identical terms.

Ecg > Ey (28)



18 Theoretical Background

/cos3 B¢ — 3c0sfcp + 2 > 3/cos3 By, — 3cosBy, + 2 (29)

Sincecthe function f (k) = Vk3® =3k + 2 is monotonically decreasing between -1 and 1, it can be

concluded. that.in.order. for Inequation 28 and 29 to be true, Inequation 30 has to be fulfilled.
cosb.g < cosby, (30)

This then results in the following representation of the most stable state in green as a function of

cos6.
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Figure 8: Representation of the most stable wetting state on a rough surface (green) superimposed on
calculated rough contact angles according to the Cassie-Baxter, Wenzel and impregnated Cassie-Baxter
state (black).

But it is not only necessary to discuss the thermodynamic stable state, also metastable states are
of importance. For the purpose of liquid repellent surfaces, this is especially true for the metastable
extension of the Cassie-Baxter state. When the Cassie-Baxter state collapses, the liquid moves down
into the pores and, as soon as the pores are completely filled, the Wenzel state is reached. The
most unstable transition state during this process is when the side walls of the pores are already

wetted but at the bottom of the pores still a thin layer of atmosphere remains (Figure 9).

=N

Cassie-Baxter Transition State Wenzel

Figure 9: Representation of the collapse of the Cassie-Baxter state and transition to the Wenzel state.
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To calculate 'the energy of the transition state, it is easiest to just modify the energy of the Cassie-
Baxter'state. Since in this process the overall drop shape stays the same, when again neglecting the
volume of liquid entering the pores, the contact area between the drop and the surface as well as
the outer surface of the drop is the same for the Cassie-Baxter state and the transition state (C =
Ccg = Crs; S = Scp = Sts). The energy of the transition state can then be calculated by replacing
the surface energy of the side walls of the pores with the interface energy between liquid and solid,

as can be seen in Equation 31.

Ers =Ecg+Cr — D( Vst — ¥s) (31)

As long as this transition state is energetically unfavourable in comparison to the Cassie-Baxter

state, a metastable Cassie-Baxter state may exist (Inequation 32).
Ers > Ecp (32)
Equation 31 and Inequation 32 can then be summarized to Inequation 33.
Cr=D(vst —¥5) >0 (33)

Here C and (r — 1) are always positive, however the term (y5 — ¥s) is only positive as long as

Inequation 34 is true.

Vst > Vs (34)

When putting the OWKR hypothesis (Equation 9) in Inequation 34, Inequation 35 can be formed.

> 2< réyd + Vf)/f) (35)

It can then be further combined with Equation 10 leading to Inequation 36.
cosf <0 (36)

In conclusion, a metastable Cassie-Baxter state is only possible if the contact angle of a liquid on a
flat surface is above 90°. Additionally, judging from Equation 31, the energy difference between the

transition state and the Cassie-Baxter state can be enhanced by increasing the roughness.
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Figure 10: Contact angles of thermodynamic stable states (green) and metastable Cassie-Baxter state
(black) on rough surfaces as a function of the flat contact angle.

2.1.4 Dynamic Contact Angle

Besides the static contact angle, which is the contact angle in equilibrium, also the dynamic contact
angle has to be discussed. When slowly tilting a surface with a drop on it, the liquid will follow
gravity and flow to the lower side of the drop. At the beginning, the position of the contact area
between the drop and the substrate will not change. Consequently, the contact angle on the lower
side will increase, while on the other end the angle will decrease. This will continue until a critical
angle on both sides is exceeded at which point the drop as a whole will begin to move and roll off
of the surface. At this point, the tilt of the samples relative to a horizontal plane is called roll-off
angle. The deviations from the static contact angle during this process are metastable and are due
to activation energy necessary prohibiting reach of equilibrium. The main reason that there is an
activation energy, which has to be overcome before a drop can roll-off, can be explained with

surface roughness. As an example, a drop in the Cassie-Baxter state is shown in Figure 11.

rec.

Figure 11: Advancing and receding contact angle in the Cassie-Baxter state.
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According tothe Cassie-Baxter state, the drop touches only the tips of the substrate. This state was
explained'in 2:1:3"as a combination of contact area to the surrounding at the interface, which has
to show a contact angle of 180°, and contact area to the substrate, which shows a lower contact
angle. This results in a macroscopically observed contact angle somewhere in between (Equation
17). Since the macroscopically observed contact angle is smaller than the contact angle to the
surrounding, all gaps at the interface destabilize the interface area. Analogously, the contact
between drop and substrate stabilize the interface area, perfectly offsetting the destabilizing effect
at the equilibrium. Due to its stabilizing effect, the drop will always touch substrate at its rim. When
tilting the substrate, as in Figure 11, the drop will not move in the beginning on neither side but the
macroscopically contact angle on the left side will decrease, while the contact angle on the right
side will increase. On the left side, the drop will only start to move if the current, metastable and
macroscopically observable contact angle becomes smaller than the equilibrium contact angle to
flat substrate (6, in Equation 17). On the right side, the drop will start moving when the current
contact angle there becomes large enough that the drop overhangs the last column it touches to
such a degree that any point of the drop contour comes in touch with the next, formerly dry,
column. Then, due to its stabilizing properties, the drop will immediately wet the whole tip of the

column.

The same behaviour can be seen in the Wenzel state (Figure 12), which is the most stable state at
static contact angles of around 90° on flat substrate (6s). In order for the drop to move the right
border, it has to wet formerly dry pores on the right first by moving downwards along the column.
On the sidewall of the column, however, the contact angle is locally much smaller than the desired
contact angle of about 90°. The penetration and therefore the movement of the drop are here again
inhibited and even to a much higher degree than it is the case in the Cassie-Baxter state. Similarly,
before moving on the left side, the liquid has to leave the pore even though the local contact angle

on the vertical wall of the pore is much larger than the equilibrium contact angle to flat substrate

(65).
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rec.

Figure 12: Advancing and receding contact angle in the Wenzel state.

The most extreme deviations from the static contact angle, at which point the metastable state
collapses and the drop begins to move, are called advancing angle on the right side of the drop in
Figure 11 and Figure 12 and receding angle on the left side. The difference between those two
angles is known as hysteresis. In both presented models, roughness causes the hysteresis. On solid
surfaces, the existence of a hysteresis is therefore an omnipresent phenomenon, since, even if not
introduced by design, a certain degree of roughness originating from grain boundaries, scratches,
crystallographic defects or at least on an atomic level cannot be avoided. The hysteresis is also
influenced by the energy difference between stabilizing and destabilizing area. This means a drop
in the Cassie-Baxter state showing a contact angle close to 180° will inherently have a lower

hysteresis than one with low contact angle.

2.1.5 Slippery Liquid Infused Porous Surfaces (SLIPS)

Besides reaching high contact angles, another design goal for liquid repellent surfaces can be to
achieve roll-off angle as small as possible. According to 2.1.4, this requires a surface as flat as
possible, but as a consequence high contact angles can no longer be obtained since there is then
no roughness enabling the Cassie-Baxter state. However, it is difficult and tedious work to produce
completely flat solid surfaces without any defects and for thermodynamic reasons they will not stay
clean and defect free for long in most applications. Liquids inherently do not have these problems.
The mobility of the molecules in combination with gravity levels the surface after each distortion
immediately. However, liquids cannot be shaped at will without an outer container, rendering their

surface properties largely unusable for workpieces requiring tilted surfaces.

SLIPS (Figure 13) try to combine the strengths of both aggregate states. The idea is here to use a
rough, solid substrate which is completely wetted with an impregnation liquid (teal). Capillary
forces keep this liquid in place so that it cannot flow off. When a probe liquid (blue) comes in contact
with this arrangement, only the properties of the liquid-liquid interface have to be considered for

wetting purposes, while the underlying solid substrate can be shaped as desired. The surface
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tension of.the impregnation liquid will be abbreviated as y; in this work and interface tensions

follow the‘aiready-introduced scheme.

PN
VU

Figure 13: SLIPS scheme.

There are numerous conditions to be met for such a system to be stable. First and foremost, the
two liquids must not be miscible. Additionally, the energies of different possible arrangements have
to be compared to find conditions favouring the state presented in Figure 13. This can be done by

separating the model in three regions (Figure 14).

N
spdi1

Figure 14: SLIPS regions for stability considerations.

Each region can be considered separately. Region 1 (Figure 15) describes the part without probe
liquid on top. There, the impregnation-liquid can completely wet the pores and the tips (1A) but it
can also just wet the pores with dry tips (1B) or it can completely flow off so that only a dry surface

remains (1C). A Cassie-Baxter state is also an imaginable option (1D).

UL
1A 1B 1C

1D

Figure 15: Different possible wetting states in region 1.

To calculate the energies of the different states, the surface energy, interface energy and surface

tension has to be multiplied with the amount of the respective surface present (Equation 37, 38, 39
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and 40). 7 represents again the roughness and ¢ the solid fraction of the outer surface as

introduced in 211 3¢

Eia=1ys +7i (37)

Eip = —@)ysi + (1 = P)yi + dys (38)
Eic =715 (39)

Eip = =9)s + 2 =Py + dvs (40)

These energies can be compared by forming inequations to find the thermodynamically most stable

Ys—Vsi

i

on one side.

state. Conveniently, all formed inequations can be easily rewritten to express

The results of the individual inequations are shown in Figure 16A as well as the most stable states

f Ys— Vsi

as a function o in Figure 16B. For simplicity reasons, the inequation between state 1B and

4

1D is not shown. However, this inequation is not required to find the thermodynamically most
stable state since at least either 1A or 1C are more stable than 1D and therefore the Cassie-Baxter
state can here be excluded from all further considerations. It is necessary to point out, that in
contrast to chapter 2.1.3 where the Cassie-Baxter state was found to be thermodynamically stable
under certain conditions, the exposition for the considerations done here are different. In chapter
2.1.3 a drop with constant volume was forced on a surface and its behaviour predicted, excluding
a state equivalent to 1C, while here the long-term stability is of interest and therefore a volume

change due to flowing off of impregnation liquid is allowed.

Figure 16: A: Results of the inequations between the energies of the different wetting states in region 1;
B: Most stable state in region 1.
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From these inequations, the way the impregnation liquid behaves on the rough substrate can be

fully predicted by determining %, rand ¢. % is directly accessible by measuring the contact
13

i

angleof the impregnation liquid on the flat substrate and applying the Young equation. r and ¢
may be necessary for the full picture but they are only required to differentiate between state 1B
and 1C. However, the only state capable to function as a SLIPS system is state 1A. In the other states,
the solid surface would be at least partially exposed to the probe liquid when it comes in contact

with the surface. It can be concluded that the contact angle of the impregnation liquid on a flat

substrate has to be 0° (% => 1) in order for the liquid to behave according to state 1A when

i

using the same combination of liquid and solid on a rough substrate (see Equation 1).

Similar considerations can be made for the states of region 2 by simply replacing y; with y;; and y,
with y; (Figure 17 and Figure 18). Because of the results in region 1 an equivalent of state 1D is no

longer necessary.

2A 2B 2C
Figure 17: Different possible wetting states in region 2.
Exa=1ysi +va (41)
Expg=T—P)vsi + (A=) vy + dvs (42)

Ezc =7Ys1 (43)
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Figure 18: A: Results of the inequations between the energies of the different wetting states in region 2;
B: Most stable state for region 2.

In region 2, again, the only term necessary to distinguish between the desired 2A state, with all

solid features submersed in impregnation liquid, and the rest is % This one can also be directly
il

acquired by using the Young equation and measuring the contact angle of the impregnation liquid

on the flat solid substrate but this time with probe liquid as surrounding. Also in this case, a contact

angle of 0° is needed (% > 1).
il

For both region 1 and 2 the behaviour so far was described using only the static contact angle.
However, this is not sufficient to reliably predict the SLIPS system, since the static contact angle
merely defines the state with the lowest energy. Much more revealing is the advancing and the
receding contact angle, since they describe the thresholds where spontaneously changes happen.
An advancing contact angle of 0° of the impregnation liquid on the substrate with either air or probe
liquid as surrounding means thereby that, no matter the current state the liquids are in, it will
immediately switch to state 1A or 2A, respectively. Once state 1A or 2A is formed, a receding
contact angle of 0° is required to prevent the liquids to spontaneously switch to any other state.
Receding contact angles are generally lower than advancing ones. Thus, it is easier to establish
conditions maintaining the SLIPS system than creating it. This means, it is necessary under all used
surroundings to have a receding contact angle of the impregnation liquid on the substrate of 0° to
maintain the SLIPS and it is necessary to have at least one surrounding which also gives an advancing

contact angle of 0° to form the SLIPS state.

Finally, this leaves region 3 to discuss. Here only the behaviour of the two liquids is of interest. The
first issue is complete wetting of the probe liquid on the impregnation liquid (Figure 19). This is

problematic since the probe liquid will not flow entirely of the surface when tilted but a thin film
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will remain. The condition to avoid this problem can be simply derived from the Young equation

with non-complete wetting occurring if —y";y” < 1.
l

—_— B

0=0° f>0°
Figure 19: Transition between complete (6 = 0°) and non-complete (6 > 0°) wetting on SLIPS.
The final issue regarding thermodynamic stability is so-called cloaking (Figure 20). Here the
impregnation liquid is sucked out of the pores and forms a thin layer around the probe liquid. To
determine the transition, the energies of the two states have been calculated and compared. Since
ultimately only the inequation between Ej o, cioaking @nd Ecioaking is of interest, terms identical

for both energies can be neglected.
| /‘\ | m

non-cloaking cloaking

Figure 20: Transition between cloaking and non-cloaking behaviour on SLIPS.

Enon—cloaking =" (44)
Ecioaking = Yu T Vi (45)

This results then in cloaking not occurring if@ <1
i

2.1.6 Metal-assisted Etching of Silicon Nanowires

Metal-assisted etching [47] (Figure 21) is a versatile method to produce a wide range of differently
nanostructured silicon depending on the particular conditions. The general principal is to bring
noble metal particles in contact with a silicon surface. The arrangement is then submerged in a
solution containing an oxidizing agent, most commonly hydrogen peroxide (H.0.), and hydrofluoric
acid (HF). Due to its higher electrochemical potential, the metal then acts as a cathode while the
silicon functions as an anode. This accelerates the reduction of the oxidizing agent at the metal
particles and allows a subsequent charge transfer from the thereby produced electron holes to the
silicon. The oxidized silicon is then dissolved by the also present HF. Finally, the formed ions diffuse

away from the interface while the metal moves further into the bulk forming a pore.
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Figure 21: Metal-assisted etching schema.

The overall reaction (Reaction 1) is a mixed reaction of an electroless and a chemical reaction.

Si + 6 HF + n/2 H,0, — = H,SiF + n H,O + (4-n)/2 H,

Which of these two is dominant can be controlled with the HF:H,0, ratio. For very low H,0,
concentrations compared to HF, the chemical mechanism is dominant (Reaction 2 and 3). In the

previous reaction scheme n is then 2. Here silicon is partly oxidized by H,0; but also by H*.

+ +
Cathode: H202+2 H E—— 2 Hzo +2h

Anode: Si+6 HF +2 h* —_— H,SiFs+2 H, +2 H'

If very high H,0, concentrations are used, the electroless mechanism is prevailing. Then nis 4. In
this case, just H,0, is responsible for the oxidation, so the most prominent visible difference is that

no hydrogen gas is formed during the reaction. (Reaction 4 and 5)

+ +
Cathode: 2H,0,+4H E— 4H,0+4h

. . -+
Anode: Si+ 6 HF +4 h+ —_— H,SiFs+4 H

The transition from electroless to chemical etching is fluent, allowing also intermediate values for
n. For both cases, the formation of the electron holes (Reaction 2 and 4) and the dissolution of
oxidized silicon (Reaction 3 and 5) are largely independent reactions with independent reaction
rate. It is therefore expectable that this is also the case for the combined overall reaction. If the
H,0, concentration is low in comparison to HF, the anode reaction is faster and electron holes are
immediately consumed as soon as they are transferred to the silicon. This leads to sharply defined
cylindric pores. With high H,0, concentration, this is not the case. Then the formed electron holes

have time to diffuse in the silicon before they are consumed. This widens the pores close to the
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surface'and gives cone shaped pores. The cone shape is more pronounced with increasing H,0;

concentration and can ultimately lead to a completely isotropic etching process.

There is a multitude of different ways to initially deposit the noble metal on the silicon surface
which cannot all be covered. Which method is suitable for a specific task only depends on the
requirements regarding control over shape, size and distribution affecting the final pores. In regard
of this work, the only method briefly discussed will be the wet-chemical deposition of silver from
an AgNOs/HF solution. This is again a metal-assisted etching process with Ag* as the oxidizing agent.
The main difference to the already discussed procedure with H,O; is that at the beginning no
catalyst is present at the surface and first a slow, uncatalyzed nucleation step has to take place.
However, as soon as some silver is deposited at the surface, the reduction of other silver ions
happens preferentially at the metal particles. This leads to growth of the nuclei into larger dendrite

structures and again to charge transfer to the silicon and its subsequent dissolution.

The formed pores in metal assisted etching of Si (100) surfaces are typically parallel to each other,
which can be explained with the so-called back-bond theory. A surface atom on a (100) plane has
two back-bonds to neighbouring silicon atoms while a surface atom on a (111) or (110) plane has
three back-bonds. It is therefore easier to remove atoms on the (100) plane leading to an enhanced
etching speed orthogonal to this plane. This theory was supported by studies [62] using an addition
of oxidant effectively changing the surface —H groups to —OH. These groups weaken the back-bonds
and reduce the anisotropy of the etching. However, it was also reported that with even higher
oxidant concentration the preferred direction can switch to [111] which cannot be explained with

the back-bond theory [63].

If the metal particles are close enough together, single pores are connected and nanowire-like
structures remain in between. The metal particles do not necessarily have to touch each other for
this to occur since there are three different mechanisms which widen the pores. First of all, judging
from the electrochemical potential, silicon is also etched without a catalyst in H.O./HF solution but
at a much slower rate. Secondly, a partial dissolution of the metal particles and precipitation on the
sidewalls of the pores may occur, which then catalyses etching there. Finally, the transferred

electron holes can diffuse to the sidewalls leading to oxidation and dissolution there.

It was also reported that illumination during the etching has an influence on the etching speed [47].
This is, however, only true if the light intensity is high enough so that the concentration of photo-

exited holes in the valence band is in a similar range as the concentration of holes due to the
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oxidant. INo difféerence between etching in darkness and regular ambient room light is to be

expected, nevertheless as a precaution etching should be done in darkness.

2.2 _Principles of Measurements

In this work, the analytical methods used were nuclear magnet resonance spectroscopy (NMR),
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Brewster
angle FTIR, Ellipsometry and Contact angle, surface tension and interface tension goniometry.
Whereas the theoretical background of NMR, SEM and FTIR is widely known due to their versatility
for all kind of research, the other mentioned methods are specialized to investigate mainly surface
properties and are therefore less prevalent. This section should cover the theoretic background of

these methods to highlight the information they provide.

2.2.1 Brewster Angle FTIR Transmission Spectroscopy

FTIR in general is a method able to identify functional groups in compounds via their vibrational
spectra. Brewster angle FTIR uses a special setup which allows to measure FTIR spectra of slices of
samples with parallel surfaces, here silicon wafers, in transmission without irritating interference

fringes.

Silicon is in principle transparent to IR light, allowing coatings on silicon wafers to be measured in
transmission. However, due to its higher refractive index than air, the IR beam will be partly
reflected when entering and leaving the sample. This can be quite a problem, especially when the
beam passes perpendicularly through two plane-parallel surfaces. The beam will then be partially
reflected whenever it reaches an air-silicon interface multiple times back and forth. Since each
reflection has the exact same path as the original beam, they will interfere with each other leading

to a very pronounced interference pattern concealing relevant information.

To prevent this problem, the sample can be tilted in order for the beam to hit the sample under a
different angle of incidence. Then the intensity of the reflected and transmitted beams changes.
The light polarised orthogonally (s-polarised) and parallel (p-polarised) to the plane of incidence
behave differently in this case (Figure 22). Their respective reflectivity can be calculated using the

Fresnel equation (Equation 46 and 47).
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Figure 22: Schematic of a Brewster angle FTIR setup highlighting the partially polarization due to an
angle of incidence (k).

2
N, cosk{—N, COSK
Torz = (o) (46)
[ N, cos k1 +N, coS Ky
2
N, coOsk;—N; COSK
Tz = (e ) (47)
, Ny cos k1 +N; cOS Ky

N is the complex refractive index which can be calculated from the refractive index (n) and the
absorption coefficient (k) (N = n — ik). k; and k,, the angles of incidence and refraction (Figure

22), are defined by the Snell’s law (Equation 48).
N; sinkg; = N, sink, (48)

Based on these equations, 7 1, and 73, 1, can be plotted as a function of the angle of incidence (k)
for any two phases with known refractive indices. The plot for air (n; = 1.0003, k; = 0) and silicon

(ny =3.49713, k, = 0) is shown in Figure 23.
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Figure 23: Reflectivity of s- and p-polarized light as a function of the angle of incidence for silicon and
air.

For a certain angle, the so-called Brewster angle, the reflectivity of p-polarized light is 0. The amount
of interference increases with increasing reflectivity. If the sample is tilted to a degree that the
incoming lights hits it under the Brewster angle, p-polarized light will not show any interferences at
all. Simultaneously, the total intensity of s-polarized light passing through the sample, which is still
susceptible to interferences at this angle, is greatly reduced due to the high reflectivity when first
entering the silicon. If this suppresses interferences not sufficiently, s-polarized light can

additionally be removed with the use of a polarizer.

2.2.2 Ellipsometry
Ellipsometry is an optical method which allows the determination of either refractive indices,
absorption coefficient or layer thickness of thin films if the respective other properties are known.

(Figure 24)
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Figure 24: Schematic arrangement for ellipsometric measurements.

As light source for ellipsometric measurements, monochromatic and polarised light is required.
Commonly, a laser with added polarisation filter is therefore employed. For the measurement, the
beam is then targeted on a substrate covered with a thin film under a certain angle of incidence.

The polarisation filter is thereby set to produce linear polarised light at an angle of 45° relative to
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the plane ofiincidence on the sample. Since the planes to describe polarisation of light can freely
be'chosen;it'is'more convenient to describe this beam as an overlay of two different beams, one
orthogonally polarised (s-polarised) and one parallel polarised (p-polarised) to the plane of
incidence on the sample. Under these conditions, the two beams have the same amplitude and no
phase shift. The events at the surface can be more easily depicted if the two beams are described
completely independent from each other. As soon as one of the two beams hits the interface
between the thin layer and air, it will be partly reflected and partly refracted due to different
refractive indices of the two phases as discussed in 2.2.1. The refracted beam will then hit the next
interface consisting of the thin layer and the substrate being again partly reflected and refracted
for the same reason. As a consequence, multiple reflections will occur within the thin layer losing
some of the light on either side of the layer. The final beam reflected by the whole sample is
therefore an overlay of all the beams produced by the different reflection events. Since light in
general can be described as a sinus wave and the sum of different sinus waves with the same
frequency give a single new sinus wave with the same frequency but altered amplitude and phase,
it is plausible that also the amplitude and phase of the reflected beams changes. The change
depends thereby on the reflectivity at the interfaces and the layer thickness. As already discussed
in 2.2.1 and shown in Figure 23 the reflectivity of the s- and the p-polarised beam is not the same,
leading to different amplitude and phase shifts. At the detector, an overlay of these beams will
arrive which is then in general elliptically polarised. The detector will then be used to determine
the ratio of amplitudes (tan ¢) and phase shift (4) of the two beams. This can be done by measuring
the total amplitude of the light as a function of the orientation of a second polarisation filter once

without any further adjustments and once with an additional quarter wave plate in the initial beam
path. This plate leaves the initial ratio of the amplitudes untouched but adds a phase shift of%

between the two beams. The two measurements of the reflected beam allow then the calculation

of the ratio of amplitudes and phase shifts.

In order to use these parameters to determine the thickness of the thin layer, the following
equations can be used. R; and R, in this case stand for the total reflectivity of the whole

arrangement for either s- or p-polarised light, respectively.
% — tang e
= Qe (49)
R

The reflectivity of the whole sample can then be calculated from the reflectivity at the interfaces

between air (phase 1), thin layer (phase 2) and the substrate (phase 3).
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In these equations d is the layer thickness and A is the wavelength of the laser. The reflectivity at
the single interfaces can be calculated with the Fresnel equation, which was already shown in 2.2.1
(Equation 46 and 47). By combining all these equations, it is possible to calculate one parameter,
most often the layer thickness, if all the other parameters, namely refractive indices, absorption
coefficients, angle of incidence and wavelength of the laser, are known. In an analogous way, also
a second thin layer can be included in the calculation, which is often necessary for substrates which
are susceptible to form native oxide layers. However, then the second layer has to be fully

characterised, including the layer thickness, to get meaningful results.

2.2.3 Contact Angle, Surface Tension and Interface Tension Goniometry

Optical goniometry is a method which allows the determination of the surface tension of a liquid
and the interface tension between two liquids by analysing a pendant drop. For these
measurements, the density of the involved phases has to be known. It can also be used to measure

the contact angle of a sessile drop on a solid substrate. (Figure 25)

Camera Sample Light

Surface tension

Interface tension

Contact angle

Figure 25: Schematic arrangement for goniometric measurements.

The general arrangement for either of those measurements is simply a camera facing horizontally
at a pendant or sessile drop with a light source in the background. The liquid and an eventually
involved substrate will then appear dark while the surrounding is bright. By analysis of the grey

scales of the picture, the contour of the drop and, in case of a sessile drop, additionally the baseline
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of the drop, can be determined (Figure 26). The desired property can then be evaluated from these

curves.

Drop Contour Baseline

- ‘\/\f

Figure 26: Representation of drop contour and baseline in goniometric measurements.

In order to measure the surface tension of a liquid, a drop is placed at the tip of a cannula. There
are two forces in equilibrium which define the final drop shape. First of all, the surface tension
describes the behaviour of the drop to minimize its surface. This force then also results in a slight
pressure increase inside the drop to obtain an even smaller surface. According to the Laplace
equation, the pressure increase is dependent on the surface tension and the curvature of the drop.
In other words, the curvature of the drop correlates with the pressure difference and the surface
tension. The second force is gravity. Gravity in a resting fluid always results in a hydrostatic
pressure. The hydrostatic pressure at a certain point in the drop is dependent on the height and
density of liquid above this point. This additional influence on the pressure will also affect the
curvature of the drop. For a drop with known density and dimensions, the influence of the
hydrostatic pressure can be calculated and, since the total pressure difference can be derived from
the curvature, the surface tension can be determined. This approach is called Young-Laplace

method and is based on the following equation [64].

a asing agdpz
-+ = —

&1 X 14

+2 (52)

Figure 27: Representation of the different parameters used for the Young-Laplace method.

In this equation, a is the radius of the curvature at the apex of the drop, r; is the radius of the

curvature at a specific point and ¢ describes the slope at that point, g is the gravitational constant,



36 Principles of Measurements

Ap is the density-difference between drop and surrounding, y is the surface or interface tension
andthe coordinates'xand z describe the contour. Drop shape analysis uses this equation and fits
the surface tension to match the measured shape. The very same procedure can also be applied

with another liquid as surrounding medium instead of air, resulting then in the interface tension.

The determination of the contact angle works in a similar way. Here again the base line and the
drop contour will first be determined from the grey scales of the captured picture. The baseline will
then be fitted with a straight line while the drop contour will be fitted with a more complex
function. Then the first derivative of the fitted contour will be determined and the angle between

it and the base line gives the contact angle.

There are two fundamentally different approaches to determine the fitted drop contour. The first
is to use a model which is based on a physical context, which then has to consider separately all
influences from gravity, density and other parameters. This can again be done with the Young-
Laplace method. It gives therefore well-grounded results and, since the drop is modelled as a whole,
small disturbances of the contour are often negligible. However, it is not capable to describe
behaviour which was not considered in the model beforehand. Most noteworthy, it is unable to
properly fit asymmetric drops which prohibits the measurement of advancing and receding drops
on tilted sample stages. Another method to obtain advancing and receding contact angles is to
immerse a needle into the drop and alternately increase and decrease the drop volume until the
contact line between surface and drop starts to move. However, since the Young-Laplace method
fits the drop as a whole an immersed needle, even if only at the apex of the drop, renders the
measurement useless. The Young-Laplace method also has its limitations when it comes to flat
drops with very small contact angles. In this case errors become large because the determined

radius of the curvature is then strongly susceptible to small deviations in the captured picture.

The second approach is to neglect any physical context and use whatever shape models the
measured contour best. This can be done with circles, ellipses, polynomials or other functions. A
common routine is to just model the contour close to the contact points with a polynomial and
neglect the apex. This approach has then basically the opposite characteristic than the Young-
Laplace method and they therefore perfectly complement each other. It allows the use of an
immersed needle, asymmetric drops and the determination of small contact angles. On the other
hand, is it sensitive to non-ideal behaviour of the drop close to the contact point due to
inhomogeneities on the surface. It can therefore always be used when the, in principal more robust,

Young-Laplace method is not suitable.
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3 [Experimental

3.1 ‘Chemicals and Material

The following chemical were purchased from Sigma-Aldrich and were used without further
purification: Acetone, 299.5%, Toluene, 299.3%, 1H,1H,2H,2H-Perfluoro-1-decanol, 97 %,
Propiolic acid, 95 %, Hydrofluoric acid, 48 wt.%, Sodium azide, 2 99.5 %, Silver nitrate, 299 %, 1-
Methylimidazole, 99 %, (3-Chloropropyl)trimethoxysilane, =97 %, Trichloro(octadecyl)silane,
> 90 %, Tetrahydrofuran, =99 %, Cyclohexane, 299 %, (+)-Sodium L-ascorbate, > 98 %, Ethylene
glycol, 99.8 %, Copper(ll) sulphate, 299 %

The following chemical were purchased from Merck and were used without further purification:

Ethanol absolute, 2 99.5 %, Nitric acid, 65 wt.%, Toluene-4-sulfonic acid monohydrate, > 99 %

The following chemical were purchased from Acros and were used without further purification: N-

hexadecane, 99 %, Dimethyl sulfoxide, 99.7 %, N,N-Dimethylformamide, 99.8 %

The following chemical were purchased from Fluka and were used without further purification:

Ethyl acetate, 2 99.5 %, Sulfuric acid, 95-97 %
Hydrogen peroxide, 36 wt.%, was purchased from Carl Roth and used without further purification.
Acetonitrile, 2 99.95 %, was purchased from VWR and was used without further purification.

Silicon wafers, 1-0-0, p-type, boron-doped, 10-20 Qcm, 500-550 um thickness, double-sided

polished, were purchased from MEMC and cleaned as described in 3.2.1.

11-bromoundecyltrichlorosilane, 95 %, was purchased from Gelest and was used without further

purification.
Deionized water was produced in-house and used without further purification.
All used ionic liquids were kindly provided by Katharina Schréder.

3.1.1 Synthesis of THFDP

For the synthesis of THFDP (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl propiolate),
1H,1H,2H,2H-Perfluoro-1-decanol (2.3 g, 5 mmol), Propiolic acid (0.92 ml, 15 mmol) and Toluene-
4-sulfonic acid monohydrate (238 mg, 1.25 mmol) were refluxed in 50 ml Toluene for 24 hours. The

solution was then washed three times with 50 m| water. Afterwards the solvent was removed under
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reduced pressure. The obtained solid was purified by sublimation (2.3*10! mbar, 100 °C). 1.69 g
(659 yield) of 'white: crystals could be isolated. The product was characterized with FTIR, molten
between two sodium chloride windows, and with 'H-NMR in CDCls. See 4.1.2.3 for the

characterization of the compound.

3.1.2 Synthesis of [C3mim]Cl

For the synthesis of [Csmim]Cl (3-methyl-1-(3-(trimethoxysilyl)propyl)-1H-imidazol-3-ium chloride)
we followed a procedure from literature [65]. (3-Chloropropyl) trimethoxysilane (68.6 ml,
376 mmol) and 1-Methylimidazole (15.0 ml, 188 mmol) were stirred for 60 h at 90 °C under N,
atmosphere. Afterwards the mixture was cooled to room temperature and extracted twice with
150 ml diethyl ether. Residual diethyl ether was removed under reduced pressure. The yellowish,
viscous liquid was characterized with IR between sodium chloride windows and with *H-NMR in

CDCls. The characterization of the compound can be found in 4.2.3.1.
3.2 Sample Preparation

3.2.1 Cutting and Cleaning of Silicon Substrates

Silicon wafers were cleaved along crystallographic axes using a diamond tip to form rectangular
pieces in the size of 25 x 18 mm. These pieces were then cleaned by sonication (Bandelin Sonorex
Super 10 P) in toluene for 10 minutes, swiped with a toluene drenched tissue, rinsed with about
1 ml toluene and finally the remaining liquid was blown off with argon. Afterwards the samples
were treated in an UV/Ozon chamber (Boekel UV clean Model 135500) twice for 10 minutes each
turning upside down in between. Flat samples were then immediately used after this cleaning

procedure.

3.2.2 Etching of Silicon Nanowires

Freshly cleaned and cut silicon wafers were treated for precisely 1 minute in 20 ml of an aqueous
solution containing hydrogen fluoride (6.2 mol/l, 4.5 ml 48 %) and silver nitrate (5 mmol/l, 17.0 mg,
unless stated otherwise, see 4.1.1.3). The samples were then thoroughly rinsed with water and
immediately afterwards, without intermediate drying, etched in 20 ml of an aqueous solution
containing hydrogen fluoride (6.2 mol/Il, 4.5 ml 48 %) and hydrogen peroxide (0.06 mol/I, 100 pl
36 wt.%, unless stated otherwise, see 4.1.1.1) for precisely 10 minutes (unless stated otherwise,
see 4.1.1.2). The beaker used for etching was covered with a second, larger beaker and aluminium
foil for etching in darkness. Afterwards the samples were again thoroughly rinsed with water and

treated for 5 minutes in a 1:1 mixture of nitric acid (65 wt.%) and water. After another rinsing step
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with water, the samples were immersed for 30 minutes in piranha solution (4:1; H,SO4 96 % : H,0,
wt.°36%). The'samples were then immersed for about 5 minutes first in water and then in acetone,

respectively. The samples were then blow-dried with argon.

3.2.3 Surface Modification

Three freshly cleaned or etched samples were immersed in a single beaker containing 10 ml toluene
and either trichloro(octadecyl)silane (OTS, 0.01 mmol, 3.94ul) or (11-bromoundecyl)
trichlorosilane (BUTS, 0.01 mmol, 2.94 ul) or 3-methyl-1-(3-(trimethoxysilyl) propyl)-1H-imidazol-3-
ium chloride ([Csmim]Cl, 0.1 mmol, 28,1 mg). Samples being coated with OTS or BUTS were
removed after 4 hours (unless stated otherwise, see 4.1.2.1), while the [Csmim]Cl treatment was
performed for 48 hours. Afterwards the samples were removed from the solution, rinsed with

toluene and remaining liquid was blown off with argon.

For the Huisgen 1,3-dipolar cycloaddition [66], three BUTS coated samples were simultaneously
treated overnight in 10 ml N,N-Dimethylformamide (DMF) saturated with sodium azide. Afterwards
they were immersed in 10 ml DMF with THFDP (0.1 mmol, 51.6 mg), (+)-sodium L-ascorbate
(0.128 mmol, 25.5 mg), copper sulphate (0.005 mmol, 0.82 mg) and water (200 pl) for 3 days. They

were then rinsed thoroughly consecutively with DMF, water and acetone and blow dried.

3.2.4 Impregnation of SLIPS

Drops of ionic liquid were placed generously on native or functionalized nanowire-covered samples
to ensure complete coverage of the samples with ionic liquid. The samples were then placed
vertically in a beaker containing enough ionic liquid to cover only the bottom of the beaker and
sufficient probe liquid to cover the remaining sample to saturate the ionic liquid with probe liquid.
The samples were stored this way for 7 days to allow the excessive ionic liquid to flow off. Upon
removing the samples from the beaker, remaining ionic liquid on the lower edge submerged in ionic

liquid was carefully removed with a tissue.
3.3 Sample Characterization

3.3.1 FTIR
FTIR measurements were done with a Bruker Vertex 80 FTIR (Figure 28) using the provided OPUS
7.5 software. The measurements were done at a resolution of 4 cm™. A narrow band MCT detector

was thereby used. For each measurement 256 scans were recorded.
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Figure 28: Brucker Vertex 80 FTIR with open sample chamber and sample holder for Brewster angle
measurements.

All silicon samples were measured in transmission with an angle of incidence of 40° which was
sufficient to suppress interference fringes (see 2.2.1). For the determination of coatings on flat
samples, the coated samples were referenced against a different uncoated wafer. For investigation
of coatings on nanowire samples, each uncoated sample was first individually measured
immediately after etching, which acted then as a reference for subsequent measurements of the
same sample. To minimize peaks attributable to water vapour and carbon dioxide, the chamber
was purged with dry air for 2 minutes before each measurement. Residual carbon dioxide peaks
where then removed with the integrated tool of the software, while peaks attributable to water
vapour were removed by subtracting a measured spectrum of water vapour from the actual

measurement.

Spectra of liqguid compounds were measured in transmission as liquid films between two sodium

chloride windows.

3.3.2 Ellipsometry

Ellipsometric measurements were carried out using a Sentech SE 500adv (Figure 29) which uses a
He-Ne laser as light source and a rotating analyser. The utilized wavelength was 632.8 nm. Data
analysis was done with the supplied instrument software SE400advanced 2.16 which uses the
McCracking algorithm. The used optical constants were: Si (n =3.865, k =0.02), SiO, (n = 1.465,
k =0), organic layer (n = 1.5, k = 0). The measurements were done at four different spots on each

sample and were then averaged. The variation within a sample was always below 1 A.



OpticalGoniometry 41

tsbibliothek

lesis is
Vienna

Figure 29: Sentech SE 500adv ellipsometer and power supply.

3.3.3 Optical Goniometry

Contact angles, surface tensions and interface tensions were measured using a Kriss DSA 30
goniometer (Figure 30) in combination with the provided Kriiss ADVANCE 1.5.1.0 software. The
device was equipped with a camera with a resolution of 780 x 582 and could record 60 frames per
second. Further, a software-controlled inclinable sample stage was installed. The sample stage was
improved with a custom-built housing (see 4.1.3.1) which allowed better saturation of the

atmosphere around the sample with probe liquid to reduce undesirable evaporation of the drop.

Figure 30: Kriiss DSA 30 goniometer.

Static contact angles were determined by placing a drop on the investigated surface with a needle.
The volume was adjusted to give drops which cover about 0.5 cm? of the surface. Data analysis was
then done with the tangent method (6 <10°) or the Young-Laplace method (6 >10°) of the

instrument software (see 2.2.3). For the determination of the advancing and receding contact
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angles the'sample stage was tilted at a rate of 10°/min for final SLIPS systems (4.2.7), at a rate of
15%/minfor suitability tests for SLIPS systems (4.2.5) and at a rate of 30°/min for measurements of
Cassie-Baxter systems (4.1.3) and the determination of the surface tension of ionic liquids (4.2.2.1).
During the measurement pictures were continuously recorded until the drop rolled of the surface.
The last frame which showed the still stationary drop was then used to determine the advancing
and receding contact angle using the tangent method. Contact angles with another liquid as
surrounding were recorded with the help of a rather large cuvette (4 x 4 x 3.2 cm) which was about
half filled. To avoid spillage of the liquid in the cuvette, the sample stage was only tilted up to 45°
for measurement of advancing and receding contact angles. For each arrangement three different
samples were etched, if applicable, coated and measured. The measured angles were then

averaged.

For surface and interface tension measurements, first, the determination of the density was
necessary. lonic liquids were measured in a 10 cm® pycnometer while for other liquids a 50 cm3
pycnometer was used. In either case, the empty and filled pycnometers were weighed at 20 °C on
a Mettler AC 100 balance, respectively. The surface tension measurements were done using a
pendant drop of the liquid in question hanging on a needle with an outer diameter of about 0.5 mm.
The precise diameter of the needle was determined before equipping it with a micrometre calliper,
which was then used to determine the scale of the captured picture. The drop volume was dosed
to give drops as big as possible without falling of the needle. Data analysis of the captured picture
was done with the Young-Laplace method. For the determination of interface tensions, the same
general procedure was used but the surrounding air was replaced with a second immiscible or only
partly miscible liquid by immersing the tip of the needle in a filled cuvette (4 x 4 x 3.2 cm). For each
liquid or combination of liquids, the device was prepared once and then three drops were measured

consecutively. The results were then averaged.

3.3.4 SEM

A FEI Quanta 200 MK2 electron microscope was used to record SEM images. It was equipped with
an Everhardt-Thornley detector. The samples were mounted in the device in a way to obtain
working distances between 8 to 11 mm. The electron beam voltage was set to 10 keV. For top-view
pictures no additional modification was necessary but for cross sections the samples were freshly

cleaved and the newly exposed area was measured.
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3.3.5' NMR Spectroscopy
H'NMR and *C'NMR spectra were recorded on a Bruker AVANCE 250 spectrometer. The spectra
were referenced internally to residual protio-solvent and solvent resonances, respectively, and

were reported relative to tetramethylsilane (6 = 0 ppm).
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4 Results and Discussion

Based onthe theory presented in 2.1, we decided to follow two different paths to achieve liquid
repellent surfaces. The first and in general most commonly used are Cassie-Baxter systems. These
systems promise to show high contact angles and function for virtually any liquid above a certain

surface tension threshold.

Besides them, we decided to also investigate and prepare SLIPS systems. They are only useable in
niche applications since they just work with specific probe liquids they were designed for. However,
they show lower roll off angles than any other wetting state, which makes them very powerful tools

for those systems.
4.1 Cassie-Baxter Systems

4.1.1 Topography

The theoretical background draws a quite clear picture regarding the demands to produce a
functioning Cassie-Baxter system. Primarily, the surface topography has to be optimized. In
Equation 17 can be seen that the only parameter of the surface structure which affects the contact

angle in this state is the solid surface fraction (¢). Lower ¢ leads to higher contact angles.

Another point to consider is the stability range of the Cassie-Baxter state, which is presented in
Figure 10. Judging from this figure, the thermodynamically stable region can be extended by
increasing the roughness (r) since then the line representing the contact angle of the Wenzel state
in this figure will become steeper. In addition, it can be seen in Equation 31 that increasing r also
stabilizes the metastable extension of the Cassie-Baxter state. In order to enhance r, the two main
parameters necessary to consider are the pore size as well as the length of the nanowires. However,
it is advisable to choose lower pore size over nanowire length due to gravity. The influence of gravity
on drops is usually neglected since it is relatively small. In the Cassie-Baxter state it forces the drops
to not only sit on top of the columns but to be impaled on them ever so slightly. This happens to a
certain degree so that the resulting force pushing the drop back on top of the columns, due to
surface tension, interface tension and surface energy, equals it out with gravity. The force pushing
upwards is proportional to the area of vertical side walls of the columns covered with liquid. A
substrate with large and long pores has to incorporate therefore a lot more liquid into the pores

than one with short and small pores to cover the same surface area. This hinders the roll off of the
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drop since.onits way over the substrate more mass transfer has to occur. Therefore, the substrate

has to feature'fow ¢, high r, as well as small pore size for efficient Cassie-Baxter systems.

We decided to use metal-assisted etching with silver as catalyst and H,0, as oxidizing agent to
achieve this. Silver is known to give mostly vertical pores, it is easy to precipitate on the surface and

it is cheap [47].

4.1.1.1 Optimization of Hydrogen Peroxide Concentration

The first parameter which was varied to achieve the design goal was the H,0; concentration of the
etching solution. All other parameters in these experiments were kept unchanged as presented in
3.2.2. A total of five different H,O, concentrations were chosen for this purpose, namely 0.03 M,
0.06 M, 0.12 M, 0.24 M and 0.36 M. A cross-section and a top-view of the respective samples

recorded in SEM can be found in Figure 31.

0.36 M H,0, 0.24 M H,0, 0.12MH,0, 0.06 M H,0, 0.03 M H,0,

Figure 31: Pictures of cross-sections (top) and top-views (bottom) captured in SEM of nanowire samples
etched with different H,0, concentrations.

It is evident that the H,0, concentration has a massive influence on the general structure of the
nanowires. Unsurprisingly, the length of the nanowires increases with rising H,0, concentration,
however, for our purpose the more interesting changes here are the differences in pore size. It can
be seen that samples produced with 0.03 M and 0.06 M H,0, feature very small pores while the
other samples have significantly bigger ones. One reason for this is that with increasing H,0,
concentration pores become more and more cone shaped due to diffusion of the injected electron
holes as presented in 2.1.6. On the outer most surface, cone shaped pores are then
indistinguishable from larger pores. Additionally, the flexibility of the nanowires plays an important
role. More flexible nanowires tend to clump together. This will stabilize them in their upright

position. The diameter of such bundles and the pores in between them is significantly larger than
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for an array of ‘only single, free standing nanowires. The flexibility increases mainly with the length

of the manowires but-also with decreasing thickness due to cone shaped pores.

Judging from the pore size, only the lowest two concentrations are suitable candidates for liquid
repellent surfaces. To distinguish further between those two, the ¢ values were determined by
analysing the SEM pictures. The top view pictures were therefore converted in black and white,
representing pores and solid at the interface, respectively. Since ¢ is defined as the fraction of solid
at the interface, it could then be calculated from the average grey scale of the picture. A
representation of the method for a sample etched with 0.06 M H,0, is given in Figure 32. The
calculation gave a ¢ of 0.25 for 0.03 M and 0.30 for 0.06 M samples. This determination of ¢ is
strongly dependent on the threshold to distinguish between black and white areas in the pictures.
However, it is not possible to set this threshold distinctively, it can only be estimated. A relatively
large estimated error margin of about 0.1 has therefore to be considered as reasonable. Also, this
analysis was only done for the lowest two concentrations since for the higher ones it becomes

increasingly more difficult to distinguish between solid and pore.

Figure 32: Representation of the procedure for determining ¢ from a top-view SEM image. Left: Section
of the original SEM picture of a sample etched with 0.06 M H,0,; Middle: Same section after converting
it to black and white; Right: Same section after averaging the grey scale.

Additionally, the r value was determined by FTIR measurements. The nanowire samples, as well as
a flat sample were coated with OTS according to the procedure presented in 3.2.3. The integral of
the peaks attributable to OTS has then to be proportional to r since OTS forms a complete
monolayer on the surface as it will be shown in 4.1.2.1. When forming the ratio of the integral of a
nanowire sample and the integral of a flat sample with a known r of 1, r of the nanowire sample
can be obtained. Using this method and the integral of the CH region (2770-3000 cm™), the

following values for the roughness were obtained (Table 3).
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H,0, concentration
(M)
0.03
0.06
0.12
0.24
0.36

Table 3: Calculated roughness from the ratio of CH bands measured in the FTIR between flat and

r

()
49+12
8.9+0.6
21+4
(-3.7)
94.7

nanowire sample etched with different H,O, concentration and coated with OTS.

This method failed to determine r for samples etched with 0.24 M H,0, concentration. The CH

peaks under this condition were reproducibly negative and significantly smaller than expected

(Figure 33). A satisfying explanation for this behaviour could not been found so far.

3100 3000 2900 2800
Wavenumber (cm”)

Figure 33: CH region of samples etched with different H,0, concentration and coated with OTS and their

calculated signal-to-noise ratio (S/N).

2700

0.36 M H,0,, S/N: 71
0.12 M H,0O,, S/N: 357
0.06 M H,0,, S/N: 224
0.03 M H,0,, S/N: 119
flat S/N: 51
0.24 M H,0,

Besides considerations about the wettability, also the suitability of the samples for FTIR

measurements is of interest since it is used in further steps to characterize coatings on the surface.

It was observed that the total amount of IR light passing through the nanowire substrates strongly

depends on the H,0, concentration used for etching as it can be seen in Figure 34. The general

trend here is that less IR light passes through the sample with increasing H,0, concentration. The

effect is especially pronounced for higher wavenumbers since here the wavelength of the light is

already in the same range as the length of the nanowires.
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Figure 34: Transmission of infrared light of nanowire covered silicon samples etched with different H,0,
concentrations referenced to flat silicon.

This means there are two competing effects influencing the signal-to-noise ratio with increasing
H,0, concentration. First, the surface area increases, providing more space for binding the coating
and leading to an enhanced signal. Secondly, the overall amount of light decreases, worsening the
noise. This is especially true for high wavenumbers which contain lots of relevant information. We
therefore calculated the signal-to-noise ratio for all samples etched with different H,0;
concentration and coated with OTS. We used here again a CH stretching peak (vas (CH;) at
2927 cm) since this is the peak occurring at the highest wavenumber of interest in this work. All
bands at lower wavenumbers will show similar or better signal-to-noise ratios. The determined

signal-to-noise ratios can be found in Figure 33.

Overall, we concluded that samples etched with 0.06 M H,0, show the most promising results for
further experiments since they show a good compromise between relatively small pores in

combination with a low ¢ value and sufficiently high r and signal-to-noise ratio in the FTIR.

4.1.1.2 Optimization of Etching Duration
In the next step, the etching duration was varied to further improve the sample quality. In addition
to the previous duration of 10 minutes, samples were also etched for 6, 8, 12 and 15 minutes.

Pictures of the resulting nanowires captured in SEM can be found in Figure 35.
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Figure 35: Pictures of cross-sections (top) and top-views (bottom) captured in SEM of nanowire samples
etched for different durations. Pictures for 10 minutes etching duration taken from series conducted in
4.1.1.1.

The most noteworthy change is the increase in length of the nanowires with rising etching duration,
accompanied by a slightly higher tendency to form bundles due to higher flexibility. The samples
were also characterized in a similar manner as in the previous chapter (Table 4, Figure 36). The
roughness and signal-to-noise ratio this time, however, was calculated based on a coating with
BUTS since further modification and contact angle measurements were planned for these samples
but not pursued since, based on the obtained r and ¢, no significant deviations from samples
etched for 10 minutes were expected. Due to the different coating used, the signal-to-noise ratio is

not directly comparable with the values shown in Figure 33.

Etching duration r [0} Signal-to-noise ratio
(minutes) () () Vas (CH2) (2927 cm?)
()

6 8.7 0.20 126

8 9.4 0.26 137

10! 8.9+0.8 0.30

12 11.8 0.21 231

15 14.5 0.24 329

Table 4: Calculated 7, ¢ and signal-to-noise ratio of samples etched for different durations in 0.06 M
H,0, using BUTS coating. ': Data for 10 minutes etching duration taken from series conducted in 4.1.1.1
using OTS coating.
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Figure 36: Transmission of infrared light of nanowire covered silicon samples etched for different
durations in 0.06 M H,0, and referenced to flat silicon.

Overall, the influence of the etching duration on the nanowire morphology is very similar to the
H,0, concentration. Both parameters mainly affect the length of the nanowires and the length then
has a major impact on the remaining characteristics, namely roughness, light transmission and
bundle formation. However, changes of the H,0, concentration are vastly more pronounced and
overshadow any influences of the etching duration. The etching duration for further samples have
therefore been kept at 10 minutes because of practical reasons. 10 minutes are short enough to
allow continuous work for optimized throughput while being long enough to tolerate deviations of

a few seconds without huge impact on the nanowires.

4.1.1.3 Determination of Silver and Hydrogen Peroxide Consumption

In addition to the optimization of the etching conditions, also some process optimization was done.
The goal was to minimize the consumed chemicals while maintaining an optimized nanowire
structure. In the sample preparation described in 3.2.1 and 3.2.2, most employed chemicals are
used in high excess since they are used for cleaning or are intended for quantitative conversion.
The only two exceptions are the amount of silver in solution during the deposition of silver right
before etching and the H,0, concentration during the etching itself. In order to reuse either
solution, the respective chemical has to be replenished since notable consumption is expected
during treatment of a sample. Some experiments were therefore performed to determine the

necessary replenishment.

Regarding the silver concentration, initially two series of samples with 11 mM and 7.2 mM AgNOs

were prepared to confirm the general predicted decrease. For each series, a single solution was
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used and the samples were consecutively treated in it. For easier comparison of the results, a
constant' HF concentration of 6.2 M and a constant etching time of 1 minute was chosen for all
experiments in this chapter. The samples were weighed before and after the treatment in the silver

solution (Table'5).

Initial AgNO3 Concentration (mM) 11 7.2

first sample, Am (mg) 48 2.5
second sample, Am (mg) 3.1 1.8
third sample, Am (mg) 2.5 1.3
fourth sample, Am (mg) 0.9

Table 5: Decline in weight gain due to the treatment in silver solution when no additional silver is added.

It was confirmed that the precipitated amount of silver decreases. For a deeper understanding a

sample treated with silver (5 mM AgNOs) was examined in SEM (Figure 37).

Figure 37: Top-view SEM images of a sample treated with silver (5 mM, 1 minute) solution with two
details at higher magnification of silver nanoparticles (bottom right) and silver dendrites (top right).

It can be seen that the silver is present on the surface in two different forms. On the one hand,
there are nanoparticles covering the whole surface, on the other hand there are also silver
dendrites. Judging from the pores observed in the pictures in the previous chapters, only the
nanoparticles participate in the etching process while the dendrites neither participate nor disturb
the etching. However, the presence of the dendrite structures indicates that, in fact, also the silver
is in excess, at least at the initial concentration. Overall, this means that the requirements for the

precision of the replenishment are not very high.
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To determine the“replenishment, three samples were treated each in a fresh solution and weighed
beforeand after the deposition of silver. A weight increase of 1.17 + 0.12 mg was observed. Since
the weight increase can only be due to precipitated silver, an according amount of silver (1 mg) was

added after each sample in the form of AgNOs (1.57 mg) to compensate for it.

For the H,0; concentration a similar approach was used. This time, in addition to the weight change,
also IR spectra were used since a correlation between etching conditions and IR transmission was
observed. Here initially six samples were etched each in a fresh 0.06 M H,0, solution and were
weighed before and after the procedure. Over the whole etching process, a weight loss of
3 + 0.3 mg was observed for theses samples. We assumed that the weight loss is due to two factors.
The first factor is the silver deposition. Since it is deposited in a metal-assisted etching step, it
contributes to the dissolution of silicon. When using the previously determined amount of
precipitated silver, the weight loss due to silver can be calculated and subtracted from the overall
weight loss. The remaining weight loss was attributed to metal-assisted etching with H,O; as
oxidizing agent. Based on Reaction 1, the weight loss could then be recalculated to the consumed
amount of H,0,. However, since this reaction summarizes two different mechanisms with different
silicon to H,0, ratios of 1:1 and 1:2 no conclusive result could be obtained. Considering these ratios,

the consumed amount was calculated to be between 0.01 and 0.02 ml H,0,, 36 wt.%.

In a first approach to replenish the concentration back to 0.06 M, 0.015 ml H,0,, 36 wt.%, was
added after each sample. Using this refill, four samples were etching consecutively in the same
beaker. The same experiment was performed twice. The very first sample was discarded, since it
was etched with a fresh solution. All the other samples showed an average weight loss of
2.20 £ 0.14 mg. Since this was considerably lower than the previously determined 3 + 0.3 mg, we

repeated the experiment with a larger refill.

In a second attempt, we chose to add 0.02 ml H,0; after each sample, which matches the highest
calculated H,0, consumption. This time three samples were etched consecutively in each beaker
and three identical series were carried out. The first sample of each series was again discarded. For
the remaining samples, an overall weight loss of 2.83 + 0.14 mg was measured which sufficiently

fits the determined weight loss.

For further evaluation, the FTIR spectra of the last series were recorded and averaged. Since the
intention here is to reproduce 0.06 M H,0, conditions, the averaged FTIR spectra were then

compared to the FTIR spectra etched with different H,O, concentrations. (Figure 38).
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Figure 38: Grey scales: FTIR transmission spectra of nanowire covered silicon samples etched with
different H,0, concentrations referenced to flat silicon; Green: Average transmission of samples etched
after refilling 0.02 ml H,0,, 36 wt.%, in the etching solution after each sample starting with 0.06 M.

Both, the weight loss as well as the FTIR spectra, indicate that etching always in fresh 0.06 M H,0,
solution and etching several samples in the same solution with a 0.02 ml H,0,, 36 wt.%, refill after

each sample gives comparable results.

4.1.2 Coating

Beyond a topographic optimization, also the surface composition plays an important role for liquid
repellent properties. From Equation 17 and Figure 10 can be seen that a high contact angle on flat
surfaces increases the resulting Cassie-Baxter angle and extends the stable region of the Cassie-
Baxter state. The Young equation (Equation 1) helps understanding which parameter can be
changed to achieve high contact angles on flat surfaces. As explained in 2.1.1, the interface tension,
appearing in the Young equation, is usually approximated from surface energy and surface tension
of the involved phases. This indicates that the interface energy is not independent from the other
two energies. Furthermore, the designed surface should ideally function for a wide range of
different probe liquids and therefore for a wide range of surface tensions. Ultimately, the only
parameter left in the Young equation to selectively alter to achieve high contact angles is the

surface energy. Low surface energies result thereby in high contact angles.

The easiest way to selectively modify the surface energy is to apply a coating. The coating has then
to fulfil two major requirements. First and foremost, it has to show a low surface energy, secondly,
it should only form a single but complete monolayer. When only a single monolayer is present on

the surface, the morphological structure is usually preserved. This allows the independent
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optimization of topography and surface energy. If the monolayer is also completely covering the
surface; the ‘best ‘control over the surface energy can be achieved since no bare substrate, with

most likely undesirable surface energy, is in contact with liquid.

However, the liquid repellent behaviour does not collapse if the coating has some defects. When
substrate remains partially uncoated, its influence on the overall contact angle can be calculated
analogous to the Cassie-Baxter equation (Equation 17) since in both cases the drop is in contact
with a substrate which exhibits two different surface energies. According to the equation, it can be
seen that as long as the fraction of uncoated substrate remains small, its influence on the overall

contact angle is negligible.

A well-studied and reliable method to coat silicon substrate with organic monolayers is the
adsorption of organo-trichlorosilanes [45, 67], which was also used in this work (Figure 39). Briefly,
a trichlorosilane is dissolved in an inert solvent and hydrolyses with catalytic amounts of water to
form a trisilanol. Upon immersion of a silicon substrate in this solution, the silanol groups react with
the surface OH-groups and form siloxane bonds with the surface, by which the organic substituent

is covalently attached to the surface and forms an organic monolayer film.

Trichlorosilane Trisilanol Siloxane
OH OH OH R
| | '
+3 H0 Si Si

SN T N ax

cl (l;‘ cl HO (‘)H OH SHO | | |

Si
Figure 39: Reaction scheme for covalent coating of silicon substrates with trichlorosilane.

In principle, any substituent, where the corresponding trichlorosilane is stable and can be
synthesised, can be used to form a monolayer film. In this work, inert, nonpolar substituents like
alkyl or fluorinated alkyl groups, which form low energy surfaces, were of primary interest. Alkyl-
trichlorosilanes are commercially available and can be used directly for the corresponding
monolayer coating. In this work, we focused on the use of trichloro(octadecyl)silane (OTS) for alkyl
modification. Perfluorinated trichlorosilanes, on the other hand, are not commercially available and
are very difficult to synthesise. We therefore used a different concept for surface functionalisation
with perfluorinated compounds, which is based on copper-catalysed Huisgen 1,3-dipolar
cycloaddition reaction between an azide and an alkyne group [66]. To utilize this reaction, we chose
to first coat the substrate with a precursor monolayer containing a terminal bromine, in our case
11-bromoundecyltrichlorosilane (BUTS). This bromine was then converted to an azide by treatment

with sodium azide. The azide-terminated primer layer was then reacted with a perfluorinated
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propiolic acid ester, 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl propiolate (THFDP)

(Figure 40).
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Figure 40: Reaction scheme for surface modification of BUTS coatings with sodium azide and copper
catalysed Huisgen 1,3-dipolar cycloaddition of THFDP.

4.1.2.1 Covalent Coating of OTS and BUTS
Initially it was important to confirm that the applied coating actually bonded to the surface and to
investigate whether only a monolayer is formed. Subsequent considerations about the surface

energy of these coatings will be discussed later in length in chapter 4.1.3.

Starting with BUTS, to determine whether the coating works in principle and to optimize the
reaction time for the coating, three series of samples were treated for different durations (1, 4 and
24 hours) in the coating solution. Each series consisted of at least four flat samples and four
nanowire samples. Besides the duration, all other parameters for the reaction were kept as
presented in 3.2.3. The flat samples were then used for ellipsometry measurements since nanowire

sample are not suitable for this method. The obtained layer thickness can be found in Table 6.

Coating duration Layer thickness
(h) (A)

1 15+2

4 21.2+0.6

24 21.9+1.0

Table 6: Layer thickness of BUTS coated samples as a function of coating duration.

In addition to ellipsometry, the length of the molecule was calculated using Chem3D by determining
the distance between the silicon and the bromine atom. The calculated length of 15.6 A should then
correlate with the observed layer thickness if only a single monolayer is present on the surface. The

rather large discrepancy between measured and calculated thickness can be explained by the
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limited knowledge about the refractive index of the monolayer. As pointed out in 2.2.2, the
refractive index of the 1ayer has to be known in order to obtain meaningful experimental values in
ellipsometric measurement. However, there is no easy method which allows its determination for
thin layers. For the measurements presented here, the refractive index was therefore estimated
with 1.5. While the absolute values may not be reliable, some conclusions can still be drawn. First
of all, it confirms that there is a layer on top since otherwise the layer thickness would be zero no
matter which refractive index is used for the evaluation. Secondly, the relative values are still
meaningful since at least they stay constant after 4 hours. The measured layer thickness for 4 and
24 hours, which is virtually the same, confirms therefore that there is no further reaction taking
place in this time frame. The only reasonable explanation for this is that the monolayer formation
is completed and that the compound does not tend to form multilayers easily. Finally, it can be seen
that while the absolute experimental and calculated values differ, they are still in the same order

of magnitude. This is another indicator that only a monolayer is formed.

Also, FTIR measurements of the nanowire samples have been performed. They show a similar
picture. While here also the integral of the CH stretching region (2770-3000 cm™) increases with
time, as can be seen in Table 7, the difference between 4 and 24 hours is far less pronounced
especially when considering that the time increase is not linear. In addition to the integral, the
spectra itself are shown in Figure 41. In this figure, for each duration, the average of the four sample
spectra is plotted. Overall, we concluded that for our purpose a complete monolayer coating with

BUTS is achieved after 4 hours.

Coating duration Integral of 2770-3000 cm!

(h) ()

1 0.38 £0.07

4 0.427 +0.015
24 0.442£0.018

Table 7: Integral of the CH region (2770-3000 cm-1) as a function of coating duration.



Coating 57

0.005A.U.

1h

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm’)

Figure 41: FTIR spectra of nanowire samples treated with a coating solution containing BUTS for
different durations, each averaged over three samples.

In a similar fashion, the coating with OTS has been investigated. Again, we chose three different
durations for the coating. As before we used 1, 4 and 24 hours. We prepared at least three flat
samples for each coating duration with all other parameters according to the procedure presented
in 3.2.3. These samples were then investigated with ellipsometry. The obtained layer thicknesses

can be found in Table 8.

Coating duration Layer thickness
(h) (A)

1 26.89+0.16

4 259+0.3

24 27.3+0.3

Table 8: Layer thickness of OTS coated samples as a function of coating duration.

We also calculated the length of OTS in Chem3D which resulted in 22.7 A. It can be seen that already
after 1 hour the layer thickness only changes marginally and the measured thickness is again in the
same order of magnitude as the calculated one. This leads to the same conclusions which could be
drawn for the coating with BUTS. Only a single monolayer is formed on the surface and the
formation of the monolayer is largely completed after 1 hour. Nevertheless, for practical reasons
we chose to treat the samples for 4 hours like samples coated with BUTS allowing easier work on

both coatings at once.

Since no new insights from the FTIR spectra were expected, it was forgone to repeat the whole
series with nanowires substrates. Only four samples with the selected conditions of a 4 hour coating
duration were prepared and investigated with FTIR. The resulting spectrum, again averaged over
all four samples, can be found in Figure 42. The highly characteristic CH-stretching peaks between

2800 and 3000 cm? convincingly confirm the presence of OTS on the surface.
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Figure 42: FTIR spectrum of OTS on nanowire substrate, averaged over three samples.

4.1.2.2 Optimization of Sodium Azide Treatment

In order to functionalize the surfaces with azide groups to perform the Huisgen 1,3-dipolar
cycloaddition, BUTS coated samples had to be treated with sodium azide. Again, we had to make
sure that a high conversion is achieved. Similar as in the previous chapters, we varied the duration
of the treatment to find the necessary time for complete conversion. This time we could not use
ellipsometry to characterize the reaction progress, because the layer thickness changes only
marginally since only the terminal group is replaced but the overall length of the molecule largely
stays the same. A change in layer thickness would here likely then be overshadowed by a change in
refractive index. Luckily, FTIR measurements promise to be very meaningful in this case. The azide
group shows a very strong and sharp peak at 2101 cm™ representing the asymmetric Ns-stretching

vibration. This peak allows easy determination whether full conversion is reached.

Initially we compared the results of 1 hour and 24 hours reaction time. We prepared two nanowire
samples for each of the two durations in question. It is necessary to point out that this investigation
was done before the optimization of the etching condition. The samples presented here were
etched in 0.12 M H,0, solution. Nevertheless, the results are still useful for samples etched with
0.06 M H,0, solution, since, if anything, the bigger surface area due to the higher H,0;
concentration increases the necessary reaction time to reach full conversion. At worst, samples
etched with 0.06 M H,0, will then be treated unnecessarily long to reach full conversion. The
samples were then examined with FTIR. The average integral of the peak between 2020 and

2175 cmis listed in Table 9 and the spectra are plotted in Figure 43.
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Reaction duration Integral 2020-2175 cm™!
(h) ()
1 0.171
24 0.675

Table 9: Time dependency of the integral of the asymmetric stretching vibration of azide after treatment
of BUTS coated nanowire samples etched with 0.12 M H;0; for various durations with sodium azide.
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Figure 43: FTIR spectra of BUTS coated nanowire samples etched with 0.12 M H,0, after treatment with
sodium azide for various durations, both spectra averaged over two samples.

The results show unambiguously that after 1 hour the reaction is not finished. To further determine

if 24 hours are in fact enough we conducted a second series comparing the FTIR spectra of samples

treated for 24 and 72 hours. For those series four samples were prepared for each duration. The

samples for these series were already etched with 0.06 M H,0,. The obtained integrals of the FTIR

signals are therefore not comparable with the integrals of the previous series. FTIR spectra were

again recorded and evaluated in the same manner. The integral of the asymmetric stretching

vibration of the azide (2020-2175 cm™) is shown in Table 10 and the averaged spectra are shown in

Figure 44.
Reaction duration Integral 2020-2175 cm?
(h) ()
24 0.253 £ 0.016
72 0.30+£0.05

Table 10: Time dependency of the integral of the asymmetric stretching vibration of azide after
treatment of BUTS coated nanowire samples etched with 0.06 M H,0, for various durations with
sodium azide.
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Figure 44: FTIR spectra of BUTS coated nanowire samples etched with 0.06 M H,0; after treatment with
sodium azide for various durations, both spectra averaged over four samples.

The spectra showed that 24 hours are sufficient to reach good conversion from BUTS to azide
terminated wafers (11-Ns). Although ellipsometry measurements were not used to determine the
required treatment duration, for complicity sake four flat samples were prepared and measured.

The samples showed a layer thickness of 20 + 2 A.

4.1.2.3 Synthesis of THFDP and Huisgen 1,3-Dipolar Cycloaddition

For the synthesis of THFDP (Figure 45) we used an esterification of propiolic acid and 1H,1H,2H,2H-
perfluoro-1-decanol. The procedure worked very well according to the approach presentedin 3.1.1.
In order to obtain a FTIR spectrum (Figure 46), the compound was molten (T, = 28 °C) and placed

between two sodium chloride windows. Also, an *H NMR (Figure 47) was measured.

Figure 45: THFDP with labelled CH groups correlating with *H NMR peaks shown in Figure 47.
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Figure 46: FTIR spectrum of THFDP between two sodium chloride windows.
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Figure 47: 'H-NMR of THFDP in CDCl; with a magnification of the triplet of triplets at around 2.54ppm.
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The''spectra “‘showed: quite clear that besides residual water and traces of grease the obtained

compound was pure and could be used for the modification of an 11-Ns coating.

The 1,3-dipolar cycloaddition was done according to the procedure presented in 3.2.3 to obtain a
layer of 11-N3; modified with THFDP which will be abbreviated as cTHFDP. A series of four nanowire

samples was prepared and investigated with FTIR (Figure 48).

0.005A.U.
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Figure 48: FTIR spectrum of cTHFDP on nanowire substrates, averaged over four samples.

The absence of the asymmetric stretching vibration of the azide at 2101 cm™ shows quite
convincingly that the conversion is complete while the peaks at 1736 cm™ and around 1200 cm?,
representing the C=0 stretching vibration and different CF vibrations, respectively, confirm the

presence of cTHFDP on the surface.

For the sake of complete characterization, we also prepared four additional flat samples for layer
thickness determination with ellipsometry and compared them again with the calculated length of
the molecule with Chem3D. The measured layer thickness of 28.4 + 0.3 A indicates that only a

monolayer is present and is in reasonable agreement with the calculated length of 31.3 A.

4.1.3 Wetting Properties of Cassie-Baxter Type Materials

In the next step, we wanted to put our finished Cassie-Baxter systems to the test. The most
meaningful way to characterize them is to directly measure the contact angle of different liquids,
which allows, with subsequent data analysis, the determination of the surface energy, r and ¢
according to the equations presented in 2.1. We decided to use water-ethanol mixtures since they

are completely miscible, water is mainly polar and shows high surface tension while ethanol is
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mainly dispersive and shows low surface tension. Mixtures then cover a wide range of surface
tension @and-polarity. However, we recognized very soon that the conditions for the contact angle
measurements had to be precisely controlled to get proper results. Most importantly, evaporation
of the probe liquid poses a major problem. This is especially true since we are using a mixture of
two liquids. In our case, evaporation will not only change the volume of the drop but also its

composition and therefore its surface tension.

4.1.3.1 Influence of Liquid Evaporation on Contact Angle Measurements
To confirm whether evaporation really is as problematic as we expected it to be, we placed a 15 pl
drop of a water-ethanol mixture on top of an OTS coated nanowire surface and determined the
volume of the drop with the contact angle goniometer over the course of 30 minutes. The water-
ethanol mixture was chosen from a set of different mixtures which we also planned to use for the
characterization of the surfaces. Further details about the water-ethanol mixtures will be presented
in 4.1.3.2. To investigate the evaporation behaviour, we wanted to use the mixture which will be
susceptible the most to it, because if we get it under control for this liquid, it will also be
unproblematic for all other mixtures. Therefore, we selected a mixture with relatively high ethanol
content but with a surface tension high enough so that the drop still shows rather high contact
angles. The curvature of the drop will then also contribute to an even higher evaporation rate. The
rather high contact angle also helps to get meaningful volume measurements, since for drops with
a contact angle close to 0° the determination of the volume becomes less accurate. We chose a
mixture containing 30.04 wt.% ethanol and showing a surface tension of 33.3 + 0.4 mJ/m?. The
measured decrease of the drop volume over time as well as a picture of the drop right after placing
it on the surface and another one after 30 minutes can is shown in Figure 49.
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Figure 49: Evaporation of a drop without extra precautions. Left: Decrease of drop volume of a mixture
of 69.96 wt.% water and 30.04 wt.% ethanol as a function of time due to evaporation; Top right: Drop
at the beginning of the measurement; Bottom right: Drop at the end of the measurement.
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Evaporation is ‘a considerable problem, becoming more severe the longer the measurement takes.
By “doing fast ‘measurements the problem can somewhat be diminished. However, it was also
planned to measure advancing and receding contact angles. Here, in general, can be said that a
measurement becomes more precise with slower tilting rate because then the drop has more time
to reach equilibrium for a specific tilting angle, favouring slower experiments. To avoid these
opposing trends and be able to do proper measurements, the obvious solution is to restrain
evaporation enabling slower tilting rates. Therefore, we decided to build a sample housing to be
able to saturate the atmosphere around the drop with probe liquid to slow down evaporation. A
3D model of the sample housing was drawn with a CAD program and then 3D printed. A rendering
of the model as well as a picture of the printed housing is shown in Figure 50 and Figure 51,

respectively.

Figure 50: Rendered 3D model of the sample housing used to obtain an atmosphere saturated with
probe liquid around the drop of probe liquid for contact angle measurements.
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c

Figure 51: Picture of the 3D printed housing mounted on the sample stage of the goniometer.

The housing consists of four parts. The top part (left in Figure 50) mainly features two large holes
to mount glass slides as windows for the measurement (1) and a small hole in the middle to allow
the needle the placement of drops on the sample (ll). It also has two holes to mount the top on the
bottom with screws (Ill) which is especially important when tilting the samples stage. The bottom
part (right front in Figure 50) is screwed to the sample stage of the device. The most important part
here is an elevation in the middle to support the sample (IV). After printing, this was further
reinforced with an aluminium plate to avoid direct contact of samples with plastic used for 3D
printing. In the back are two holes for clamps to fixate the samples in place (V). The bottom has a
hole in the side for a temperature probe (VI, not visible in Figure 50 but in Figure 51) and, finally, a
suspension (VII) for the remaining two parts. The final two parts (VIII, right back in Figure 50), which
can swing freely in the suspension of the bottom part, can carry small beakers. These parts are also
heavier on the bottom, which forces the beakers to always stand upright, regardless of the tilt of
the sample stage. This way the beakers can be filled with probe liquid during the whole
measurement to saturate the housing. In order to do a measurement, the beakers were filled with
probe liquid and the sample was mounted on the aluminium plate with the two clamps. The housing
was then kept closed for 30 minutes to allow the liquid inside of the beakers to evaporate. After
this period, the drop for the measurement was placed on the sample through the hole in the top

and the measurement was conducted as usual.
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To compare the effects of the housing, an identical evaporation test was done as before but this
time with'the'drop in‘the housing. The resulting decrease in drop volume as well as a picture before

and after the test of the drop can be found in Figure 52.
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Figure 52: Evaporation of a drop in a housing. Left: Decrease of drop volume of a mixture of 69.96 wt.%
water and 30.04 wt.% ethanol as a function of time due to evaporation; Top right: Drop at the beginning
of the measurement; Bottom right: Drop at the end of the measurement.

The evaporation over the course of 30 minutes is still noticeable, but it is slowed down. Due to the
curvature of the drop, evaporation cannot be completely inhibited solely by saturating the
atmosphere with probe liquid with the exact same composition also being used afterwards for the
measurement. To get meaningful results from contact angle measurement with water-ethanol
mixtures, we decided for a tilting rate of 30°/min. This way a measurement can only take up to 3
minutes but often much less if the drop rolls off early. In this time frame the drop volume decreases

by 1.2 plin the housing. Without a housing, the decrease is, with 2.4 pl, exactly twice as much.

4.1.3.2 Contact Angle Raw Data

As already mentioned, we then characterized our surfaces with contact angle measurements using
water-ethanol mixtures. Water has a high surface tension (y; = 72.75 mJ/m? at 293 K)[68] while the
surface tension of ethanol is relatively low (y; =22.31 mJ/m? at 293 K)[68]. Since they are
completely miscible, it is possible to prepare mixtures with any surface tension in between. This is
very convenient when the contact angle as a function of the surface tension is sought after. For our
measurements, we decided to use a total of 10 probe liquids distributed evenly over the accessible
range. Therefore, we used pure water and ethanol and 8 additional mixtures. The precise mixing
ratios could thereby be determined based on literature data [68]. In this paper, the surface tension
of water-ethanol mixtures was presented at various compositions and temperatures. An excerpt of
the data at 293 K taken from this publication [68] is listed in Table 11 and a corresponding plot is

shown in Figure 53.
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Ethanol Surface tension at 293 K

(wt.%) (mJ/m?)
0 72.75
5 56.41
10 48.14
15 42.72
20 38.56
25 36.09
30 33.53
40 30.69
50 28.51
60 26.72
70 25.48
80 24.32
90 23.23
100 22.31

Table 11: Surface tension of water-ethanol mixtures as a function of composition [68].
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Figure 53: Surface tension of water-ethanol mixtures as a function of composition [68].

Then we used the data to interpolate the ethanol content necessary for a desired surface tension.
We prepared mixtures according to the calculated values and measured their density, which is
needed for the determination of their surface tension. The surface tension was measured with the
pendant drop method described in 3.3.3. It was determined for each probe liquid three times and
then the average was formed. All information about the intended composition and the

characterization of the probe liquids can be found in Table 12.
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Intended surface tension Ethanol Density Measured surface tension
(mJ/m?) (wt.%) (g/cm3) (mJ/m?)
72575 0.00 0.997 72.9+0.9
67.15 171 0.993 64 0.8
61.54 3.43 0.991 59.5+0.3
55.94 5.29 0.988 55.6+0.3
50.33 8.67 0.982 50.6 £ 0.3
44.73 13.15 0.975 45.2+0.7
39.12 19.32 0.966 39.57 0.12
33.52 30.04 0.950 333104
27.91 53.33 0.906 27.4+0.2
22.31 100.00 0.800 23.0310.06

Table 12: Composition and characterization of the water-ethanol mixtures used as probe liquids for
contact angle measurements.

With the probe liquids at hand, we could then proceed to characterize our surfaces. We decided to
investigate three different coatings: cTHFDP because we expected for it the lowest surface energy,
11-Ns because its wetting properties are of interest for the 1,3-dipolar cycloaddition and finally OTS
because it is also expected to show a relatively low surface energy but can be obtained by direct
adsorption in a single step. All three coatings were applied on flat surfaces and on nanowire
substrates. For each combination three different samples were investigated. The measured contact

angles are listed in Table 13.
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Probe liquid oTS cTHFDP 11-N3 oTS cTHFDP 11-N;
(mJ/m?) flat (°) flat (°) flat (°) NW (°) NW (°) NW (°)
72'9%0.9 ] 112.6+1.3 119.6+0.3 91+2 163 +1 168 +3 144 +2

Orec. 105.2+0.6 103.5+1.6 80.4+12 150#2 154+3
Ogqp. 1133306  121%2 920+£1.0 1653%0.4 168.1+1.6
64+0.8 ] 1102+1.3 116.6%0.5 88.3+1.4 163.1+13 163.8+0.5 1353+1.4
BOrec. 104 + 4 102.0+1.8 74+3 146.4+0.2 152.1+0.6
Opay. 111.1+14  120.8+0.8 89+4 167.4+1.4 168%3
59.5+0.3 6 109.2 £ 0.7 1147+ 0.4 89.0+0.5 160+ 3 165+3 1303
Orec. 103.1+1.1  100.0%0.7 75+5 148 3 152.7+1.9
Opay. 109212 118.8+1.1 90.8+0.6 165.4+04 168+3
55.6+0.3 0 103.1+0.6  112.5+1.3 86.3+15 157.8+1.8 162.0+0.5 127.3+04
Orec.  95.3t18 99.3+1.9 715 1452 151+2
Oqqp. 106.1+0.4  118.3+0.3 90+4 170+ 4 1703+ 1.0
50.6 +0.3 ] 100.7+0.2  108.5+0.9 81.1+15 1579+14 161.7+0.3 119.1+19
Orec. 943106 92+4 60+ 7 142.4+13 148+%2
Opay. 100%4 115.3+0.2 86+5 165.4+1.1 170.7+1.2
45.2+0.7 ] 96+1 104.1+£1.2 75.6+1.1 1574 158.7+1.8 105%5
Orec. 8612 87+3 58.8+1.6 1332 142+7
Onay. 96.8+0.4 109.6 £+ 1.6 87.3+13 1703 166.7 £ 0.4
39.57 +0.12 ] 86+3 100 2 61+6 150.6+1.1 1585+0.4 60+30
Orec. 7812 79+3 456+03 O 128+6
Opay. 90.8+1.1 105.17+0.12 79+6 151+ 13 167.8+1.2
33.3204 0 75.8+0.7 92.9+04 56+5 121.3+1.1 155918 0
Orec.  64.810.2 73.2+1.8 25+3 0 98+6 0
Oqay. 792t0.4 96.9+0.8 70+ 4 125.4+12 16722 0
27.4£0.2 0 62.4+£0.3 81+3 24+6 93.4+0.7 140.6 £ 0.8 0
Orec.  59%3 6442 0 0 0
Opay. 639207 88+2 90+ 7 138+5 0
23.03+0.02 ] 37.8+0.5 66.2+ 1.0 9.7+0.5 0 113+2 0
Orec.  35%2 50.1+1.1 0 0 0
Opaw. 4212 67.7+1.3 0 116 +2 0

Table 13: Measured contact angles (8) as well as receding (0,...) and advancing (6,4,,) contact angles
of different probe liquids on flat and nanowire (NW) substrates coated with different compounds.

The few empty spaces of the table, which all refer to either advancing or receding contact angles,

could not be determined because the drop did not start moving even when the sample stage was

tilted to 90°. In a few cases, the observed contact angle directly after placing the drop is larger than

the advancing or smaller than the receding contact angle. This can be explained with the different

methods used to fit the contour of the drop when measuring advancing and receding (tangent

method) in contrast to the sessile drop (Young-Laplace method). An explanation of the methods
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can be found in/2:2.3 and 3.3.3. A graphical representation of the data in Table 13 on flat surfaces

can'bé'seen in'Figure 54 while the data on nanowire substrates are plotted in Figure 55.
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Figure 54: Contact angle of different probe liquids on cTHFDP, OTS and 11-N; modified flat surfaces as
a function of surface tension. Range between advancing and receding angle is semi-transparently

coloured.
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Figure 55: Contact angle of different probe liquids on cTHFDP, OTS and 11-N; modified nanowire
surfaces as a function of surface tension. Range between advancing and receding angle is semi-

transparently coloured.

To give a better idea of the contact angles observed, a few selected images captured during the

measurement are shown in Figure 56.
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A 1 mm B 1 mm C 1 mm

Figure 56: Images captured during contact angle measurements of different probe liquids on cTHFDP
coated nanowire substrates. A: Pure water (y; = 72.9 £ 0.9 mJ/m?); B: A mixture of 53.33 wt.% ethanol
and 46.67 wt.% water (y; = 27.4 £ 0.2 mJ/m?); C: Pure ethanol (y; = 23.03 £ 0.02 mJ/m?).

4.1.3.3 Surface Energy Calculation

With the contact angle measurements at hand, it was then possible to calculate the surface energy
of the different coatings. One way to do this, as presented in 2.1.2, is the Owens-Wendt method.
Here the equation given by the combination of the OWKR-approximation and the Young equation
of two measurements with different probe liquids is solved for ¢ and y,? (Equation 11 and 12).
The parameters needed for this evaluation are the measured contact angles and the polar and
dispersive surface tension components of the probe liquids. Out of the ten probe liquids we used,
only for pure water and pure ethanol the polar and dispersive components are easily accessible
from literature but this is sufficient to do this evaluation. The dispersive and polar surface tension
components found in literature and used for the calculation were yf =21.8mJ/m? and
ylp =51.0 mJ/m? for water [58] and yld =19.0 mJ/m? and ylp = 3.3 mJ/m? for ethanol [60]. With

those we could calculate the surface energies as presented in Table 14.

Coating Vs Y& Vsp
(mJ/m?) (ml/m?) (ml/m?)

cTHFDP 12.041 + 0.004 11.938 + 0.002 0.103 £0.003
oTS 20.24 +0.02 20.20+0.02 0.040 + 0.004

11-N3 22.33+£0.05 16.83 £0.05 5.493 + 0.009

Table 14: Calculated surface energy of cTHFDP, OTS and 11-Nj5 using the Young equation and the OWKR-
approximation.

In addition to the Owens-Wendt approach, we also used the Zisman plot, which is explained in
2.1.2, for evaluation of the data presented in 4.1.3.2. The advantage of this method is that no
information about the polar and dispersive components of the probe liquid is necessary, so all
mixtures presented in Table 13 can be used. On the other hand, no information about the polar and

dispersive components of the surfaces is obtained in the process. The most meaningful way to apply
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the Zisman plot, ‘s to use probe liquids and surfaces with just one kind of interactions on the
interface: Thenthe-data can be fitted according to Equation 15 resulting in a linear relation with an
abscissa of -1. However, in our case the probe liquids contained water which shows polar and
dispersive interactions. Therefore, it does not fulfil the requirements of the Berthelot hypothesis
over the whole range on which Equation 15 is based. In Figure 57 it can be seen that the
requirements are indeed not sufficiently met to approximate the behaviour with Equation 15.

Satisfactory linear correlations are obtained with neither of the three coatings.

1.0 " i n i 1 i n 1 i " i n i 1 i i " i 1 i 1 i i 1
| ¥ CTHFDP y=4.4621x- 1 “
® 0TS  y=33780x-1
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0.5 . -
®
—_ | |
S 0.0 - !
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0.0 0.1 0.2 0.3 0.4 0.5 0.6
2
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Figure 57: Zisman plot assuming that the Berthelot hypothesis is valid over the whole range.
Another possibility is to plot instead cosf against ¥; and use a polynomial regression curve. We
tried to do this with a cubic polynomial (Figure 58) which fits our data reasonably well but it lacks
theoretical background and, especially when extrapolation is involved, significant errors may be

introduced.
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Figure 58: Zisman plot using a cubic polynomial to extrapolate to cosf = 0.

In summary, the calculated values with these two methods are listed in Table 15.

Coating Berthelot - y; (6 =0°) cubic polynomial - y; (6 = 0°)

(mJ/m?2) (mJ/m?)
cTHFDP 7.31 12.89
oTS 11.41 19.28
11-N3 19.91 23.93

Table 15: Calculated surface tension to reach a contact angle of 0° on different surfaces using on one
hand the Berthelot equation and on the other hand a cubic polynomial to extrapolate the data.

However, for the final evaluation, we wanted to use instead a model which shows a linear relation
of some kind with good theoretical background similar to Equation 15. The reason this is not
possible with Equation 15, is that the Berthelot hypothesis is not valid over the whole range.
However, the very similar OWKR approximation is applicable. Analogous to Equation 15, we
therefore tried to incorporate the OWKR approximation into the Young equation and form a linear
relation allowing to extrapolate our data. Using this approach, the following equation was obtained

(Equation 53).

d
2\[1/77” oA

To plot data according to this equation, knowledge of the polar and dispersive components of the
surface tension is required. To still be able to use this equation with our data, an assumption had
to be made. We assumed that the overall surface tension is a linear combination of the surface

tension of water and ethanol with a weighting factor characteristic for the composition at the
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surface. Thus, from the measured surface tensions the share of water and ethanol on the surface
can'be'calculated. We-further assumed that the polar and dispersive components of the mixture
are also a linear combination of those of water and ethanol dependent only on the composition of
the surface. Therefore, the weighting factors we obtained from the surface tension could be reused
to calculate the polar and dispersive share. A graphical presentation of this assumption is shown in

Figure 59.
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Figure 59: Assumed polar and dispersive components for water-ethanol mixtures calculated from pure
water and pure ethanol.

With these values, we were then able to plot our data according to Equation 53 and fit linear curves

(Figure 60).
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Figure 60: Zisman plot based on the OWKR approximation and the assumption for the polar and
dispersive share of water-ethanol mixtures.
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These curves can be evaluated in two different ways. First of all, if the assumption we used is
correct, which<is indicated by the good linear correlations in Figure 60, the slope and the abscissa
of the calculated curves can be directly converted to the polar and dispersive components of the
surface energies. The corresponding values are listed in Table 16. The negative abscissa for the
equation describing OTS in Figure 60 is an artefact but it is sufficiently close to zero to assume that
the polar component of this coating in fact is zero and the abscissa is negative only due to small

variance of the data.

Coating  y, yé v
(ml/m?)  (mJ/m?)  (ml/m?)

cTHFDP 12.79 12.76 0.02
oTS 22.51 22.51 0

11-N3 23.63 20.57 3.05

Table 16: Calculated surface energy from a linear fit based on contact angle measurements plotted
according to the OWKR approximation in combination with the Young equation and an approximation
of y{ and y}.

The second way is to merely use these curves as a tool to extrapolate the data to calculate y; at a
contact angle of 0° and then do the interpretation according to the regular Zisman plot. To do this,
Equation 53 at 8 = 0° can be rewritten as Equation 54 and then the slope and abscissa from the
fitted curves presented in Figure 60 as well as the approximations for yld and ylp can be used to

calculate y;. The calculated values for y; using this approach are listed in Table 17.

Vi = /st)’zd"‘ /Vsp vy (54)

Coating  y; (6 =0°

(mJ/m?)
CTHFDP 1543 +0.281
oTS 20.47

11-N3 23.47

Table 17: Calculated surface tension to reach a contact angle of 0° on different surfaces using the OWKR
approximation in combination with the Young equation and an approximation of y;i and yf.

These data require some discussion. From the previous evaluation methods, we know that 11-N3
coated surfaces feature, besides the omnipresent dispersive component, also a non-negligible polar
component of their surface energy. This already means that, no matter which probe liquid is used,
two different kinds of interactions are responsible for the surface energy and therefore the
Berthelot hypothesis is not applicable at any point. Beyond that, a water-ethanol mixture with a
calculated y; of 23.47 mJ/m? would still show some polar component of its surface tension, further

disqualifying the Berthelot hypothesis here. Overall this means y; has to be greater than zero when
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applying Equation 13 and therefore y, of the 11-Ns surface has to be greater than the value of y;

calculated’here to'reach a contact angle of 0°.

This is different for OTS coated surfaces. In the other evaluation methods, OTS shows virtually no
polar component and also a theoretical probe liquid with a surface tension of 20.47 mJ/m? would
show only very little polar properties using the presented approximation. Therefore, for OTS the
Berthelot hypothesis is reasonably well fulfilled at a contact angle of 0° and the value of y;

calculated here is approximately equal to y; of the surface.

Finally, there is the evaluation of the coating with cTHFDP. Here a complex number is obtained.
When looking at the approximation for ylp in Figure 59 it can be seen that as soon as the overall
surface tension becomes lower than 18.81 mJ/m?, ylp becomes negative. In Equation 54 then a root
is formed containing ylp to solve for y;. With this approximation, this results in y; being complex as
long as y; is below 18.81 mJ/m?. Neither negative nor complex numbers for the surface tension or
the surface energy make any sense and therefore the approximation of ylp cannot be used for an
extrapolation below 18.81 mJ/m?. The calculated value for y; of a theoretical probe liquid showing

a contact angle of 0° on cTHFDP is therefore meaningless.

It has to be added that all presented methods to evaluate the surface energy are only applicable if
the drops are in equilibrium. However, for some samples we observed quite a large range between
the advancing and the receding contact angle and there is no way to distinguish which contact angle
between those two is in fact in equilibrium. The contact angles we observed and used for the
evaluations are relatively close to the advancing contact angles due to the procedure used for
placing the drop on the sample for the measurement. To give upper and lower limits for the surface
energies, all evaluations have been repeated with advancing and receding contact angle
measurements, respectively. An overview of the surface energies obtained so far is summarized in
Table 18, calculations done with advancing contact angles can be found in Table 19 and calculations
done with receding in Table 20. All underlying graphs for the evaluation were created analogously

and can be found in Figure 61.
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Coating

cTHFDP

oTsS

11-N3

Surface energy
(mJ/m?)

Vs

e

Y

Vs

Y

¥
¥s
yd

vy

Owens-Wendt
approach

12.041 + 0.004
11.938 + 0.002
0.103 £ 0.003
20.24 £0.02
20.20+0.02
0.040 + 0.004
22.33+0.05
16.83 +0.05
5.493 + 0.009

Zisman plot:

Berthelot

7.31!

11.41!

19.91!

Zisman plot:
cubic
polynomial

12.89'h 1

19.28"

239311

Linear fit:
OWKR-Young

12.79
12.76
0.02
22.51
22.51
0.00"V
23.63
20.57
3.05

Zisman plot:
OWKR-Young

15.43+0.28 '

20.47

23.47M

Table 18: Summary of the calculated surface energies of different coatings. ': Highly unreliable due to
unfulfilled theoretical requirements; ": Inaccurate due to extrapolation without theoretical background;
Il: Underestimates the surface energy due to unfulfilled requirements for the Berthelot hypothesis at
0 =0°; V: No precise evaluation possible due to negative abscissa.

Coating

cTHFDP

oTS

11-N3

Surface energy
(ml/m?)

¥s

yd

vy

Vs

¥

¥s
¥s
yd

Ys

Owens-Wendt
approach

11.83 £0.05
11.78 £ 0.05
0.052 +£0.013
19.188 £ 0.010
19.139 + 0.008
0.050 + 0.007
20.842 +£0.014
15.217 £0.014
5.625 + 0.002

Zisman plot:
Berthelot

6.08'

10.78!

14.56'

Zisman plot:
cubic
polynomial
13.41nm

19.12"

2152

Linear fit:
OWKR-Young

13.08
13.08
0.00V
21.36
21.36
0.00V
15.10V
435V
10.75V

Zisman plot:

OWKR-Young

no solution

19.94

14.13 £8.72i"

Table 19: Summary of the calculated surface energies of different coatings using advancing contact

angles. :

Highly unreliable due to unfulfilled theoretical requirements; ":

Inaccurate due to

extrapolation without theoretical background; "': Underestimates the surface energy due to unfulfilled
requirements for the Berthelot hypothesis at 8 = 0°; 'V: No precise evaluation possible due to negative
abscissa; V: Unreliable results due to bad fit of the regression curve with the data.

\%
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Coating Surface energy Owens-Wendt Zisman plot: Zisman plot: Linear fit: Zisman plot:
(ml/m?) approach Berthelot cubic OWKR-Young ~ OWKR-Young
polynomial
cTHFDP Vs 15.03 £ 0.04 12.83! 12.470m 15.58 16.93+1.99i'
y 12.50 + 0.04 13.84
vy 2.538+0.009 1.74
OTS Vs 18.954 + 0.009 13.93! 18.23" 20.38 20.19
yé 17.970 + 0.007 19.86
ve 0.984 + 0.006 0.52
11-N3 Vs 25.91 £ 0.02 26.85' 30.50" " 31.06 30.34"
e 13.069 + 0.019 24.18
y? 12.841 £ 0.003 6.87

Table 20: Summary of the calculated surface energies of different coatings using receding contact

angles.

Highly unreliable due to unfulfilled theoretical requirements; ": Inaccurate due to

extrapolation without theoretical background; ": Underestimates the surface energy due to unfulfilled
requirements for the Berthelot hypothesis at 8 = 0°; 'V: No precise evaluation possible due to negative
abscissa.
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Figure 61: Overview over all plots used to determine surface energies from advancing and receding
contact angles. A: Data fitted according to Equation 15, assuming a valid Berthelot hypothesis over the
whole range. Subsequent extrapolation to cos@ = 0° gives y; B: Data fitted with a cubic polynomial.
Subsequent extrapolation to cos@ =0° gives y,; C: Data fitted according to Equation 53 using the
assumption presented in Figure 59. Slope and abscissa used for determination of y¢ and yf

Extrapolation to cos@ = 0° gives .

v
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4.1.3.4 Evaluation of Surface Properties

Finally, we Wanted to use the contact angle data to gather information about  and ¢. When looking
at the equations describing the Wenzel (Equation 16) and the Cassie-Baxter state (Equation 17) in
2.1.3, it can be seen that there is a linear relation between the cosine of the contact angle on flat
surfaces and on rough surfaces. The slope of these linear curves represents r for the Wenzel state
and ¢ for the Cassie-Baxter state. Therefore, we plotted our data accordingly to be able to obtain

these parameters (Figure 62).

1 .O I L n n 1 L n 1 1 1 1 i I " 1
| v cTHFDP
® 0TS
" 11N, - !
059 - Cassie-Baxter y=0.0821x-0.9179 r
% 00 ° i
8
m
-0.5 A "o -
] ot I
n
- I
-1.0 T T T T T T T T T T T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0
cosf ()

Figure 62: Plot of cosine of contact angle measurements on flat substrates (cosf) against cosine of
contact angle measurements on rough substrate (cos@*) to determine ¢ and r according to Equation
16 and 17.

The data representing the Cassie-Baxter region are in good agreement with the presented theory
in 2.1.3. First of all, we expect all coatings to fit to the same curve since this plot should only be
dependent on the topography of the surface, which is the same for all samples, and should be
independent of the coating. Also, as expected, the Cassie-Baxter region is only observable for
cosfd < 0. From Equation 17 we can therefore conclude that ¢ is 0.08, which is the slope of the fitted

curve.

In 4.1.1.1 ¢ was already determined with a different method. SEM measurements and a
subsequent graphical evaluation was used there, ultimately resulting in a ¢p of 0.30 for these etching
conditions. The numbers are quite different but both methods have some limitations. As pointed
out in 4.1.1.1, the evaluation using the SEM pictures strongly depends on the chosen threshold for
the grey scale to distinguish between substrate and pores resulting in a large error. The evaluation

presented in this chapter requires the Cassie-Baxter equation to be applicable. The Cassie-Baxter
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equation, however, can only describe drops in equilibrium. As already discussed in the previous
chaptery'we ‘cannot precisely determine the contact angle in equilibrium. Neither method is
therefore suitable to reliably determine absolute values of ¢ and both obtained values can only be

understood as approximations from two different approaches.

When comparing the Wenzel region in Figure 62 with the theory presented in 2.1.3 there are also
some problems. First of all, all different coatings should behave the same but there appears to be
a significant difference between them. Secondly, the Wenzel equation requires the curve to pass
through the origin. Again, the measured points do not follow this behaviour. The problems probably
occur because the data do not represent the equilibrium state and the Wenzel equation is only
capable to describe the equilibrium. We were not able to refine the theory in a way to explain the
observed behaviour. Nevertheless, we already determined r in 4.1.1.1 from integrals of FTIR
measurements. In contrast to the other methods described to determine ¢, the evaluation of FTIR
spectra is a reliable way to obtain good results for r. While it would be desirable to have another
method at hand to compare with the value of r obtained from FTIR measurements, it is not needed

to fully characterize the samples.
4.2 SLIPS Systems

4.2.1 Probe Liquid — General Considerations

SLIPS systems are more complex than Cassie-Baxter systems since two different liquids are
involved, which have to arrange in certain way on a rough substrate. If they mix or complete wetting
of the impregnation liquid on the surface is lost, the desired SLIPS collapses. So, before any thoughts
about the underlying chemical composition can be made, it has to be decided for which probe

liquids a SLIPS system should be designed.

When comparing different liquids, it catches the eye that most liquids with high surface tension
show a considerable polar component of their surface tension, while liquids with low surface
tension mainly show dispersive properties (Table 2). It is also to mention that it is particularly easy
to design a surface which repels liquids with high surface tension with flat or Cassie-Baxter systems.
Possibly the most rewarding approach is therefore to target liquids with low surface tension with

just dispersive properties.
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4.2.2 Impregnation Liquid
The'impreghation liquid has to be chosen in accordance with the probe liquid. From 2.1.5 it is known
that the following conditions have to be fulfilled to avoid complete wetting of the probe liquid on

the impregnation liquid (Inequation 55) as well as cloaking (Inequation 56).

Yi—Vil <1 (55)
Vi
—”;_V” <1 (56)

In these inequations, y;; can be replaced using the OWKR approximation (Equation 9) and secondly,
since the targeted probe liquids will not have any significant polar component, ylp =0andy; = yld

can be applied. This leaves us with the following updated conditions to avoid the undesired states.

yE <yl (57)
[rivd )
7 .

It can be seen that complete wetting can be avoided if the dispersive component of the
impregnation liquid is low (Inequation 57). Further a high polar component of the impregnation

liquid is beneficial to avoid cloaking (Inequation 58).

Besides wetting properties, the impregnation liquid should also show low volatility since, when the
impregnation liquid evaporates, the SLIPS state will inevitably collapse. Thus, we decided to use
ionic liquids. They show only negligible evaporation, resulting in the most durable SLIPS systems
and they are promising candidates to fulfil the requirements both, regarding their surface tension

and immiscibility with the probe liquid, because of their widely tuneable properties.

4.2.2.1 Surface Tension Measurement of Selected lonic Liquids

With the desired properties of the impregnation liquid known, we then wanted to search for an
ionic liquid with suitable properties for SLIPS systems, namely a low dispersive component (yid) and
a high polar component (yl.p). We were provided with several ionic liquids by Katharina Schroder to

investigate their properties. The structure of all ionic liquids tested here are shown in Table 21.
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Abbreviation Structure
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Table 21: Structure of selected ionic liquids investigated regarding their suitability as impregnation
liquid for SLIPS systems.

With these liquids at hand, we could then proceed to characterize them regarding their suitability
for SLIPS systems. The most important parameters to determine are the dispersive and polar
component of the surface tension. In 2.1.2 and 4.1.3.3 we already discussed and carried out the
determination of the polar and dispersive components for solids. There we used well-characterized
liquids and brought them in contact with unknown solid surfaces. From the contact angle of the
liquids on the surfaces, we could then derive the properties of the surface. These methods are also

applicable the other way around, when the liquid is unknown and the solid is well-characterized.

Out of the different approaches discussed in 4.1.3.3, we chose to use an adapted Owens-Wendt
approach. The evaluation is thereby based on a combination of the Young equation and the OWKR
approximation (Equation 10). For each measurement, if the properties of the surfaces are known,
an equation can be formed with only two unknown variables, yl-p and yid. If each liquid is measured
on two different surfaces, the two resulting equations can then be solved for yip and yid (Equation

59 and 60).

(59)

2
» / 2( /ys‘,ilygz— /ys‘?zy_gl)( ygl(c0592+1)— ygz(c0591+1)> \
2

Vi = P
< ygl(c0592+1)— ygz(cost91+1)> +< yzl(c0562+1)— yzz(c0591+1))
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J 2( ’Y51Y£z_ /ygzysl)( /yzl(c056’2+1)— ygz(c0591+1)>
yl i 2 2
< ygl(c0592+1)— ygz(c0561+1)> +< ’yﬁl(cosez+1)— yﬁz(c0591+1)>

Therefore, we could put the surfaces we investigated in 4.1.3.3 to good use and utilized them for

(60)

the characterization of the ionic liquids. We decided to use 11-N3 and cTHFDP coated flat substrates
since their properties differ the most out of the three surfaces, which is beneficial for the accuracy
of this method. For the surface energy of the two surfaces we have different values calculated
based on different models available but, to stay consistently to the same model for all calculations,
we decided to use the values obtained from the Owens-Wendt approach (11-Ns:
¥ =5.493 £0.009 mJ/m? and y{ = 16.83 + 0.05 mJ/m?; cTHFDP: ¥} =0,103 + 0.003 mJ/m? and
yld =11.938 £ 0.002 mJ/m?). All measured contact angles and the calculated values for yl.p and yid

according to Equation 59 and 60 are listed in Table 22.

Probe liquid 11-N3  cTHFDP  y; i Ya
(®) (*) (m)/m?)  (m)/m?)  (mJ/m?)
[bmim][NTf,] 9 225 873 20.69 12.82 7.87
Orec. 78 72.0

0.0, 457 871

[MeNCmim][NTf,] 8 19.0 818 22.04 10.88 11.16
0,0c. 0.0 70.3
0,0p. 370 710

[N4441][NTf,] 6 230 799 23.40 9.78 13.61
Orc. 43 63.5
0,0y, 456  80.0

[C1omim][NTH,] 0 11.6 835 20.30 11.58 8.72
Oec. 0.0 69.4
0,00, 297 868

[Cmim][MeS0y] 6 57.4 1041 28.14 21.08 7.06
0,0c  50.0 847

Ouqv. 664  105.2

Table 22: Measured contact angles on 11-N; and cTHFDP coated surfaces and calculated polar and
dispersive component of the surface tension for selected ionic liquids.

Out of these five ionic liquids, [C;mim][MeSO,4] shows the most promising results since it has the

highest polar component and simultaneously the lowest dispersive component. Therefore, we

continued all further investigations of SLIPS systems with this ionic liquid as impregnation liquid.
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4.2.3 1 Coating

The requirements on the coating are very different than for Cassie-Baxter systems. The coating has
to be adjusted to fit perfectly to the impregnation liquid. It is shown in 2.1.5 that for a functioning
SLIPS, the impregnation liquid has to completely wet the surface regardless of the surrounding
phase. To wet the surface under air, the Young equation can be directly applied (Equation 61). For
the complete wetting of impregnation liquid with probe liquid as surrounding, a slightly adapted
Young equation has to be used (Equation 62).

Ys—Vsi
I (61)

¥Ysi—Vsi > 1 (62)
Yi

For a deeper insight into the requirements regarding the coating, the OWKR approximation
(Equation 9), as well as the fact that the probe liquid has no polar component (ylp =0andy; = yld)

can be applied to Inequation 61 and 62 leading to Equation 63 and 64.

[rév [vEv?
———2=>1

63
vi+y! (63)

e _Yi—z\/stVld +2JVstid +2JV5 v

vé+vi-2 v

While increasing dispersive properties of the surface energy is beneficial for wetting under air

>1 (64)

(Inequation 63), it is not for wetting with probe liquid as surrounding (Inequation 64), since /ysdyid

has to be smaller than /ysdyld to still fulfil Inequation 57. Increasing polar properties of the surface

energy, however, helps to fulfil both, Inequation 63 and 64. As long as the premise is met, that the
probe liquid only shows dispersive properties, it is therefore desirable to use a coating with a polar

component as high as possible.

This question can also be approached from a different perspective. When assuming that the
properties of the coating and the impregnation liquid are perfectly identical, all indices of s and i
are interchangeable (y; = y;, v& = yid and ysp = yip). With that assumption, also the interface
tension between those two becomes 0 according to the OWKR approximation (yg; = 0). When

inserting this in Equation 61 and 62, it can be seen that the left side of both inequations equals 1
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and therefore they are always met. This is even true for probe liquids which show polar properties

of theirsurface tension and therefore adds versatility to the final SLIPS system.

The ideal coating therefore would be as similar to the impregnation liquid as possible and, if there
is any deviation, it should be an increased polar contribution when targeting dispersive probe
liquids. We decided that a coating similar to the selected ionic liquid had to be synthesised to meet
these requirements. The most promising approach for this is probably to use a coating which
features the same chemical functions as the impregnation liquid and is an ionic liquid itself. The
counterions of the coating can then exchange with those of the impregnation liquid for a perfect
match of their properties. Additionally, we also planned to use an uncoated SiO, surface and to

compare the results.

4.2.3.1 Synthesis and Covalent Coating of [Csmim]CI

We chose [Csmim]Cl (Figure 63) as coating for our SLIPS systems. The compound was provided by
Matthias Mastalier who synthesised it according to a procedure presented in literature [65]. He
used the approach presented in 3.1.2. The compound was characterized with FTIR between sodium

chloride windows (Figure 64) and with *H-NMR in CDCls (Figure 65).

Figure 63: [Csmim]Cl with labelled CH groups correlating with *H-NMR peaks found in Figure 65.
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Figure 64: IR spectrum of [C3mim]Cl between two sodium chloride windows.
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Figure 65: tH-NMR measurement of [C3mim]Cl in CDCls.
'H NMR (250 MHz, CDCls): 6 = 0.07 (t, J = 8.2 Hz, 2H), 1.45 (5, ) = 7.6 Hz, 2H), 2.99 (s, 9H), 3.58 (s,
3H), 3.79 (t,J = 7,1 Hz, 2H), 7.10 (s, 1H), 7.38 (s, 1H), 9.87 (s, 1H) ppm

The measurements showed all expected peaks and the compound could therefore be used for
coating. Based on results of the coating with OTS and BUTS, for [Csmim]Cl a slightly different
procedure was chosen to ensure a monolayer formation. Here we did not investigate the necessary
time to reach a complete coating but instead we assumed that, as the previous two compounds
showed, the coating does not form multilayers. This means while the reaction time can be too short,
it cannot be too long. We chose to treat the samples 48 hours, which should be more than sufficient,

and measured the layer thickness and FTIR spectra afterwards to check if the results are reasonable.

We performed ellipsometric measurements on flat samples resulting in a layer thickness of
4.7 + 0.3 A which is in reasonably good agreement with the distance between the silicon atom and
the outer most carbon atom of 8.8 A calculated from Chem3D, considering that the refractive index
of the compound is unknown. For FTIR measurements a relative high number of 15 nanowire
samples were prepared, since they were also needed for subsequent investigations of SLIPS

systems. An average of the recorded 15 spectra is shown in Figure 66.

320000

280000

200000

160000

120000



88 SLIPS Systems

0.002 A.U.

—— T ————————————
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm’)

Figure 66: FTIR spectrum of [Csmim]Cl on nanowire substrate, averaged over fifteen samples.

Interestingly, every single sample showed negative peaks in the CH region which was already
observed when investigating samples etched with a H,0, concentration of 0.24 M (Figure 33). Still
no explanation for the behaviour could be found. Nevertheless, due to mere presence of peaks in
the CH region, even though they are negative, and due to the peak at 1573 cm™ representing the
C—C/C~N ring stretching vibration of the imidazolium ring, we concluded that the coating worked
and continued with the samples to prepare SLIPS systems. Also, applying the coating to a flat
surface and measuring FTIR spectra did not give any additional information since no peaks in the
region of question were observed at all. However, this is mainly due to the low amount of analyte
on flat surfaces. The FTIR spectrum of [Csmim]Cl applied to a flat surface averaged over three

different samples is shown in Figure 67.
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Figure 67: FTIR spectrum of [Csmim]Cl on flat substrate, averaged over three samples.
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Ultimately,. contact angle measurements presented in 4.2.5 later supported our assumption
regarding ‘the'presence of [Csmim]Cl on the surface, since the behaviour of ionic liquid on the

surface can very well be explained with the presence of the coating.

4.2.4 Probe Liquid - Miscibility with [Czmim][MeSO4]

In the next step, we were interested which liquids potentially can be repelled by a SLIPS system
based on [C;mim][MeSQ,] as impregnation liquid and [Csmim]Cl as coating. We chose a set of very
common organic solvents, preferably with different chemical functions, to have compounds
representing a group of similar solvents. We used dimethylformamide (DMF), dimethyl sulfoxide
(DMSO0), acetonitrile, ethylene glycol, ethanol, water, diethyl ether, tetrahydrofuran (THF),

cyclohexane, hexadecane, toluene and ethyl acetate.

However, not all listed solvents are suitable for this application. Probably the most important
criterion to exclude probe liquids from further experiments is miscibility. If a probe liquid is
completely miscible with the impregnation liquid, a SLIPS state cannot form when a drop of probe
liquid comes in contact with the final surface. Instead the impregnation liquid in the pores will be

diluted and washed out, destroying the arrangement in the process.

Partial miscibility, on the other hand, is less of a problem, if handled correctly. If there is some
solubility of impregnation liquid in the probe liquid, it still may wash the impregnation liquid out of
the pores but only until the probe liquid is saturated. Thus, by only using probe liquids pre-saturated
with impregnation liquid, loss of impregnation liquid can be avoided. Even though it is manageable,
high solubility is still disadvantageous. It increased the consumption of the expensive ionic liquid
necessary to saturate the probe liquid. If there is some solubility the other way around, it is also
manageable. In general, solubility of probe liquid in the impregnation liquid will change the
properties of the impregnation liquid during the experiment, leading to poorly reproducible results
if unchecked. This can again be completely avoided if the used impregnation liquid was already
saturated before the experiment takes place. But also in this case too much solubility is harmful
since then the properties of the carefully selected impregnation liquid are significantly altered when
mixing with another liquid, probably giving worse results. It is therefore advisable to use liquids
which are as little miscible as possible. As a consequence, we decided whenever two liquids get into
contact during an experiment, to make sure first that both are saturated with each other to avoid

further problems.

Then we proceeded to investigate the listed solvents regarding their suitability by checking if they

show a miscibility gap with [C;mim][MeSO.]. We mixed and stirred 500 ul of [C;mim][MeSO4] with
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500 pl of the probe liquid in question at room temperature. If after 4 hours only one phase
remained,”we'excluded the probe liquid from further experiments. We only investigated the
miscibility at room temperature since all further experiments were planned to be conducted at
room temperature. Also, we only investigated a single mixing ratio so that we falsely may have
excluded some solvents which show only a small miscibility gap. However, as pointed out, if there
is only a small miscibility gap, the probe liquid is not ideal anyway. Therefore, falsely eliminating
those was not considered an issue. The results of the preliminary miscibility tests can be found in

Table 23.

Solvent Number of phases after mixing
with [C;mim][MeS04] 1:1 vol.

DMF

DMSO
acetonitrile
ethylene glycol
ethanol

water

diethyl ether
THF
cyclohexane

hexadecane

N N N N B R R R R, R

toluene

ethyl acetate 2

Table 23: Investigation of the solubility of different organic solvents with [C;mim][MeSO,] by mixing
500 pl solvent with 500 pl ionic liquid, stirring and checking after 4 hours the number of formed phases.

This leaves us with THF, cyclohexane, hexadecane, toluene and ethyl acetate as possible probe

liquids for further investigations.

4.2.5 Suitability Tests of Selected SLIPS Systems
Finally, we could then proceed to bring all three phases together and investigate the combination
regarding their feasibility for SLIPS systems. As pointed out in 2.1.5, there is a total of four

requirements which have to be met for a SLIPS system to be stable.

For the first two requirements, the impregnation liquid has to show a contact angle of 0° with air
(Equation 61) and with probe liquid (Equation 62) as surrounding. Conveniently, both can directly
be measured without further data analysis. It is thereby sufficient if only the receding contact angle
is 0° to maintain the SLIPS state. On the other hand, an advancing contact angle of 0° leads to
spontaneous formation of the SLIPS state. Therefore, a receding angle of 0° is required for all

surroundings being used and at least under one surrounding the impregnation liquid also has to
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show an'advancing angle of 0° allowing the preparation of the SLIPS system. The results of the

contact angle'measurements can be found in Table 24.

Surrounding phase SiO; [Csmim]CI
(°) (°)

Air 0 0 0

Orec. O 0

faav. O 0
Toluene 0 19.2+1.3 9.7+04

Orec. O 0

Ogqp. 255204 24+3
Hexadecane 0 17+6 22+3

Orec. O 0

Opqy. 28%3 32+6
Ethyl acetate 6 143+x14 O

Orec. O 0

Oaav. 16913 O
THF 6 14+ 4 0

Orec. O 0

Opqy. 28%3 0
Cyclohexane 0 29.5+1.3 16+3

Orec. O 0

Opqy. 41%6 292

Table 24: Contact angle data for [C;mim][MeSO,4] on SiO; and [Csmim]Cl coated flat substrates with
different surrounding phases. For the measurements of [C;mim][MeSO,] surrounded by another liquid,
both liquids were saturated with each other before the measurement took place.

In the table can be seen that the advancing contact angle under air is 0° for both surfaces, which
allows the formation of the SLIPS state independent of the probe liquid used afterwards. All other
receding contact angles measured are 0° and should therefore inhibit the spontaneous breakdown

of the SLIPS state. From this point of view all combinations are therefore viable to give SLIPS.

Although the results look promising, THF notably showed a different behaviour than all other
solvents. When saturating THF with [C;mim][MeS0O.], the obtained solution was slightly cloudy
(Figure 68). This indicates that an emulsion is formed with small drops of ionic liquid with diverting
refractive index within the toluene phase leading to light scattering and thus the cloudiness. Due to
difficulties separating the phases, all experiments for THF were in fact performed with the emulsion
and therefore must be viewed critical. In general, using probe liquids which show a tendency to
form emulsions with the impregnation liquid is problematic. Whenever there is kinetic energy
input, like shaking, while a drop is on the SLIPS surface, parts of the impregnation liquid may leave
the pores on the surface and form an emulsion within the small drop of probe liquid, leading to loss

of impregnation liquid when the drop later leaves the surface. From that perspective, it can be
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concluded' that/THF most certainly is not an ideal probe liquid for this SLIPS system and thus

inaccuraciesdue torincomplete phase separation is less of a concern.

2 mm 2 mm

THF cyclohexane

Figure 68: Comparison of a measurement showing a THF emulsion as surrounding with a measurement
showing cyclohexane as surrounding. All other probe liquids investigated here showed similar
behaviour as cyclohexane in this regard. In both pictures the contrast was increased identically to
highlight the light scattering effects due to the emulsion found in THF.

Furthermore, the contact angle measurements confirm the claim from chapter 4.2.3.1 regarding
the presence of [Csmim]Cl on the surface, which could not be confirmed without a doubt in that
chapter. Based on the contact angle measurements here, there had to be a coating present on the
surface treated with [Csmim]Cl since there were significant differences in the observed contact
angles between the treated and the untreated set of samples. Overall, the observed contact angles
on the treated samples were lower which correlates with the reason why this compound was
chosen in the first place. The only reasonable conclusion could therefore be that the coating with
[Csmim]Cl was indeed successful and contributed significantly to the formation of a stable SLIPS

system.

This leaves then only the other two requirements to discuss, which only affect the interaction of
the probe liquid with the impregnation liquid. The probe liquid should not completely wet the
impregnation liquid (Equation 55) and there should be no cloaking occurring (Equation 56). These
conditions cannot be directly measured but they are still easily and accurately accessible since every
parameter in the equations can be determined with pendent drop measurements. This is also true
for the interface tension between two liquids because then a pendent drop measurement with one

of the two liquids as surrounding can be done.

To do pendent drop measurement, first the density of all liquids had to be determined. We
remeasured the density of all probe liquids, even though precise measurements are known from
literature, because in this work we did not use pure solvents but saturated them with the ionic
liquid before the experiments, altering their density. On the other hand, we refrained from doing

the same for the ionic liquid, even though it is also saturated with probe liquids, since this would
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require a significant amount of expensive ionic liquid. Judging from the results obtained from the
remeasured densities of the saturated probe liquids (Table 25) and from the underlying equation
used in the instrument software to evaluate surface and interface tensions (Equation 52), the
reduced accuracy due to the deviating density of the ionic liquid is expected to be negligible and
well within the overall error of the method. Thus, we used the density of pure [C;mim][MeSQ,] for
all evaluations of surface and interface tensions despite the fact that for the measurements itself
[C;mim][MeS0O,] saturated with the respective probe liquid was used. Then, we proceeded to
measure all surface and interface tensions according to the procedure presented in 3.3.3. The

results of all these measurements are listed in Table 25.

Probe liquid p p Vi Yi Vil
{} {[C;mim][MeS0O,]} {[C;mim][MeS0O,]} {probe liquid} {probe liquid;
[Camim][MeSO,]}
(8/cm?) (8/cm?) (mJ/m?) (mJ/m?) (mJ/m?)
Toluene 0.87 [69] 0.871 25.03 £0.04 56.6 £ 0.3 12.1+0.2
Hexadecane 0.77 [69] 0.761 229+0.3 51.1+0.5 20.5+0.3
Ethyl acetate 0.90 [69] 0.894 18.3+0.2 51.8+0.3 6.15 + 0.05
THF 0.89 [69] 0.881 23.25+0.18 55.8+0.5 7.38+0.13
Cyclohexane 0.78 [69] 0.802 25.29 £ 0.04 53.4+0.6 18.2+0.4
[Camim][MeS04] 1.295 55.2+0.5

Table 25: Overview over density measurements in comparison with values from literature and surface
and interface tension measurements using the measured density values for the evaluation. For the
surface and interface tension measurements, i represents [C;mim][MeSO,] whereas [ represents the
different probe liquids. The compound in curly brackets indicates the liquid used to saturate the
investigated liquid before the measurement took place.

Using the values obtained here, we could then proceed with the evaluation to check if the
combinations of liquids are prone to show cloaking or complete wetting of probe liquid on the
impregnation liquid according to the conditions defined in Equations 55 and 56. The corresponding
parameters are listed in Table 26. Values smaller than 1 indicate that the conditions are fulfilled

and desired behaviour is expected.

Probe liquid Cloaking Wetting
Yi—Va behaviour
Vi Y1~V
0 v
()
Toluene 0.228 + 0.004 1.777 £ 0.016

Hexadecane 0.047 £0.009 1.34+£0.03
Ethyl acetate 0.235 + 0.005 2.49 +0.04
THF 0.284 +0.005  2.08 +0.03
Cyclohexane 0.133 £ 0.006 1.39+0.03

Table 26: Calculated terms according to the conditions presented in Equation 55 and 56 for cloaking and
complete wetting of probe liquid on the impregnation liquid. Values smaller than 1 are unproblematic
for either behaviour.
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While cloaking.is not an issue for any investigated probe liquid, it is disappointing to see that the
parameters in'the-fast row of Table 26 predict complete wetting of all probe liquids on the
impregnation liquid. This wetting behaviour, although undesirable, is the less impactful problem
since at least the arrangement below the probe liquid is stable and impregnation liquid is not
expected to be lost. Therefore, these systems may still serve some purpose when a stable liquid-

liquid interface is of interest instead of the liquid repellent behaviour.

However, calculating these parameters for reported SLIPS systems in the literature, it can be seen
that in fact several are predicted not to give stable SLIPS states even though it is shown in the
publications that they do (Table 27). Thus, the theoretical parameters introduced in 2.1.5 are likely
not sufficient to reliably predict the behaviour of SLIPS systems. As a consequence, we continued
with the experimental evaluation of all probe liquids, even though they are predicted to show a

contact angle of 0° on the SLIPS surfaces.

Substrate Impregnation Probe liquid 0; {air} 0, {probe liquid} Cloaking Wetting Ref.
liquid ) (°) Yi—vYa behaviour
S e
() Yi
()
Si-FDTS!  Krytox Glycerol 423 0.0" -0.39 1.15 [43]
Si - FDTS! Krytox Heptane 42.3 37.81" 0.63 0.91 [43]
Si- FDTS! Krytox Hexadecane 423 0.0" 0.30 1.09 [43]
Si-FDTS'  Krytox Water 42.3 27.21 -0.54 0.94 [43]
Si- OTS Krytox Water 28.0 28.0 -0.44 135 [70]
Si - OTS Silicone Water 0.0 0.0 -0.37 1.27 [44]
Si- 0TS Bmim Vv Water 60.8 12.5 0.50" 0.85" [44]
Si - Si0, Bmim v Water 9.8 133.1 0.50" 0.85" [44]
Si - Si0, Water Hexane 13.1 0.0" 1.16 -0.45 [71]

Table 27: Contact angle data and parameters describing cloaking and wetting behaviour either directly
taken from literature or recalculated from published values to fit the representation style chosen here.
Surrounding of the contact angle measurement indicated in curly brackets. A thermodynamically stable
SLIPS system requires contact angles of 0° under both surroundings and values for cloaking and wetting
smaller than 1. ' The used coating abbreviated as FDTS is heptadecafluoro - 1,1,2,2 -
tetrahydrodecyltrichlorosilane; ": Values for 8; {probe liquid} were calculated from published values of
AE4, r and y;; using the relation AE; = y;; (r cos@; — 1); ": Surface and interface tensions for the
calculation of the cloaking and wetting behaviour have been taken from [70]; "V: 1-Butyl-3-
methylimidazolium bis(trifluoro-methyl-sulfonyl) imide

4.2.6 Topography

The topography of the underlying substrate also has to fulfil different needs for SLIPS. This time its
only purpose is to keep the impregnation liquid in place. Since it is mandatory for the impregnation
liquid to show a contact angle of 0°, an undisturbed surface will always stay wetted no matter the
topography. However, the total energy difference between the desired thermodynamic stable state

and any other state is proportional to the interface area between substrate and impregnation
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liquid. This/means external forces like gravity or other influences like mechanical damage disrupt
therequilibrium-for flat substrates more easily. To protect and further stabilize the SLIPS, the total
energy difference can be increased by introducing roughness. While in general it is good to use a
rough substrate for stability reasons, neither r nor ¢ of the substrate directly affect the final contact
angle of the system. Extensive experiments inquiring those two parameters are therefore not

fruitful for this application.

We decided to use the same substrates we prepared for Cassie-Baxter systems also for SLIPS
systems because they already feature some roughness and no improvements regarding the contact

angle from deviating topographies can be expected.

4.2.7 Contact Angle Measurements of SLIPS Systems

Finally, after thorough investigations of the applicability, we prepared several surfaces to
investigate whether a stable SLIPS state forms. We prepared six silicon nanowire substrates for each
probe liquid according to the procedure described in 4.1.1. Three of those were coated with
[Csmim]Cl while the other three were used directly after the cleaning process with piranha solution
and are therefore SiO, terminated. These samples were then impregnated with ionic liquid
according to the procedure described in 3.2.4 and ultimately the contact angle of the respective

probe liquid on the surface was measured (Table 28).
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Probe liquid [Csmim]CI SiO;
(°) (°)
Toluene 0 10.2+0.4 9.6+1.6
Roll-off 5.0+0.5 3.2+0.7
Brec. 31+1.8 2.7+13
Baav. 13.9+06 13.6t04
Hexadecane 6 0
Roll-off
Orec.
Baav.
Ethyl acetate 6 0
Roll-off
Orec.
Baav.
THF 6 0
Roll-off
Orec.
Baav.
Cyclohexane 6 85+1.8 51+1.4
Roll-off 1.8+1.2 1.2+0.6
Bl 5.7+0.4 37+1.1
Oaav. 9+2 5+2

Table 28: Measured contact angles of SLIPS systems with different probe liquids and surface treatments.

Here we observed, as predicted, that hexadecane, ethyl acetate and THF in fact show a contact
angle of 0° on the surface. The measurements with SiO, terminated surfaces were then skipped
since the contact angle of the probe liquid is independent of the coating. After removal of the bulk
of probe liquid by tilting and after a brief time for the remaining probe liquid to evaporate, the
surface optically appeared unchanged, indicating that the other three requirements are indeed
met, also as predicted. An optical examination of the sample has thereby been found to be useful
to a certain extent. Dry parts are dull, while wet parts are reflective. Changes in composition of the
outermost layer of the impregnation liquid are observable due to interferences, similar to a thin

film of oil on water. And, finally, drops of displaced ionic liquid can also be easily spotted.

The measurements for toluene and cyclohexane, on the other hand, were successful (Figure 69, left
and middle row). In both cases the observed contact angle was barely above the predicted 0°, yet
large enough for functioning SLIPS. Here the surfaces also appeared unchanged after the removal
of the probe liquid by tilting, indicating that the other three requirements are again met. The most
compelling property of the surfaces is, though, the small roll-off angle of 1.8 + 1.2° for cyclohexane
and 5 + 0.5° for toluene. It was even challenging for the measurement of cyclohexane to align the
goniometer perfectly to avoid spontaneous movement of the drop when the sample stage was

supposed to be horizontal.
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Itis also necessary to point out that the roll-off angle is dependent on the total weight and therefore
the'volume of 'the drop. Smaller drops are lighter and yield higher roll-off angles. For the
measurements here, it was not possible to keep the drop size constant. The drops, which can be
captured by the camera, are inevitable very small due to the small contact angle, simultaneously
the automatic dosing unit of the device is not suited to dose such small volumes and even then,
would the achievable precision be limited by evaporation. Instead we chose to use drops as big as
possible to still fit on the picture to get more reliable values for the contact angles, which are
independent of the drop size. The observed roll-off angles can therefore be only understood as a
sign for exceptional liquid repellent behaviour and not as a precisely reproducible quantity. We did
not list the roll-off angles for Cassie-Baxter systems because there we also did not put emphasis on
keeping the drop volume constant either. Just to give a qualitative comparison, we measured the
roll-off angle of pure water on a cTHFDP coated nanowire surface (Figure 69, right row). The
samples showed a roll-off angle of 4.2 £ 1.2° which is higher than at least cyclohexane on the SLIPS
surface even though the surface tension of water and the drop volume on this Cassie-Baxter surface
is vastly higher, both favouring a smaller roll-off angle. Yet the speed with which the drop rolls off,
once it started moving, is higher for Cassie-Baxter systems. Time-resolved images of drops of
cyclohexane and toluene rolling off the SLIPS surfaces in comparison with a drop of water rolling

off a cTHFDP terminated Cassie-Baxter surface are shown in Figure 69.
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Figure 69: Cyclohexane (left row) and toluene (middle row) rolling-off a SiO,-terminated SLIPS surfaces
with [C;mim][MeSO,] as impregnation liquid in comparison with water rolling off a Cassie-Baxter
surface (right row). In the first picture of each series the drop can be seen with horizontal sample stage
and the measured contact angle. The second picture marks the point where the drops started moving
and thus the roll-off angle was reached. The remaining pictures show the movement of the drop a few
seconds after the drop started moving. For easier recognition of the drop in SLIPS, both ends of the
drops in the picture were highlighted with red arrows. The denoted angles in the picture deviate slightly
from the averaged values presented in Table 28 since they represent the measured value only for the
single depicted measurement.
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5 [Conclusion

The/topic of this thesis were two different concepts of liquid repellent surfaces, a ‘dry’ model based
on the Cassie-Baxter wetting state and a ‘wet’ model based on a liquid infused surface (SLIPS).
Several prototypes for each system were prepared and their properties, advantages and limitations

were compared.

The first goal was the fabrication of versatile Cassie-Baxter substrates in a few simple and fast
production steps without the requirement of sophisticated instrumentation. Starting with silicon
wafers, rough nanostructured surfaces were prepared using silver-assisted etching. By employing
FTIR, SEM and contact angle measurements, we were able to determine roughness und solid
fraction of the resulting samples and finetune these parameters by varying etching duration and
H,0, concentration in order to control wettability and enhance FTIR signal-to-noise ratio. In order
to improve the efficiency of the etching, we also determined the consumption of the chemicals of

the etching solution which allowed us to replenish and reuse most solutions.

Overall, the surface structure prepared with this method cannot compete with hierarchically
structured or overhanging, mushroom-like shapes regarding its liquid repellent properties.
However, in return it is considerably easier to produce and also applicable to large areas without

extra experimental setup.

In order to lower the surface energy of the blank silicon substrate, we used a two-step method.
First, we applied a coating of a terminal azide on the surface and optimized this step to give only a
monolayer. Then, we functionalized the monolayer with a polyfluorinated alkyl chain. All this could
be observed with FTIR and ellipsometry measurements. We were then able to determine the

surface energy of this coating with contact angle measurements.

The achieved surface energy (ys = 12.79 mJ/m?) lies on the lower end of typical polyfluorinated
coatings, most notably, it outperforms PTFE (y; = 21.36 mJ/m?) [72]. One major advantage of this
method is that it strictly forms monolayers on the silicon substrate. This will preserve the surface
structure necessary for Cassie-Baxter systems. Furthermore, the method requires again only

standard chemical laboratory equipment.

Our best Cassie-Baxter system gave a water contact angle of 168 + 3°. Results from experimentally
similar approaches range here from 160° [73] to 173.5 + 2.9° [74]. There are also reports of

completely different but roughly similar extensive methods which show for example a contact angle
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of greater than.150° [75] or again 160° [76]. Our water contact angles are apparently close to the
top'of comparable systems and most definitely in a range where small differences in contact angle
no longer matter for concrete applications. This system also achieved a remarkable contact angle
for ethanol of 113 £ 2°.'A proper comparison with other surfaces repelling liquids with low surface
tension reported in literature cannot be done, since the surface tension of the probe liquids used

in individual publications vary wildly and overshadow all surface properties.

Future investigations could focus on incorporation of controlled wettability to already existing
silicon based components. When using different alkynes in the coating process, virtually any
functionality can be added to a surface, enabling a broad range of applications. For example, a
primary coating of azide, subsequently coupled to a molecule which shows strong but reversible
interactions with an analyte and applied to the gate of a silicon based field-effect transistor, could
result in a powerful sensor. Control of wettability by adding a monolayer with high or low surface
energy on top of the sensor material in a second Huisgen cycloaddition as well as addition of

roughness will most certainly be able to finetune the performance of the sensor.

A different approach considered during this work was to add anisotropy to the coating. This can be
achieved by using alkyne covered gold nanoparticles and binding them to a rough azide coated
surface. When using a solvent for this reaction which wets the surface according to the Cassie-
Baxter state, the gold particles will only be able to bind to the tips of the nanowires. This leaves a
rough surface which features alkyne groups at the tips and azide groups within the pores. Both
groups can then be further functionalized independently. When using a polyfluorinated compound
on the tips, a substrate can be prepared with certain functional groups only in contact with a liquid
if the surface tension is below a threshold. This can be useful for example in analytics, catalysis or
even medicine since the substrate can be activated in a controlled way by proper selection of the

surrounding surface tension by addition of surfactants.

The second main focus in this work was the preparation of ionic liquid based SLIPS systems,
repelling low surface tension liquids. For the most important task, the proper selection of the ionic
liquid, we presented a set of criteria to assess their applicability as impregnation liquids and applied
them on a small set of samples, favouring [C;mim][MeS0O.]. We were then able to synthesise and
attach a coating to a rough surface to match the properties of the selected ionic liquid, leading to a
stable film of ionic liquid on the surface under all conditions tested here. This SLIPS substrate was
then able to repel toluene and cyclohexane accordingly with extremely small roll-off angles,
5.0 £ 0.5° for toluene (y; = 28.5 mJ/m?) and 1.8 + 1.2° for cyclohexane (y; = 25.2 mJ/m?). The other

probe liquids tested could not be repelled due a contact angle of 0°, but also here the film of ionic
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liguid on thesurface below the probe liquid was not disturbed. They are therefore not eligible for
SLIPS'systems, but they still might be interesting for other applications where an immobilized ionic
liquid in contact with another solvent is required. A brief overview of the results obtained in this

work were also published [77].

In contrast to Cassie-Baxter systems, SLIPS are a more recently discovered topic. Hence, research
covering it is, in comparison, scarce. There is especially very little research describing the use of
ionic liquids in SLIPS despite their advantages regarding negligible evaporation and better tuneable
surface tension. The few existing works then focus mainly on water as probe liquid, which is a good
model system but water repellence is in general also achievable in way simpler arrangements. The
repellence of low surface tension liquids on ionic liquid based SLIPS is, to our best knowledge, yet
only reported once in literature [49]. They reported a roll-off angle of 3.7 £ 1.2° for n-decane

(v1 = 23.6 mJ/m?) on a fluorinated ionic liquid.

Possible successive work should mainly focus on the improvement of the used model to predict the
behaviour of the ionic liquids, since we still found significant discrepancies between the predicted
and the observed behaviour. Secondly, screening of a wider range of ionic liquids is necessary to

find suitable surface compositions for all common solvents.
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[Csmim]CI - 3-methyl-1-(3-(trimethoxysilyl) propyl)-1H-imidazol-3-ium chloride
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BUTS - 11-bromoundecyltrichlorosilane

CAD — Computer aided design

CB - Cassie-Baxter state (see 2.1.3)

CDCl; - Deuterated chloroform

CTHFDP - 11-N3 treated silicon surface subsequently modified with THFDP
DMF - N,N-Dimethylformamide

DMSO - Dimethyl sulfoxide

FDTS - Heptadecafluoro - 1,1,2,2 — tetrahydrodecyltrichlorosilane

FTIR - Fourier-transform infrared spectroscopy

HF - Hydrofluoric acid

IR - Infrared spectroscopy

MCT — Mercury cadmium tellurite

NMR - Nuclear magnetic resonance spectroscopy

NW - Nanowire

OTS - Trichloro(octadecyl)silane

OWKR - Owens, Wendt, Rabel and Kaelble approximation (see Equation 9)
PTFE - Polytetrafluoroethylene

r - Surface roughness

SEM - Scanning electron microscopy

SILP - Supported ionic liquid phases

SLIPS - Slippery liquid infused porous surface (see 2.1.5)

THFDP - 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl propiolate
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