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Abstract

Functional surfaces refer to surfaces that have been modified to have specific properties or
functionalities that are different from their original state. Examples are surfaces with super-
wettable properties, such as surfaces with a high repellency or adhesiveness for different liquid
classes. Albeit a surface’s topography — the physical contour of a surface — can highly influence a
surface’s wettability, to achieve super-wettable properties, the surface’s chemistry needs to be
optimized as well. For this, a surface can be coated either chemically or through physical
adsorption with a protective layer. This thesis is primarily focused on this well-established
reagent class for surface coatings: siloxanes and silanes. Owing to their commercial availability
and simple application, silanization is the most applied strategy for the functionalization of
hydroxylated surfaces in Academia.[1, 2] Siloxanes, on the other hand, are the most commonly

used lubricant type when coating surfaces with unbound protective lubricant molecules.[3]

Despite the wealth of knowledge about surface design, this research field witnesses constant
novel innovations regarding advanced protocols and many questions about surfaces’
functionality remain open. Likewise, constantly novel use cases for siloxanes and silanes as
surface modifiers and binders are proposed, such as controllable topography[4] or binders in 3D
printing efforts.[5] In the present thesis, selected novel use cases for siloxanes and silanes in the

broader context of surface modification and their utility are examined.

In the first part, siloxane as unbound surface modifiers is studied. Here, strategies are examined
on how to structure surfaces with unbound siloxanes. That is how to structure surfaces with
unbound siloxanes, i.e., through patterning other liquids with siloxane liquids. It is then
investigated how siloxane regions on a surface can influence droplet flow along the surface and
how much of it is explicable through known liquid-liquid-solid interactions. This is necessary to
understand whether simple siloxanes can play a role in flow control applications of these surface
types. Here, siloxanes showed surprising and promising capabilities of confining liquids with
even lower surface tension than themselves. Nevertheless, the particular spreading coefficients
of siloxanes led to cloaking effects that affected drop migration on patterned surfaces. Therefore,
it was found that siloxanes acting as a controllable surface lubricant to guide drop mobility on

permanently lubricated surfaces are of limited utility when compared to other lubricant types.

In the second part, simple under-characterized covalent surface modification protocols with
silanes were studied theoretically, and the possibility of controlling the topography of resulting
surfaces is investigated. In the first project, the robustness of oligomeric siloxanes in various
solvents to reliably modify surfaces for subsequent surface patterning was investigated. Here,
oligomeric siloxanes exhibited the property to lead to highly regularly modified surfaces under
a wide variety of conditions. In the second project, an example of self-condensation, the



molecular basis for amino acid catalyzed condensation of silanols is characterized under
different solvent conditions. This basic work is meant to help understand the influence of
solvent systems on surface modification rates. Here, silane self-condensation activation
energies and, therefore, reaction rates proved to be highly modulable by distinct amino acid
types as well as solvents. Theoretical results promised that green routes for protocol

optimization of silane condensation will prove highly flexible and optimizable in practice.



Zusammenfassung

Funktionale Oberflachen beziehen sich auf Oberflachen, die modifiziert wurden, um bestimmte
Eigenschaften oder Funktionalitdten aufzuweisen, die sich von ihrem urspriinglichen Zustand
unterscheiden. Beispiele sind Oberflachen mit superbenetzbaren Eigenschaften wie
Oberflachen mit hoher AbstoRung oder Haftfahigkeit fiir unterschiedliche Flissigkeitsklassen.
Obwonhl die Topographie einer Oberflache — die physikalische Kontur einer Oberflache — die
Benetzbarkeit einer Oberflache stark beeinflussen kann, muss die Chemie der Oberflache
ebenfalls optimiert werden, um superbenetzbare Eigenschaften zu erreichen. Dazu kann eine
Oberflache entweder chemisch oder durch physikalische Adsorption mit einer Schutzschicht
Uberzogen werden. Diese Arbeit konzentriert sich hauptsachlich auf eine etablierte
Reagenzienklasse fur Oberflachenbeschichtungen: Silikone. Diese sind eine Klasse von
synthetischen Polymeren, wie z.B. Siloxane und Monomeren, wie z.B. Silane. Aufgrund ihrer
kommerziellen Verfiigbarkeit und einfachen Anwendung ist die Silanisierung die am haufigsten
angewandte Strategie zur Funktionalisierung von hydroxylierten Oberflachen im akademischen
Bereich. [1, 2] Siloxane sind andererseits die am haufigsten verwendete Gleitmittelart, wenn

Oberflachen mit ungebundenen schitzenden Gleitmittelmolekilen beschichtet werden. [3]

Trotz des reichen Wissens Uber das Oberflachendesign hat dieses Forschungsfeld standig neue
Innovationen in Bezug auf fortschrittliche Protokolle erlebt, und viele Fragen zur Funktionalitat
von Oberflachen bleiben offen. Hier ist leicht absehbar, dass etablierte
Oberflachenreagenzienklassen, wie z.B. Silikone weiterhin zu neuen Themen in den
Oberflachenwissenschaften beitragen werden, wie z. kontrollierbare Topographie oder
Bindemittel in 3D-Druckbemihungen. In der vorliegenden Arbeit wird daher auf einfache
Strategien zur Oberflachenmodifikation mit Silikonen naher eingegangen und zukinftige
Forschungsrichtungen zur verbesserten Kontrolle von Reaktionen und

Oberflachenmodifikationen versucht aufzuzeigen.

In einem ersten Teil werden Siloxane als ungebundene Oberflachenmodifizierer untersucht. Hier
wird nach Strategien gesucht, wie man Oberflachen mit ungebundenen Siloxanen strukturieren
kann, z. B. durch Strukturieren anderer Flissigkeiten mit Siloxanflissigkeiten. Anschlie3end wird
untersucht, wie Siloxanregionen auf einer Oberflache den Tropfenfluss entlang der Oberflache
beeinflussen koénnen und wie viel davon durch bekannte Flissig-Flussig-Feststoff-
Wechselwirkungen erklarbar ist. Dies ist notwendig, um zu verstehen, ob einfache Siloxane in
FlieRkontrollanwendungen dieser Oberflachentypen eine Rolle spielen kénnen. Hier zeigten
Siloxane Uberraschende und vielversprechende Fahigkeiten, FlUssigkeiten mit einer noch
niedrigeren Oberflachenspannung als sie selbst einzuschlielRen. Dennoch fihrte die extrem

niedrige Oberflachenspannung von Siloxanen zu Cloacking-Effekten, die die Tropfenmigration
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auf strukturierten Oberflachen beeintrachtigten. Es wurde daher festgestellt, dass Siloxane als
kontrollierbares Oberflachenschmiermittel zur Steuerung der Tropfenmobilitdt auf dauerhaft
geschmierten Oberflachen im Vergleich zu anderen Schmiermitteltypen von begrenztem Nutzen

sind.

In einem zweiten Teil werden einfache, untercharakterisierte kovalente
Oberflachenmodifikationsprotokolle mit Silanen theoretisch untersucht und die Moglichkeit
untersucht, die Topographie der resultierenden Oberflachen zu kontrollieren. In einem ersten
Projekt wurde die Robustheit von oligomeren Siloxanen in verschiedenen L&sungsmitteln
untersucht, um Oberflachen fir die anschlieliende Oberflachenstrukturierung zuverlassig zu
modifizieren. Dabei zeigten oligomere Siloxane die Eigenschaft, unter verschiedensten
Bedingungen zu hochgradig regelmanig modifizierten Oberflachen zu fihren. In einem zweiten
Projekt werden am Beispiel der Selbstkondensation die molekularen Grundlagen fiir die
aminosaurekatalysierte Kondensation von Silanolen unter verschiedenen
Lésungsmittelbedingungen charakterisiert. Diese Grundlagenarbeit soll dazu beitragen, den
Einfluss von Losungsmittelsystemen auf die Oberflachenmodifikationsraten zu verstehen. Hier
erwiesen sich die Aktivierungsenergien der Silan-Selbstkondensation und damit auch die
Reaktionsgeschwindigkeiten  als  hochgradig = modulierbar  durch  unterschiedliche
Aminosauretypen sowie Losungsmittel. Theoretische Ergebnisse versprachen, dass grine
Wege zur Protokolloptimierung der Silankondensation sich in der Praxis als auf3erst flexibel und

optimierbar erweisen werden.
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1. Introduction
1.1 Basic concepts

The outermost layer of a bulk solid, its surface, determines how a solid interacts with the
world, that is, its ability to either repel or attract liquids (wettability).[6] Wettability is a surface
property that is determined by the energy of the surface, which is influenced by its chemical
composition and physical structure.[6] A surface with low surface energy will tend to repel

liquids, while a high surface energy surface will tend to attract them.

Silicone surfaces are particularly well-known for their repellent properties.[7] This is due to
their unique surface structure, which consists of a highly cross-linked network of silicon and
oxygen atoms. The surface energy of silicone is very low, which means that it repels most
liquids. In addition, the surface of silicone is very smooth and uniform, which minimizes the

contact area between the surface and the liquid, further enhancing its repellent properties.

The repellent properties of silicone surfaces have made them popular in many applications,
including coatings for medical devices, protective coatings for electronic components, and
non-stick coatings for cooking utensils. However, the properties of silicone surfaces can also
be modified through the use of surface treatments and functionalization, allowing for greater

control over their wettability and expanding their potential applications.[8]

Silicones are a group of synthetic materials that are made up of repeating units of silicon-
oxygen (Si-O) chains, with organic groups attached to the silicon atoms (Figure 1.1).[9] The
organic groups can be methyl, phenyl, vinyl, or other groups. These materials are also known

as polysiloxanes or silicone polymers.

OCHg ff' OCH
(A) //—SI -0+Si-0 SI

OCH3OCH3OCA
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Figure 1.1: Structure of (A) an oligomeric siloxane (with potential n repeats) and (B) a

monomeric alkoxy silane, each with vinyl side chains.



The chemical structure of siloxanes can be represented as (-Si-O-)n, where n represents the
number of repeating units in the polymer chain. The organic groups attached to the silicon
atoms can vary in type and position along the chain, giving rise to a wide range of silicone

materials with different properties.[10]

The discovery of silicone can be traced back to the early 1900s when a French chemist
named Frederic Kipping began investigating the reactions between silicon and organic
compounds. He found that when silicon reacted with organic compounds such as ethyl
alcohol and acetic acid, it produced compounds that had unusual physical properties, such

as high heat resistance and water repellency.[11]

In 1904, Kipping coined the term "silicone" to describe these new compounds, and he
continued to study and develop them for several decades. In the 1940s and 1950s, advances
in silicone chemistry led to the commercial production of a wide range of silicone materials
with various properties, such as high-temperature resistance, electrical insulation, and water

repellency.

Silanes are monomeric molecules that consist of a central silicon atom bonded to four other
atoms or groups.[7] These groups can be hydrogen, alkyl, aryl, or other functional groups.
Silanes are typically used as coupling agents or adhesion promoters in the production of
coatings, sealants, and adhesives. In the case of alkoxy silanes, the central silicon atom is
linked to oxygen atoms, just like the single unit of siloxanes. Therefore, despite their
differences in chemical structure and properties, silanes and siloxanes are related because
silanes are often used in the production of silicone materials. If two or more alkoxy silane

molecules condense, the resulting molecule will be a siloxane compound.

1.1.1  Monolayers through the Example of Silanization

Coating a bulk solid with a thin layer of another substance does not erase the bulk physical
properties of the uncoated solid, yet it can modify them. Many of the resulting material’s
properties cannot be explained solely by the properties of the starting solid and substances,
as the morphology and dynamic behavior of the thin coating layer on the solid influences the
composite’s properties at least just as much as the chemical composition of the coating
substance. Much research efforts are therefore directed at creating controllably assembled
surface coatings. The simplest case of a surface coating imaginable is a single layer of
coating molecules — down to nm thin - regularly deposited onto a surface.[12] Typically, for
such a coating, molecules that consist of dedicated binding moieties (interacting with the bulk

solid) and exposed moieties (interacting with the physical surroundings) are used. Surface
3



properties can be straightforwardly controlled by choosing adequate exposed moieties.[13,
14] Several dedicated techniques have been developed and studied in-depth to optimize the

regular deposition of such coating molecules on surfaces.

In the case of silanization, a covalent linkage between the oxygen on the surface and the silicon
atom of the silane is formed through condensation.[15] A typical silane is composed of three side
chains that are capable of binding to the surface or cross-condense with other silane molecules
to form oligomeric/polymeric structures and one further side chain that will be exposed to the
surface exterior. Spatially controllable secondary derivatization of silanized surfaces can be
greatly enhanced through the presence of special reactive groups in this interfacial side chain.
Silanes can condense with each other, freeing one water molecule. The resulting structures are
called siloxanes and are characterized by a backbone where two silane atoms are connected
through an oxygen atom. While, in general, the siloxane backbone is considered rather
unreactive and siloxanes with non-reactive side chains are typically used as lubricants, single

molecules can still interact and even covalently bind to hydroxylated surfaces.[16]

Silane can be physically or chemically adsorbed to a surface — the two processes are
characterized by distinct rates.[5] The interplay of physisorption and chemisorption is highly
relevant as it dictates both the kinetics of the overarching process and the properties of the
resulting film. For example, lateral condensation of physisorbed silanes can lead to growth by
island films of silanes on a surface, as well as uneven strain within the film and detachment
of films upon removal. Typically, silanes are deposited onto a surface through the aid of a
continuous phase — be it a solvent system or a vapor. Yet, direct stamping of pure silane or
oligomeric siloxane liquid onto a surface has also been widely exploited to create patterned
silane films.[17, 18] The density of silane monomers can vary and is influenced by many
factors, e.g. surface hydroxyl group density but also interference by silane tail groups.[19, 20]
Currently, the degree and shape of silane oligomerization are accepted to be highly sensitive
to variations in reaction conditions.[21-28] For some tasks, such as creating liquid-repellent
surfaces or creating shear-resistant surfaces, batch-to-batch variability in layer outcome is
functionally ignorable.[29, 30] However, for other tasks, it is not. Examples where variations
in surface modification easily compromise function include, among others, high packing
density of a protective layer to prevent corrosion of implants,[31, 32] flexible substrates that
need a flexible protectant layer,[33] reactive group density introduced in micro-arrays,[34, 35]
homogeneity of chemical and physical make-up of tissue and cell culture scaffolds, [36, 37]

as well as 3D-printing silicone/solid (e.g. in the form of powder) composites.[5, 38-41]



1.1.2 Definition Thin Solid Films

“Thin” and “thick” film coatings are terminologies invented in the micro-electronics industry. In
this context, thick film coatings do not only refer to coatings above a certain minimum
thickness but also refer to specific coating manufacturing routes. In this thesis, however,
thick coatings simply refer to coatings above 0.1 um height independent of manufacturing
strategies. Thicker coatings have obvious advantages over thin coatings, such as potentially
greater mechanical stability, greater insensitivity to damage, higher shielding against vapor,
vertical space that can be varied for optimal repellency while maintaining functionality,[42]
and coating properties that are closer to a bulk than a nanoscopic material, among others.
[43] In principle, for example, it is possible to derive above 0.1 um thick coatings from silane
monomers through sol-gel processes.[44] During this research work, no such coatings were
investigated. To create amorphously thick coatings, previously established protocols for
either a thick coating based on deposition, stabilization, and modification of fumed silica
nanoparticles[45-47] or a thick coating based on the in-situ preparation of a um-high

monolithic porous polymer coating that could be patterned[48, 49] were used.

Monolayer coatings on surfaces can be arbitrarily “thick” depending on the dimensions of the
monomeric species. However, typically, they will not exceed the nm range. Such films are
not visible to the human eye and possess distinct properties from thicker coatings.[50, 51] In
fact, coatings consisting of multiple layers of molecules rather than a monolayer may also be
referred to as thin films, depending on the definition, films with a thickness below either 0.1
pm or 1 um. Besides a difference in optical properties, thin films can vary from visible films in
several properties that scale with coating thickness. That is not to say that even for the
thickness dimensions of thin films, size-dependent variations in properties can be observed.
[51] Besides monolayer assemblies, monomeric silanes can be grafted from surfaces into
network-like structures.[52] These allow higher grafting densities to be reached than silane
monolayers and, subsequently, greater insensitivity to grafting defects. Control of the formed
siloxane network is not trivial. Still, through varying grafting conditions, films with distinct
thicknesses and morphology can be created.[53, 54] Variations in these two properties can

influence, for example, tensile strength and wettability of thin film coatings.

1.1.3 Definition of Composite Films



Composite films, in the context of this thesis, are surfaces that are characterized by an
overlying film that is stable and locked in place by a surface and can repel intruding
immiscible liquids. The concept is introduced further in its historical context in the Methods

section.



1.2 Historical Context of Liquid Behavior on Surfaces

Strategies for characterizing the ability of a surface to be wet or repel liquids will be
presented in detail in this chapter. Accordingly, some examples of how the physical
properties of surfaces lead to their function are presented. There are also some original
research articles and reviews;[55-57] this section is mainly based on books on the topic of
wettability[58-63] or open-access PhD-thesis.[64-67] Note: much of the methods presented

here in this section are mainly technically non-challenging.

1.2.1 A Local Quality to classify them all: the Contact Angle of the Triple Contact
Line.

1.2.1.1 Young’s Contact Angle and Static Contact Angle

The shape of a sufficiently small liquid entity, i.e., a drop, on a rigid solid surface is governed
by the interfacial tensions of the three-phase system: solid, liquid, and vapor.[58] For an
ideal, i.e., perfectly smooth, solid surface, Thomas Young had already concluded in the early
19™ century that trigonometrically, the contact angle, cos (), at the three-phase interface of

the liquid drop on the surface relates to the interfacial tensions, vy, as:

VYo = Yot Y * cos (6). (1.1)

Young’s equation considers a system in complete equilibrium — in terms of mechanical
equilibrium - and is therefore said to express the relation of the static contact angle to the
three interfacial tensions.[55] It reflects a local property - cos (8) - that can be measured
simply and macroscopically instead of on the scale of the intermolecular forces being the
physical cause of the single interfacial surface tensions. However, for Young’s relationship to
be fulfilled, an ideal surface is considered — both perfectly smooth and chemically
homogenous. Many functional and real surfaces diverge from this ideal, as will be discussed
later. Measuring static contact angles bears pitfalls — when placed on the surface, the drop’s
initial contact angle may deviate from it - and will hardly be used in this thesis; for the
interested reader, | would like to recommend the following references for a deeper look into

static contact angles.[57, 68-70] Moreover, two of the three involved interfacial tensions —



between solid and vapor, ys,, and between solid and liquid, y« - cannot be measured reliably.
[60]

1.2.1.2 Molecular Origin of Surface Tensions and Miscibility

If the liquid were in contact with only one other entity belonging to another physical phase, it
would vary its shape accordingly. In a rigid solid - with atoms and molecules tightly bound to
each other assuming a static shape - the liquids can be easily reshaped and readily adapt to
the shape of their surrounding container.[58] In an open, immiscible gaseous environment or
void, a liquid will adopt the smallest possible surface area — a sphere - to minimize its surface
energy. From a molecular perspective, minimization of the liquid’'s surface area is explained
as follows: while in the liquid’s bulk, its molecules are surrounded by other liquid molecules,
on the liquid interface with another substance, molecules experience only half of the
cohesive energy, E. Indeed, it is possible to approximately relate the macroscopically
measurable surface tension to the forces acting on the molecular level of the liquid, i.e., their
cohesive energy, E. When expressing surface tension in terms of the cohesive energy

experienced by the molecules of the liquid on the liquid-vapor interface, it is in the order of:

yw~E/(2*an?), (1.2)

where an, corresponds to the area of a single liquid molecule.

The reason for the dominant cohesive energy between atoms, however, can vary; immiscible
liquids tend to be dominated by different molecular cohesive forces, such as organic oils
through van-de-Waal type interactions and aqueous fluids through hydrogen bonding.[71]
These liquid classes can accordingly vary considerably in surface tension. While many
organic solvents possess low surface tension, such as Hexane with ~ 18 mJ/m?, water, which
is shaped through hydrogen bonding, has a distinctively high surface tension, which is
commonly determined as ~ 72 mJ/m2.[58, 71] A particularly notable class of chemical
compounds are chemicals with a high number of fluorine atoms. As fluorine has a very low
polarizability, its interactions are dominated by weak London dispersion forces.[72] This
renders them both hydrophobic and lipophobic, albeit being non-polar and immiscible with
almost all common solvents. Likewise, other chemical categories exist that show peculiar
miscibility with common aqueous and organic solvents. For example, siloxanes — which are
characterized by siloxane bonds with methyl groups attached to each silicone atom, are

8



neither purely hydrophilic nor purely hydrophobic, albeit they overall display a hydrophobic
character and are poorly miscible with many organic oils.[7] The miscibility of siloxane
compounds can be greatly tuned by the side-chains bound to siloxane atoms in their
repetitive unit.[73, 74] In any case, many aspects of the molecular causes for surface tension
and macroscopic behavior of surface tension are poorly understood — even for standard

liquids such as water[75] — albeit their study dates back to the 19" century.[58]

It has been attempted multiple times in the literature to interpret macroscopic measurable
contact angles through the nanoscopic molecular interactions within involved fluids and
solids and resulting surface energies. This has led, for example, to well-established
techniques for relating contact angles to surface-free energies, such as methods presented
by Girifalco and Good or the Zismann plot.[60, 76] None of these methods are universally
applicable, and each comes with its own pitfalls. Nevertheless, as pointed out by Derjaguin in
1936,[77] intermolecular forces are indispensable in quantitatively explaining the difference in
pressure between a bulk liquid phase and a thin liquid film adsorbed on a solid. The pressure
difference has been termed disjoining pressure and later tried to be quantitatively expressed
by Hamaker[78] as well as in a modulated form by Lifshitz and Ninham.[79] Disjoining
pressure and the Hamaker constant find frequent application for the prediction and
interpretation of nano- and micro-scale phenomena, for example, as encountered in MEMS
fabrication.[80, 81]

1.2.2 Wetting on Real Surfaces: Advancing, Receding and Sliding Contact Angles

The static contact angle is assumed to be the shape in mechanical equilibrium of a liquid
drop on a surface.[60] Yet, on most — even smooth — surfaces, a drop can assume different
shapes that cover a given range of contact angles called hysteresis. Many other metastable
contact angle states exist within the hysteresis range. Furthermore, when a drop is
positioned on a surface that is then slowly tilted, the drop will start moving at a characteristic
angle called the sliding angle (or roll-off angle). It can be observed that when placing a drop
on a horizontal surface and then tilting the surface below the sliding angle of the drop on the
surface — the angle when the drop starts sliding down the surface — the liquid will assume
different angles on its leading and trail edge — with the former always being larger than the
latter for homogenous surfaces. Likewise, when slowly dispensing a drop onto a surface, it
will assume a larger angle (advancing angle) than when slowly sucking the drop up from the
surface (receding angle) (Figure 1.2). The hysteresis is defined as the difference between

advancing and receding contact angles (6. - 6/). For certain hysteresis ranges, the advancing
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and receding angles correspond to leading and trailing angles. The origins of contact angle

hysteresis are still under active discussion, and several lines of explanation exist which have

been covered elsewhere.[60]

Figure 1.2: representative contour of a potentially (A) advancing drop and (B) receding drop

of the same liquid.

Contact angle measurements are very simple yet indispensable measurements of a
surface’s physical functionality. For water drops, a distinction is made between surfaces,
such that if a water drop forms a static contact angle cos (8) < 90° on a given surface, the
surface is said to be hydrophilic; if cos (8) > 90° the surface is said to be hydrophobic. If the
cut-off value of 90° is physically meaningful, it has been discussed elsewhere.[60] In short,
for water, evidence exists that both supports and refutes a 90° cut-off value. In general -
because of the reduced contact area with the surface — droplets exhibit smaller roll-off angles

on composite surfaces (solid-air interfaces) than on smooth surfaces.[58, 60]

1.2.3 A Closer Look on Topography: Wenzel and Cassies-Baxter

Most surfaces in real life are not perfectly smooth but exhibit a certain degree of roughness.
[568, 61] This is important as it was theoretically recognized and has been experimentally
proven that the interaction between a liquid drop and a solid surface is fundamentally
influenced by the surface’s roughness. At least two regimes can be imagined in how the drop
rests on a rough surface (Figure 1.3): (A) the drop homogenously wets the surface with the
interface strictly following the shape of the rough protrusions (Figure 1.3) — a condition known
as the Wenzel model. Here, the apparent contact angle, cos* (8), on the rough surface
diverges from the contact angle the drop would assume if the surface would be perfectly

smooth by the roughness factor, r:
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cos* (8) =r*cos (0) (1.3)

The roughness factor is a simple ratio between the actual surface area and the projected
surface area (r = A/Ao). If r = 1, the surface is perfectly smooth and 6* = 6. However, if r # 1,
the equation proposed by Wenzel predicts that the roughness reinforces the liquid-solid
interaction, as 8* < 6 <90° and 8" > 6 > 90°. Indeed, super-wetting states — such as
superhydrophilicity and superhydrophobicity — can be reached on rough surfaces.
Superwettable states are formally classified by static contact angles of liquids on solids. On a
superhydrophilic surface, water forms a contact angle of <5°-10°, while on a

superhydrophobic surface, water forms a contact angle of 6 > 150°.

(A) (B)

y W...™

Figure 1.3: Contours of a (A) Wenzel-state and (B) Cassie-Baxter model drop.

The drop can rest on the surface in at least one alternative regime (B) where it is only in
contact with the protrusions’ tips and otherwise rests on air trapped in the pockets of the
rough surface (Figure 1.3) — a condition known as the Cassie-Baxter model. For the sake of
simplicity, here, it is just summarized that at equilibrium, the apparent contact angle of the
drop on the surface relates to the fraction, f, of the liquid interface in contact with either solid

or air, as:
cos* (8) =fi *cos ((B)s + 1)— 1 (1.4)

This relationship predicts remarkable drop shapes on rough surfaces as the apparent contact
angle is raised to values equal or less to (f; — 1) — ultimately approaching -1 (contact angles

of 180°) if the solid fraction is reduced.

The question arises as to which of the two states — Wenzel or Cassie-Baxter — is more
stable. This has been the subject of both theoretical and experimental analysis.[82] In short,
for certain surface chemistries, it is indeed favorable that air remains trapped in the surface’s

pockets, i.e., the surface energy of the dry solid is less than for a wet surface;[83] chemical
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repellence of the surface material against the liquid strongly favors this condition. However,
in such a scenario the Cassie-Baxter state has been proposed to only present a local energy
minimum: even on surfaces optimized for liquid repellence, the Wenzel state is assumed to
represent the optimal energy minimum. The stability of the Cassie-Baxter state is reached
when transitions to the Wenzel state are not spontaneous, i.e., an energy barrier separating
the two states exists. As the stability of the Cassie-Baxter state depends on the stability of
the trapped air cushion in the surface’s roughness, many factors that can destabilize the air
cushion, such as pressure, temperature, airflow, strong vibrational forces, and humidity, can

lead to a wetting state transition.[59]

A critical parameter for the stability of the Cassie-Baxter state of any liquid on rough
protrusions is the angle formed between the side-walls of the protrusions and an imaginary
horizontal line.[84] Here, the overhang angle, B..emang, Can be either greater or smaller relative
to the angle the liquid would form on a flat surface of equal chemistry, Bat. For 8q.« < 90° but
Boverhang < Brat, the liquid-vapor interface is concave, causing the liquid to enter the pocket. If
Boverhang = Brat, the liquid drop is stable in the Cassie-Baxter state, assuming that gravity can
be ignored. Low surface tension liquids are not only characterized by a lower contact angle
on flat surfaces than water but also among them, many, such as oils and organic solvents,
possess a contact angle 6. < 90°.[85, 86] Indeed, low surface tension liquids require, in
addition to surface chemistry and general surface roughness, precise surface topography,
such as re-entrant structure or double re-entrant structure, in order for them to achieve
super-repellence on a surface in air. Albeit this perception has been challenged,[87, 88]
micro-fabrication of such precise topographical features to produce amphiphobic structures

on industrially relevant surfaces remains an active area of research.[89, 90]

1.2.4 A Drop’s Contour
1.2.4.1 What is the Capillary Length?

Static contact angles conform to roundish contours atop rigid solid surfaces, which meet the
solid at the triple phase interface by a contact angle cos 6. This can be explained by the
general tendency of droplets to adopt the lowest energy shape as well as the internal
pressure of the drop. However, this assumption only holds true if gravity can be ignored; if a
drop of large enough volume is applied onto a surface, it will exhibit a flattened contour (see
Figure 1.4). The force preventing the drop from completely collapsing into a flat shape is the

surface tension. The maximum radius of the drop, for which there is still no observed
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flattening of the drop’s contour due to gravity, corresponds to the capillary length. The
capillary length, A, can be seen as the length scale below which surface tension forces

balance out gravitational forces in a small drop:
Ae = (y/Dpg) (1.5)

where Ap is the mass density difference between a drop of surface tension y and the
surrounding phase, while g corresponds to the gravitational acceleration. Higher surface
tension liquids, such as water (A = 2.7 mm), have higher capillary length values than lower

surface tension liquids, such as methanol (A. = 1.7 mm) under constant conditions.

Figure 1.4: Drop with a volume larger than its capillary length and thus flattened contour on a

surface.

If the drop’s dimensions are larger than its capillary length, the drop’s weight will cause
pressure on liquid molecules inside the drop. This is known as the hydrostatic pressure,
which increases proportionally with the depth measured from the surface due to a build-up in
weight from fluid from the surface. Thus, for drops with dimensions larger than the capillary
length, besides surface tension forces, hydrostatic pressure needs to be accounted for in
order to determine its sessile profile on a horizontal rigid solid surface. In short, the

thickness, h, of the drop’s flat part can be calculated in terms of the capillary length by:[58]
h = 2 * )\(:-1 Sin (estatic / 2) (1.6)

Thus, the capillary length in relation to the characteristic length, A, of the drop (e.g., its radii
of curvature) can be used to derive a drop’s surface tension based on its shape profile. The
relationship between characteristic length and capillary length is formally expressed by the

Bond number: Bo = A/ A.. In other words, when Bo < 1, the shape of the drop is almost
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spherical due to the dominance of surface tensions; for Bo > 1, the shape is dominated by

gravity and deviates notably from a spherical shape.

1.2.5. From Drop Shape to Internal Flow Dynamics: Young-Laplace

If cohesive energy alone existed between the molecules of a liquid entity, the liquid would
collapse into an infinitely small object. However, if single molecules within a liquid approach
too closely to each other, repulsive forces hinder their complete collision. In the absence of
rigid ordering, as in a solid, liquid molecules are subjected to a greater extent to thermal
agitation. Thus, a liquid entity held together by its surface tension, y, harbors a fair amount of
internal pressure. In other words, increasing the surface area, A, and volume, 8V, - as
measurable by a change of the radius (6r) — of the liquid sphere requires work (8W) as a

function of the change in pressure, Ap:

SW =y *-8A—Ap * 8V (1.7)

<=>JW = (y*81rr - Ap*4trr) * &r (1.8)

At equilibrium, contraction forces should balance pressure forces, and 8W = 0. Therefore:

Ap=2y/r(1.9)

The last relationship is known as the Young-Laplace equation for spherical phases. Besides
Young'’s work, it is based on the work of another scientist, Pierre-Simon Laplace, who
conducted research at the beginning of the 19th century. It, for example, notes that the
pressure within a smaller bubble or drop is higher than in a larger entity of the same fluid
(i.e., a liquid possessing the same surface tension). It basically states that for any given liquid
shape, the change in pressure of a liquid upon traversing its interface is proportional to the
liquid’s surface tension relative to its curvature, C. The general form of the Young-Laplace

equation therefore states:

Ap =y * (1/Rs + 1/R,) = y*C (1.10)
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If the liquid entity becomes large enough, e.g., for drops with a diameter of 10 cm, the
Laplace pressure becomes effectively insignificant. For smaller entities, Laplace pressure
and pressure differences dictate liquid behavior as well as internal flow patterns. This has
been used several times in the literature to propose designer drop shapes that enable
analytics on open and miniaturized microfluidic platforms, such as for simple determination of
fluid viscosities.[91] Despite Laplace-pressure-induced flows, other forces exist that can
induce spontaneous and stable flows within small open liquid entities. Famous examples
include evaporation-induced flows[59] and the highly related field of (solutal or thermal)
Marangoni flows.[92, 93] Interestingly, forced flows — such as through pumping a fluid over
an open, wettable surface can overcome spontaneous fluid flows[94, 95] yet only within
certain size ranges for a given fluid shape. It remains to be seen how this can be exploited in
applications, albeit research efforts exist, for example, in the area of suspended microfluidics.
[96-98]

1.2.6. Spreading - the Movement of Small Liquid Entities along Open Surfaces

As stated before, a liquid will adopt a shape that minimizes the liquid’'s surface energy. This
means that a small liquid entity will optimize its shape towards a sphere on a surface that is
chemically repellent to it while it will maximize its spread on a surface that is chemically
attractive to it.[55, 58] A measure of whether a liquid droplet is able to spread on a surface
can be defined as the spreading coefficient, S,[99] in terms of the work of adhesion, W,, and
cohesion, W, such that S = W, — W.. The onset of spreading and the equilibrium conditions
of spreading are ongoing research subjects that have been discussed in detail elsewhere.
[56] Here, it just should be noted that an arbitrary liquid drop on a given solid surface can
assume different wetting regimes; thus, a drop equilibrium state on a surface can be
categorized as non-wetting, partial wetting, or complete wetting depending on which

spreading coefficient the solid-liquid interaction possesses.[60]

Previously, it was pointed out that when tilting a surface on which a drop rests, the leading
and trailing edges caused by the tilting may not correspond to the advancing and receding
angle. Indeed, the drop stays pinned to the surface for as long as Baav > Bicad aNd Brec < Otrait.
Here, the Laplace pressure difference between the leading edge and trail creates a force
strong enough to oppose gravity. Thus, the sliding angle, as, at which the drop starts moving
down the surface can be calculated by looking at the forces acting on the contact line alone —

the capillary forces — and the counteracting gravitational forces along the surface. Likewise,
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the work associated with de-wetting an area while wetting another area of the same surface
can be determined; for this, the actual shape of the drop can have an influence. In general,
however, sliding is caused by the action of three forces: (1) the capillary force, (2) gravity
normal to the plane, and (3) viscous drag of the surface. The existence of a threshold energy
before a drop starts moving and correlating with the drop’s sliding angle relative to its weight

is independent of the actuation method chosen.

By combining regions of controlled shape, which differ in their wettability, an energy barrier is
created which a drop needs to overcome when trying to cross from a more wettable into a
less wettable region.[100] Many scenarios of combining more wettable with less wettable
regions are possible, e.g., when more wettable regions are chosen that still sustain droplet
mobility; depending on the relative wettability contrast to the less wettable regions, several
drop manipulations are possible. Intriguing outcomes include drops adapting shapes that
greatly vary from the shapes they would adapt on a homogenous surface;[101, 102] robustly
guiding droplet transport along a pre-determined path and independent of actuation method;
[103, 104] drop motion characteristic in terms of shape deformation to patterned but not
homogenous surfaces;[105] deflection of moving drops due to the presence of chemical
patterns drop sorting.[100, 106] Moreover, removal of fluids from patterned surfaces, i.e.,
possessing highly wettable and repellent regions, can result in liquid pinning on wettable
regions and thus incomplete removal of fluid from the solid surface (i.e., discontinuous
dewetting).[107, 108]

1.2.7. Composite Surfaces

So far, liquid interacting with solids has been discussed. However, liquids permanently
wetted by a liquid can also repel intruding non-miscible objects and liquids. Here, the
principle of stable lubricant-impregnated surfaces (SLIPSs) will be discussed in relation to
“classical,” i.e., “dry” repellent surfaces. Note that since 2011 SLIPSs have received much
attention as they may offer solutions to many real-world problems encountered in Surface
Sciences.[3] It has to be stressed here that so far, it seems realistic that SLIPSs can become
tools for an extraordinarily wide range of application areas. Noteworthy examples include
high-throughput bacteria research — where SLIPSs can, for example, enable droplet array
formats; bio-analytics where SLIPSs can help to prevent bio-fouling of applied surfaces; in-
situ surface modifications to enhance industrial processes such as tank improvements,
airplane travels, and condensate capture; as well as through related concepts helping to

increase sustainable chemical synthesis.
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1.2.7.1. What is a SLIPS?

In principle, SLIPSs are easy to manufacture, and the strategies introduced in section 2.1
can be used directly for them. SLIPSs require the fabrication of a suitable scaffold, which is
then impregnated with a chemically matching lubricant. The scaffold can be rough —e.g., in
the case of porous polymer coatings — or just swellable — e.g., in the case of polymer
brushes or gel structures. Silanization of naturally rough or roughened substrates, for
example, has allowed the turning of metals, ceramics, glass, wood, and paper[109] into a
SLIPS scaffold. The resulting composite surface exhibits properties, such as ultra-
slipperiness, which may not be reached when separating a SLIPS into its single components

(e.g., dry rough surface and non-stabilized lubricant film on a perfectly smooth surface).

It was suggested that SLIPSs should be classified on strict cut-off values, such as
possessing an extremely low sliding angle (<5°) and apparent contact angle hysteresis
(<2.5°) for all kinds of intruding liquids that are non-miscible with the lubricant.[110] Yet, long-
term stability and, thus usability of SLIPSs may not be guaranteed when focusing on these
simple parameters. For example, lubricant can be lost from the surface while being dragged
away from it when intruding liquids slide down it.[111] This effect is intensified if the intruding
liquid is cloaked by the lubricant. Ways to prevent this include, for example, more careful
choice of lubricant, re-impregnation of SLIPS, or covalently bounding the lubricant to the
surface so that it cannot be washed away (slippery-like). A universal solution to this problem
has not been suggested so far. Potential ways around it include surfaces where the lubricant
has been stably grafted onto a surface comparable to dense polymer-brush surfaces. Note
that some of the composite surfaces used in this thesis do not match these exact cut-off

values but still showed enhanced repellence compared to dry surfaces of the same scaffold

type.

1.2.7.2. Liquid Drops on SLIPSs (Meniscus, Speed, and Friction)

A drop deposited on a SLIPS lubricated with an immiscible liquid overlay will form a
hemispherical shape on this composite surface type. Instead of a visible solid-drop interface
— and independent of whether the lubricant spreads over the drop or not — an intersect point
between the drop and the bulk of the lubricant meniscus spreading around the drop will be
formed. Thus, the definition of an apparent contact angle of a drop sitting on a SLIPS is
distinctively defined from the one for a dry classical repellent surface; the apparent contact
angle on a SLIPS refers to the drop’s contact angle at the intersect with the meniscus.

However, fluorescence microscopy showed that within the lubricant phase, the drop’s
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curvature notably diverges from this contact angle measured on top of the lubricant phase.
[112] Care of the determination of the meniscus tip has to be taken as the oil film thickness,
oil type, and viscosity can influence the thickness of the meniscus. Apparent contact angles
on SLIPSs are still proportional to and can still be used to determine the actual contact angle

of the intruding drop on the surface.[113]

Drop mobility — even of small drops — is high on SLIPS, which exhibit ultra-low sliding angles
for liquids of varying surface tensions and high interfacial slip length. As on dry repellent
surfaces, drop motion is influenced by the size of the drop, yet also by the lubricant’s

viscosity.
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2. Research Proposal

Siloxanes and silanes are ideal surface coaters as they possess a very low surface energy
easing their homogenous distribution on a surface as well as consequentially rendering
surfaces highly repellent. As outlined in the previous chapters, forming regular surfaces —
even with silicones and silanes — is not trivial. Nevertheless, a surface’s homogeneity has a
large effect on the surface’s functionality.

One recent strategy to create smooth and seemingly defect-free surfaces is stably lubricant-
infused surfaces (SLIPSs). By utilizing a two-phase system with a liquid lubricant and a
textured solid surface, such surfaces have been shown to significantly reduce friction and
enhance intruding objects’ mobility on the surface.[3] Siloxanes are common lubricants for
this surface type. Many questions remain open about this surface type — also with regards to
the drop dynamics on them. One open research area is the control — either active or passive
— of drop motion on these surfaces. Several active strategies for drop movement control
have been proposed on these surfaces, ranging from magnetism to heat. Passive strategies
proposed so far have ranged from adjusting the viscosity of lubricants to patterning
underlying surfaces. Interestingly, it has been shown that SLIPSs can also be patterned by
locking immiscible lubricants next to each other. This strategy has been proposed only in one
research article so far.[114] This is unfortunate as it has been shown for dry surfaces that
patterning surfaces can highly benefit the control of drop actuation on surfaces.[103, 104,
115] This is needed in the context of surface applications in fields such as biotechnology but
also highly non-related areas such as fog harvesting.[116, 117]

Here, the ability to pattern lubricants on SLIPSs matrices shall be further characterized. The
variety of lubricants that can be patterned next to each other shall be further detailed. Also,
the ease of manufacturing such surfaces shall be tested relative to the original paper and
related articles.[118] Finally, it is tested whether these surfaces, if patterned, can act as flow
modifiers for drop mobility on them — an aspect so far largely unexplored. Understanding the
influence of patterned slippery surfaces on flow dynamics is of critical importance for the
development of more efficient and effective fluidic systems.

Therefore, the main objective of this first part of the thesis is to investigate the effect of
patterned SLIPSs on drop flow dynamics. Specifically, the following research questions will

be addressed:

1. How does the patterning of SLIPSs affect the flow behavior of fluids?

2. How can the drop behavior on patterned SLIPSs be explained analytically?
3. How can we optimize the design of patterned SLIPSs to achieve desired flow
behaviors?
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This research will contribute to the development of a fundamental understanding of the
mechanisms by which surface patterning modifies flow behavior. The research will also
provide guidelines for the design and optimization of patterned SLIPSs for specific flow
control applications. The outcomes of this research will have potential applications in many
fields, including microfluidics, biomedical devices, and self-cleaning surfaces.

In the second part of this thesis, underexplored simple but robust strategies, such as how to
create dry homogenous surfaces using monomeric or oligomeric alkoxy silanes, will be
characterized. Again, a focus is placed on patterned surfaces. The proposed research
involves surface modifications of various substrates and subsequent secondary
derivatization of substrates in highly wettable and repellent regions using click-chemistry.
Substrates are modified using various deposition conditions and solvents to map out
condition ranges with an optimal outcome. This initial exploratory work would allow us to
assess both literature reports and non-characterized functionalities and compare them with
future theoretical molecular dynamics studies.

Alkoxy silanes and silicones have the disadvantage that their uncatalyzed reaction with
certain surface types is too slow to be competitive with the environmentally less friendly
halogenated silanes. To overcome the reaction barriers, environmentally friendly catalysts,
such as amino acids, have been proposed. To gain insights for future protocol optimizations,
the condensation of silanes in the presence of an amino-acid catalyst was studied
theoretically. The mechanism of amino acid catalysis of silane condensation has not been
studied previously, and the influence of amino acid main chains is not well understood.
Likewise, the influence of green solvents on the reaction is underexplored. These are
nevertheless important factors to understand if we want to create homogenous surface

coatings with silanes through amino acid catalysis.
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3 Outline of Thesis

- Chapter 4: A phenomenological account of the formation of surfaces on which three
different phases were stably patterned next to each other. Patterned SLIPSs with two
phases had been proposed before in literature),[116] and were here extended to
several phases. Additionally, it was recorded that patterned SLIPS formation can be
easily created by infusing a surface with the lubricant first and then introducing an
intruding liquid to be patterned — as similarly studied before on smooth surfaces by
Carlson et al.[120] Within the porous polymer, liquid-liquid displacement seemed to
agree well with the extensive body of literature focusing on these phenomena — with
the exception of hexane. Lastly, the wettability of hydrophobic surfaces that have
been infused with a highly matching lubricant and lubricants belonging to a different
chemical phase were compared.

- Chapter 5: Drop dynamics on patterned SLIPSs. The ability to modify the path of
drops sliding down inclined SLIPSs possessing various surface patterns of immiscible
but hydrophobic lubricants was qualitatively assessed. Experimentally, lubricant
patterns were tested to deflect aqueous drops according to magnetism and drop size.
For this, the ability to rapidly create new chemical pattern designs through UV
modification, even when using self-printed photomasks on commercially available
polypropylene foil, was exploited. Through cooperation, it was shown that the
passage of drops from one lubricant pattern into an underlying lubricant pattern fairly
agrees with quantitative predictions, as long as only one or none of the lubricant
cloaks the drop. Different combinations of lubricants — even those that do not entirely
engulf drops (such as mineral oil and ionic liquid) were tested.

- Chapter 6: The robustness and simplicity of modifying glass and silicone surfaces
with oligomeric methoxy siloxanes (VMS) for secondary derivatization of surfaces is
assessed. Secondary modification of the thus formed surfaces is demonstrated.

- Chapter 7: Computational characterization of amino acid-catalyzed condensation of
silanols to elucidate potential bottlenecks. Different implicit solvent environments were

compared.
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4. Formation of liquid-liquid micropatterns through guided liquid displacement on

liquid-infused surfaces.
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Abstract: Here, we demonstrate a method to pattern liquids of varying surface tension
and composition into droplets by utilizing slippery liquid-infused surfaces prepared on
chemically-patterned substrates. We study the capability of different liquids to displace the
lubricant from higher surface energy regions and show that both high and low-surface
tension liquids can imbibe the polymer, thereby forming droplets sharply following underlying
surface energy patterns. For all liquids tested, droplet arrays of arbitrary shapes of each
liquid were formed with precision down to 50 um. By changing the chemical patterning

from fluorinated to aliphatic groups, patterns of mineral and silicone oils were created.
Finally, we demonstrate the formation of two-dimensional micropatterns of three-phase liquid

systems — fluorinated, organic, and aqueous phases.

Keywords: slippery surfaces, imbibition, liquid displacement, surface patterning,

droplet microarrays
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4.1 Introduction

Liquid patterning on solid surfaces is an essential process in micro- and nano-fabrication. It
has been used for microelectromechanical systems (MEMS)-fabrication,[119-121]
microfluidic-device design[122, 123] bio-scaffold creation,[124] or high-throughput screening
efforts.[102, 125-129] It is usually accomplished by applying liquids via a highly controlled
method such as contact or non-contact printing,[130-134] pre-structured surfaces,[135-137]
micropatterning through thin liquid film instabilities[138, 139] or wettability patterning such as
superhydrophobic-hydrophilic patterns.[102, 140] The latter example enables the formation
of patterns of aqueous solutions using the effect of a discontinuous de-wetting process.[135,
141-143]

How liquids spread on a surface is determined by their surface tension relative to the surface
tension of the solid at the contact line of the three-phase system.[55, 144] Thus, low surface
tension liquids, such as perfluorinated oils (e.g., perfluoropolyether), silicone oils, and many
organic solvents can easily wet different materials,[145] while liquids with higher surface
tension often form confined droplets. Several methods were recently developed that enable
patterns of low surface tension liquids using the effect of discontinuous de-wetting.[141, 146]
Tuteja et al. introduced a method requiring superoleophobic-superoleophilic patterns,[141,
146, 147] while the approach of Feng et al. relies on the formation of defect-free surfaces to
create patterns of regions with strong de-wettability towards organic solvents.[129] However,
neither of those methods enables the patterning of liquids with extremely low surface
tensions below 18 mN/m. To pattern such liquids, including fluorinated or silicone oils,
“double-re-entrant” topographies[145, 147] are required. However, these do not prevent

liquids from spreading laterally once in contact with these features.[148-152]

Another problem is that aqueous solutions containing proteins, lipids, sugars or other
biological components derived from cells, cell lysates or growth medium and may not only
possess lower surface tensions but can also hydrophilize surfaces by adsorbing
biomolecules, thereby degrading the liquid-repellent character of such surfaces.[149, 153]
For this reason, the formation of complex surface patterns of organic solvents or biofluids

remains difficult.

Liquid-infused interfaces or slippery surfaces possessing excellent liquid repellence were
recently introduced by impregnating a nano/micro-structured or porous surface with a
lubricant, thereby creating a stable lubricant layer on top of this surface.[16, 110, 112, 114,
154, 155] A favorable disjoining pressure maintains a stable lubricant film on the surface.

[156-158] In contrast to air-filled repellent surfaces, such liquid-locked surfaces reveal
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greater robustness against pressure and hydrodynamic shear.[159] There is evidence that
slippery surfaces are superior in anti-fog, anti-icing, and anti-biofouling applications[102, 140,
152, 155, 160] to traditional hydro- and omniphobic or polyethylene glycol-functionalized
(PEGylated) surfaces.

Here, we demonstrate that the displacement of one lubricant liquid by another liquid depends
on the underlying substrate’s surface chemistry. We show that by patterning the substrate
with superhydrophobic/hydrophilic features, we can control the liquid-liquid displacement
process spatially. This process can be used to spontaneously form micropatterns of liquid
droplets with surface tensions ranging from 72 mN/m (water) down to <18 mN/m (n-hexane).
In addition, by forming surface patterns of fluorinated, alkylated and hydroxylated regions, it

was possible to create three-phase patterns using fluorinated, organic and aqueous fluids.

4.2 Results and Discussion

The fabrication of superhydrophobic-hydrophilic patterned surfaces was performed using the
following approach (Figure 1A).[49] First, a 15 ym thin porous poly(2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA) layer with pore sizes ranging from
80 nm to 250 nm[50] was polymerized on a glass slide. The polymer layer can be rendered
superhydrophobic (SH) (advancing water contact angles 8adv = 170°+2 receding water
contact angles 6rec = 157°+0.5) or hydrophilic (Badv = 46°+ 5 and Brec = 0°) through the
esterification with 4-pentynoic acid (alkylated surface) and the UV-induced thiol-yne reaction
with 1H,1H,2H,2H-perfluorodecane-1-thiol (PFDT) or R-mercaptoethanol, respectively. The
polymer film can be patterned via sequential UV-induced thiol-yne reactions with the aid of
quartz photomasks.[48] Previously, this method has reported yield patterns with sizes as

small as 10 ym and below.[48]

The wetting abilities of both fluorinated PFDT-modified and hydrophilic HEMA-EDMA
surfaces were investigated with a set of liquids with different surface tensions ranging from
16 mN/m to 72 mN/m (Table 1). The PFDT-modified polymer was non-wettable for liquids
with surface tensions higher than ~ 40 mN/m (Figure 2), and the liquid droplets remained in
the Cassie state.[161, 162] However, it was wetted by liquids with surface tension below 40
mN/m, such as ethanol, DMF as well as by low-surface tension lubricants Krytox GPL 103
(PFPE) (20 mN/m), silicone oil (20.1 mN/m) or mineral oil (32 mN/m). On the other hand,
high-surface energy hydrophilic porous HEMA-EDMA could be infused by all the liquids
studied (Table 1).
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Figure 4.1. Strategy for liquid patterning on porous poly(2-hydroxyethyl methacrylate-co-
ethylene dimethacrylate) (HEMA-EDMA) polymer. A) Schematic representation of the
manufacturing process of surface patterned HEMA-EDMA and subsequent infusion with
liquids into defined compartments. B) Photographs of an array where hydrophilic patterns are
differentially wetted with rhodamine-containing DMSO while superhydrophobic borders are
wetted with a perfluorinated oil (PFPE). (C) Photograph of the production of such an array by
discontinuous de-wetting. Images of ethanol droplets (D) (scale bar corresponds to 3 and 2
mm respectively), silicone oil droplets (E) (scale bar corresponds to 1 mm), mineral oil (F)
(scale bar corresponds to 2 mm), and N-hexane (G) droplets (scale bars correspond to 350
pm, 350 ym, 350 um and 1 mm) formed on hydrophilic patterns of different shapes. (H)
Photograph of water droplets stained with food dyes separated by small borders — the
smallest being just 50 yum. The water droplets were formed on a surface lubricated with
surfactant-spiked PFPE (see Materials and Methods). (I) Photograph of mineral oil drops

formed on hydrophilic spots within a PFPE background — the scale bar corresponds to 1 mm.

Surprisingly, there is a difference in contact angle values for PFDT and CH3 substrates
infused with the same PFPE lubricant (Table 1). A possible explanation is the presence of
defects on the lubricant-infused surfaces that lead to an exposed substrate and the
differences in contact angles. In addition, the number of defects should depend on the type

of surface functionality, thereby making such liquid-infused surfaces even more different.

28



Table 4.1 List of tested liquids

Liquid Name Surface tension [MN/m] @ Density [g/cm?®] @ 20°C
20°C
Water 72[163] 0.998
Glycerol 64[163] 1.261
Diiodomethane (DIM) 50.8[163] 3.325
DMSO 43.54[163] 1.1004
Dimethylformamide 37.10[163] 0.948
(DMF)
Cyclohexanol 34.4 (at 25°C)[163] 0.9624
Mineral oil light — 32[164] 0.8
bioreagent
Toluene 28.40[163] 0.87
n-Hexadecane 27.5[163] 0.77
Dichloromethane 26.5[163]60 1.3266
Ethanol 22.10[163] 0.810
Silicone oil 10 cSt 20.1 (at 25°C)[165] 0.95
Krytox GPL 103 (PFPE) 20[166] 1.88
n-Hexane 18.43[163] 0.6606
FC40 16[167] 1.855

The roughness of the porous HEMA-EDMA layer and its capillary network are key to forming
stable liquid-infused surfaces and liquid-liquid patterns. On a smooth surface, exposing
perfluorodecanethiol (PFDT) functional groups (see Feng et al.),[168] PFPE cannot be
stabilized and does not form a stable liquid layer. On the rough PFDT-modified HEMA-EDMA
surface, however, stable PFPE liquid layers can be formed. The ‘slipperiness’ of a surface is

characterized by low contact angle hysteresis or low sliding angles.[114, 152] The sliding
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angles of different liquids on PFPE-lubricated PFDT-modified HEMA-EDMA are small
enough to classify this lubricant-infused surface as slippery, and the contact angle hysteresis
(CAH) was also significantly reduced. Organic solvents (e.g., hexane, ethanol, toluene,
dichloromethane, dimethyl formamide, DMSO) exhibited sliding angles of around 5° (Table 3)

and CAH values were reduced to around 10° (Figure 2A).
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Figure 4.2. Change in material properties through lubrication with oil. A) Change in
advancing and receding angles of surfaces between dry state and upon lubrication with
PFPE for standard liquids. B) Advancing and receding angles of water (upper row) as well as
silicone oil/ PFPE (lower row) on alkylated poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) polymer lubricated by either mineral oil (right) or silicone oil (middle) or
perfluorinated and lubricated by PFPE (left).
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Table 4.3. Sliding angles of solvents on PFDT-functionalized, PFPE-infused HEMA EDMA

Liquid Name Sliding angle [°]
Water 4.85+0.35
Glycerol 6.34 £ 0.5
Diiodomethane 4.36 £0.25
(DIM)

DMSO 4.49 + 0.52

Dimethylformamide  4.85 +0.17

(DMF)

Cyclohexanol 5.38 £ 0.0.53
Mineral oil light - 49+0.14
bioreagent

Toluene 3.81+£0.35

Dichloromethane 442 + 0.2660

Ethanol 5.25+ 0.61

Silicone oil 10 ¢St 437+04

n-Hexane 544 +0.5

We then investigated the ability of different liquids to spontaneously replace PFPE-
impregnating hydrophilic porous HEMA-EDMA lubricant. We found that all studied liquids
could replace PFPE from the pores of the hydrophilic polymer (Table 2). Lower surface
tension liquids, such as ethanol and DMSO, pinch more readily to the underlying surface
(Video S1). It took around 15 to 20 seconds for water to pinch on a PFPE-lubricated surface
(Video S3), while it took only around 1 second for ethanol to replace the lubricant on this
surface (Video S1 and S1). The replacement took place even with liquids less dense than
that of PFPE.
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Table 4.2. Overview of tested combinations between lubricant, surface patterning and

intruding liquid.

Infusing liquid Water

Substrate’s OH

chemistry

Intruding

liquid

PFPE Badv 0
Brec 0

Silicone oil  Badv 0
Brec 0

Mineral oil Badv 0
Brec 0

Cyclohexanol 8adv 0

Orec 0

Water -

Mineral Qil

PFDT  CH3 OH

d Oadv0 6advO

Orec0 ©OrecO

Miscible Miscible Miscible

Oadv Oadv d
101 100

Orec 60 ©Orec 90

Silicone Oil
PFDT CH3
d Oadv
37
Orec
26
Oadv Badv
40 29

Brec 0 Brec 0

Badv 0Badv
26 50
Orec Orec
13 42
Padv Oadv
113 99
Orec Orec
81 91

d = displacement of the infused liquid by the intruding liquid;

OH

Oadv 34

Orec 31

Badv 30

Brec 0

D

PFPE

PFDT  CH3 OH

Qadv 67 d d

Orec 58

Badv74 d d

Orec 50

Qadv 67 d d

Orec 48.5

Oadv 103 Badv d

121
Orec 100

Orec
83

badv = advancing contact angle of the intruding liquid on a corresponding liquid-infused

surface;

Brec = receding contact angle of the intruding liquid on a corresponding liquid-infused

surface;
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Hydroxylated: OH; Perfluorinated: PFDT; Alkylated: CH3; Standard deviations can be found

in the supplementary information.

Krummel et al.[169] and Datta et al.[170] demonstrated that the complete displacement of oil
in a porous substrate through the wetting fluid is achievable, provided the capillary number
(the relative effect of viscous forces versus surface tension) rises above a certain threshold
value. We observed that when a solvent was applied on a patterned SLIPS, the lubricant was
displaced from the hydrophilic pattern (see Figures S1 and S2). Thus, cells could be grown in
the hydrophilic patterns from which the lubricant had been replaced (see Figure S3).
Interestingly, after the evaporation of the solvent, PFPE did not flow into the dried hydrophilic
features again (but in a reverse pattern, PFPE features would flow out into the dried
background — see Video S5) if the access PFPE had been removed with an air gun prior to
the experiment. On the other hand, the PFPE lubricant could not be replaced by any of the
used liquids from the PFDT-modified regions. The exception was hexane. Even though it did
not wet PFPE-infused PFDT-borders when wetting dried features with hexane, small PFPE
droplets were pulled from the borders into the hexane phase (see Figure S2 and Video S4).

However, n-hexane would stay confined to the hydrophilic features (see Figure 1 and S4).

By combining superhydrophobic PFDT-modified with hydrophilic porous polymer regions on
the same surface, it becomes possible to achieve spatially controlled selective de-wetting of
the PFPE lubricating liquid with different solvents (Figure 1). Such patterned surfaces can
serve as a template for an array of high and low surface tension liquids.[54] As shown in
Figure 1, porous HEMA-EDMA patterned with either hydrophilic (HL) or fluorinated (PFDT-
modified) regions is completely wetted with PFPE lubricant. However, the PFPE oil is
displaced from the HL parts (and not from the PFDT areas) after introducing a secondary
liquid, such as n-hexane, silicone oil, ethanol, water, DMSO, etc. (Figure 1B-D). This leads to
a binary liquid-liquid pattern of the higher surface tension liquid in HL parts and lower surface
tension liquid in the PFDT-regions. Thus, by a simple, two-step process, non-miscible liquids
can be spatially arranged into precise two-dimensional compartments (Figures 1, S1). The
homogeneity of the heights of droplets was measured by sliding a 100 L droplet down a
30°-inclined pattern of hydrophilic 3 mm circles in a PFDT-background and measuring the
heights of 10 droplets. The heights of glycerol, DMSO, and n-hexadecane droplets varied by
0.1%, 4.8%, and 3.5%, respectively (Figure S3). Droplets could be formed both on features
of several millimeters in diameter as well as on small features down to 40 um in width (see
Figure S5).
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Modifying HEMA-EDMA with dodecanethiol[49] instead of PFDT by a thiol-yne click reaction
created a hydrophobic but non-fluorinated surface with advancing and receding WCAs being
15412 and 8214, respectively, as well as 853 and 0 CAs for DMSO. However, the alkylated
porous surface allowed the formation of slippery surfaces with oil types other than the
perfluoro lubricants (Figures 3B, 4). When infused with either silicone or mineral oils,
dodecanethiol-modified HEMA-EDMA exhibited a stable lubricant film that could not be
washed off with water or even perfluoro oils. On both oil-infused surfaces, non-miscible
liquids (such as water and silicone oil DMSO) exhibited roll-off and hysteresis angles close to
0 (Table 2). However, while silicone oil-infused surfaces were slippery for perfluorocarbon
solvents such as PFPE and FC40, as reported elsewhere,[43] mineral oil-infused surfaces
were not. Perfluorinated oils would readily wet and spread on mineral oil-infused
dodecanethiol-modified HEMA-EDMA (Table 2). Thus, spatially controlled droplets of PFPE
and FC40 could be created using silicone oil-infused borders (Figures 3 and S6). In contrast
to higher surface tension liquids, PFPE droplets varied in height by 25% when formed on

PFDT-modified 3 mm diameter circles in a dodecanethiol-modified background (Figure S5).

(A) T\

Mineral oil border

Figure 4.3. Droplet formation on alkylated surfaces. (A) aqueous droplets formed on mineral
oil-lubricated alkylated polymer. (B) PFPE droplets formed on silicone oil-lubricated alkylated

polymer. Scale bars represent 1 mm.
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The ability to pattern any two liquids on the same substrate next to each other has various
applications, e.g., in liquid-liquid extractions,[55] chemical process design,[171, 172] and
microfabrication research, such as tuneable micro-lenses[173, 174] to list a few. One of the
applications is to use such liquid patterning to stably position an oil shield around an aqueous
compartment to avoid evaporation of small aqueous reservoirs. Aqueous droplets evaporate
fast on an open surface if not protected from the environment. To circumvent this problem,
droplets can be covered with a layer of oil. However, shielding droplets via a continuous oil
layer can lead to cross-contamination between aqueous compartments.[175] Instead, it is
advisable to shield each droplet via an individual oil layer not connected to neighboring
aqueous compartments. To realize this, HL circles (1.5 mm in diameter) were surrounded by
alkylated SH 4 mm wide rings, which were again surrounded by PFDT-modified borders
(Figure 4). The surface was then covered with a PFPE layer, followed by a sequential
replacement of the fluorinated oil from the hydrophilic spots by water and then from the
alkylated rings by a mineral oil to form aqueous compartments in the hydrophilic spots
covered by individual mineral oil droplets kept fixed on the surface with the alkylated rings.
Thus, a three-phase array of water-in-oil-droplets separated by a slippery PFPE-infused
surface was created (Figure 4). Such arrays of shielded aqueous compartments can have
applications, for example, in DNA sequencing, related nucleotide operations,[176] enzymatic
assays and protein crystallization,[137, 177, 178] as well as in cellular assays requiring long
term stability of water droplets. The water-oil structures were kept stable by the surrounding
slippery PFPE border for at least 4 weeks. Figure 4 demonstrates the ability of such a
system to significantly reduce the evaporation of aqueous droplets even after heating the

sample at 100°C for 5 minutes.
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Figure 4.4. Formation of evaporation-resistant compartments. A) Schematic representing the

three-phase system enabled through surface patterning of perfluorinated, alkylated and
hydrophilic patches next to each other. B) Photographs of a mineral oil protected droplet next

to an unprotected droplet before (left) and after (right) heating.

4.3 Conclusion

In conclusion, we demonstrate that by choosing the appropriate chemical surface patterning,
liquid-liquid displacement can be spatially controlled for a wide range of lubricant-intruding
liquid pairs. Arrays of both high and low surface tension liquids can thus be formed on a
single surface. Spontaneous formation of droplet microarrays on slippery lubricant-infused
surfaces pre-patterned with matching surface chemistry was shown. The resulting arrays of
an intruding liquid follow precisely the underlying surface patterning with, for example,
circular, square or other geometries. By modifying the same porous polymer surface with
patterns of aliphatic alkyl groups, hydroxy and perfluoro groups, three-phase liquid
micropatterns — fluoro, organic, aqueous — could be formed. This approach demonstrates the
potential of three immiscible liquids being patterned adjacently in arbitrary droplet shapes as
long as the matching lubricant-intruding liquid pair and corresponding surface chemistries
have been carefully chosen. This flexibility carries enormous potential for the miniaturization
of various processes where liquids of varying surface tensions need to be patterned,

confined or manipulated on surfaces or in channels.
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4.4 Materials and Methods
4.4.1 Chemicals

2-Hydroxyethyl methacrylate, ethylene dimethacrylate, 2,2,3,3,3-pentafluoropropyl
methacrylate (PFPMA), trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane, 2,2-dimethoxy-2-
phenylacetophenol, benzophenone, cyclohexanol, 1-decanol, rhodamine B, mineral oil, were

purchased from Sigma-Aldrich (Taufkirchen, Germany) at purity >97%.

Krytox GPL 103 was purchased from DuPont (Hamm, Germany). FC40, as well as
PicoSurf2TM, were supplied by Dolomite Microfluidics (Royston, UK). The quartz photomask
was developed with Autodesk Inventor 2011 software and manufactured by Rose
Fotomasken (Bergisch Gladbach, Germany). Glass plates were obtained from Schott
Nexterion (Mainz, Germany). All other chemicals were purchased from Carl Roth (Karlsruhe,

Germany).

4.4.2 Hydrophobic/hydrophilic Patterned Surface Fabrication

Glass slides were activated by submerging in 1M NaOH for 30 minutes, followed by thorough
rinsing with mQ H20O. Then, the slides were left in 1M HCI for one hour and rinsed with water
again. After drying, slides were modified by a 20% (v/v) 3-(trimethoxy silyl)propyl
methacrylate (Sigma-Aldrich) in ethanol. To avoid the formation of air bubbles, a 70 pL
modification solution was evenly applied twice between the active sites of two glass slides for
30 minutes. Glass slides were washed with acetone. Fluorinated glass slides were prepared
for the manufacturing of polymer surfaces. For this, activated glass slides were incubated
overnight in a vacuumed desiccator in the presence of trichloro(1H, 1H, 2H, 2H-

perfluorooctyl) silane.

Polymerization solution consisted of polymers (24% wt. 2-hydroxyethyl methacrylate as
monomer and 16% wt. ethylene dimethacrylate as a cross-linker) as well as an initiator (1%
wt. 2,2-dimethoxy-2-phenylacetophenone) dissolved in 1-decanol (12% wt.) and
cyclohexanol (48% wt.). The 60 pL polymerization mixture was pipetted onto modified glass
slides. These were then covered by fluorinated glass slides separated through 15 um silica
bead spacers from modified glass slides. Slides were irradiated for 15 minutes with 5.0 to 4.0
mW-cm-2, 260 nm UV-light. The mould was then carefully opened using a scalpel and

polymer washed for at least 2h in ethanol.
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Hydrophilic polymer surfaces were esterified by immersion of 2 slides in 50 mL
dichloromethane containing 4-pentynoic acid (111.6 mg, 1.14 mmol) and catalyst 4-
(dimethylamino)pyridine (DMAP) (56 mg, 0.46 mmol) at -20°C. After 20 min, 180 pL coupling
reagent N,N'-diisopropylcarbodiimide (DIC) was added, and the solution stirred at room

temperature for at least 4h or overnight. Esterified slides were washed in ethanol for 2h.

The patterning of esterified slides was based on photomask lithography. Slides were
irradiated either with “superhydrophobic” or “hydrophilic” click-chemistry solution first under
the pattern of choice, followed by washing with acetone and drying. In a second step, slides
were wetted with the complementary solution, covered with a quartz slide and irradiated with
uVv.

Superhydrophobic click-chemistry solution 1 was always prepared fresh by dissolving 10%
vol./vol. 1H,1H,2H,2H-perfluorodecanethiol in ethyl acetate. Hydrophilic solution 2 consisted

of 2-mercaptoethanol (10% vol./vol.) dissolved in a 50:50 vol./vol. ethanol/water mix.

In the first patterning step, slides were wetted with 200 uL solution 1 in the dark. Slides were
covered by the desired photomask pattern and irradiated for 2 minutes (5.0 mWe.cm-2, 260
nm). After irradiation, the slides were rinsed twice with acetone in the dark. They were wetted
with solution 2 and covered by a quartz slide. Immediately after, slides were irradiated for 2
minutes by UV again (5.0 mWescm-2, 260 nm) and subsequently washed for at least 2h in

ethanol before use.

4.4.3 SEM Images

Patterned HEMA-EDMA slides were coated with gold particles, and images were taken using

a thermal field emission SEM using an FE-REM (type Merlin, Zeiss).

4.4.4 Contact and Sliding Angle Measurements

60 pL of PFPE were applied and allowed to spread evenly for all contact and sliding angle
measurements. If any other lubricant was used, 60 pL of the lubricant was spread on the
surface. To obtain surfactant-spiked PFPE, a 2% wt./wt. stock solution of PicoSurf2TM
(Dolomite, Royston, UK) dissolved in FC40 was mixed 1:3 with pure PFPE solution, and the

FC40 was allowed to evaporate.

Advancing and receding contact angles (for Figure 2) were determined by an inhouse-build

system encompassing a UK1117 camera (EHD imaging GmbH, Damme, Germany), a stage
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and 5 pL syringe (Hamilton, Bonaduz, Switzerland) connected to a pump operating at stable
flow speed (15 pl/min). Images were taken at 100 ms per frame. Contact angles were
measured using the ImageJ plug-in DropSnake.[64], [65] For each condition measured, 3
slides were used, and advancing/receding angles were measured on 5 different positions on
each chip. Sliding angles were determined manually on an adjustable angle stage. For Table
2, advancing and receding contact angles were measured 3 times on 2 different surfaces
using a Kriss contact angle goniometer (Hamburg, Germany). For this, the liquid was either

flushed from or sucked into the syringe at a rate of 2.67 yL/min and videos were recorded.

4.4.5 Cell Culture

Human Cervical tumor cell line HeLa expressing GFP was purchased from BioCat
(Heidelberg, Germany). Cell lines were cultured in DMEM (Gibco, Life Technologies GmbH,
Darmstadt, Germany), supplemented with 10% (vol./vol.) FBS (Sigma), and 1% of
Penicillin/Streptomycin (Gibco, Life Technologies GmbH, Darmstadt, Germany). Additionally,
the HelLa growth medium was supplemented with 0.2% G418 (Gibco, Life Technologies
GmbH, Darmstadt, Germany). Cells were cultured at 37°C in a humidified atmosphere of
CO2 and 95% air. The cultured cells were observed with an inverted light microscope (CKX
31 Olympus, Japan). Once cells covered ~75-80% of the culture dish, they were trypsinized
using 0.25% trypsin/EDTA (Gibco, Life Technologies GmbH, Darmstadt, Germany) and
diluted in fresh medium — using a blood cell counting chamber (Neubauer, celeromics,
Cambridge, UK) — to a density of 15-20x103 cells/cm2.

For seeding onto superhydrophobically/hydrophilically patterned HEMA-EDMA lubricated
with surfactant-spiked PFPE, a drop of a cell containing medium was slid over the patterns;
small parts of the medium attached to hydrophilic spots, thus forming micro-droplets of cell-
containing growth medium. Alternatively, a large drop of 500 yL was laid over several
hydrophilic spots and allowed to rest in order that cells could sediment down. After 30
seconds, the array slide was tilted, allowing excess liquid to flow off. Fluorescent images

were taken with a Keyence BZ-9000 fluorescent microscope (Osaka, Japan).

4.4.6 Microscopic Imaging

All microscopic bright field images and videos were taken with a Keyence BZ-9000

fluorescent microscope (Osaka, Japan).
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4.5 Supporting Information

(A) ethanol
PFPE drlcuplet defarmation displacement
layer v of droplet of oil

(i) ’_..._ (i
glass slide I‘ . & _

ethanol drop
\ hydrophobic border

\ | hydrophillic pattern

(B) |

(€) Eﬁ

Figure S4.1. Mechanism of droplet formation. A) Schematic representing oil film thinning and
subsequent deformation of an (i) intruding liquid droplet until (ii) it pinches on the surface.

Snapshots of pinching of intruding ethanol drop on stripe (B) or square patterns (C). Scale

bars correspond to 1 mm.
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Figure S4.2. Drying of hydrophilic parts after organic solvent exposure. (A) Ethanol
evaporating from a rectangle, hydrophilic features surrounded by perfluoropolyether-
lubricated borders. (B) A hexane drop is placed on empty, dry hydrophilic features
surrounded by perfluoropolyether-lubricated borders. It evaporates from these features

pulling small perfluoropolyether droplets into the features.
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Figure S4.3. Suitability of patterned slips for the handling of complex biological liquids. (A)
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Advancing and receding contact angles of cell growth medium on an unfilled surface,
perfluoropolyether-lubricated or FC40-lubricated surfaces. (B) GFP-expressing HeLa Cells

growing on hydrophilic patterns surrounded by perfluoropolyether-lubricated borders.

A s AL
4 odod a4

350 um 750 um 350 um 750 um 1mm

DMF droplets n-hexane droplets
Figure S4.4. Low-surface tension droplet arrays on PFPE-lubricated PFDT-surfaces. A) SEM

image of the surface of HEMA-EDMA (Scale bar represents 100 nm). B) 40 um wide n-
Heptane stripes stained with red-fluorescent Nile Red on PFPE-lubricated polymer (black)

with a 40 ym wide scale bar. C) Low-surface tension droplet arrays: Images . to VI.
correspond to ethanol droplets, VII. To VIII. To DMF droplets, and IX. to XII. to n-hexane
droplets. The length of the scale bar is written above (upper row) or below (lower row) the

corresponding image.
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Figure S4.5. Height profiles of Droplets. Droplets were formed by allowing 100 pL droplets
of intruding liquid to slide down a 30°-inclined pattern of 3 mm wide circles. Surfaces were
either infused with PFPE (for glycerol, DMSO, and n-hexadecane droplets) or 20 cSt silicone

oil (for PFPE droplets). Blue lines correspond to the measured height profile of droplets and

their reflections.
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Figure S4.6. FC40 droplets formed on PFDT-modified star patterns in a silicone oil-lubricated

alkylated polymer background. Scale bars represent 1 mm.
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Table S1. Overview of tested combinations between lubricant, surface patterning and

intruding liquid.

|
Irfusing Water Minerd Gil Silicone Cil PFPE
oH F CH3 CH F CH3 OH F CH3 OH
Inruding
PFPE Gadv O d Badv 0 Badv 0 (Bl Bady 37 4 Badv 244-0.5
Brec O BrecO frec 0 Brec 264-5 Brec 314-1
Silicore oil Badv O d D d Gadv 67H-2 d d
Brec O frec 584-2
Minerd oil Badv O Badv 404-2.7 | Badv 294-2 Badv 30+H-4 Gadv 74+4-3.25 d d
frec O Brec 0 Brec 0 Brec O Grec 504/-35
Cydohexanol | Gadv 0 miscible Miscible miscible Badv 264-3 Badv 504-1 d Gadv 674-1 d d
GrecO Brec 134-2 Brec 424-2.5 Brec 4854-1.45
WWaler Badv 1014-0.5 Badv 1004-3 d Badv 1134-0,5 | Badv 954+-4 d Gadv 1034-2 Gadv 12145 |d
Brec 604-7 Brec 904/-3 Brec 81+4/-2 Brec 914-3 Brec 1004-05 Brec 834-05
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d = displacement of the infused liquid by the intruding liquid;

Badv = advancing contact angle of the intruding liquid on a corresponding liquid-infused
surface;

Brec = receding contact angle of the intruding liquid on a corresponding liquid-infused

surface;

Hydroxylated: OH; Perfluorynated: F; Alkylated: CHS3;
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Overview of Videos:
S4.1 Ethanol droplet on hydrophilic square pattern with PFPE-lubrication

A 2 L ethanol droplet is placed on an all PFPE-lubricated surface. The underlying surface is
patterned with PFDT-borders and hydrophilic 500*500 um square patterns. In the video, the
droplet pinches first on one square and starts displacing the lubricant from the hydrophilic
features. Then, it pinches on neighboring squares and displaces the lubricant from them.
When the droplets dry they leave dried, non-transparent polymer behind them. Since the
PFPE lubricant was applied in excess on the surface (100 uL onto a single microscopic glass
slide with a 15 ym high polymer layer), it starts flowing into the patterns again. However, this
does not happen through fingering but by homogenous shifting of the PFPE-void interface

into the pattern.

S4.2 Ethanol droplet on hydrophilic stripe pattern with PFPE-lubrication

A 2 uL ethanol droplet is placed on an all PFPE-lubricated surface. The underlying surface is
patterned with PFDT-borders and hydrophilic stripe patterns. In the video, once the droplet
pinches first on one stripe, it instantaneously extends into the whole stripe pattern, displacing
the lubricant from it. When it starts drying, PFPE droplets that had been trapped in the
pattern are mobilized and fuse into the PFPE-lubricated border. Since excess PFPE had
been blown away from the surface prior to the video, the PFPE lubricant will not flow into the

dried hydrophilic stripe pattern again, but stays confined to the PFDT-modified borders.

S4.3 Water droplet on hydrophilic square pattern with PFPE-lubrication

A 2 uL water droplet is placed on an all PFPE-lubricated surface. The underlying surface is
patterned with PFDT-borders and hydrophilic 500*500 um square patterns. In the video, the
droplet pinches first on one square and starts displacing the lubricant from the hydrophilic
features. However, in contrast to ethanol, it does not displace the lubricant from the entire
feature but only a subset of the feature. Also, the water droplet does not undergo as
profound a shape transformation as the ethanol droplet. In contrast to ethanol, the water
droplet is easily detached with a pipette from the features again, leaving small water droplets

attached to the hydrophilic features. These do not fill out complete hydrophilic features.

S4.4 n-Hexane droplet on dried hydrophilic pattern with PFPE-lubricated borders
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On a microscopic glass slide with a 15 uym high polymer layer that is patterned with octagonal
hydrophilic features with PFDT-patterned borders, 70 uL PFPE lubricant is applied, and
excess lubricant is blown off with an air gun. Ethanol droplets are formed by dipping the slide
into ethanol and then dried off again with an air gun. This results in a slide with transparent,
lubricated PFDT-borders and dried, non-transparent hydrophilic features. In the video, 20 uL
of n-hexane is applied onto this slide and sucked up by the pipette again. It can be observed
how, during solvent application and drying, PFPE droplets enter the previously PFPE-free
features. The features remain slightly transparent, i.e., wetted by lubricant, with pronounced

PFPE droplets inside them, after n-hexane has dried completely.

S4.5 PFDT-features (circles) in a hydrophilic background onto which ethanol is applied

40 uL of ethanol is applied onto a PFPE-lubricated slide with alkylated borders and PFDT-
patterned circle features. The ethanol displaces the PFPE lubricant from the alkylated
borders. When it dries, it leaves dried, non-transparent alkylated borders in which some
PFPE droplets are trapped beside the formed PFPE circle features. Once the ethanol has
dried completely, the PFPE starts flowing out of the PFDT features into the alkylated borders.
In this process, the interface between PFPE and void is diffusive and not as sharply defined

as in video S5.

S4.6 DMSO droplet applied to all hydrophilic, patterned and all SH-surface lubricated with
PFPE

A 5 uL DMSO droplet stained with rhodamine is applied to different all PFPE-lubricated
surfaces. The first one is all PFDT-modified, and when the DMSO droplet is applied to it, the
DMSO droplet forms a perfect sphere. When placed on a surface with a hydrophilic stripe
pattern, the droplet will extend along the hydrophilic stripe until it perfectly follows the
underlying shape. Once placed on an all hydrophilically modified HEMA-EDMA surface
lubricated with PFPE, the droplet will immediately displace the PFPE from all regions it

touches and can extend into.

S4.7 Water and ethanol droplet on PFPE lubricated, alkylated surface with PFDT-features

A surface is patterned with PFDT star features in an alkylated background and lubricated
with PFPE. A 2 yL droplet of water is placed on the lubricated surface. In the video, the

droplet of water, which remained a perfect sphere on the surface, is dragged over the
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surface using a pipette tip. When placing a 2 uL ethanol droplet onto the surface next to the
water droplet, the ethanol drop immediately pinches on the surface and extends into the
alkylated parts, displacing the lubricant from it. Once the droplet dries, it leaves behind an

empty void into which excess PFPE slowly flows.
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5. Droplet sorting and manipulation on a patterned two-phase slippery lubricant-

infused surface.
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ABSTRACT Slippery lubricant-infused surfaces are composite materials consisting of a solid
matrix permanently infused with a lubricant. Such surfaces proved to be highly repellent to
various liquids immiscible with the lubricant. Depending on the underlying surface chemistry,
different lubricants can be used, including perfluorinated or alkylated oils. Here, we construct
patterned slippery surfaces that consist of virtual channels permanently impregnated with an
organic oil and surrounded by areas permanently impregnated with a perfluorinated oil. We
demonstrate that water droplets preferentially occupy the organic-oil lubricated virtual
channels. Based on a simple model, we evaluate the forces acting on droplets crossing over to
the regions impregnated with perfluorinated oil and show that the cloaking of the droplets plays
an important role. We study the actuation of droplets in virtual oil-in-oil channels based on
gravity and magnetic fields. Finally, we construct a variety of organic oil-lubricated channel
architectures permitting droplet sorting according to size. We believe that the novel approach
to the formation of virtual all-liquid surface tension-confined channels based on lubricant-
infused surfaces, channel networks or patterns will advance the field of droplet-based
microfluidics. The presented approach can be useful for applications in biotechnology,

diagnostics or analytical chemistry.

KEYWORDS: Droplet Microfluidics, Patterned Slippery Surfaces, Open Microfluidics, Liquid-
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5.1 Introduction

Controlled manipulation of droplets on open planar substrates is a key capability in numerous
research areas ranging from energy and water harvesting[179] systems to diagnostics and
point-of-care systems, as well as digital microfluidics.[180, 181] Droplet sorting, that is,
discrimination between droplets with different cargo, is of importance[182] for applications in
diagnostics and bio-sensing,[183] in micro-reactors,[184] as well as in drug discovery.[185] A
powerful sorting approach should be adaptable to the specific application and capable of
separating droplets with different properties. There are two different approaches to sorting:
active and passive.[183] While the former requires the active stimulation of the microfluidic
environment to guide droplets into new paths, the latter term describes a microfluidic
environment that is, by design, biased towards differing droplet types, i.e., deflects them into
different paths. Passive sorting has advantages over active sorting, such as higher
robustness and higher throughput.[183] So far, only active sorting has been realized in
digital microfluidics.[186] However, four passive sorting mechanisms have been proposed on
open planar surfaces based on either mass or interfacial tensions of the droplets.[106, 187-
189] In this context, droplets are either deflected at different angles when moving along a
surface or become immobilized in different zones of a surface. While the former bears the
disadvantage that differences in deflection may be minute and droplets must travel long
distances to be truly separated, the latter suffers from permanent immobilization of droplets

on surfaces. Thus, further separation strategies for droplets are needed.
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Recently, lubricant-infused surfaces (LIS) have been proposed for droplet manipulation due
to very low sliding angles (<5°) that allow for droplet actuation by low energy methods, such
as weak electric[190] or magnetic fields[191] and that even viscous fluids can be easily
actuated on slippery LIS.[191] So far, droplets have been manipulated on LIS by
gravitational,[123] magnetic,[192, 193] surface-acoustic wave,[194] thermocapillary[16] or
electric actuation.[195] LIS are created through the entrapment of a lubricant in a porous or
textured surface.[110, 154] Various liquid types immiscible with the lubricant are repelled
from such surfaces, given that the lubricant possesses a higher affinity to the surface than
the intruding liquid.[118] The surface of the composite material is exceptionally smooth and

chemically homogenous, leading to extremely low contact angle hysteresis.

To define pathways for droplets, You et al.[123] introduced repellent hydrophilic patches in a
slippery LIS to deflect, slow down and stop droplets actuated by gravity. Such surface patterns
and pathways have been studied previously as a design principle for open microfluidic systems
based on classical, “dry” superhydrophobic surfaces. Thus, Elsharkawy et al.[196] who altered
a hydrophobic path’s width on a superhydrophobic paper background demonstrated control
over droplet sliding angles in this manner - slowing down or halting actuated droplets. However,
in contrast to slippery LIS, dry-repellent and patterned surfaces have been shown to be
capable of sorting droplets according to size. Thus, Kusumaatmaja and Yeomans proposed
that droplets on superhydrophobic surfaces patterned with hydrophilic stripes can be sorted
according to size or wetting properties.[100] Their simulations were later confirmed by Suzuki
et al.,[106] who experimentally sorted droplets according to size on superhydrophobic surfaces
that consisted of a strip pattern of alternating alkylated and fluorinated regions.

In the present work, we explore the potential of two-phased patterned slippery LIS to
manipulate the paths of droplets and sort them, thereby introducing novel planar geometries to
sort droplets according to size. Alkylated channels in a perfluorinated background were
fabricated, and both regions were impregnated with matching liquids: perfluoropolyether
(Krytox) and either mineral oil or silicone oil (20 cSt), respectively. We demonstrate that water
droplets below a certain size glide along the alkylated channels and are unable to penetrate the
surrounding perfluoro phase (Figure 1, 2). Instead, the droplets undergo significant
deformations to precisely follow the alkylated channels as if trapped by solid walls (Figure 2
and Supplementary Information Videos S1 and S2). Thus, we demonstrate that droplets in the
all-liquid virtual channels could be deflected, slowed down and stopped, depending on the
patterning of the underlying path. We exploit this to direct droplets using magnetic forces to
dedicated positions. Finally, we take advantage of the ability of droplets to overcome this
confinement, depending on their weight and the ratio between droplet size and path width, to
passively sort droplets. We show that the resolution of this sorting method can be enhanced by

selecting suitable lubricants or by altering the underlying surface patterning. The main purpose
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of this work is to demonstrate the principle of all-liquid microfluidics based on patterned LIS and

to show the variety of sorting operations possible with oil-in-oil channel structures.

5.2 Results and Discussion

As the basis of the patterned slippery surface, we created a 15 ym thick porous alkyne-
functionalized polymer surface with patterns of both alkylated and fluorinated regions formed
using the UV-induced thiol-yne reaction. For the patterning, we used polypropylene
transparency ink-jet printed to form photomasks (Figure 1). Alkylated features were patterned
with dodecanethiol and the background areas with perfluorodecanethiol. An oil-channel system
was created by first impregnating the entire surface with a perfluorinated oil (Krytox GPL 103/
perfluoropolyether). Krytox was then displaced from the alkylated regions by placing a drop of
either mineral oil or silicone oil on the surface, as described in detail previously.[197] In that
case, the mineral oil or silicone oil spontaneously assumes the shape of the underlying surface
pattern functionalized with dodecyl groups (Figure 1). Once the double oil patterns were
installed, droplets were placed on the features and allowed to glide down the surfaces through
gravity. If droplets were deposited on an alkylated region lubricated with mineral oil on a
surface inclined by 60° and allowed to run downhill freely, their speed varied after a given
distance, ranging from 7 mm/sec for 500 nL droplets to 48 mm/sec for 3 pL droplets after only 2
cm distance traveled. Note, if not stated otherwise, the droplets used in this study consist of
water, sometimes containing dyes for better visualization. Here, aqueous droplets between
500 nL and 3 pyL would preferentially occupy the mineral oil or silicone oil lubricated regions and
would not penetrate the Krytox lubricated background. In this context, channels did not need to
be straight but could follow a curved path; droplets deformed on narrower channel sections to

be able to strictly follow the oil tracks (Figure 2).
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Figure 5.1: (A) Manufacturing steps for oil-in-oil channels. First, a pattern of alkylated

and fluorinated regions is created, followed by impregnating the whole surface with a

fluorinated lubricant. The addition of the mineral oil leads to the replacement of the

fluorinated lubricant from the alkylated regions. Water droplets, added onto such a liquid-

liquid patterned surface, are confined to the alkylated regions impregnated with the

mineral oil. (B) Setup for droplet transport along a straight, vertically oriented liquid-liquid

channel. (C) Time-lapse images of a droplet (colored with blue food color) moving along

a straight mineral-oil channel colored with the lyophilic dye Oil Red O. The scale bar

represents 1 mm.
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Figure 5.2: Deformation of droplets in different oil-in-oil channels. (A) Schematic of
experimental setup. (B) Droplets gliding down meandering oil-in-oil channels: |. 800 nL
droplet gliding down channels consisting of circles 1.5 mm in diameter connected by 1 mm
thick short lines, II. 800 nL droplet gliding down a serpentine channel with sections of
variable width, 1.2 and 0.7 mm, and Il. 2 uL droplets gliding down a meandering channel of
constant width of 1.3 mm. Surface inclination of 30° for (I.) and 70° for (I.) and (lll.). Scale

bar: 1 mm.

We wanted to understand this confinement better. To do this, we analyzed the essential
scenario of a droplet sitting on a surface impregnated with two different oils in some depth. A
droplet experiences a force when it crosses the boundary between regions impregnated with
different liquids. The magnitude of this force determines how difficult it will be for a droplet to
penetrate a more hydrophobic region. In this section, we develop a simple model for this force
and compare the model’s predictions to experimental results.
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Figure 5.3: (A) Droplet at the boundary between two liquid-infused regions. The relevant
geometrical model parameters are indicated. (B) Critical droplet volume as a function of the tilt
angle of the surface. The curve represents the prediction of the theoretical model. The data
points to the experimental results. The error bars represent the standard deviation as obtained

from a series of five independent measurements.

The situation considered is depicted in Figure 3A, which shows a droplet in side view at the
interface between two regions impregnated with different liquids. On regions 1 and 2, the
droplet has a Young’s contact angle with the surface of 61 and 62, respectively. There is a point
on the contact line between the droplet, impregnating liquid 2 and the surrounding gas with the
largest distance of all points on the contact line to the interface between the impregnating
liquids. This distance is denoted as x. Without loss of generality, we assume 62 > 81. With
increasing x, the potential energy of the droplet increases, meaning that a force is required to
let the droplet cross the boundary between liquid 1 and liquid 2. To compute this force, we
consider a situation with 81 = 02, which is fulfilled with reasonable accuracy for the
impregnating liquids used in this study. In this case, the shape of the droplet surface can be
approximated by a spherical cap and the contact area between the droplet and the
impregnating liquids by a circle. Note that in the general case, the droplet shape is to be
computed by solving the Young-Laplace equation[198] with 81 and 862 as boundary conditions
on regions 1 and 2. Denoting the contact radius as R and the height of the spherical cap as h,

the droplet volume is given by

v =21(3R* +1?)
6 ' (5.1)
where the droplet height is expressed via the contact angle as
e R . i
J2l1-cos8 2 (5.2)
1, .
8. =—(6+6)
Here, the average of the two contact angles is used: 2 . To compute the potential

energy of the droplet, gravity is neglected, and only the contributions due to wetting are
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considered. Expressed through the interfacial tensions os1l, 0s2l between the two different
impregnated surfaces and the droplet liquid and the interfacial tensions os1g, 0s2g between
the two surfaces and the surrounding gas, the interfacial energy is given as

E(x)=do,, +|4 —4) T o+ Ao+ - e o

(5.3)

where A1, A2 denote the areas of regions 1, 2 wetted by the droplet and A1*, A2* those
fractions of regions 1, 2 in contact with gas. In equation (1.3), the contribution of the surface of
the droplet was neglected. In the framework, the assumption is that the droplet is always a
spherical cap having a contact angle of 6e with the surface. This is permissible since the
corresponding contribution to the interfacial energy is independent of x and, therefore, does not
contribute to the force on the droplet. With the total wetted area being a circle, the contributions

from the two different regions are given as

4, =R ax‘ccasil 1—% —(R—x)y2Rx—x
F(x)= —iE(_\')
The force on the droplet is given by dx . Using equation (1.3) and Young’s law to

express the interfacial energies via contact angles, the force is computed as
F(x)= —JRCF._E{cosﬂl—cosﬁz},i’x[}l—x} (5 5)

where the dimensionless x-coordinate * =%/ R

was introduced, and olg is the surface tension
of the droplet liquid. Apparently, the force is maximal when the droplet is located halfway
between the two different regions, i.e., at x = R. The maximum force on a droplet is given by

T s Y (5.6)The maximum force can be determined experimentally by

inclining the surface by an angle a, placing droplets with different volumes on the region
impregnated with liquid 1, and letting them slide down. Large droplets will be able to penetrate
region 2. Small droplets will stop at the interface between the two regions. The droplet volume
where the transition between sliding and stopping at the interface happens is denoted Vc. From
the balance between the gravitational force and the maximum wetting force Fmax;, the critical

droplet volume is determined to be

{ 20, . 642 L2

V.= (cost —cosd,

psing 1 | =f(8)] (5.7)
with
| 07, 4 i 1Y
@)= SR =N
\1—-cosf, 2} | Z\l=pas@. 2. |
: - - (5.8)
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To test this simple model, experiments were performed with water droplets on inclined surfaces
to determine Vc (Figure 3B). One part of the surface was impregnated with Krytox GPL 103, the
other either with mineral oil or silicone oil. Overall, for a given tilt angle, smaller aqueous
droplets would pass into the Krytox phase when placed on silicone oil compared to mineral oil
(see Table 1). These two oils show qualitatively different behavior when coming into contact
with water: silicone oil has a positive spreading coefficient on water, but mineral oil does not.[19
9] As a result, silicone oil forms a cloak around a droplet sitting on a silicone-oil infused surface.
Krytox GPL 103 shows a similar cloaking behavior. In Figure 3B, a comparison between the
model results and the experimental data for the combination mineral oil/Krytox GPL 103 is
displayed. The fair agreement between the model results and the experimental data visible in
the figure is only obtained when assuming that Krytox cloaks the droplet as soon as it comes in
touch with the Krytox-infused surface. In other words, the surface tension of Krytox (= 20
mN/m) was used for olg in equation (1.7). The situation is more complex for the combination of
silicone oil / Krytox GPL 103 since both of these lubricants show a cloaking behavior on water
droplets. In that case, no agreement between the model results as the experimental data could
be achieved (data not shown). The conclusion from these comparisons is that the simple model
described above approximately reproduces the force on a droplet at the boundary between two
lubricant-infused regions, but only if cloaking is considered and only one of the lubricants

shows a cloaking behavior.

Table 5.1: Critical mean droplet volumes in pL (and corresponding standard deviations for 5
independent measurements) for different tilting angles at which an aqueous droplet passes

into the fluorinated oil-infused phase from either a mineral oil or silicone oil lubricated areas.

Tilt angle 10° 20° 30° 40° 50° 60° 70° 80° 90°

Mineral Ol 92 £+96 192+38 108+22 78+x06 63x0096 4407 4+06 31x086 31086

Silicone Oil 336+63 94x0.6 45+04 3202 250 218+x03 18201 1.78x01 1.66 £ 0.1

Confinement of droplets into pre-defined alkylated regions surrounded by a perfluorinated
background can be utilized for droplet sorting. In the simplest scenario, confining lubricated
channels that directed droplets to a dedicated position were created (Figure 4 and Video S4).
As before, a 2-mm-wide, mineral-oil lubricated channel perpendicular to the floor was created.
After some distance (20 mm), the channel was narrowed to 1.5 mm width, which briefly
stopped 3 uL droplets flowing down it before deforming and entering the narrower channel. At

the site of this constriction, a second 2-mm-wide channel branched out with an angle of 60°.
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Such bifurcations can enable active droplet sorting, for example, by positioning a magnet next
to the branching channel. When placing 3 pL droplets containing magnetic nanoparticles into
this channel system, they entered the 60°-angled branch instead of the straight channel (Figure
4 and Video S4).
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Figure 5.4: Active droplet sorting. (A) Schematic of the experimental setup. (B) Time-
lapse images of aqueous droplets with (lower row) or without (upper row) magnetic

particles gliding down a branched mineral oil channel next to a permanent magnet.

When, on a horizontal surface, an aqueous droplet is displaced on a mineral-oil infused
rectangle with a smaller width than the droplet, the droplet will center on the rectangle but may
not adapt to the rectangle’s dimensions (Figure 5A); for a series of droplets with decreasing
volume, the smaller the volume of the droplet the more it deformed and adapted an elongated
spherical shape instead of a circular shape (Figure 5A). Varying the width of lubricated
alkylated channels relative to a droplet’s size allowed us to manipulate droplet paths down an
inclined surface; 3 uL droplets - gliding down a 2-mm-wide channel angled at 60° relative to the
floor — would not enter a 1-mm-wide channel perpendicular to the floor and branching from the
angled channel (Figure 5B). However, if given no choice, water droplets even considerably
larger than a mineral-oil channel would follow the channel paths while flowing down a 70°
inclined surface (Figure 5C and Video S3). This can be exploited to sort droplets based on their
size. Here, a straight 2-mm-wide rectangle lubricated with silicone oil, which was perpendicular
to the floor, was separated from a silicone-oil-lubricated, 2-mm-wide rectangle (angled at 50°C
relative to the floor) by a 200-um-wide barrier lubricated with Krytox. When placing aqueous
droplets with volumes less than or equal to 3 uL into the angled rectangle, they follow its path
and cannot cross into the bordering rectangle. By contrast, droplets with volumes larger than or

equal to 4 pL can overcome the barrier and enter the path of steepest descent (Figure 6).
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Figure 5.5: Droplets with sizes exceeding the oil channel dimensions. (A) Photographs of red
aqueous 5 uL, 2 uL and 1 L droplets from the side (left) and from the top (right) sittingon a 1.6
mm wide mineral oil channel. (B) Schematic of the experimental setup. (C) Time-lapse images
of a blue-colored aqueous droplet (6 pL) gliding a narrow 0.7 mm wide mineral oil channel. (D)
Aqueous droplet sliding down a 2 mm wide channel from which a narrower 0.5 mm channel

branches off, which represents the path of steepest descent.
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Figure 5.6: Passive droplet sorting based on hydrophobic fluorinated barriers. (A) Scheme for
droplet sorting based on a hydrophobic fluorinated barrier with a width of 200 um separating
two alkylated mineral oil-infused channels. (B) Time-lapse images of droplet sorting, where 4
ML droplets (blue) were discriminated from 3 pL droplets (red). Larger droplets are able to
overcome the fluorinated oil-infused 200 um barriers and slide down the first channel, while

smaller droplets follow the uninterrupted mineral oil-infused channel.
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Previously, Suzuki et al.[106] showed that on superhydrophobic surfaces displaying an
alkylated-perfluorinated stripe pattern, which was placed at an angle between 90 to 0 degrees
relative to the floor, droplets become deflected according to their size; smaller and thus lighter
droplets strictly follow the stripes they were first placed upon as they are unable to overcome
the force barrier confining them to the organic-patterned surface, while larger droplets will enter
neighboring stripes. This can be observed on striped, slippery surfaces as well (Figure 7A-C).
While smaller droplets of, e.g., 3 pyL volume perfectly follow a 13°-angled stripe pattern
lubricated with mineral oil (stripe width 0.5 mm separated by 0.5 mm wide gaps), 10 uL droplets

cross the Krytox-lubricated barriers between the stripes (Figure 7A-C).
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Figure 5.7: Passive droplet sorting on two-dimensional patterned mineral oil-fluorinated oil-
infused surfaces. (A) Schematic representation of a droplet gliding on 0.5 mm wide mineral
oil stripes on a fluorinated oil background. (B) Images showing a 3 uL aqueous droplet
gliding down along these stripes and a 10 yL (C) droplet crossing the stripe pattern following
the path of a larger slope. (D) Schematic representation of an alternative passive-droplet
sorting system exhibiting an array of fluorinated oil-infused triangles surrounded by mineral

oil-infused background. (E) Images of the deflection of a 5 yL droplet on the triangular
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pattern. (G) Images of the deflection of a 2 pL droplet on the triangular pattern. (F) Patterned
surface onto which the paths of individual droplets (either yellow for 5 uL droplets or blue for
2 uL droplets) were drawn. Larger droplets are preferentially deflected to the left, while

smaller ones to the right.

The deflection angle under which droplets glide down can be increased. To sort droplets by
size, we designed a pattern in analogy to deterministic lateral displacement devices[200-203]
(Figure 7D-G). To construct a corresponding sorting device, small triangular areas of Krytox-
lubricated HEMA-EDMA were introduced in a mineral oil lubricated background.

Indeed, these features are capable of deflecting droplets even if they are smaller than the
droplet diameter (Figure 7E). For the sorting of droplets, chemical patterns resembling arrays
consisting of right triangles with 2.6 mm height and 1.6 mm side were fabricated (Figure 7D).
These features allowed the deflection of droplets either to the left or to the right, depending on
their size. The triangle pattern was arranged in a way to position a subsequent row of triangles
close enough to its upper neighbor, such that a deflection to the right is favored. However,
larger droplets extend further into the Krytox pattern and beyond it; thus droplets of 5 uL or
larger would preferably turn left at these obstacles (viewed from the angle shown in Figure 7
and Video S5), while droplets of 2 yL and smaller would mostly turn right (Figure 7G and Video
S6). Droplets of 3 or 4 yL would pick either path down at roughly equal likelihood. After
segregating droplets according to size through the repetitive triangle pattern, large and small

droplets can be permanently separated by funneling them into distinct channel systems.

5.3 Conclusion

To summarize, we used a facile, highly-adaptable, clean-room free approach to chemically
pattern planar surfaces with defined alkylated regions and structures in a perfluorinated
background; lubricating the surfaces with matching liquids lead to liquid-liquid patterns that
precisely followed the underlying chemical surface patterning. We could precisely position and
guide droplets up to volumes of several yL on them, as long as the energy barrier confining the
droplets in the channels was larger than the forces (e.g. gravity) pulling the droplets out of the
channel. The energy barrier was measured and compared to a simple model, which indicates
that the cloaking of droplets needs to be considered at the boundary between two regions
infused with different lubricants. These “virtual wall” systems can be used to actively guide
droplets on a plane to dedicated positions. Droplets can overcome these virtual walls and move
into neighboring alkylated surface areas, a mechanism we exploited using several different
surface patterns to passively sort droplets according to size. Thus, droplets with a volumetric

difference of 1 pL could be discriminated. We are confident that structuring slippery surfaces
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into regions with different lubricants will prove a crucial design element for planar-surface

microfluidics.

5.4 Experimental Section

5.4.1 Preparation of patternable porous polymer surfaces:

Glass slides were activated by submerging in 1M NaOH for 30 min followed by thorough rinsing
with mQ H20. Then slides were left in 1M HCI for 1 h and rinsed with water again. After drying,
slides were modified by a 20% (v/v) 3-(trimethoxy silyl)propyl methacrylate (Sigma-Aldrich) in
ethanol. To avoid the formation of air bubbles, 70 uL modification solution was evenly applied
twice between the active sites of two glass slides for 30 min. Glass slides were washed with
acetone. Fluorinated glass slides were prepared for the manufacturing of polymer surface. For
this, activated glass slides were incubated overnight in a vacuumed desiccator in the presence
of trichloro(1H,1H,2H,2H-perfluorooctyl)silane. Polymerization solution consisted of polymers
(24% wt. 2-hydroxyethyl methacrylate as monomer and 16% wt. ethylene dimethacrylate as a
cross-linker) as well as initiator (1% wt. 2,2-dimethoxy-2-phenylacetophenone) dissolved in 1-
decanol (12% wt.) and cyclohexanol (48% wt.). 60 yL polymerization mixture was pipetted onto
modified glass slides. These were than covered by fluorinated glass slides separated through
15 um silica bead spacers from modified glass slides. Slides were irradiated for 15 min with 5.0
to 4.0 mW-cm-2, 260 nm UV-light. The mould was then carefully opened using a scalpel and
polymer washed for at least 2h in ethanol. Hydrophilic polymer surfaces were esterified by
immersion of 2 slides in 50 mL dichloromethane containing 4-pentynoic acid (111.6 mg, 1.14
mmol) and catalyst 4-(dimethylamino)pyridine (DMAP) (56 mg, 0.46 mmol) at -20°C. After 20
min, 180 L coupling reagent N,N-diisopropylcarbodiimide (DIC) was added and the solution
stirred at room temperature for at least 4h or overnight. Esterified slides were washed in

ethanol for 2h.

5.4.2 Alkylated/perfluorinated-patterning of surfaces:

Esterified slides were photopatterned through ink-yet printed polypropylene foil. For this, ink-
jet-printable polypropylene foil purchased from Soennecken eG (Overath, Germany) was
printed with black features at highest resolution possible on a Canon iP7200. Usually, borders
were patterned with a fluorine-thiol containing solution, while in a second step unreacted
regions (features) were modified with an alkane-thiol containing solution. Perfluorinated click-
chemistry solution 1 was prepared always fresh by dissolving 10% vol./vol. 1H,1H,2H,2H-
perfluorodecanethiol in acetone together with 1% wt. 2,2-dimethoxy-2-phenylacetophenone.
Alkylated solution 2 consisted of dodecanethiol (10% vol./vol.) dissolved in acetone together
with 1% wt. 2,2-dimethoxy-2-phenylacetophenone. In the first patterning step, slides were

wetted with 200 pL solution 1 in the dark. Slides were covered by the desired printed
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polypropylene pattern, which was fixed on the slide with a quartz slide, and irradiated for 16
seconds (7.0 mWecm-2, 365 nm). After irradiation slides were rinsed four times with acetone in
the dark. They were wetted with solution 2 and covered by a quartz slide. Immediately after,
slides were irradiated for 16 seconds by UV again (7.0 mW «cm -2 , 365 nm) and subsequently
rinsed four times with acetone and dried. Previously, it has been shown that by using self-ink-
jet-printed photomasks, features with sizes down to the um range can be patterned.32 In this
work, however, we remained limited to the mm range with channels being at least 0.5 mm wide

due to manufacturing restrictions.

5.4.3 Lubrication of Surfaces and Droplet application

Surfaces were lubricated by evenly applying first 70 uL of Krytox GPL 103 onto the surface.
Excess Krytox was allowed to run off the surface by leaving it standing at an incline of 70° for
two hours. Alternatively, excess Krytox was removed through an air gun. Then, alkylated
features were lubricated with either mineral oil or silicone oil by applying a droplet of 50 pL of
intruding liquid onto the Krytox-lubricated surface and allowing it smoothly to run back and forth
on the surface. Once, the intruding oil had spontaneously assumed the shape of all underlying
alkylated patterned features, excess oil was allowed to run off. Aqueous droplets were placed
on the surface through directly pipetting a given amount of aqueous solution onto the double
lubricated surfaces. For this, if not stated otherwise, surfaces were inclined by angle of 70° so
that aqueous droplets could run freely down the surface by gravity. For the determination of
critical sliding volumes, lubricated surfaces were placed on a platform that could be manually

controlled to be tilted to a given angle between 0 and 90°.
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5.5 Supporting Information

LT A AT BN e 1

Figure S5.1: Resolution of chosen manufacturing strategy. A) Images (2X) of rectangles

(length of each site given on the left) printed onto polypropylene foil and images of patterns

generated from the printed foil through UV-patterning. B) Resolution of printed patterns in the

pm-range illustrated by printing a black 100 um line next to a black 200 um line below gaps

of 100 ym and 200 pm.

e A -
N \ k Ry
\ [ v\
\ v A
\ v
1 A\ v A
L) v A
[ 1 m v A
[ [
0 se¢ 0.25 sec

= 7

- L -

T \ i

v v A

v A v A

vy v A

\ 1‘ \ \‘
\ \
e | vy |
v [

0.5 sec 0.75 sec

Figure S5.2: Video of droplet (5 L) sliding down a tilted (70°) rectangular paths of ionic liquid

(1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) surrounded by mineral oil.



Figure S5.3: Oil film thickness of Nile Red-stained Mineral Oil channels surrounded by
Krytox. (A) through the cross-section. (B) from the side. Confocal microscopy images were
taken using a Leica SPEconfocal microscope (Leica Microsystems CMS GmbH, Mannheim,
Germany) at 10x with a 4.2 ym step size in the Z-direction. Images were automatically
stacked using the vendor’s software. For patterning, a nano-rough substrate from Aquarray

GmbH (Eggenstein-Leopoldshafen) was used with 1 um thickness.

The following video files were attached:

S5.1 Video of a 2 pyL aqueous droplet gliding down a stained mineral oil channel consisting of
circles connected by smaller rectangular shapes.

S5.2 Video of an aqueous 800 nL droplet gliding down a wavy channel of varying width.

S5.3 Video of an aqueous 6 uL droplet gliding down a 60° angled small channel of stained
mineral oil.

S5.4 Video of aqueous droplets consecutively gliding down a branching mineral oil channel
next to a magnet, containing either no magnetic particles (red) or magnetic particles (brown).

S5.5 Video of the deflection of 5 uL aqueous droplets (yellow) on a regular pattern of Krytox
triangles (transparent) in a mineral oil background (stained red).

S5.6 S-6 Video of the deflection of 2 yL aqueous droplets (blue) on a regular pattern of
Krytox triangles (transparent) in a mineral oil background (stained red)
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6. Surface Modification with Oligomeric Silicone Compounds — Reproducibility and

Secondary Modification.
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Abstract. Here, the influence of different reaction conditions to modify glass and silicone
surfaces with oligomeric methoxy siloxanes (VMS) for secondary derivatization of surfaces is
assessed. Secondary modification of the thus formed surfaces is demonstrated, and its

performance in wettability control, including droplet micro-arrays, is documented.

Keywords: Silanization, Dynasylan, Oligomeric Siloxane, Wettability Patterning, Surface

Modification

In preparation for Thin Solid Films

71



6.1 Introduction

Surface modifications by silanes can be affected by many factors such as silane exposure
time,[5] temperature,[204] presence of surface-bound water,[29, 205] density of hydroxyl
groups,[206] substrate surface pH,[207] solvents,[208] and the presence of a catalyst.[47,
209] However, especially for in situ modification of surfaces mild, ambient conditions are
often obligatory, while reliable outcomes of reactions are key for surface function. Yet,
despite the existence of numerous methods available for surface silanization, only a few fulfill
these criteria.[210] Surprisingly, rather unreactive siloxanes can be a notable alternative to
monomeric silanes. Recently, protocols for surface modifications with siloxanes were
published, leading to highly smooth and repellent surfaces even when ‘just’ exposing
hydroxylated surfaces to a thin film of the siloxane oil and incubating it at room temperature.
[211] One disadvantage of this method is that the covalent attachment of siloxanes to
surfaces is slow at room temperature. However, it can be speeded up by elevating
temperature above 100°C and up to 400°C.[16]

Historically, silane monomers were used interchangeably with siloxane oligomers in the
academic literature.[29, 212] Presently, commercial products containing siloxane oligomers
rather than silane monomers are established goods.[213] In this context, a formal definition
of how large a molecule can be to be still classified as oligomer is missing — something which
should be born in mind with caution, as siloxane polymers are also capable of chemically
binding to surfaces.[214-218] Examples of commercially available oligomeric siloxanes
include common hydrophobization agents of glassware utilized in biochemistry, for example,
1,7-Dichlorooctamethyltetrasiloxanes and related longer oligomers (also known under their
tradenames SigmacoteTM and SurfaSilTM), that render surfaces repellent within minutes.
[219, 220] Examples of alkoxylated siloxanes include Dynasylan 6498TM and Dynasylan
6490TM — an ethoxy and methoxy functional siloxane, respectively, with a vinyl side chain in
their repeating unit - that are commonly used as coupling and adhesion agents, fillers, and
other coating applications. Albeit it is known in the academic literature that oligomers can be
used to modify surfaces,[17, 221-225] quantitative side-by-side comparisons with silane
monomers are extremely scarce. It has been documented that: (1) oligomeric siloxanes are
more reactive than monomeric silanes and have faster attachment rates in literature;[212,
226] (2) that surfaces to which even very small (3 units) oligomeric siloxanes have been
grafted appear more homogenous according to Auger Electron Spectroscopy, which can be
at least partially attributed to their better film-forming properties — especially with surfaces
with varying pH or are modified;[226, 227] and (3) that they actually are more controllable in
the length and interconnectivity of oligomeric networks grafted onto an arbitrary surface

when compared to networks that were grafted from a surface from a silane monomer
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solution, which makes them more attractive as coupling agents.[26, 228, 229]
The view that grafting oligomeric silanes to surfaces offers enhanced control and robustness
of reaction outcome than when employing monomeric silanes even when used under
ambient conditions and simple reaction set-ups, is attractive to other areas than synthesis of
coupling agents. An obvious example is the reliable and reproducible, while dense,
introduction of molecular probe molecules as needed for patterning as well as micro-array
and bio-sensor applications.[34, 230, 231] Although a plethora of techniques exist that can
be used to create surfaces with specialized wettability, simple and reliable strategies for
building (patterned) multi-phobic surfaces that are repellent to a wide range of surface
tensions as well as complex fluids such as biological liquids, remain an ongoing area of

research.

Here, the robustness and simplicity of modifying glass and other hydroxylated surfaces with
oligomeric methoxy silanes (VMS) for secondary derivatization of surfaces is assessed.

Secondary modification of the thus formed surfaces is demonstrated, and its performance in
wettability control, including stable lubricant infusion, is documented through contact angles
and the creation of droplet arrays. It will be demonstrated that VMS can be straightforwardly

grafted on relevant surfaces with a wide range of reaction conditions.

6.2 Methods
6.2.1 Materials

Microscopic soda-lime glass slides (“Marienfeld”) in the dimensions 0.1*2.6*7.6 cm were
obtained from R. Langenbrinck GmbH (Emmendingen, Germany). For AFM measurements,
glass slides from Schott Nexterion B slides (Jena, Germany) with the dimensions 0.1*2.5*7.5
cm were used. Transparent polypropylene foil (“PolyClearView IB386848”) was obtained in
size DIN A4 and with a thickness of 0.3 mm (GBC, Lake Zurich, IL) and subsequently cut into
the required dimensions (7.5*2.5 cm). Silicon wafers (CZ-Si-wafer 4 in.) were purchased

from MicroChem GmbH (Berlin, Germany).

Vinyl-methoxy silane (VMM-010) homopolymer (Gelest Inc., Morrisville, PA, USA) with a
viscosity range of 8-12 ¢St (corresponding to a MW range of 300-700 g/mol) was used as
provided without further refinement. Solvents used included acetone, dimethylformamide

(DMF), ethanol, ethyl acetate, hexane, tetrahydrofuran (THF), and toluene.

Thiol-ene patterning involved the following thiols: perfluorodecanethiol (Sigma-Aldrich,
Darmstadt, Germany), dodecanethiol (Sigma-Aldrich, Darmstadt, Germany), Mercapto
Functional Silicone Fluid GP-71-SS (Genesee Polymers, Burton, MI, USA), Mercapto
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Functional Silicone Fluid GP-367 (Genesee Polymers, Burton, MI, USA),
(Mercaptopropyl)methylsiloxane homopolymer, 75-150 cSt, SMS-992 (Gelest Inc.,
Morrisville, PA, USA), 1,5-Pentanedithiol (Alfa Aesar, Ward Hill, Massachusetts, USA), 2-
mercapto-1-methylimidazole (Sigma-Aldrich, Darmstadt, Germany), R-mercaptoethanol (Alfa
Aesar, Ward Hill, Massachusetts, USA), thiolglycerol (Merck, Darmstadt, Germany) and
cysteamine (Sigma-Aldrich, Darmstadt, Germany). All of them were used without further
purification. The 2,2-dimethoxy-2-phenylacetophenone (Aldrich, Darmstadt, Germany) or
Irgacure 2595 (BASF, Ludwigshafen, Germany) were used as photoinitiators. Silicone oil 10

¢St (Sigma-Aldrich, Darmstadt, Germany) was chosen as a lubricant.

6.2.2 Surface modification with VMS

Soda-lime glass and pristine poly-propylene foil were activated prior to exposure to VMS for
10 minutes in a UV/ozone (UVO) cleaner 42 (rotalab Scientific Instruments, Istanbul, Turkey)
if not stated otherwise. Polypropylene foil was cut into the required dimensions (2.5*7.5 cm)
and then activated. Activation was performed according to a modified protocol from Wang et
al. Briefly, 500 L of a saturated aqueous solution of ammonium persulfate (5g in 10 mL DI
water) was sandwiched between two foils (2.5*7.5 cm) and irradiated in a UV chamber at
265 nm for 2 minutes. The procedure was repeated twice. Then, foils were rinsed with
acetone and activated for 10 minutes using a UV/ozone (UVO) cleaner [42] (rotalab Scientific
Instruments, Istanbul, Turkey). All other surfaces were used as provided. Per 75 mm * 25
mm area, 50 uL of VMS solution (pure or diluted in solvent) was pipetted and spread by
rolling a pipette tip. Surfaces were left to incubate for varying amounts of time at varying
temperatures and subsequently immediately rinsed 10 times with acetone and sonicated for
5 minutes in ethanol. Additionally, VMS acoustic vapor, produced by a commercial acoustic
home nebulizer, was tested. Glass slides were exposed to the vapor in ambient air at a

distance of 3 cm away from the nozzle.

6.2.3 Contact angle measurements

Advancing and receding contact angles were measured using double de-ionized water on
the DSA25 drop-shape analyzer by Kriss (Hamburg, Germany) and the manufacturer’s
software. Water was either flushed onto surfaces or sucked from surfaces at a constant rate
(0.3 pL/s), varying the volume present on the surface between 20 — 0 uL. Sliding angles were
determined for a 5 pL droplet by tilting the substrate on the Kriiss set-up at a speed of 1°

s-1.
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6.2.4 Absorbance measurements, ellipsometry, and atomic force microscopy

The UV-vis absorbance (200—-900 nm) of the bare and coated glass slides was measured

using a Lambda 35 UV-vis spectrometer (PerkinElmer, Germany).

The thickness of the siloxane layer on silicon substrates was measured using spectroscopic
ellipsometry in a dry state (M44, Woollam Co., Inc., Lincoln, NE, USA). The ellipsometry
measurements were performed at an angle of incidence of 75° in the spectral region of 370—
900 nm.

Atomic force microscopy measurements were conducted on a Dimension Icon AFM from
Bruker (Billerica, USA) using microcantilevers from Olympus (Tokyo, Japan) with a
resonance frequency of ca. 300 kHz. Data analysis was done with Nanoscope Analysis from
Bruker (Billerica, USA).

6.2.5 Surface Patterning

For modification and patterning of substrates using thiol-ene click chemistry, slides were
wetted first with the given thiol solutions for 1 minute at 1.8 mW cm-2 at 260 nm UV light.
While glass slides and polypropylene foil were wetted with 150 L solution, cellulosic paper
was wetted with 400 pL solution. Thiol solutions consisted of 10% (v/v) thiol diluted in an
appropriate solvent in the presence of 1% (w/v) photoinitiator. While PFDT, dodecanethiol,
pentanedithiol and 2-mercapto-1-methylimidazole were diluted in acetone in the presence of
DMPAP, silicone fluids were diluted in ethyl acetate in the presence of DMPAP. Hydrophilic
thiols were diluted in 1:1 ethanol:water in the presence of Irgacure 2959. Afterward, the
slides were washed with either ethyl acetate (silicone fluids) or acetone. If slides had been
irradiated under a quartz chromium photomask, unreacted patterns were reacted in a second
step as before, but this time under a quartz slide, and slides were subsequently rinsed again.
For gradient generation experiments, self-printed photomasks were used as described
before.[48, 232]

6.3 Results and Discussion

In this work, we focused on an oligomeric silane with a molecular weight of 300-700 g/mol.
This corresponds to molecules with 3-7 silicon atom units. When spreading
vinylmethoxysilane (VMS) with a viscosity between 8-12 ¢St onto UV/ozone, cleaned soda-

lime glass slides at room temperature and sonicating slides for 5 minutes in ethanol both
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advancing and receding water contact angles rose from ~5-10° advancing (6adv) and 0°
receding (Brec) to 77° + 4° Badv and 69° + 2° Orec, respectively (Figure 1). Here, the
maximum observed rise in contact angles was already reached after 1 minute (80° £ 2° Badv
and 67 + 2° Brec). Within a given range, changes in hydroxyl group densities or cleanliness
of surfaces do not affect the measurable outcome when grafting VMS onto glass substrates;
when comparing pristine glass slides (as provided by the manufacturer) and glass
hydrophilized through UV/ozone cleaning, no significant different in advancing and receding
contact angles was observable. Further incubation of glass slides with VMS oil — even if left
to incubate for as long as 1 day — did not increase advancing and receding water contact
angles. Interestingly, when probing the influence of temperature on VMS casting onto glass
slides, it was found that casting outcomes, as measured by advancing and receding contact
angles, were stable over wide temperature ranges (Figure 1). Optimal hysteresis values, the
difference between 0.4, and 6., were found for temperatures between 0° to 50°C; after 50°C
the B gradually decreased down to just below 60° (Figure 1), while the 8.4, remained
constant. This could be explained by the thermal movement of VMS molecules within the oil
film covering substrates during grafting: dense packaging of VMS molecules was hence
lowered. At a temperature of around 220°C for VMS casting, brittle and irregular surfaces
formed with opaque and rough patches; we therefore excluded temperatures above 220°C

for further analysis.
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Figure 6.1: Surface modification of activated glass surfaces. (A) Vinylmethoxysiloxane is
applied to activated glass surfaces. (B) Changes in advancing and receding angles upon
exposure for 3 minutes to undiluted vinylmethoxysiloxane at different temperatures. (C)
Atomic force microscopy measurements of untreated glass slides and (D) glass slides that
had been treated at 0°C with undiluted VMS for 3 min.

The sliding angle of water was lowered to 57 + 5° and did not change further if the glass was
incubated longer than a minute with VMS. For the tested amount of VMS applied onto
surfaces, residual VMS that had apparently not covalently bound to the surfaces was always
left. This physio-adsorbed oil needed to be removed from surfaces prior to contact angle
measurements. Thus, contact angles measured differed between slides directly after
incubation with VMS (76° + 2° 8,4, and 53° * 4° B..) and after 5 minutes of sonication in
ethanol. Despite sonication of VMS in ethanol amorphous, roundish particles were detectable
with a diameter varying from ca. 0.2 to 0.8 ym and scarcely spread over the entire surface as
visualized through AFM (Figure 1) — these seemed similar to conglomerated siloxane

particles as described before in literature by Jaksa et al., 2014 (Figure 1).%
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The chemisorption of siloxane onto surfaces and the robustness of composite surfaces were
tested next. For this, glass surfaces incubated for 3 minutes with VMS and rinsed with
copious amounts of acetone were sonicated in different solvents for elongated time periods
(Figure 2). In particular, a non-solvent (ethanol), a partial solvent (acetone), and a strong
solvent (ethyl acetate) of siloxane oils were used (Figure 2). While slides sonicated in ethanol
did not change in measured Badv and Badyv, slides sonicated in either ethyl acetate or
acetone changes in advancing and receding contact angles could be observed within the first
10 minutes of sonication and steadily kept decreasing with elongated sonication times
(Figure 2). However, even after 11 hours of sonication, slides had not reached 8adv and 6rec
as low as on pristine slides prior to UV/ozone treatment — with reached values corresponding
to 90° + 3 Badv and 74° + 6° Badv as well as 51° + 5° Brec and 55° £ 7° in Brec for ethyl

acetate and acetone, respectively.
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Figure 6.2: Stability of VMS-modified glass surfaces in solvents. Elongated sonication of

VMS-modified and cleaned glass surfaces in solvents (A) ethyl acetate, (B) methanol, and

(C) acetone.
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VMS can be grafted onto various hydroxylated surfaces; we tested a silicon wafer,
hydrophilized aluminum foil, and hydrophilized polypropylene foil — all of which possessed
increased Badv and Badv after incubation with VMS at room temperature and subsequent
sonication for 5 minutes in ethanol as summarized in Figure 3. A silicon wafer modified with
VMS was used to confirm film thickness by ellipsometry — where a film thickness of
approximately ~3 nm + 1 was observed. This corresponds to the theoretical chain length of
a VMS molecule with a molecular weight of around 700 g/mol; an explanation for this overlap
in values could be that VMS molecules were mostly grafted from their chain ends onto
surfaces. Another scenario is where VMS molecules stay attached to the surface along their
chain length either through chemi- or physisorption. It is known from the literature that
dimethoxysilanes are more reactive compared to monomethoxysilanes,[208, 233] which
would favor the VMS binding from its chain ends.[234]

VMS could only be grafted onto polypropylene foil if the substrate had been extensively
hydrophilized (see Figure 3); simple treatment by UV/ozone cleanser did initially hydrophilize
foils. However, the foil quickly lost its low advancing and receding contact angles, and
incubation with VMS resulted in varying contact angles. In contrast, a hydrophilization
protocol involving ammonium persulfate and UV/ozone treatment led to stably hydrophilized
polypropylene foils and the outcome of VMS treatment. When measuring the difference in
absorbance between pristine and VMS-treated foils, no changes in the optical properties of

polypropylene foil upon VMS grafting were observable (Figure 3).
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Figure 6.3: Modification of different hydroxylated surfaces with VMS. (A) Change in contact
angles (before/after) of different hydroxylated modified with VMS through 3 minutes exposure
at room temperature. (B) Change in absorbance of hydrophilized polypropylene foil modified
with or without VMS. Polypropylene foil was hydrophilized according to a protocol by Wong
et al. Then VMS was applied onto the PP foil at room temperature, and the foil washed in

ethanol after 2 minutes incubation.
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Previously, solvent choice has been empirically found to influence composite surface
homogeneity after silanization.[208] Especially, residual water in the solvent can strongly
favor intermolecular condensation.[235] This can be attributed to solvents influencing
intermolecular condensation between single silanes as well as its influence on packaging
density on the surface. Solvents tested included non-polar solvents (hexane and toluene),
aprotic solvents (acetone, dimethylformamide, ethyl acetate, and tetrahydrofuran), and protic
solvents (ethanol and methanol). Notably, independent of solvent used for all 10% vol./vol.
dilutions of VMS, equal outcomes in 6adv and Brec were reached (see table 2) with the
exception of ethyl acetate and tetrahydrofuran; these two solvents lead to markedly lower
receding angles than other solvents (62° + 2° Badv and 63° £ 2° Brec, respectively). For all
other solvent/VMS systems, the advancing angle after treatment had increased to around
~80° Badv, while receding angles had increased to around ~70° (see Table 1). Furthermore,
the percentage of surface modifier species can affect reaction outcome — here, we compared
dilutions of 10% and 2% VMS in toluene. However, for the given concentrations, no

difference in the ability to modify surfaces was found.

The influence of temperature on reaction outcome when diluting VMS 10% vol./vol. in
solvents varied. In the case of VMS dilutions in solvents, advancing and receding contact
angles reached after treatment both decreased at -20°C (for ethanol 64° + 5° 8adv and 46° +
2.5° Brec, respectively) and 0°C (for ethanol 68° £ XX° 6adv, and 52 + 2° Brec, respectively)
compared to room temperature (for ethanol 82° + 3° Badv, and 65° + 5° Brec). Also, the
receeding contact angle did not vary when increasing temperatures beyond room
temperature up to around 200° Celsius (see Figure 4). In contrast, the reaction rate
happened in comparable fast time spans when grafting VMS from solutions onto surfaces;
maximum advancing and receding contact angles were again reached as quickly as 1-minute
incubation time. Grafting of VMS using solutions was possible for various substrates,
including silicon wafer, aluminum foil, and hydrophilized polypropylene foil. These findings
vary from results published in the literature regarding tri- and dimethoxy silanes; for these
chemical species, it has been described that the water content of a solvent plays a decisive

role in surface grafting density, as well as the speed of reaction.[5, 235]

Previously, our group had published a one-step modification protocol for surface-bound
alkenes or alkynes with dissolved thiols under UV irradiation and in the presence of a
photoinitiator.[48, 232] When using this reaction scheme to bind perfluorodecanethiol (PFDT)
onto VMS-modified surfaces, indeed, after UV irradiation and washing an increase of water
contact angles on VMS-surfaces could be observed to 126° £ 1° 8adv and 72° + 1° Brec
(Figure 5); no difference in advancing and receding contact angles was observable
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anymore independent of whether the slide had been transformed by applying pure VMS at
0°C or a 10% dilution of VMS in toluene at 140°C. Both surface types showed a higher
repellence towards low surface tension liquids such as hexane (60° + 1° 8adv and 45° + 1°
Brec) and silicone oil (70° + 1° Badv, and 56° + 3° Brec) than unmodified surfaces; overall,
the hysteresis for these liquids were reduced to 15°. However, when modifying VMS-
surfaces with mercaptoethanol, the water contact angle was reduced to 43° + 2° 6adv and
19° + 2° Brec. The contact angle of silicone oil and hexane approached 0° degrees —i.e.,
they were no longer reliably measurable by drop contact angles. Contact angles of water
could be further lowered when using cysteamine as a hydrophilic group (9° + 2° for 8adv, and
0° Brec). Alternative hydrophobic groups, however, did not reach contact angles of water
comparable to PFDT-modified surfaces (see Figure 5). Yet, clicking thiolated siloxane chains
onto the surfaces and infusing them with silicone oils led to contact angles of ~104°.
Moreover, VMS-surfaces modified with thiolated siloxane chains were stably infusible by a
silicone oil lubricant, i.e., sliding angles of water on surfaces were lowered from 57° to 1°.
[236] Spatially controlled UV-patterning with different thiols thus allowed us to locally confine
wettable regions modified with thiolglycerol of arbitrary shapes and surrounded by a repellent
PFDT-modified background (see Figure 5). This was independent of the chosen surface
modification route — i.e., through either contacting glass slides with undiluted VMS at 0°C or
with 10% VMS in toluene at 140°C. However, when slides with a hysteresis value larger than
15°C - e.g., slides that had been contacted with undiluted VMS at temperatures above 100°C
- were derivatized using thiol-ene click chemistry, no regular arrays of water droplets could

be formed.
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Figure 6.4: Modification and patterning of VMS grafted onto glass surfaces with different
thiol-containing compounds. (A) Photographic images of (i) hexane, (ii) silicone oil, and (iii)
water droplets. (B) Contact angles after modification with different thiols (I need to check

these values — also, | will refer to a different silicone fluid)

6.4 Conclusion and Outlook

VMS reproducibly bound to and chemically modified inorganic hydroxylated surfaces over a
wide range of temperatures, solvent conditions and application conditions tested. Once
bound to the surface, it formed an invisible, non-adsorbent but chemically reactive stable
film. This agrees with already published accounts of silane modification. Through the
introduction of hydrophilic and hydrophobic molecules, droplet arrays of arbitrary shapes of
both high- and low-surface tension liquids could be created that reproduced perfectly to
photomask patterns;[168] pronounced and sharp wettability patterns were reached, and
liquid drops of designer shapes could be confined. Therefore, oligomeric siloxanes seem
ideal candidates for the non-work-intensive yet reliable preparation of droplet arrays or even

microarrays on hydroxylated surfaces.
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7. Small organic amines are almost interchangeable as catalysts for early-stage silanol

condensation when simulated isolatedly through a nudged elastic band.
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ABSTRACT Catalysis of self-condensation of silanols by amino acids is fundamental to
structure generation in biogenic glasses, and mimicking through reductionist approaches has
been attempted. For example, the Stéber processes based on single amino acids or peptide
additives instead of ammonium. In this study, | employed the nudged elastic band (NEB)
method to systematically investigate the catalytic abilities of glycine and two of its derivatives
relative to ethylamine in promoting both silanol self-condensation and condensation with a
model saccharide. The comparative analysis aimed to shed light on the underlying mechanisms
and to compare the catalytic strength of the molecules. The NEB calculations were carried out
using density functional theory (DFT) within the framework of the Orca software package.
Surprisingly, energy profiles of tested molecules were interchangeable, implying that previously
experimentally observed rate differences can be attributed to film-forming properties of
molecules rather than single molecule capacities. Overall, this study provides valuable insights
into the catalytic abilities of small amine-bearing amino acids in silanol self-condensation and
condensation with saccharides. The findings contribute to the fundamental understanding of
these reactions and offer guidance for the design of efficient catalysts for designer silica

synthesis.
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Introduction

Biological silicas exhibit precise and well-defined hierarchical nano- and microscale
structuring as well as patterning. The biogenic silicas found in some species, such as
sponges and diatoms, can possess beneficial properties with regard to light waveguiding,
diffraction, focusing, and photoluminescence[237, 238], as well as structural resistance.[239]
Being able to reproduce biogenic silica structures could thus have an impact on a variety of
industries ranging from optics to construction. More importantly, under biogenic conditions,
natural silica production requires minimal energy input and generates little waste.[240, 241]
Utilizing insights from biogenic silica production for the generation of glasses and ceramics

could contribute to more sustainable and eco-friendly manufacturing practices.

Biogenic silica production is enabled through protein chemistry, i.e., silica structure formation
is largely catalyzed through amino acid side chains.[242] Thus, reductionistic approaches
have, for example, studied how single amino acid additives or small peptides can influence
the silanol condensation process. Through this process, some amine-bearing amino acids,
such as lysine and arginine but also glycine, can lead to the formation of regular
microspheres with a narrow size distribution termed colloidal silicas.[242, 243] Although
these bear the disadvantage that they exhibit a broad pore size distribution, silica synthesis
with amino acid catalysts and peptides is significantly faster than other synthesis routes while
requiring marked milder conditions. Colloidal particles obtained find a wide range of
applications, from coatings as reinforcing agents in ceramics and concrete to stacking into

colloidal crystals as optical elements.[244, 245]

In natural organisms, such as diatoms, a variety of amine-containing compounds are known
to be involved in silica synthesis, primarily lysine in methylated form or modified with oligo(1-
methylazetane) terminated by a primary amine.[246-249] It was determined that alkylated
amines are more powerful than just protonated amines in promoting early silica
condensation. However, such trends would not hold true for other experimental studies
where small derivatives of glycine were compared with non-alkylated lysine.[250]
Computationally, the group of Meng[251] determined theoretically by the first-principle method
that ethylamine, as a model organic amine, will transiently bind to the condensation intermediate
by a Sn-2 mechanism, lowering the activation barrier. However, in general, a molecular-level
understanding of the role of amino acids in silanol condensation is largely missing. Here, often,
computational analysis that may provide such insides is lacking, which in turn hampers the
development of computational methods that can guide the discovery of novel silica synthesizing
methods.[252]
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Besides controlling rates of silica precursor hydrolysis and condensation, film-forming
properties of amine-bearing compounds, as well as their simple ability to form non-covalent
bonds with silanols and silicas, can render them with templating qualities. Here, even subtle
differences in catalyst and solvent structures can lead to profound differences in formed
microscopic and macroscopic condensates.[253-255] As has been shown for the catalyst
tetramethylammonium, catalysts may bias reaction outcomes towards specific structural
motives.[256]

@)
\/NH2 /\QJJ\/NH2
a. C.

0
NH -
HO 2 \OJJ\/T
d.

Figure 7.1. Overview of compared small amine-bearing compounds: a. ethylamine; b. glycine; c.

glycine ethyl ester; d. N,N-dimethylglycinemethylester

Therefore, here | extend the work of Meng et al.[251] First, | probe whether their proposed
mechanism is reproducible and can be applied to glycine or two of its derivatives for the
catalysis of silanol self-condensation. These molecules were chosen as they exhibit clear
differences in experimentally observable self-condensation rates. As an implicit solvent model,
aqueous conditions were chosen as not just aqueous sol-methods can be used to modify
certain surface types with silanols, such as carbohydrates,[257] but also are most often applied
when forming silicas or gels from silanol precursors.[243] Surprisingly, for the case of
condensation of two silanol compounds, only marginal activation energy barrier differences
between ethylamine, glycine, an amine-alkylated derivative of glycine, and a non-alkylated
derivative of glycine were observable. This provides evidence that rate difference, as well as
differences in the structures formed, can be attributed to differences in the film-forming
properties between the single catalyst molecules. This holds true even when changing the
implicit solvent model to ethylene glycol. To prove that the proposed mechanism of catalysis
may be applicable to cases beyond the self-condensation of silanols, condensation between a

silanol molecule and a model saccharide, ketotriose, was modeled following the proposed
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mechanism by Meng and coworkers. Indeed, this led to a significant reduction in the energy

barrier of ~15 kcal/mol when compared to uncatalyzed reactions.

Results

It is reasonable to start an energetic reaction characterization of amine compounds from the
complex of non-bound silanols and amine compounds.[251] These non-covalent complexes are
likely to occur in solution as they are more energetically favorable than purely water-bound
silanols or amine compounds. Already, when searching for optimal geometries between two
silanols non-covalently interacting with ethylamine, suggested optimal geometries are found in
which the hydrogen of one hydroxyl group of silanol has been donated to the nitrogen of
ethylamine (Figure 2). This agrees with the mechanism suggested by Meng et al.[251] While
the donated hydrogen has a distance of just 1.07 A to its binding nitrogen, it is still close to its
donor oxygen, being only 1.6 A away (Figure 2). Here, it is favorable that the now naked oxygen
is even closer to a hydrogen of the neighboring silicic acid, which is just 1.56 A away. This
brings the naked oxygen closer to the central silicon atom of the second silicic acid with a

distance of now only 3.56 A.
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Figure 7.2. Minimum energy path for the condensation of two silanols with each other in the
presence of ethylamine. The Si, O, C, H, and N atoms are in grey, red, gray, white, blue, and

gray, respectively.

All intermediates, and transition states predicted by Meng et al. were found with the B3LYP
or the M062X functional as well. While for the B3LYP functional,[258, 259] the same energy
barrier as in the study by Meng was calculated, for the M062X functional,[260] this differed
by up to 10 kcal/mol. The one noted difference for the B3LYP functional relative to the study
by Meng et al.[251] was that when considering the non-separated molecules, the reaction

that resulted was slightly exothermic (-0.51 kcal/mol) (Figure 2).
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Figure 7.3. Minimum energy path for the condensation of two silanols with each other in the
presence of glycine. The Si, O, C, H, and N atoms are in grey, red, gray, white, blue, and gray,

respectively.

In contrast, when using glycine (Figure 3) or one of its derivatives,
N,Ndimethylglycinemethylester (Figure 4) or glycine ethylester (Figure 5), as catalysts, an

intermediate structure was predicted that was around 15 kcal/mol downhill of the first energy

barrier. Energy barriers themselves varied from negligible (within a 5 kcal/mol range
difference) between all catalysts tested. For glycine and N,N-dimethylglycinemethylester
reactions were slightly endothermic (1.44 and 2.13 kcal/mol, respectively). In the case of

glycine ethylester, the reaction was nearly equithermic (0.16 kcal/mol) (Figure 5).
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Figure 7.4. Minimum energy path for the condensation of two silanols with each other in the

presence of N,N-dimethylglycinemethylester. The Si, O, C, H, and N atoms are in grey, red,

gray, white, blue, and gray, respectively.

None of the predicted reactants after geometry optimization already had three hydrogens
bound to the amino acid nitrogen atom. In contrast, the non-covalent complex of nitrogen to

which a third hydrogen was bound was energetically uphill relative to a complex with fully
hydrated silicic acids. Nevertheless, the partial energy barriers of calculated reactions were
smaller than for ethylamine. This included glycine, for which an energy barrier of just 23.47
kcal/mol relative to reactants was calculated. In contrast, the energy barrier of N,N-
dimethylglycinemethylester was close to the energy barrier of ethylamine (25.90 kcal/mol)
Glycine ethylester had the smallest reaction barrier (22.92 kcal/mol), both relative to its
reactants and lower energy intermediates. This trend potentially opposes experimental
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measurements where, in bulk reactions, alkylated amines are the more powerful catalysts

55

than just protonated amines.
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Figure 7.5. Minimum energy path for the condensation of two silanols with each other in the
presence of glycine ethylester. The Si, O, C, H, and N atoms are in grey, red, gray, white, blue,

and gray, respectively.

Independent of functional used initial energy minimum geometries of the non-covalent glycine

with silicic acid complex predicted a direct interaction of the carboxyl head group with the
nitrogen atom of glycine — even in the case of alkylated N,N-dimethylglycinemethylester. For the

given implicit solvation model no inhibitory effects of carboxyl group interaction with nitrogen in

the case of glycine on reaction progression were found. However, it cannot be ruled out that
neighboring glycines would arrange in a way that reactions are inhibited. The distance between

the carboxyl group hydrogen was 2.1 A, while it was only 1.7 A for one of the hydrogens of
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silicic acid (Figure 3). The increased electronegativity of the concerned oxygen atom in silicic
acid induced it to approach the silicon atom of the neighboring silicic acid molecule. The
distance between its hydroxyl atom and the nitrogen atom of glycine remained unvaried, with an
increase in complex energy of just 5.85 kcal/mol. Eventually, the hydrogen was donated to the
nitrogen atom of glycine. A transition state was found when the naked oxygen became 2.24 A
close to the central silicon of the neighboring silicic acid. However, it remained only 2 A,
separated from the donated hydrogen atom. While this transition state was energetically uphill
by 23.47 kcal/mol relative to the initial complex, an intermediate immediately formed that was

only 8.31 kcal/mol uphill of the original complex (Figure 2).

N,N-dimethylglycinemethylester followed the patterns observable for glycine interchangeably.
For both molecules, the five-bound silicone molecule presented a stable intermediate;
dissociation of a hydroxyl moiety needed to overcome an energy barrier of around 10 kcal/mol.
This was independent of the position studied at which a hydroxyl group could dissociate from.
For the intermediate and during dissociation of the fourth hydroxyl group, hydrogen bonding
took place between the amine atom of the amino acid or its derivative and a hydroxyl group of
the newly formed disilane with a distance between the hydrogen atom and oxygen atom of only
1.6 A. In contrast, an outlier in the observable energy barrier was glycine ethylester. A potential
explanation for that is that the terminal oxygen had a larger distance to the hydroxyl groups of

the attacking silicic acid than in the other two amino acid compounds due to its ethyl end group.

When changing the implicit solvent model from water to ethylene glycol, energy barriers of
reactions were only slightly reduced by ~2 kcal/mol in the case of glycine catalysis and
ethylamine. However, intermediate structures found were considerably far less energetically
stable in the case of glycine and only differed from maximum energy barriers by ~5 kcal/mol in
this environmental setting. This was a pronounced difference from the aqueous setting and
implies that when using ethylene glycol as a solvent, the reaction is less likely to be halted at the
intermediate stage. Here, the terminal hydroxyl group of glycine was positioned 2.4 A away from
the nitrogen atom of glycine but 2.28 A away from a distal hydroxyl group of the newly formed

disilane.

As other silanol condensation reactions exist where the presence of ammonium compounds
may be beneficial for reaction outcome, theoretical investigations of amino acid catalysis of
silanol condensation were extended.[261] In a first step to estimate the influence of organic
amine catalysis on carbohydrates’ condensation with silane, silane condensation with ketotriose
in the presence and absence of ethylamine was studied by NEB as a computationally efficient
alternative to larger molecules, such as glucose or starch. Assuming a similar mechanism to
silanol self-condensation — proton transfer of silicic acid to ethylamine followed by the

obstruction of a proton from a neighboring hydroxyl group of ketotriose and subsequent
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condensation — the presence of ethylamine lowers activation energy barriers by a substantial
~13 kcal/mol from 45 kcal/mol without a catalyst in an implicit aqueous solvent model to 32-33
kcal/mol with catalyst. Likewise, when changing the implicit solvent system to ethylene glycol,
an activation barrier of around 31-32 kcal/mol was reached. For all assemblies tested, this is a
significantly higher energy barrier than for self-condensation. However, the opposite scenario,
obstruction of a proton from the sugar was not investigated and may differ in energetics. Given
that energy changes regarding the formation of an initial reaction assembly were not
considered, it is possible that the actual energy barrier difference is smaller as adsorption
effects to real saccharides would take place. Nevertheless, a larger activation energy barrier for
saccharide condensation agrees with experimental results that silanes bearing amine moieties
in their side chains hardly bind to cellulose as monomers but rather in larger condensed forms.
[262]

For the calculated energy barrier differences, no adsorption effects were considered. Thus, the
given relative size of reaction barriers to one another may be overestimated as adsorption to
saccharides’ surfaces may be more energetically favorable than to another silanol for certain
reaction conditions. However, for the given considerations, Eyring’s formula[263] would predict
dramatic differences in half-lives for the calculated energy barriers: Half-life times of self-
condensation would be in the range of days, while in the range of years for saccharide-
condensation roughly at room temperature (24°C). This could be lowered to a half-life of around
1 hour for saccharide condensation - and seconds for self-condensation - if ranging the
temperature to 120°C. How large the actual silanols that bind to the hydroxyl groups of a given
saccharide would be would thus also depend on whether oligomeric silanol growth slows down
in reaction rate after enough monomers have been added. As the work of Meng [251] pointed
out, this is not the case, at least in the tetramer stage of silanols. Here, it needs to be
investigated whether using oligomeric silanols as starting materials could potentially speed up
the onset of silanol binding to saccharides. This is particularly interesting, as larger sizes of
silanols can diverge into different structural motifs, such as branched or ring molecules. Here, it
needs to be seen whether the difference in side chains of amino acids and their derivatives
starts to play a role in creating divergent reaction outcomes. Overall, even if not all possible
hydroxyl groups on the saccharides silanols are bound, given the existence of oligomeric

silanols in the reaction mix, saccharides would exhibit a high loading with silanols after binding.

Conclusion and Outlook
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Small natural and derived amino acids were compared with ethylamine on a theoretical level for
their ability to catalyze silanol condensation. Here, it was assumed that the general mechanism
of reaction followed the previously described molecular catalysis for ethylamine. Energy profiles
of all amino acids tested were highly similar, and geometric differences varied marginally. Thus,
amino acids not only catalyze silanol condensation but, under tested solvent conditions, may

promote reaction rates comparable to ethylamine.

Under all tested conditions, stable intermediate structures were identified in contrast to
ethylamine catalysis. Varying the implicit solvent system, i.e., changing it from water to ethylene
glycol, changed the energy profile, i.e., led to far less pronounced intermediate states. The small
differences observable between amino acids are likely caused by side-chain interaction in the
reaction. However, the differences observed cannot explain previously observed experimental
results.[250] It can be anticipated that in the case of small amino acids, their film-forming
capacities influence bulk reaction rates. This is a potential anchoring point for reaction rate

optimization if needed.

Organic amines also functioned as catalysts for the condensation of silanols with a model
saccharide: ketotriose. If not considering the adsorption effects between reactants, silanol
condensation with ketotriose had a considerably larger activation energy — around 13 kcal/mol —
making it unlikely that silanols will bind as monomers to saccharides through organic amine
condensation. Again, the work presented here implies several experimental parameters that can
be investigated. For example, if ethylene glycol is nearly interchangeable with water as a
reaction solvent regarding the effect on reaction rates, conducting solution reactions at elevated

temperatures is eased.

Materials and Methods

Quantum chemical calculations were performed using the ORCA software package version
5.2.0.[264] Prior to NEB-TS searches, reactants and products were optimized with the B3LYP
functional [258, 259] with a valence triple-zeta polarization basis set, def2-TZVP,[265, 266]
and the general auxiliary basis set, def2/J,[265] using D4 dispersion forces correction [267] and
SMD implicit solvent model [268] for water if not otherwise stated. To find the minimum energy
path connecting reactants and products, the NEB-TS method [269] is used at the B3LYP/ def2-
TZVP/ def2/J level of theory with calculated Hessian matrixes every 5 iterations. Intermediate
images were set to 10. Immediately after the convergence of the NEB-path, the climbing image
and saddle point were optimized until the reached conformers had only one imaginary

frequency left.
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8. Conclusion and Outlook
8.1 Conclusion

Silanes and siloxanes are a class of compounds that contain silicon and are widely used to
modify the surface properties of materials.[270] These compounds can be used to create
functional surfaces with a variety of properties, in particular surfaces with special wettability.
Additionally, the unique low energy of siloxanes makes them ideal as lubricants for creating
specialty surfaces, such as slippery surfaces.[3] An overview of historical and current
literature that investigates the wettability of surfaces and their creation can be found in
Chapter 1.

Slippery surfaces are a class of specialty surfaces that have gained significant interest in
recent years due to their potential applications in various fields, including biomedicine,
microfluidics, and energy.[3, 271, 272] Silanes and siloxanes are key components in the
fabrication of slippery surfaces as they can reduce the surface energy of a material, making it
slippery and rendering liquid drops or gaseous bubbles on the surfaces highly mobile. Here,
two aspects of liquid manipulations with chemically patterned and stably lubricant-infused
surfaces were investigated. In an initial basic study (chapter 4), different chemical surface
modifications were investigated to stably lock a lubricant layer in place against intruding
water drops. Moreover, it was demonstrated for a wide variety of lubricants with varying
surface tensions and belonging to varying phases that they can easily replace a non-
matching lubricant from chemical patterns and form micropatterns precisely following the
underlying surface chemistry. Moreover, it was found that siloxane polymers, such as
perfluoropolyether oils, can confine liquids with lower surface tension than siloxanes. Overall,
liquid-liquid displacement was shown to be an efficient method for the formation of surface
lubricant patterns. This approach held several advantages over those methods previously
discussed in the literature for the formation of patterned slippery surfaces, including
simplicity, speed, and versatility. The micropatterns can be easily created and modified by
changing the composition or properties of the liquids and adjusting the guiding geometry. In
Chapter 5, bespoke patterned slippery surfaces were studied for their ability to modulate the
flow of aqueous drops on them. Simple drop sorting based on size was achieved by creating
two-phased hydrophobic slippery surfaces with varying micro-patterns on them. Size
differences as small as one 1 pL could be exploited for the range of patterns tested. Due to
lithographic flexibility, a wide range of patterns for drop sorting could be investigated that had
not been studied either experimentally or theoretically in the literature for conventional non-
slippery surfaces. Miniscule differences in pattern design can have pronounced effects on
drop flow. Further experiments characterized the energy barriers between different lubricants
for aqueous drops in order to create empirical data to test whether the current theory can
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explain the dimension of energy barriers on patterned slippery surfaces. While it is possible
to explain the presence and extent of energetic traps on patterned lubricant-infused surfaces
analytically, the cloaking effect, which has not been explained analytically, plays a decisive
role in droplets crossing energy traps. The reason for this is that the mechanism of cloak
formation and disappearance around droplets can strongly influence drop dynamics; hence,
experimental analysis of cloak dynamics during drop crossing of energetic traps is needed.
Here, it has to be noted that lubricant depletion along liquid-liquid barriers was observable.
As silanes and siloxanes are highly modifiable, the question arises whether cloaks should be
prevented for enhanced analysis through the application of non-cloak-forming oils in the case
of liquid drops. Likewise, the transport of non-liquid drops along liquid-liquid barriers, such as

the underwater transport of gas bubbles, remains to be tested.

Silicones can also modify the wettability of hydroxylated surfaces through covalent
attachment onto surfaces — a relatively slow reaction unless they possess reactive side
chains, such as in monomeric silanes.[19] Reactive oligomeric siloxanes are known to have
better film-forming capacities than monomeric silanes. In Chapter 6, the utility of oligomeric
siloxanes to create homogenous surfaces amenable to secondary derivatization was
characterized. First, the influence of solvents and temperature on surface modification
through oligomeric siloxanes was mapped out by measuring contact angles. Additional
surface properties such as transparency, AFM profile and resistance to solvent degradation
were tested. Next, surfaces were modified in secondary derivatization steps and hydrophobic
or hydrophilic functional groups were introduced. It was shown that on oligomeric siloxane
functionalized surfaces, sharp enough wettability contrasts could be established through
secondary derivatization that allowed for the formation of droplet arrays through
discontinuous dewetting. Surface patterns, in contrast to surfaces modified under equal
conditions with monomeric silanes, strictly followed photomask patterns. This application-
specific study demonstrates the relevance of oligomeric siloxanes as surface modifiers. It
stresses the importance of the mechanism of advanced film-forming capacity, which needs to
be further studied in detail. Such insights would allow us to better manipulate the film-forming

capacities of oligomeric siloxanes.

The reactivity of silane and siloxanes can be enhanced through catalysts. In the case of
alkoxy silanes, an example of environmentally friendly aqueous catalysts is amino acids
bearing an amine in their side chains. In Chapter 7, the kinetics of amino acid catalyzed
alkoxy silane self-condensation, as well as condensation with a model saccharide, was
studied theoretically using the nudged elastic band method. It was found that geometries
between glycine and two of its derivatives only varied marginally. Experimentally observable

pronounced differences in rates of reactions are hence likely to be due to bulk effects. They
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may be thus manipulated through adjusting reactant concentrations. Energy profiles of
reactions were determined through the nudged elastic band and varied considerably when
testing water or ethylene glycol as the implicit solvent model. Here, ethylene glycol may favor
more efficient reaction rates than water when using glycine as a catalyst for silane self-
condensation. Moreover, it was shown that amino acid catalysis also considerably enhances

the condensation reaction between silanols and model saccharides.

Overall, this thesis demonstrated that it is likely that there will be ongoing developments in

silicone surface coatings in the near future as a plethora of further improvement points exist.
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8.2 Outlook

This thesis focused on applying siloxane and silane functionalized surfaces within the
framework of drop arrays and drop movement in particular, as well as bio-screening in
general. Stably lubricant-infused surfaces can prevent bio-fouling and reduce the energy
required to transport liquid entities along the surface. Indeed, citing work has shown that
SLIPSs facilitate the quantitative actuation of droplets by electric or magnetic forces.[273-
275] These seem promising to enable in field diagnostic devices or enable novel electric

read-out approaches.

Nevertheless, the citing work so far has been explorative in nature. It must be shown that
patterned SLIPSs can truly make a difference as material for screening endeavors. For
example, SLIPSs have also found application in non-biological drop mobility with
acoustophoretics.[194] Related acoustophoretic work (for example in the context of bio-
sample ionization) currently still uses patterned traditional “dry” surfaces for robust drop
transport.[276] It has to be tested whether patterned SLIPSs can be used and improve the
same tasks while offering enhanced anti-biofouling and increasing transport and ionization
speed. Likewise, the application area of patterned magnetic SLIPSs may present various
opportunities for application and consequent adaptation of the systems.[3, 277] However,
here, SLIPSs would simply represent an enabling element, and their use would depend on

progress in acoustophoretic or electrophoretic analysis.

This is important as it reflects the ever-changing nature of high-throughput experimentation
and testing. In the past, single or few read-out screens were conducted. Currently, there is
an attempt to develop high-throughput analysis systems that allow the collection of large and
deep data sets per sample. Screening as a word is used in various fields ranging from
chemistry to medicine with varying definitions. Independent of discipline, it is well recognized
that the choice of method greatly influences and can even bias the outcome of high-
throughput experimentation or screenings. Moreover, in the case of diagnostics and
laboratory consumables, the cost of materials can be decisively prohibitive. Nevertheless,
SLIPSs can potentially fulfill the criteria of smoothing a highly automated process without
increasing costs too much; their remarkable anti-biofouling property seems particularly suited

for in-field bioanalytical workflows.[278, 279]

One notable area of application of patterned SLIPSs is in drop micro-arrays for the high-
throughput screening of bacteria.[126] This is an area where potentially biological testing
could benefit from characterizing the liquid behavior on surfaces further; small free-standing
liquid compartments are known to have remarkedly different liquid transport phenomena than

larger liquid units (see Chapter 1). An example of this is the Marangoni effects. A student
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project during this thesis was set up to study Marangoni effects under controlled conditions: a
gradient generator where two pumping compartments are separated by a liquid bridge. This
gradient generator can be manufactured as a free-standing compartment; here, size effects
were observable for the onset of the Marangoni effect. In a follow-up project, a free-standing
compartment should be compared to a covered (or suspended) compartment in which liquid
is only exposed to air on its edges. In particular, an attempt should be made to explain the
size difference in onset with Marangoni effects analytically and/or computationally. The thus
developed model could then be used to predict under which conditions Marangoni flows can
arise in free-standing liquid compartments with different geometric shapes. The overarching
goal of such a project would be to understand and demonstrate the controllability of droplet
microarrays, e.g., through controlling their chemical makeup or by simply covering them with
a protective cover. This would be a pre-requisite when studying populations of bacteria not

only through their average but also at the single cell unit.

Other application areas of SLIPSs not mentioned in this thesis so far could turn out more
promising to truly present a game changer for their respective fields. One such field could be
energy generation[280] or underwater bubble transport.[281] Likewise, patterned lubricant
surfaces could find applications as supported ionic liquid phase (silp) for catalysis and gas
filtering.[282] These fields have in common that the cloaking effect and other lubricant
depletion mechanisms are indecisive for them. In contrast, the field of slippery membranes
seems decisively cursed by lubricant depletion.[67, 283, 284] A way around this problem is to
covalently link lubricants to the membrane. Constructing such liquid-like surfaces is not trivial
and is currently under thorough study in literature.[285] Typically, silicone brushes are used

to create such surfaces.

Regarding covalent modification of surfaces with silanes and siloxanes, for the next steps, it
needs to be experimentally confirmed that glycine derivatives in either water or ethylene
glycol are almost indistinguishable from ethylamine as silanol condensation catalysts.
Moreover, it needs to be tested experimentally if amino acids are valuable catalysts to speed
up the reaction between hydroxyl silanes and less reactive hydroxylated surfaces such as
natural carbohydrates. Here, it is interesting to study how self-condensation compares with
condensation with hydroxylated surfaces and how film forming of silanes and oligomeric
siloxanes affects reaction rates. This can help to decide whether novel applications — besides
the modification of simple surfaces — such as dye formation or 3D printing can be derived

from this.

Nowadays, silanes are typically preferred over monomeric silanes when robust surfaces are

about to be created. On the other hand, monomeric silanes are preferred over oligomeric

siloxanes if speed and reactivity are preferable. The kinetic limits for the formation of regular
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films need to be understood. This hypothesis could be for example tested by a ReaxFF
forcefield[19] or reactive Martini models.[286, 287] Missing from this study are appropriate
read-out protocols that focus on attributes of formed films, such as spacing between
neighboring silicon atoms or film heights. Likewise, a separate protocol estimating the
spacing of vinyl groups is required. This could then serve as an anchor point to be further
compared with experiments probing the homogeneity of secondary derivatization of surfaces
through XPS.
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