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Abstract

Complex emulsions are dispersions of kinetically stabilized multiphasic emulsion droplets comprised
of two or more immiscible liquids that provide a novel material platform for the generation of active
and dynamic soft materials. In recent years, the intrinsic reconfigurable morphological behavior of
complex emulsions, which can be attributed to the unique force equilibrium between the interfacial
tensions acting at the various interfaces, has become of fundamental and applied interest. As such,
particularly biphasic Janus droplets have been investigated as structural templates for the generation
of anisotropic precision objects, dynamic optical elements or as transducers and signal amplifiers in
chemo- and bio-sensing applications. In the present thesis, switchable internal morphological
responses of complex droplets triggered by stimuli-induced alterations of the balance of interfacial
tensions have been explored as a universal building block for the design of multiresponsive, active, and
adaptive liquid colloidal systems. A series of underlying principles and mechanisms that influence the
equilibrium of interfacial tensions have been uncovered, which allowed the targeted design of
emulsion bodies that can alter their shape, bind and roll on surfaces, or change their geometrical shape
in response to chemical stimuli. Consequently, combinations of the unique triggerable behavior of
Janus droplets with designer surfactants, such as a stimuli-responsive photosurfactant (AzoTAB)
resulted for instance in shape-changing soft colloids that exhibited a jellyfish inspired buoyant motion
behavior, holding great promise for the design of biological inspired active material architectures and

transformable soft robotics.

In situ observations of spherical Janus emulsion droplets using a customized side-view microscopic
imaging setup with accompanying pendant dropt measurements disclosed the sensitivity regime of
the unique chemical-morphological coupling inside complex emulsions and enabled the recording of
calibration curves for the extraction of critical parameters of surfactant effectiveness. The deduced
new "responsive drop" method permitted a convenient and cost-efficient quantification and
comparison of the critical micelle concentrations (CMCs) and effectiveness of various cationic, anionic,
and nonionic surfactants. Moreover, the method allowed insightful characterization of stimuli-
responsive surfactants and monitoring of the impact of inorganic salts on the CMC and surfactant
effectiveness of ionic and nonionic surfactants. Droplet functionalization with synthetic crown ether
surfactants yielded a synthetically minimal material platform capable of autonomous and reversible
adaptation to its chemical environment through different supramolecular host-guest recognition
events. Addition of metal or ammonium salts resulted in the uptake of the resulting hydrophobic
complexes to the hydrocarbon hemisphere, whereas addition of hydrophilic ammonium compounds
such as amino acids or polypeptides resulted in supramolecular assemblies at the hydrocarbon-water

interface of the droplets. The multiresponsive material platform enabled interfacial complexation and



thus triggered responses of the droplets to a variety of chemical triggers including metal ions,
ammonium compounds, amino acids, antibodies, carbohydrates as well as amino-functionalized solid

surfaces.

In the final chapter, the first documented optical logic gates and combinatorial logic circuits based on
complex emulsions are presented. More specifically, the unique reconfigurable and multiresponsive
properties of complex emulsions were exploited to realize droplet-based logic gates of varying
complexity using different stimuli-responsive surfactants in combination with diverse readout
methods. In summary, different designs for multiresponsive, active, and adaptive liquid colloidal
systems were presented and investigated, enabling the design of novel transformative chemo-

intelligent soft material platforms.



Zusammenfassung

Komplexe Emulsionen sind Dispersionen kinetisch stabilisierter mehrphasiger Emulsionstréopfchen, die
aus zwei oder mehreren nicht mischbaren Flissigkeiten bestehen und eine neuartige
Materialplattform fiir die Herstellung aktiver und dynamischer weicher Materialien darstellen. In den
letzten Jahren haben komplexe Emulsionen aufgrund ihres intrinsisch rekonfigurierbaren
morphologischen Verhaltens, dass auf ein einzigartiges Kraftegleichgewicht zwischen den an den
verschiedenen Grenzflachen wirkenden Grenzflachenspannungen zuriickzufiihren ist, zunehmendes
wissenschaftliches Interesse erfahren. So wurden insbesondere zweiphasige Janus-Tropfen als
strukturelle Vorlagen fiir die Erzeugung anisotroper Prazisionsobjekte, dynamischer optischer
Elemente oder als Wandler und Signalverstarker in Chemo- und Bio-Sensorik-Anwendungen
untersucht. In der vorliegenden Arbeit wurden schaltbare interne morphologische Veranderungen
komplexer Tropfchen erforscht, die durch Stimulus-induzierte Verschiebungen des
Grenzflachenspannungsgleichgewichts ausgeldst werden. Diese kdnnen als universelle Bausteine fir
das Design multiresponsiver, aktiver und adaptiver fllssiger kolloidaler Systeme dienen. Es wurde eine
Reihe von grundlegenden Prinzipien und Mechanismen zur Beeinflussung des
Grenzflichenspannungsgleichgewichtes  erforscht, die die gezielte  Entwicklung von
formverdandernden, sich an Oberflichen bindenden und in Reaktion auf chemische Stimuli
verandernden Emulsionskérpern ermoglicht. Die Kombination des einzigartigen responsiven
Verhaltens von Janus-Tropfen mit maRgeschneiderten Tensiden erlaubt die ErschlieBung von
biologisch inspirierten aktiven Materialarchitekturen. So fiihrte beispielsweise die Funktionalisierung
von Janus-Tropfen mit einem photo-responsiven Tensid (AzoTAB) zu formverdndernden weichen
Kolloiden, die ein von Quallen inspiriertes Schwimmverhalten zeigten und damit vielversprechend fir

die Anwendung im Forschungsfeld der transformierbaren ,soft-robotics” sind.

Die in-situ-Beobachtung von spharischen Janus-Emulsionstropfchen mit einem Seitenansichts-
Mikroskop und begleitenden Pendant-Drop-Messungen erméglichten es das Empfindlichkeitsregime
der einzigartigen chemisch-morphologischen Kopplung innerhalb komplexer Emulsionen
offenzulegen. Die resultierende Kalibrierungskurve erlaubt die Extraktion von kritischen Parametern
der Tensidwirksamkeit. Die daraus abgeleitete neue "responsive drop"-Methode erméglicht eine
einfache, kosteneffiziente Quantifizierung der kritischen Mizellenkonzentrationen (CMCs) und einen
Vergleich der Wirksamkeit verschiedener kationischer, anionischer und nichtionischer Tenside.
Daruber hinaus ermoglichte die Methode eine aufschlussreiche Charakterisierung Stimuli-responsiver
Tenside und die Uberwachung des Einflusses anorganischer Salze auf die CMC und die
Tensidwirksamkeit ionischer und nichtionischer Tenside. Die Funktionalisierung von Tropfchen mit

synthetischen Kronenether-Tensiden flihrte zu einer synthetisch minimalen Materialplattform, die in



der Lage ist, sich durch verschiedene supramolekulare Wirts-Gast-Erkennungsereignisse selbstdandig
und reversibel an ihre chemische Umgebung anzupassen. Die Zugabe von Metall- oder
Ammoniumsalzen hatte eine Aufnahme der resultierenden hydrophoben Komplexe in die
Kohlenwasserstoff-Hemisphare  zur  Folge, wdhrend die Zugabe von hydrophilen
Ammoniumverbindungen wie Aminosduren oder Polypeptiden zu supramolekularen Assemblierungen
an der Kohlenwasserstoff-Wasser-Grenzfliche der Tropfchen filihrte. Die multiresponsive
Materialplattform ermdglicht die Grenzflachenkomplexierung und damit die morphologische Reaktion
der Tropfchen auf eine Vielzahl von chemischen Triggern, darunter Metallionen,
Ammoniumverbindungen, Aminosduren, Antikérper, Kohlenhydrate sowie aminofunktionalisierte

feste Oberflachen.

Im letzten Kapitel werden die ersten dokumentierten optischen Logikgatter und kombinatorischen
Logikschaltungen auf der Grundlage von komplexen Emulsionen vorgestellt. Zur Realisierung von
Tropfen-basierten Logikgattern unterschiedlicher Komplexitdit wurden die einzigartigen
rekonfigurierbaren und multiresponsiven Eigenschaften komplexer Emulsionen ausgenutzt. Dabei
wurden Stimuli-responsive Tenside in Kombination mit unterschiedlichen Auslesemethoden
verwendet. Zusammenfassend wurden verschiedene Designs flir multiresponsive, aktive und adaptive
flissige kolloidale Systeme vorgestellt und untersucht, die die Entwicklung neuartiger chemo-

intelligenter weicher Materialplattformen ermdoglichen.






»Suche nicht nach Gliick. Sei glicklich.”

— Dr. med. Mehdi Djalali (1942-2021)
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1 Introduction

»Nobody ever figures out what life is all about, and it doesn’t matter. Explore the world. Nearly

everything is really interesting if you go into it deeply enough.«
- Richard Feynman

According to the quote above by Richard Feynman, a famous US physicist and Nobel laureate of 1965
who contributed to the theory of quantum electrodynamics (QED), even seemingly simple structures
and objects offer a tremendous depth if only they are studied carefully enough.!*! At the latest after
the invention of the microscope in the 16th-17th century, it became clear that a whole cosmos of
complex structures is hidden in a world that is not accessible by the mere eye, which is equally

impressive and versatile as the macroscopic world that surrounds us.!

If you look at a weevil, for example, it may appear at first glance to be a primitive creature with a
conspicuous iridescent body shell. However, if you start to examine the brilliant, metallic shine of the
shell more closely, it turns out that nanostructures are arranged in three-dimensional patterns in the
scales of chitin, similar to the atoms or molecules in a crystal grid.®! These structures influence the
path of incoming light waves resulting in the appearance of a special type of coloration, which are
structural colors. The chitin shells of most insects shine with the help of structural colors.”*! Some
insects have extremely thin grooves on their shells, which then act as diffraction grids.’) Most
commonly, insects use stacks of gossamer platelets that reflect light. By the superposition of the light
waves, certain wavelengths are cancelled out, resulting in a specific color.!®! The color impression
created relies on the angle of the incident light. Depending on the viewing angle, this results in
different color tones.”! The three-dimensional nanostructures of the weevils, which are also referred
to as photonic crystals, are so specifically arranged in each scale that their color appears the same from

every viewing angle, which proves very useful as a warning color or camouflage color.”!

If we look at even smaller structures such as macromolecules like deoxyribonucleic acid (DNA), we see
that they are composed of a few individual molecules. To be precise, they are made of six different
chemical building blocks: one sugar, a phosphate group, and four different nucleic bases.!® But the
many proteins derived from the sequence of nucleic bases are largely responsible for the highly
complex processes within an organism.”) And so one can go on and on and consider atomic
components. Leaving out dark matter, all matter in the universe consists of three distinct atomic
building blocks, namely protons, neutrons and electrons.'® Nevertheless, everything we see, including

ourselves is a product of the emergence of these three building blocks.™!




1 Introduction

Once this seemingly universal principle has been internalized, even such simple-looking systems as, for
example, two-phase emulsion droplets, which are the subject of this thesis, offer an unbelievable
wealth of exciting and versatile aspects that are worth discovering and illuminating. In fact, often the

little things in life are quickly overlooked, but are of no less importance.




2 Motivation

Living organisms require constant information processing for survival.!? A cell as an independent living
being or as a building block of a complex organism can be viewed as a dynamic information-processing
system that responds to and interacts with a constantly changing environment.[*®! In cells, information
is being processed and transmitted at multiple levels, from the gene regulatory network that
coordinates operations between the genetic information encoded in the cell's DNA and its intracellular
information-processing infrastructure (RNA and proteins) to chemical pathways, to the interaction
with the environment.'™ How this multilevel information processing, including enzymatic
amplification, regulatory feedback, and parallel metabolic pathways, is achieved is still poorly
understood.™ For example, what a cell interprets as information and what as noise in a highly dynamic
environment remains an open question.® Furthermore, in biological information processing,
sustainable, energy- and resource-saving processes are carried out in the ongoing operation of the

cell.[13

To make decisions, cells process information according to logical rules and are therefore comparable
to man-made computers.'* * 7l However, natural systems that can be considered biomolecular
computers differ in structure and function from silicon-based information processing devices.['®
Classic computers process information based on binary encoding, whereas biological systems process
information on several levels, from individual proteins to cellular networks, which allows higher
information throughput.?® This characteristic, combined with their adaptability, gives them a special
status as a source of inspiration for the future development of novel information processing systems,
including bio- and chemosensors that can emulate reactions and interactions of natural systems,

providing a direct understanding of their environment.?%

To better examine these complex behaviors, it may be beneficial to design and investigate analogous
systems that mimic the processes in biological systems but have a much simpler architecture.?? In an
era of growing resource scarcity, there is a need for cheap and efficient solutions that are inspired by
nature and keep pace with the increasing demands of a modern, environmentally conscious society.?*
Within this context, the aim of the thesis is to create concepts for the design of soft colloidal systems
as a cost-efficient and stimuli-responsive material platform to decipher the active and adaptive
molecular dynamics of biological information processing and to pave the way for the next generation

of automated, adaptive and parallel processing sensing devices.




3 Theoretical Background

3.1 Emulsions

Emulsions are a class of disperse systems consisting of one or more immiscible fluid phases dispersed
within another immiscible liquid phase.?* 2% Emulsions can be single emulsions (one phase dispersed
in another) or multiple emulsions (emulsions of emulsions).l?®! A dispersed phase or internal phase is
referred to as a constituent that forms droplets in an emulsion system; whereas a continuous phase is
the surrounding liquid in which droplets are suspended. Depending on the spatial distribution of the
oil or water phases, emulsions can be divided into two different types. If an oil is dispersed in a water
phase, it is called an oil-in-water (0/W) emulsion.?”? Common examples of this type of emulsion are
milk, cream or vinaigrette.?®! Conversely, if water is dispersed in an oil phase, one speaks of a water-
in-oil (W/O) emulsion, as in the case of butter and margarine (Figure 1).12> 28! Due to their special
properties, emulsions are ubiquitous in daily life and in various industries, e.g. cosmetics (shampoos),
food (milk, ice cream), agriculture (pesticides) and pharmaceuticals (vaccine adjuvants).?*32 A
material comprising both an oil and water allows for incorporation of selectively soluble reagents to
either phase, increasing system complexity and specialized delivery capabilities for desired
applications. For example, oil-soluble active pharmaceutical ingredients can be applied dermally in the
form of oil-in-water emulsions, which allows the medication to retain a high water content, providing
the skin with sufficient moisture.® The high water content also leads to a cooling effect, which can
relieve itching. In addition, O/W emulsions are easy to apply, are absorbed quickly and do not leave a

greasy film.[?*

Single Emulsions Emulsion Type
(3]
\_ v,
Water-in-Qil Oil-in-Water Macroemulsion Nanoemulsion Bicontinuous

Microemulsion

Figure 1. Schematic representations of emulsion systems (left) and different types, classified by size (right).

An emulsion can further be classified by their droplet diameter: Macroemulsions have a droplet
diameter of 1 um — 1 mm, nanoemulsions have a diameter of 20 — 500 nm, whereas microemulsions
consist of either globular or interconnected bicontinuous domains with varying diameters of 1 —
100 nm (Figure 1).2>3% 35 |n addition, different size classifications of emulsion types can be found. The

most important differentiating factor between micro- and macroemulsions is their thermodynamic

4



3 Theoretical Background

stability.[?> 3¢ While microemulsions can spontaneously form from separate phases into dispersions
because they are thermodynamically stable, macro- and nanoemulsions - the focus of this thesis - are
thermodynamically unstable systems and can only be kinetically stabilized.!*® This means an energy

input and emulsifying agents are needed to compensate the unfavorable thermodynamics.
3.1.1 Emulsion Formation and Stability

The process of emulsion formation is called “emulsification”. There are several methods of
emulsification, including shaking, mixing with rotor-stator systems, high-pressure homogenizers and
ultrasound generators, or liquid injection through porous membranes.?® The emulsification process
usually requires a significant amount of mechanical energy, to disperse one of the liquids in the form
of small droplets in the continuous phase.?” Upon droplet formation, the interface between the
phases is significantly increased. The liquids tend to reduce their interface to a minimum; therefore,
an increase in interface is possible only if sufficient energy is supplied.?® The work that must be

expended on drop division is:

AW = yAA (1)

where AW is the work to be expended, AA is the increase in interface and the interfacial tension y is
the proportionality factor between the phases to be emulsified. The interfacial tension results from
unequal cohesive forces acting on molecules located inside the phase and on molecules sitting at the
interface.®® The molecules of a liquid, which are located inside the phase, experience equal cohesive
forces in all directions, resulting in a net force of zero. However, molecules localized at the interface
are not surrounded by the same molecules on all sides and thus do not experience attractive
interactions from all directions (Figure 2). In consequence, the molecules at the interface are pulled
towards the inside of the phase, resulting in a directed force — the interfacial tension y.1*® Depending
on the phases involved, this force is either called surface tension o when considering air/liquid or

air/solid interfaces or interfacial tension v, if the interface is between any two phases.?%

Figure 2. lllustration of the cohesive forces acting on molecules of a liquid and the resulting interfacial tension y,

which is directed to the interior of the phase.




3 Theoretical Background

As long as the interfacial tension is not y = 0, an emulsion is very susceptible to coalescence processes,
which leads to a decrease in AA and subsequently in AW.?4 The thermodynamic stability of an

emulsion system can be considered using the Gibbs-Helmholtz equation:

AGrorm = YDA —TAScony (2)

where AGsom is the change in free energy in forming dispersions from separate phases, AA is the change
in interfacial surface area, y is the interfacial tension between the phases, T is temperature, and AScons
is the configuration entropy. As in the previous equation, the first term yAA describes the change in
interfacial free energy for more surface area between two immiscible phases and is thus positive. The
entropy (ASconf) is @ measure of the extent of disorder in the system and hence measures the extent of
size reduction of the organic phase (or increase in droplet number). The increasing disorder during the
formation of an emulsion means a positive AS contributing to the stability. Since in macroemulsions
generally yAA >>TAScnr, AGrorm becomes positive, which leads to emulsification being non-
spontaneous and thermodynamically unfavorable.®® Without stabilizing components called
emulsifiers, which are reducing the interfacial tension y between the liquid phases, and therefore the
YAA term, the dispersed droplets would rapidly phase separate to reduce the interfacial area between
the immiscible phases. The reduction of the interfacial free energy results in a lower AGtrm, meaning
the system is relatively more thermodynamically stable, albeit with a positive AGsm. However,
emulsifiers also provide a barrier at the interface and prevent coalescence through a steric barrier or
through electrostatic interactions, which provides kinetic stability to the emulsion system. As a result,

macroemulsions stabilized with emulsifiers are thermodynamically metastable.[*”!

Due to the metastability of emulsions, they change their properties with time. There are several paths
that can lead to emulsion rupture, also known as demulsification. Evolution and eventually
demulsification proceeds through a series of steps, which can be flocculation, creaming/sedimentation
and Ostwald ripening (Figure 3).2”! In flocculation, smaller droplets are attracted to each other,
forming larger aggregates without losing their droplet identity. It is the result of the van der Waals
attraction between the emulsion droplets and occurs when there is no sufficient repulsion to keep the
droplets apart to distances where the van der Waals attraction is weak.*!! Flocculation can be
reversible by supplying energy to the system through shaking or stirring. Another emulsion instability
phenomenon is gravitational separation, which occurs as creaming or sedimentation. They appear in
almost all emulsion systems where there is a difference in density between the two phases. If the

dispersed phase is the denser of the two phases, the separation process is called sedimentation, while
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the reverse case is called creaming.!*?! The gravitational separation rate v of the emulsion droplets can

be described by the Stokes’ law:**!

2 g(p1 — p2)
n

v=%- 3)

where r? is the spherical radius of the droplet, g is the acceleration due to gravity, p: is the density of
the dispersed phase, p2is the density of the continuous phase and n is the viscosity of the continuous
phase. Simple strategies to suppress sedimentation or creaming are minimizing the density difference
between the phases, adding weighting agents to the phase with the lower density, reducing the droplet

radius or increasing the viscosity of the continuous phase.?°!

Ostwald ripening results from the mutual solubility of the liquid phases, which is not negligible. In
emulsions, which are usually polydisperse, the smaller droplets have greater solubility compared to
the larger ones because solubility increases as the radius of the droplet decreases.*y The smaller
droplets shrink and their molecules diffuse into the bulk and deposit on the larger droplets (Figure 3).
Over time, the size distribution of the droplets shifts to larger volumes. By using emulsifiers that are
strongly adsorbed at the emulsion interface, such as polymeric surfactants, Ostwald ripening can be

significantly reduced.?®

Flocculation

Stable Emulsion Sedimentation Creaming Coalescence Phase Seperation

Ostwald Ripening

Figure 3. Schematic representation of instability mechanisms of emulsions.

When two or more droplets come into contact and merge to form a single droplet of greater volume,

this event is called coalescence. Droplets merge when the emulsifying agent layer does not provide a
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sufficient steric or electrostatic barrier.*Y Such a process is energetically favorable as long as the
interfacial tension value is positive. In addition, the merging of the droplets significantly reduces the
interfacial area between the immiscible liquids, thus reducing the yAA term of equation 2. If this
process continues until two separate continuous phases have formed, it is called demulsification
(Figure 3).27! The process is macroscopically apparent consequence of the microscopic process of
droplet coalescence. In such an event, the identity of individual droplets is lost, along with the physical

and chemical properties of the emulsion.

3.1.2 Classification of Emulsifiers and Stabilizers

A distinction can be made between substances that reduce the interfacial tension between the
immiscible phases, which are called emulsifiers and those that create a physical barrier between the
emulsion droplets without affecting the interfacial tension, known as stabilizers.[?” Of the possible
additives, most are called surfactants because they are effective in lowering the interfacial tension
between the two liquid phases. Other additives such as polymers and solid particles function primarily

as stabilizers, rather than emulsifiers.?*

Surfactants, which are amphiphilic molecules, usually consist of a polar or hydrophilic head group and
a nonpolar or hydrophobic tail.**! They are classified according to their head group type as ionic
(anionic and cationic), nonionic, and amphoteric (zwitterionics) surfactants. Nonionic surfactants have
polar headgroups and they include, among other representatives, glycol and glycerol esters,
polyoxyethylene esters, alkyl crown ethers, sorbitan esters (Spans), polysorbates (Tweens) and alkyl
polyglycosides.*> %! The hydrophobic part of the nonionic surfactant may be alkyl, fluoroalkyl or
steroidal in nature. Examples of commercial nonionic hydrocarbon (HC) and fluorocarbon surfactants
(FC), which have been used in this work, are Trition (Triton X-100) that consists of a hydrophilic
polyethylene oxide chain and a hydrophobic aromatic hydrocarbon group and Zonyl FS-300, which
consists of a hydrophilic polyethylene oxide chain and a fluorinated alkyl chain (Figure 4). Anionic
surfactants contain anionic functional groups at their head, such as sulfonate, sulfate (e.g. sodium
dodecyl sulfate, SDS), phosphate, and carboxylates.** Whereas cationic surfactants contain cationic
functional groups at their head, such as pH-dependent primary, secondary, or tertiary amines and
permanently charged quaternary ammonium cations as in the case of the surfactant cetyl
trimethylammonium bromide (CTAB) (Figure 4).1*”) Emulsion stabilization by electrostatic repulsion is
generated by the adsorption of ionic surfactants that form a charged layer at the interface. A double

layer is then created by the counterions, which creates charged droplets. Each of the charged droplets
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is repelled due to strong repulsive forces, thus preventing coalescence.?® Figure 4 shows the chemical

structures of some of the previously mentioned surfactants.

lonic Surfactants Nonionic Surfactants
Na” O\\s//O Hydrocarbon
. SIS I P e Y
Anioinc O O , ) Surfactant HO
Hydrophilic Head  Hydrophobic Tail SDS n Triton X-100
FF
BP ' Fluorocarbon  H .
Catioine & o SN Surfactant 0" |0 F
/ X Fy
CTAB Zonyl FS-300

Figure 4. Examples of ionic surfactants (left): sodium dodecyl sulfate (SDS), cetyl trimethylammonium bromide

(CTAB) and nonionic surfactants (right): Triton X-100 and Zonyl FS-300.

The molecular structure and geometry of surfactants determines the type of emulsions they can
stabilize. Since the selection of a suitable emulsifier is of crucial importance for many applications,
chemists have developed various rules and systems over the years to facilitate this selection as a user.
For example the Bancroft rule, named after Wilder Dwight Bancroft, an American physical chemist who
proposed it in the 1910s, states that the type of emulsion is dictated by the emulsifier and that the
phase in which an emulsifier is more soluble constitutes the continuous phase.*®%°! Even though many
deviations from this general rule are documented, it still finds its application today as a practical rule

of thumb.k% 51

In 1954, William C. Griffin formally introduced the hydrophilic-lipophilic balance (HLB) scale to
characterize the tendency of a surfactant to form W/O or O/W emulsions."? Griffin proposed formulas
for the HLB value calculation for molecular structures, producing numbers between 0 and 20 on an
arbitrary dimensionless scale. The HLB values are a direct measure of the hydrophilic character of a
surfactant: The larger the value, the more hydrophilic the compound. Surfactants with high HLB values
(>10) tend to form O/W emulsions whereas surfactants with low HLB values (<6) act as good emulsifier
for W/0 emulsions.®* Although the HLB system does not always provide a sufficient prediction for a
given system, the system was subsequently expanded by others and has found extensive practical

use.B3

One characteristic property of surfactants is that they spontaneous aggregate in solution and form
well-defined structures such as spherical micelles, bilayers, cylinders, etc..*”! At low concentrations,

the surfactants are dissolved as single molecules. In aqueous solutions, the surfactants tend to adsorb
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at the air-water interface, with their hydrocarbon tails oriented towards the vapor phase.®¥ The
surface tension decreases strongly with increasing concentration. At a certain concentration, the
critical micelle concentration (CMC), this decrease stops.’® Above the CMC, the surface tension
remains almost constant and the surfactant molecules assembly into ordered micelle structures
(Figure 5). Both phenomena, the adsorption at the air-liquid interface as well as the assembly into
ordered micelle structures are entropically driven by the so called hydrophobic effect. The effect can
be explained as follows: The overall entropy gain by disrupting the hydrogen-bond networks of the
water molecules around the hydrophobic tails during assembly is higher than the entropy loss resulting
from ordered assembly. To measure the CMC value, which is a major characteristic of surfactants,
many methods have been developed. Most of them are measuring changes in physical parameters
such as surface or interfacial tension, electric conductivity, absorbance, or fluorescence.® The most
common techniques for determining interfacial tensions and CMC values at liquid-liquid interfaces are
based on force or optical tensiometers, such as the Du-Noliy ring, the Wilhelmy plate, the pendant

drop or the spinning drop method.!3®!

A

Surface Tension o

cMmC

log c(Surfactant)

Figure 5. Schematic illustration of the surface tension as a function of surfactant concentration.

As mentioned at the beginning of the chapter, besides the classical surfactants, also polymers and even
biopolymers such as polysaccharides and proteins can act as emulsifiers (Figure 6).°% For example,
caseins, in monomeric or micellar form, or whey proteins are the primary emulsifiers in diary
emulsions.®” Because of their amphiphilic structure, milk proteins function as surface-active
ingredients in emulsions and they contribute to the stability of the emulsion droplets by a combination
of electrostatic and steric stabilization mechanisms.® Apart from the tendency of a less sufficient
effectiveness at lowering interfacial tensions, the adsorption process for polymers is generally very
slow relative to the timescale of the emulsification process due to their molecular size.® The same

applies for stabilizing colloids.®”
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Emulsions stabilized solely by particles are referred to as Pickering emulsions (Figure 6).1" In addition,
due to their “surfactant-free” character, Pickering emulsions are often used for cosmetic and
pharmaceutical applications to eliminate adverse effects of molecular surfactants such as irritation.!>
1 Many types of solid and gel particles have been demonstrated to be efficient stabilizers for Pickering
emulsions, such as calcium carbonate and barium sulfate nanoparticles, silica, laponite, and magnetic
particles.®” %4 Particles can be non-amphiphilic particles (e.g. clay or silica) or amphiphilic Janus
particles (named after the two-faced Roman god)!®®!, which consist of two hemispheres with different
surface polarities.!® The adsorption of particles at the interface is driven by the resulting reduction in
interfacial area between the liquids. A mechanical barrier is formed in Pickering emulsions through the
formation of a thick layer of solid particles, preserving the Pickering emulsions from coalescence and
Ostwald ripening. The adsorption of particles is dependent on their wettability.l”! In the case of O/W
Pickering emulsions, the particles are wetted more by the water phase (hydrophilic particle).
Conversely, W/O are formed when particles are wetted more by the oil phase (hydrophobic particle).
Optimal stabilization is achieved when the particles are equally wetted by both phases (particle is not
too hydrophilic or too hydrophobic). Figure 6 schematically shows the stabilization of emulsions by the

various emulsifiers and stabilizers discussed above.

Figure 6. Schematic representation of an oil-in-water emulsion stabilized with surfactants, polymers/biopolymers

and particles.
3.1.3 Emulsification Techniques

The principle of the emulsion production is based on the creation of new interfaces by shaking, stirring,
beating, turbulent mixing, by the effect of shear forces or by ultrasound treatment.®® Thus, the lower
the interfacial tension of the liquids to be emulsified, the easier it is to form emulsions. The production
of emulsions is always associated with a division of the inner phase, which requires the supply of

mechanical or chemical energy.®® Each emulsification technique comes with different advantages and
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disadvantages. Often one property is compromised in favour of another, e.g. monodispersity with low
throughput or small droplet sizes with high energy input. Depending on the application and the
requirements of the emulsion to be produced, it is necessary to weigh up which properties are
relevant. Among the most common emulsification techniques, a rough distinction can be made
between four different categories: rotor-stator systems, fluid mechanics, ultrasonic generators and

microstructured systems.[27 68 69

Rotor-stator systems are the most widely used systems in the industry for producing surfactant-
stabilized emulsions and Pickering emulsions.’® They are easy to handle, cost-effective and very
flexible to use. The simplest form of a rotor-stator system is a rotating unit (stirrer) in a static
component, the stirring tank (stator) (Figure 7). The size of the emulsion droplets is mainly determined
by the shear forces generated in the turbulent zone in the gap between the stirrer and the stator. With
increasing stirring intensity and duration, the droplet size decreases. A disadvantage of this method is
the high polydisersity that is observed in a given sample, caused by a highly inhomogeneous and
unspecific energy input.”Y In fluid mechanic systems such as vortex mixers, a uniform energy input
provides better mixing of the liquids and thus tends to result in a smaller size distribution of the

emulsion droplets.!”%

The ultrasonic process has been known for a long time in research as a method for the production of
emulsions with particularly small droplet sizes (< 200 nm).”? The emulsifying effect is produced by a
sonotrode, which performs mechanical oscillations in the ultrasonic range (> 20 kHz) (Figure 7).
Another possibility of generating sound waves is a liquid pipe.l’” Here, a metal plate is made to vibrate
by the flow of a liquid. As the ultrasonic waves pass through the liquid mixture, alternating high
pressure (compression) / low pressure (expansion) cycles create tiny cavities the vessel (vacuum
bubbles).l”® During the compression/expansion cycles, the vacuum bubbles grow until they reach a
size at which they cannot absorb any more energy. When the vacuum bubbles implode, ultrasonic
elongational stress forces and turbulences are created, that break up the droplets of the dispersed
phase and mix the liquids evenly together. High-performance ultrasonic emulsification reliably
produces nanoemulsions with a very uniform size distribution.” This makes ultrasonic emulsification
the preferred method for producing oil-in-water micro- and nanoemulsions with high emulsion
stability. However, ultrasonic emulsification is not applicable for the preparation of

macroemulsions.”>!
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Ultrasonification

Continuous Flow

Membrane Emulsification Microfluidic System

Figure 7. lllustration of different emulsification techniques for the production of single emulsions.

For the formation of emulsions with very defined droplet sizes, microstructured systems use
miniaturized components such as membranes and microchannels.”% 7% In membrane emulsification,
the disperse phase or a pre-mixture is forced through a membrane, forming small droplets at the pore
exits of the membrane (Figure 7). The continuous phase is guided past the membrane with a flow. This
entrains the droplets and thus disperses them. This can be done either continuously or in a batch
process. In the batch process, the flow is usually generated by an agitator in the vessel.”” By using the
membrane emulsification method, much narrower droplet distributions can be produced compared
to other methods. In addition, a large variation of the average droplet diameter is possible due to the
large selection of membranes. However, the main limitation of emulsification with membranes is the
low flow rate associated with monodisperse emulsions, which is a major problem for industrial

applications.®

A similar good control over the dispersity of the droplets is also achievable with microfluidic
technology.” In microfluidics, processes similar to membrane emulsification are used. Here the
dispersed and continuous phase are not passed through a membrane, but through microchannels,
which are milled into a chip made of glass or plastic.®” If the two liquids are in individual channels,
droplets can form at the intersection of these channels. The dispersed phase flows into the continuous
phase and forms a droplet at the pore opening (Figure 7). In shear-driven emulsification systems, the
formed droplet is detached and dispersed into the continuous phase through shear exerted by the
flow of continuous phase. The continuous phase can flow in cross flow (T-, Y-branches) or in co-flow.8!
By varying the channel size and the flow rate, almost perfectly monodisperse droplets can be

produced. Nevertheless, the microfluidic chips are very susceptible to impurities that can disrupt the
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entire process.’®? Apart from single emulsions some of these methods are also suitable for producing

double or multiple emulsions.3! This is discussed in more detail in chapter 3.2.2.
3.2 Reconfigurable Complex Emulsions

Multiple emulsions, as part of complex emulsions, are polydispersed systems where two or more
immiscible phases are dispersed in another phase or even more complex systems with three or more
immiscible phases and a high structural complexity.® Typically, the internal droplet phase will be
miscible with or identical to the final continuous phase. Such double emulsions may be water-in-oil-in-
water (W/O/W) emulsions, where the internal and external phases are aqueous; or oil-in-water-in-oil
(0/W/0), which have the reverse composition.®! Other internal configurations can also be Janus
(droplets with equal hemispheres of two immiscible liquids dispersed in a third one), multilayered
emulsions or dispersed internal micro-droplets.®> 8 Complex emulsions with different internal

configurations are shown in figure 8.

Complex Emulsions
Double Emulsions Multiple Emulsions

g

Water-in-Oil-in-Water Janus Multilayered Internal Structured

Figure 8. Schematic representations of complex emulsion systems with different internal configurations.

William Seifriz firstly presented the concept of double emulsions, as a representative of complex
emulsions, in 1925.%”! However, the W/O/W double emulsions studied by Seifriz quickly destabilized
and turned into single emulsions. He suspected that they were an unstable transitional state between
water-in-oil (W/0) and oil-in-water (O/W) emulsions and justified the instability with physical
arguments. Thus, he hypothesized that the Laplace pressure (which depends on the droplet size and
surface tension) leads to increased pressure in the inner droplets compared to the pressure on the oil
sphere, resulting in pressure equilibration and eventual collapse of the double emulsion structure. 88!
Although such systems have been known for almost a century, only in the last two decades the
underlying physics of their formation have been reported.® In particular, double or Janus emulsions
were both theoretically described and generated by Koetz et al. and Guzowski et al..®>*3! Due to the

profound understanding of the thermodynamics of such systems, the research interest has increased
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significantly.®® Especially double emulsions compromising two immiscible oils (e.g. hydrocarbon (HC)
and fluorocarbon (FC) oils) dispersed in water, that dynamically reconfigurable in response to

interfacial tension changes of their environment, have recently received considerable attention.[** >

The mutual immiscibility of hydrocarbons and fluorocarbons results from their different polarizability.
While hydrocarbons are considered hydrophobic due to their nonpolar nature, fluorocarbons are both
hydrophobic and lipophobic, meaning that they form a separate phase when dispersed with
hydrocarbons in water.®™ The special properties of fluorocarbons can be explained by the high
electronegativity of fluorine compared to hydrogen. Since the high electronegativity of fluorine
reduces the polarizability of the C-F bond, fluorocarbons form only weak induced dipoles, which are
the basis of the London dispersion force (Van der Waals interactions).® As a result, fluorocarbons
have low intermolecular attractive forces and are not only hydrophobic and lipophobic, but also exhibit
ftlower surface tensions, lower evaporation enthalpies, and lower viscosities compared to liquids with
comparable boiling points.®® In addition, the low attractive forces between the fluorocarbon
molecules makes the liquids compressible and good solvents for gases.®”! Due to the significant density
difference between the droplet internal phases (pfiuorocarbon > Phydrocarbon), the droplet phases in the
biphasic droplet systems align in a specific orientation along the gravitational direction. While the
lighter hydrocarbon phase is at the top, the heavier fluorocarbon phase is arranged below.Typical
hydrocarbons for the preparation of double emulsions can be alkanes (hexane, heptane,...), aromatics
(diethylbenzene, toluene, ...) or substituted phthalates (diethyl phthalate, dibutyl phthalate, ...),
whereas as fluorocarbons the corresponding perfluorinated analogues (perfluorohexane,
perfluorotoluene, ...), hydrofluoroethers, such as 2-(trifluoromethyl)-3-ethoxydodecafluorohexane
(HFE-7500) and methoxyperfluorobutane or perfluorinated amines like perfluorotributylamine (FC-43)

can be used (Figure 9).%
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Figure 9. Chemical structures of several hydrocarbons (top) and fluorocarbons (bottom) that can be used for the

preparation of biphasic complex emulsions.
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There are also a variety of options for other oil droplet components, raging from vegetable 0il®®,
silicone 0il®> 1% jonic liquids!*®¥ until liquid crystals.['9% 1031 Nevertheless, hydrocarbon and
fluorocarbon oil droplets remain the most reported due to the possibility of using an efficient thermal-
induced phase separation technique for preparation, which will be discussed in detail in chapter 3.2.2.
These types of complex emulsions, which are also referred to as dynamic complex emulsions because
of their reconfigurability, have the intrinsic advantage that interfacial tension variations transduce into
a change in the internal shape of the droplets whereas the overall emulsion stability remains intact.
Droplet geometries can be controllably alternated after emulsification between encapsulated double
emulsion (HC/FC/W or FC/HC/W) and Janus configurations by triggering changes in the surfactant
concentration or effectiveness.®® %2 Owing to this unique morphological response to targeted

chemical stimuli, dynamic complex emulsions have been exploited in a number of applications,

g[104] g[105, 106]

including as tunable microlense , optical waveguide , scaffolds for the fabrication of
anisotropic solid objects['7-1%% motile particle systems!*1112 and as transducers and signal amplifiers

in improved chemo- and biosensing platforms.[113-116]

In addition to bi- and multiphasic oil droplets dispersed in water, also aqueous two-phase systems
(ATPS) dispersed in organic media have been reported.*'”! Even though water based complex droplets
show the same interfacial tension-dependent morphology changing behavior as biphasic oil-in-water
systems, the latter are more promising for the preparation of stimuli responsive droplets, as they have
two interfaces with different chemistries. Selective modification of only one of the two interfaces, on
which many stimuli responsive sensing schemes rely, appears to be difficult in aqueous systems since
both hemispheres are comprised of water.® To understand the unique behavior of dynamic
reconfigurability, which is crucial for most of the applications, the geometry of biphasic complex

emulsions is discussed in more detail in the following chapter.
3.2.1 Morphologies of Biphasic Complex Emulsion Droplets

The geometry of complex Janus emulsions that consists of two immiscible hydrocarbon and
fluorocarbon oils surrounded by a third immiscible aqueous phase is controlled by three competing
interfacial tensions that act at the respective interfaces of the droplet.®® The three acting interfacial
tensions are the interfacial tension of the hydrocarbon-water interface yuc, of the fluorocarbon-water
interface yrc and between the droplet phases — the hydrocarbon-fluorocarbon interface yuc/ec. The
internal morphologies of as-produced Janus emulsion droplets are highly uniform across a sample, as
they solely reflect this force-balance of interfacial tensions. For the case of working temperatures close

to the critical temperature of the internal fluids, the overall droplet shape is nearly spherical because

16



3 Theoretical Background

the interfacial tension between the droplet phases yuc/ec is much smaller than the interfacial tensions
between the droplet constituents and the aqueous medium yxc and yec.®® In addition, for droplets
with diameters on the order of 100 um, the internal interface can be considered to be spherical,
because the ratio of gravitational to surface tension forces is negligible.®* Within these limits, any
changes in the values of external interfacial tensions do not affect the overall spherical droplet shape
but cause variations in the curvature of the interface between the gravity aligned internal droplet
phases. The reconfigurability and the transducer behavior of the droplets are based on these

characteristics.

These physical relationships reveal that for the special case of a droplet in the ‘perfect’ Janus state, i.e.
a droplet comprised of two perfect hemispheres, the two external interfacial tensions are equal
(YHc = Vec). When yuc >> v, the higher interfacial tension at the HC/W interface results in a
minimization of HC/W interfacial area, and a hydrocarbon-in-fluorocarbon-in-water (HC/FC/W)
encapsulated morphology is preferred. The inverse (Vec >>yuc) is necessary for fluorocarbon-in-

hydrocarbon-in-water (FC/HC/W) double emulsions (Figure 10).

Top view: O  ——  ——
+FC Surfactant +HC Surfactant
4+ —
Side view: < > < >
HC/FC/W Perfect Janus FC/HC/W
YHC >> YFC YHC= PYFC "YHC‘:“.1 YFC

Figure 10. Top and side view images of the morphological changes of double emulsion droplets with adjustments

in interfacial tension balances.

Marginal variations from the equilibrium Janus state induced by variations in the surfactant type,
concentration or effectiveness cause immediate variations in the droplet morphology along the
continuum between HC/FC/W and FC/HC/W encapsulated structures. By choosing surfactant
combinations that address both interfaces (HC/W and FC/W) as independently as possible, the balance
of the interfacial tensions and thus the droplet morphology can be individually tuned. The use of
hydrocarbon surfactants (e.g. SDS or Triton) would favor the reduction of the HC/W interfacial tension
vuc over that of the FC/W interface yrc. In consequence, this would lead to a reconfiguration of the
emulsion droplets into those with a larger HC/W interface. If the concentration of a fluorinated

surfactant (e.g. Zonyl) is increased, this would reduce yc and the emulsion droplets would adopt a
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morphology with an increased FC/W interface.®® While the use of a single surfactant at different
concentrations may have little impact on the droplet shape, mixing hydrocarbon and fluorocarbon
surfactants in different ratios can tune droplet morphology to various Janus configurations. The change
in morphology results in either a concave or convex shaped internal interface that can be readily
observed and monitored by a horizontal imaging setup (Figure 11). The equilibrium angles between
the different phases, which are the two contact angles 6,c between the HC/W and HC/FC interfaces

and Oy between the FC/W and HC/FC interfaces, can be obtained by the so called Neumann

construction (Figure 11).Y

04 ) “ cco

Figure 11. Schematic illustration of a horizontal imaging setup (left) and sketch of a double emulsion droplet
viewed from the side with indicated contact angles Buc and B¢, the radius of the inner droplet R;, the radius of

the Janus droplet R4 and the distance between the centers of the two circles d (right).

To quantitatively describe the droplet morphology as a function of the surfactant type (HC- or FC-
surfactants), ratio, and concentration, the contact angle B¢c at the triple phase contact line can be used,
which can be determined by side-view micrographs of the respective droplet configurations.!**3! With
the internal curvature being set by the balance of interfacial tensions at the external droplet interfaces
(i.e. Buc+ Bec = m) the contact angle Bgc, which ranges from 0° to 180°, can be used as the sole
parameter for describing the morphology of the droplet (Figure 11) (In the following, the contact angle
Bc will be referred to only as 0). In terms of the interfacial tensions, yuc > yrc leads to a contact angle
of 8 < 90°, the Janus state (yuc = Yrc) corresponds to a contact angle of 8 = 90° and yuc < yrc would result
in contact angle of 8 > 90°. Fully encapsulated droplet morphologies correspond to a contact angle of
0 = 0° for a HC/FC/W double emulsion and of 8 = 180° for a FC/HC/W double emulsion. The relation
between the contact angles (Buc and B¢¢c) and the interfacial tensions (yuc, Yec and yucsec), that define
the balance of forces acting on the three-phase contact line, are also known as the Newmann triangle

(Figure 12) and can be described with the following equations:

Yuc/pc€0S(Onc) + Yue + Yrc €0S(Onc + Opc) =0 (4)
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Yic/rc€08(0pc) + Yrc + Yre €08(Opc + Opc) = 0 (5)

Ve \Oi

Figure 12. Schematic representation of the Neumann triangle, derived from the balance of interfacial tensions.

Applying the law of cosines, the contact angles can be determined from two circles that define the
inner and outer interfaces of the droplets (Figure 11), according to equation 6 (with R;: radius of inner

droplet; Rq: radius of Janus droplet; and d: distance between the centers of the two circles):

Yuc — Yrc _)Ri2+R5_d2
YHC/FC 2R;R4

cos(Ogc) = — cos(Byc) =

(6)

As previously mentioned, the morphology of two-phase complex emulsion droplets is set by the
interfacial tensions between each of the constituents as well as with the surrounding medium. When
the interfacial tension yuc/rc between the two oils is too high compared to the interfacial tensions of
the individual droplet phases towards the continuous phase, then the droplets will separate into
droplets of each of the oils individually.®¥ If the interfacial tension between the two oils and each of
the oils with the surrounding medium are of similar magnitude, a variety of dumbbell type shapes can
form. In this case Buc + B¢c > 1t applies, which means that the external contact angle 6, is reduced,
resulting in the non-spherical droplet shape (Figure 13). Only if yuc, Yec> Yhucsrc, biphasic droplets can be
reconfigured between fully engulfed and Janus shapes. Figure 13 shows the different morphologies

biphasic complex emulsions can assume depending on the balance of interfacial tensions.
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Figure 13. Possible morphologies of biphasic complex emulsions. The balance of interfacial tensions determines
the droplet morphology, including separated droplets, dumbbell-like shapes, fully engulfed double emulsion

configurations and Janus shapes.

The targeted generation and control of such dumbbell-like or snowman-like droplets is still largely

unexplored and was investigated in this work (see chapter 5.1).
3.2.2 Generation of Complex Emulsions

In principle, most of the emulsification techniques discussed in Chapter 3.1.3 can also be used for the
generation of complex emulsions. Similar to the preparation of single emulsions, each technique
comes with its own advantages and disadvantages. The simplest but crudest emulsification technique
for the fabrication of complex emulsions is the bulk homogenization method, which can be conducted
in a single step and on a large scale. To generate double emulsions with this method, two immiscible
oils are added to a surfactant-containing aqueous solution. High-shear forces are then applied through
high-pressure homogenizers, vortex mixers, or ultrasound baths to mechanically breakup the droplet
phases and mix them with the continuous phase. The droplet phases collide with each other under
high turbulences. Since this happens very imprecisely, multiple emulsions generated by this method

suffer from inhomogeneous droplet phase volumes and polydispersity (Figure 14a).%

The most prevalent and much more reliable method for the preparation of double emulsions is the
two-step emulsification procedure, first reported by Matsumoto et al. in 1976.12*8 |n the first step a
single emulsion is generated using a high-shear procedure. In the second emulsification step, double

emulsions are obtained by dispersing the entire single emulsion in the final continuous phase using
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surfactants. For a W/O/W system for example, in which the final continuous phase is aqueous, the
single emulsion will be a W/O emulsion, which is then emulsified into the agueous phase (Figure 14b).
This procedure can also be performed on a large scale. The disadvantages associated with this
conventional method are the wide size distribution and the inhomogeneous inner phase of the
generated double emulsions. Emulsion droplets, which are generated by this process, have either one
phase as the inner phase or are comprised of multiple micro-droplets.'® Since the polydispersity issue
inherent in single emulsion fabrication is further worsened in a two-step process, a reasonable size

reproducibility is precluded.

Parallel progression in molecular analysis, biodefence, molecular biology and microelectronics led to
the emergence of microfluidic technology more than 30 years ago.**?! As already described in chapter
3.1.3, in microfluidics the dispersed and the continuous phase are guided through capillary
microchannels in a chip, which is usually made of poly(dimethylsiloxane) (PDMS).1*2% 1211 By controlling
the shear with restricted geometry, the drawback of sequential emulsification with high shear can be
overcome, allowing the production of nearly monodisperse emulsions. In 2004, Okushima et al.
published the controlled production of monodisperse double emulsions in two steps by the series
connection of two T-junctions in a microfluidic device.*?? One year later, Utada, a scientist in Weitz's
research group, achieved the same in a single step using flow focusing of coaxial jets (Figure 14c).*?3
This research allowed major advances in the generation of emulsions by microfluidics and enabled the
precise production of internally structured multiple emulsions with high control over the size, shape
and compartments of the emulsions.!®% 1241251 Although the microfluidic process does not allow rapid

mass production, it remains the dominant process for the production of monodisperse droplets.
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Figure 14. Approaches to the preparation of complex emulsions: a) bulk homogenization, b) two-step
emulsification, c) coaxial flow focusing microfluidic setup, d) temperature-induced phase separation and e)

solvent evaporation process.

In 2015, Zarzar, Swager and coworkers reported on the fabrication of complex emulsions with
dynamically reconfigurable morphologies based on a thermal phase separation approach.®> The
complex emulsion droplets were fabricated in one step by emulsifying a single-phase mixture of
hydrocarbon and fluorocarbon oils of equal volume in a surfactant-containing aqueous solution. The
procedure works with fluids that are immiscible at room temperature but exhibit a lower (LCST) or
upper critical solution temperature T, (UCST). The immiscible HC and FC oils were heated above their
UCST to generate a homogenous phase, which was subsequently emulsified by conventional or
microfluidic techniques under elevated temperatures. Upon cooling, the induced phase-separation
yielded structured emulsion droplets of HC and FC in water (Figure 14e). The fabrication method and
the dynamic mechanism are general and represent a paradigm shift for the fabrication of complex

emulsions with controllable morphologies via both microfluidic and scalable batch production.

However, phase separation can also be initiated by other methods. As Alex et al. have shown, double

emulsions can be generated by the targeted evaporation of a co-solvent.[*?®! This solvent evaporation
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process was developed as early as 1979 by Beck et al. for the generation of microcapsules from the
biodegradable polymer polylactide (PLA).*?”) In this method, the immiscible droplet phases are mixed
by adding a compatible co-solvent to form a single-phase system. Various solvents can be used, such
as acetonitrile, ethyl acetate, chloroform, benzene, or methylene chloride.*?® Subsequent evaporation
of the solvent results in phase separation within the droplets (Figure 14d). Based on this method, many
other studies have followed using the solvent evaporation process to create multiple emulsions in
microfluidic systems.[!2132] The solvent evaporation method, the microfluidic approach and the
temperature-induced phase separation all allow precise control over the volume distribution of the
droplet phases. The solvent evaporation process has been used in this thesis to design snowman-like

droplet systems (see chapter 5.1).
3.2.3 Optical Properties of Biphasic Complex Emulsions

Biphasic dynamic complex emulsions exhibit some unique optical properties. These special properties
can be attributed to the biphasic anisotropic structure of the droplets, which contain liquids with two
different refractive indices, and to their switchable internal curvature. Size control during fabrication
using the previously described fabrication techniques allows precise control of the distinct phase
volume ratios and radii of curvature. In addition, the droplet phases can be mixed with dyes or
pigments to change their absorption or fluorescence properties. The density difference between
droplet phases in optical complex emulsion systems ensures that gravity aligns the droplets of a
monolayer all in the same direction. In most cases, this natural alignment is a useful property for a
uniform optical response. In the following, the different optical properties, which can be used in
several optical applications such as dynamic tunable lenses or as readout mechanisms for sensing
schemes, will be discussed in detail. In this work, they were specifically exploited to implement them

as readout mechanisms for droplet-based logic gates and circuits (see chapter 4.4).
3.2.3.1 Lensing Effect

Liquid soft materials offer certain advantages over solid ones in their application as lens materials. For
example, the refractive indices of liquids are variable and adjustable while their surface roughness
remains minimal.[*33 134 |n particular, biphasic complex emulsions consisting of a hydrocarbon and a
fluorocarbon phase appear as suitable material platform for dynamic microlenses in aqueous media.
The low refractive index of the fluorocarbon phase (nqc < 1.33) and the high refractive index of the
hydrocarbon phase (nuc > 1.33) compared to the surrounding water (nwater = 1.33) creates a refractive

index difference at the droplets’ internal interface that can refract incident light.[**>*3®) Combined with
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the dynamic tunability of Janus droplets, this results in a sensitive lens system that can be reconfigured
by simply modifying the droplet morphology with changes in the interfacial tension equilibrium.
Nagelberg et al. demonstrated both theoretically and experimentally that double emulsion droplets
show different interactions with light depending on their configuration.[*°¥ When the optically denser
phase (HC) was located in the droplet core in the form of a HC/FC/W double emulsion, the incident
light was focused, while the inverted droplet configuration (FC/HC/W) resulted in strong light
scattering. Depending on the morphology, the internal interface assumes either a convex (HC/FC/W),
planar (Janus) or concave (FC/HC/W) shape. In other words, dynamic complex emulsions can alter
between a converging lens and a diverging lens with adjustable focal length in response to external

stimuli. (Figure 15).

HC/FC/W Janus FC/HC/W
L
High refractive index —_— D — m —_ ﬂ
Low refrective index - "’ .
Focusing Diverging

Figure 15. Dynamic double emulsions as microlenses. Side-view illustrations of double emulsions with different
morphologies and corresponding propagation of light through the droplets. Depending on morphology, incident

light can be focused or diverged.

When the incident light hits the bended internal interface with its refractive index contrast, it is

refracted according to Snell's law: 7]

nq sinf; = n, sin 6, (7)

n; and n; are the refractive indices of the two media and 6: and 0, represent the incident angle and
refractive angle respectively. If light with the angle 0, hits the interface of the two media, it is reflected
under an angle 6, depending on the refractive index contrast n,/ni. If the angle of incidence is too
small, reflection occurs at the interface. This angle is called the critical angle of total internal reflection

or critical angle O..

Lauren et al. developed an optical readout mechanism based on the lensing effect of double emulsions
to monitor enzyme activity.3® Therefore, they used changes in the morphology of the complex

emulsions, driven by enzyme-responsive surfactants, to manipulate the transmission of light through
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a sample. The resulting changes in transmission in a monolayer of vertically oriented droplets caused
by variations in the morphology have been visible to the naked eye. They quantitatively described the
activity of a-amylase, lipase, and sulfatase in solution by using host-guest interactions and enzyme-
degradable surfactants and showed that the simplicity of the optical sensing method has significant

potential as a broadly deployable biosensing platform.
3.2.3.2 Directional Light Emission from Complex Emulsions

Besides incident light, which is influenced by variations in the droplet morphology, the droplet shape
also affects the distribution of light emitted from the inside of fluorescent dye containing complex
droplets. When an emissive dye is partitioned into the higher-index hydrocarbon phase of a HC/FC
biphasic droplet, the light emitted after the excitation of the dye can take different trajectories trough
the droplet phase.™3? If the light is emitted near the center, most of the light will be refracted through
the interfaces and exits the droplet in a coincident direction. If the light is emitted near the internal
interface of the complex droplet, total internal reflection (TIR) can occur depending on the curvature
of the internal interface and the angle at which the light hits the interface. Figure 16 shows different
possible trajectories of light being emitted from the HC phase of a two-phase droplet with a contact
angle 8 of less than 90° (yuc > Vec).

Fluorescent Dye TIR

Light refracted through Interface Light undergoes Total internal Reflection (TIR)

Figure 16. Illustration of 2D-ray diagrams of fluorescent light emitted in the high index HC phase of side-viewed
droplets. Most of the emitted light will be refracted through the droplet interfaces (left), however some of the
light emitted near the internal interface can undergo TIR (right). This light will most likely leave the droplet

through the HC/W interface.

As indicated in figure 16, the reflected light rays can leave the droplet at the three-phase junction,
resulting in emitting droplets exhibiting enhanced emission in vertical direction, in the opposite to the
gravitational direction, when their internal interface is bent downwards (6 < 90°). The angular emission
distribution of this effect and how the droplets’ emission changes with morphology was studied by
Nagelberg using raytracing simulations.'3® By performing a full angular emission distribution

simulation in 3D, she discovered that the vertical emission intensity (0° above the droplets) for gravity
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aligned emissive droplets with a contact angle of 8 = 27° is about 1.5-2 times higher than for perfect
Janus droplets with a contact angle of 6 = 90°. Droplets with a contact angle of 0° (HC/FC/W double
emulsions) still showed a 1.4 times enhanced emission in vertical direction compared to Janus droplets.
In addition, she found that the fluorescence properties of the multicomponent droplets depend on the
droplet orientation, refractive index contrast, and exposure to chemicals with fluorescence quenching
properties.!*3 Figure 17 illustrates the phenomenon of enhanced light emission in vertical direction

as a function of the droplet shape.
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Figure 17. lllustration of emissive complex droplets, adapted from Trinh et al. (left).[**® Janus droplets exhibit
dispersed fluorescent emission and low directed emission intensity. The curvature of the internal interface of
droplets with a contact angle of 8 < 90° facilitates total internal reflection and focuses the fluorescent emission.

Idealized emission intensity as a function of the droplet shape (right).

Several works have used the morphology-dependent changes in the emission intensity of emissive
complex droplets as a sensor readout mechanism to detect specific molecules or pathogens that cause
slight changes in the surfactant effectiveness of the involved surfactants and thus changes of the
droplet morphology.!**3116:140 |n gne study, researchers incorporated the fluorescent dye perylene to
HC-FC complex emulsion droplets and functionalized the droplets HC-interface with boronic acid
surfactants. They were able to detect the binding of poly- and monosaccharaides to boronic acid
surfactant by generating a curve of normalized emission intensity vs contact angle, analyte
concentration, and surfactant concentration and used these dynamic interface triggered morphology
changes to create a rapid and sensitive method for the detection of the sugar-binding food-borne

pathogen Salmonella enterica erovar Typhimurium.!**3!
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3.2.3.3 Structural Colors at Microscale Concave Interfaces

This chapter discusses the effect of structural colors observed near the three-phase contact line of
biphasic complex emulsion droplets that can occur under certain circumstances. Principally, many
different physical processes can generate color. Besides color pigments that produce color by
absorbing a certain part of the electromagnetic spectrum and reflecting the remaining wavelengths,
color can also be generated by light refraction.[*** 142l For example, color is created when white light is
refracted in a prism or by finely dispersed water droplets in the air, leading to the formation of
rainbows.'! Another phenomenon for color emergence that is often found in nature is light
interference caused by periodically arranged nanostructured surfaces.'™ ® Thus, structural colors are
considered to be among the most intense colors of all and are responsible for the iridescent colors of

butterflies and certain bird species.

It was first observed by Goodling et al. that a sample of monodisperse biphasic complex droplets show
a colored ring when the droplets are illuminated from above with collimated white light.!**¥ This color
varied with the viewing angle and the curvature of the droplet internal interface. However, this
phenomenon is not limited to biphasic complex emulsion droplets, but applies generally to microscale
concave interfaces.l'*! These colors occur due to interference of collimated light taking different
trajectories of total internal reflection along microscale concave interfaces. As the collimated light
travels along these different trajectories through the concave structure, it undergoes a phase shift that
depends on the number of bounces at the interface and the total distance traveled (Figure 18). The
phase shift caused by the propagation of light depends on the wavelength of the light, so that the
constructive interference differs for distinct wavelengths, resulting in color variations observed from
certain directions.¥ The color seen for a given viewing direction depends on a variety of parameters,
including the refractive contrast of the interface, the size of the concave interface and the opening

angle.139

Compared to other microscale concave interfaces, a benefit of biphasic complex droplets is that they
provide the unique ability to change the structural color through specific adjustments in droplet
morphology. While Janus droplets show bright iridescent colors, depending on the curvature of their
internal interface, fully encapsulated double emulsions do not reflect any color (Figure 18). This
coloration can be further controlled by the droplets’ size and thus the size of the internal interface, the

volume ratio of the droplet phases and the refractive index contrast between the phases.
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Figure 18. Schematic illustration of a concave geometry generating interference from TIR of incident light (left)
and morphology-dependent occurrence of structural colors in biphasic complex emulsions (right). When
collimated light hits a concave interface with a refractive index contrast it can undergo TIR. Different paths of TIR

have different optical path lengths leading to a phase shift that causes interference and structural color.

The mechanism of generating color through optical interference in liquid complex emulsion systems
has great promise for further exploration in color-based liquid displays or droplet sensors. However, it
should be noted that the coloration is highly dependent on the volume ratio of the individual oil
phases, the droplet size and on the curvature of the interface so that each morphology would need to

be calibrated before use in sensing applications.
3.3  Stimuli-responsive Complex Emulsions

Complex emulsion droplets have proven of interest for the development of a cost efficient and easy to
use sensing platform.® This chapter discusses how the droplets can be modified to respond to a wide
range of different stimuli, making them optimal transducers for physical or chemical changes in their

environment.

In the previous chapters, both the unique property of dynamic reconfigurability of biphasic complex
emulsions (chapter 3.2.1) and their special optical properties have been discussed (chapter 3.2.3). To
exploit these properties in a droplet-based sensing scheme, a common strategy is to use two different
surfactants in one emulsion system. An inert surfactant, which is necessary to maintain the overall
stability of the emulsion system and a stimuli-responsive surfactant that is designed to change its
surfactant effectiveness in response to a specific trigger. The alterations in the balance of interfacial
tensions caused in response to that trigger lead to a morphological reconfiguration of the droplets
accompanied by changes in the optical properties. The optical signals can then be evaluated using one
of the previous described readout methods. The dynamic and anisotropic character of the interfaces
of biphasic complex emulsions allows manipulation of the interfacial tensions by various stimuli, such

as light, pH, enzymes, chemical analytes, temperature and magnetic fields. Responsive surfactants are
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designed to respond irreversibly or reversibly to stimuli in situ, causing structural transformations that
lead to a change in their stabilizing ability.*®! For example, light-responsive surfactants such as
spiropyran or azobenzene-based surfactants can undergo a reversible cis-trans isomerization
depending on the wavelength of the incident light. One of the most common azobenzene-based
surfactants, which was first mentioned by Shinkal et al. in 1982, is the cationic surfactant 4-butyl-4’-
(3-trimethylammoniumpropoxy)phenylazobenzene (AzoTAB).*”! The thermodynamically more stable
trans-isomer can be transformed into the bent cis-form by UV-light irradiation (A = 365 nm), which is
less effective in stabilizing O/W interfaces (Figure 19). In consequence, Janus droplets stabilized with
this surfactant in combination with an FC surfactant undergo a morphological reconfiguration. The
isomerization and thus the morphological transformation is reversible by irradiation with blue light
(A =470 nm). In a recent study, Jia et al. used light-responsive surfactants with azobenzene moieties
to visualize the altered stabilization properties due to the changed droplet morphology in a two-phase
hydrocarbon-fluorocarbon emulsion system. They used the complex structure of the emulsions to
form an on-off switch, changing the droplet morphology between an FC/HC/W double emulsion over
a Janus configuration to an entirely inverted HC/FC/W double emulsion to turn the evaporation of a

volatile phase on and off.[148]
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Figure 19. Chemical structures of different stimuli-responsive surfactants. From top to bottom: Light-responsive
surfactant AzoTAB, pH-responsive surfactant N-dodecylpropane-1,3-diamine and CO;-responsive N’-Alkyl-N,N-
dimethylacetamidine that can be converted into N’-hexadecyl-N,N-dimethylacetamidinium bicarbonate in an

atmosphere of carbon dioxide.[®* 146 1491
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Similarly, reversible manipulation of the Janus morphology can be obtained with pH-responsive
surfactants. The presence of protic molecular scaffolds allows the protonation and deprotonation of
the surfactant species, adjusting the charge and the hydrophilic-lipophilic balance. For example, the
pH-responsive surfactant N-dodecylpropane-1,3-diamine can be switched between its deprotonated
and less effective protonated form by increasing or decreasing the pH value of the continuous aqueous
phase above or below the surfactant’s pK, value of 4.7 (Figure 19).[*°% Surfactants, which react to the
pH value, can also be irreversibly changed when for example acid or base- catalyzed chemical reactions

cleave certain parts of the surfactant.!*>!

A different variation of pH control is offered by CO,-responsive surfactants. When long-chain alkyl
amidine compounds such as N’-alkyl-N,N-dimethylacetamidine are exposed to an atmosphere of CO,,
they can be transformed into charged amidinium bicarbonates (Figure 19).%°? The reaction is
reversible by bubbling gas such as nitrogen, argon or air through the surfactant solution at elevated
temperatures, releasing carbon dioxide. These surfactants can also be used to stabilize O/W emulsions

as well as Styrene-in-water emulsions and to function as switchable demulsifiers.[4°!
3.4 Molecular Logic Gates and Combinational Logic Circuits

In our modern world, computers are part of almost everything we use in our daily life. Cars,
smartphones, electric toothbrushes or even refrigerators all contain small computers in the form of
embedded microchips. The reason for the rise of computer technology can be explained by the
development of the transistor, which is the smallest component in computing devices. These
numerous transistors (nowadays several billion transistors per chip), also known as logic gates, are
densely wired together to perform logical operations. In 1965, around 11 years after the introduction
of the transistor, Gordon Moore predicted that the transistor density would double every 18-24
months.*>3 This prediction, which is known as Moore's Law, has been valid to this day for more than

50 years.[*>

Logic gates perform logical operations in a specific input-output signal pattern, according to the rules
of Boolean algebra. Boolean algebra is a logic-based mathematical system with its own rules or laws
used to define and reduce Boolean expressions.[*>* The variables used in Boolean algebra have only
one of two possible values, a logical "0" and a logical "1". However, an expression can have an infinite
number of variables, all individually labeled to represent inputs to the expression, e.g. variables A, B,
C, etc., giving us a logical expression A + B = C, but each variable can only be a 0 or 1.1'® This

mathematical convention is necessary because in electronics, a voltage is either above a threshold
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voltage and passed through a circuit or not. The binary state, where a signal either can be on (1) or off

(0), is the basic property of every single computer.[*>”

The specific signal pattern, which all logic gates possess, are listed in a so-called truth table containing
all possible combinations of input-output states. There are three basic types of logic gates: the “NOT”-
gate, the “AND”-gate and the “OR”-gate.[*®) The “NOT” gate converts the input signal 1 to the output
signal 0 and vice versa. Due to the inverse relationship between the input and output values, the “NOT”
gate is often referred to as an inverter. Another very simple logic gate with only one output is the “YES”
gate. The output of a logic “YES” gate reproduces the state of the input without any change. An input
signal of 0 leads to an output signal of 0 and an input signal of 1 results analogously in an output signal
of 1. Every more advanced logic gates, which obey different truth tables, can be seen as combinational
circuits of the three basic logic gates and can be obtained by combining “NOT”, “AND” and “OR”
gates.'®) Combinational circuits are networks of logic gates that implement a Boolean logic function
and whose output signals are determined solely by their current input values. Figure 20 shows the

symbols for these three logical gates and their corresponding truth tables:

“NOT“-Gate “AND"-Gate “OR“-Gate
in—>o0—out i —our ) >—out
In  Out In, In, Out In, In, Out
0 1 0 O 0 0O 0 O
1 0 0 1 0 0 1 1
1 0 0 1 0 1
1 1 1 1 1 1

Figure 20. Symbols and truth tables of the NOT, AND and OR logic gates.

Even though Moore's Law has been proven to be valid for a very long time, it is only a matter of time
before the ever-smaller lithographically generated silicon-based microchips encounter physical
limitations. An alternative concept to today's top-down approach is the idea of using molecular logic
gates to perform logic operations and mimic the transistors and circuits in computers. De Silva et al.
first presented a molecular logic gate, based on fluorescent signaling in 1993, which laid the
groundwork for the emergence of molecule-based logic gates.*>® For this purpose, she functionalized
a 9,10-disubstituted anthracene derivative with two fluorescence quenching groups, an alkylamino
functionality and a benzocrown ether moiety (Figure 21). Substituted anthracene derivatives are
known for their fluorescent properties and the two quenching groups are both independently capable

of quenching the emission by an excited state electron transfer.'> 19 While the photoinduced
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electron transfer (PET) in the alkylamino group can be inhibited by the addition of protons (H*), the
crown ether moiety requires the addition of sodium ions (Na*). This was interpreted as a molecular
AND logic gate meaning that in order to see the full fluorescence emission (output) of the molecule
both input 1 (Na* ions) and input 2 (H* ions) must be added.™® If only one of the chemicals is added,
no fluorescence is observed. Figure 21 shows the chemical structure of the molecular AND gate

designed by De Silva et al. and the corresponding truth table:

“AND"“-Gate

[ o Inl:I:)—Out
0 In2
0 x In, In, Out
(e N H* Na  Fluorescence Em.
908 ; 0o o
CN

1 0
0 0
1 1

+

H

Figure 21. The first example of a molecular AND logic gate designed by De Silva et al. (left) and its corresponding
truth table (right). Only if both inputs, H" and Na* ions, are added, the fluorescence emission of the dye is

overserved.

While silicon-based logic gates are limited to a single type of input, which is voltage, molecular logic
gates have the advantage that they can respond to different changes of their environment such as
light, pH, temperature or the presence of chemical analytes. This multiple way of information
processing is the same as that used in biological systems. Within cells as well as between cells,
information is exchanged from place to place by the use of messenger molecules. This process relies
heavily on Brownian motion, which is remarkably fast at the scale of a cell.'®¥ Enzymatic regulations
are working with selective supramolecular recognition and information in the transmission of nerve
impulses in neurons is transmitted by the movement of ions through membranes.™3 Essentially, nature
uses a variety of interconnected logic gates that control biological processes. These biological
processes are connected by various chemical, electrochemical and supramolecular

reactions/interactions with information processing and complex feedback loops taking place.[*%%

Nevertheless, there are some fundamental differences between silicon-based and biological
information processing. In the case of electronic computers, a clear distinction can be made between
the physical hardware and the intangible software. While the hardware in computers is useless without
the control of the software, the software is equally useless without a physical entity that can execute

the commands. In biological systems, chemical structures and macromolecules such as
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deoxyribonucleic acid (DNA) or proteins embody both software and hardware. While DNA serves as an
information carrier in the cell and can be considered as software, in contrast, proteins, which act as

machines in the cell, perform the functions of the organism without the constant interaction with DNA.

To approach the goal of "molecular computers" that use information processing at the molecular level,
stimuli-responsive surfactants were attached to complex droplets in this work to create droplet-based
logic gates and combinational logic circuits. Droplet-based logic gates allow the combination of
different responsive surfactants in the same emulsion, creating systems that can process multiple

physical and chemical stimuli simultaneously, as do biological systems (see chapter 4.4).
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4.1 Chemical Design and Shape-control of Complex Emulsions

4.1.1 Introduction

Nature's ability to precisely control the shape and functionality of material structures in a range of
biological systems is inspiring to pursuit for similar control in synthetic materials. For example, pine
cones can autonomously alter their shape without cellular control in response to changes in water
content of their environment.[**3 This shape change, in which bending and twisting valves release the
seeds, occurs through the combination of microstructural building blocks with different intrinsic
properties and length scales. While many artificial shape-changing materials are based on inorganic or
polymeric materials, multiphase microscale emulsion droplets offer potential as inexpensive and
widely applicable alternative biomimetic active material that can controllably alter their shape in
response to external stimulation.[*** As already mentioned in chapter 3.2.1, a multitude of different
droplet shapes can be observed in two-phase complex emulsions, depending on the underlying
balance of interfacial tensions. In particular, dumbbell- or snowman-shaped droplets have been
reported previously, but their controlled generation and reversible manipulation has not been
investigated in detail.[11% 132,165 166] |5 this section the chemical design, hence the controlled generation
of non-spherical anisotropic complex emulsions, the influence of additives to tune the UCST of the
participating oils during droplet fabrication and the stimuli-responsive shape-changing behavior of

those soft materials were scrutinized.
4.1.2 Equilibrium of Interfacial Tensions

Complex droplets generated from immiscible liquid combinations with a UCST close to room
temperature assume a nearly spherical shape. For example, the oils n-hexane and
perfluorohexane (PFH) have a T. of 23 °C and form almost perfect spherical emulsion droplets. Since
the droplet shape of the complex emulsions is an expression of the force equilibrium between the
three interfacial tensions, their ratio to each other is of central importance. When yuc/rc increases in
relation to yuc and yec, the droplets try to minimize the HC/FC interface and adopt a snowman-like

shape (Figure 23).5U

The deviation from the spherical shape can also be visualized by considering the Neumann's

constructions between two biphasic droplets with different internal interfacial tension values:
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Figure 23. Neumann constructions of two biphasic droplets with different internal interfacial tensions. An

increase of yuc/rc leads to a reduction of the external contact angle 0o, resulting in a non-spherical snowman-like

droplet shape.

Consequently, an increase of yuc/rc via variation of the solvent mixture lead to a deviation of the
spherical droplet shape. The increase in yuc/rc is accompanied by an increase of the critical solution
temperature T.. This can be exemplified by considering binary mixtures of n-alkanes and
perflurorohexane. Table 1 shows UCST measurements of the homologous series of n-alkanes with

perfluorohexane and their corresponding interfacial tension values taken from the literature.

Table 1. UCST measurements and Interfacial tension values of binary n-alkane/perfluorohexane (PFH) mixtures.

Interfacial tension y [mNm™]

Solvent mixture Tc[°C] (measured) (Literature values at 25°C)
Hexane / PFH 23.0 0.4*[167]
Heptane / PFH 43.5 0.6**[168]
Octane / PFH 64.2 _

Nonane / PFH 83.5 _
Decane / PFH — (Evaporation of PFH) 3.1+ 0.6%68

*predicted from a model for capillary fluctuations at an interface fitted to X-ray reflectivity measurements.

**calculated

As can be seen in Table 1, the interfacial tension between PFH and the hydrocarbon oils increases as a

function of the hydrocarbon chain length. Even though no interfacial tension values between PFH and
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octane or nonane can be found in the literature, it can be assumed that the interfacial tension increases
continuously along the homologous series of the n-alkanes. In addition, the data in Table 1 shows that
the UCST correlates with the interfacial tension, which can also be confirmed by comparing the droplet
shape of two emulsion samples with different hydrocarbon oils prepared in the same surfactant
solution. While Janus droplets of hexane and PFH prepared in a aqueous solution of 0.5 wt.% SDS and
1.5 wt.% Zonyl assume a spherical shape, the droplets of octane and PFH in the same surfactant

solution are slightly elongated in the vertical direction (Figure 22).

o

50 um

Figure 22. Side-view micrographs of hexane- (left) and octane-perfluorohexane Janus droplets (right) prepared
in a surfactant solution containing 0.5 wt.% SDS and 1.5 wt.% Zonyl. The higher interfacial tension between

octane and PFH leads to a slight elongation of the droplets in vertical direction.

With an increase of the internal interfacial tension yuc/rc the outer contact angle 8o will be reduced,
which leads to a partial separation of the droplet phases in the direction of a snowman-like shape. The
smaller the contact angle 6o, the greater the deviation from the ideal spherical droplet shape.
Therefore, the external contact angle 8o can be used as a measure for the pronunciation of this
deviation and serves as an expression of the ratio between the external interfacial tensions yuc and yec
against the internal interfacial tension yuc/rc. In the following chapter, several targeted modifications

to the emulsion system are discussed to tune the droplet shape.

4.1.3 Tunability of the Droplet Shape

4.1.3.1 Variation of the Droplet Phase Composition

To investigate the influence of the liquid composition on droplet shape, emulsion droplets were
generated containing diethylbenzene (DEB) and HFE-7500 in a 1:1 ratio and used as a reference.
Droplets were fabricated via a temperature-induced phase separation approach. The UCST for this
liguid combination was measured at T, = 46 °C. By heating the liquid mixture in a 1:1 ratio above the
UCST followed by an emulsification in an aqueous surfactant solution containing 0.5 wt.% SDS and
1.5 wt.% Zonyl, spherical complex emulsion droplets were obtained. By proportionally replacing the
fluorocarbon HFE-7500 with another fluorocarbon, FC-43, which has a higher UCST towards

DEB (T. =168 °C), a linear increase in UCST of the solvent mixture was observed with increasing
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percentage of FC-43 in the fluorocarbon phase. The strictly linear increase in UCST with proportional
replacement of the fluorocarbon phase by FC-43 was confirmed by additional T measurements in

other liquid mixtures (Figure 24).
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Figure 24. Critical solution temperature of n-decane/HFE-7500 and n-heptane/perfluorodecalin mixtures with

increasing fraction of FC-43 in the fluorocarbon phase. The mixing temperature is following a strictly linear trend.

Emulsification of the modified liquid combinations in a surfactant solution containing 0.5 wt.% SDS and

1.5 wt.% Zonyl resulted in complex emulsion droplets that were elongated in vertical direction

=livilv]

- and UCST

Figure 25. Influence of FC-43 content in the fluorocarbon phase of DEB/HFE-7500 Janus emulsions on the droplet

(Figure 25).

increasing Y,

shape. The higher the percentage of FC-43 in the fluorocarbon phase, the more pronounced the snowman shape.

The snowman-like droplet shape was more pronounced the greater the percentage of FC-43 in the
fluorocarbon phase or the higher the mixing temperature T, was. Contact angle measurements from

the outer contact angle 6, revealed a linear decrease of the angle with increasing mixture temperature
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(Figure 26 left). Accompanying interfacial tension measurements via pendant drop tensiometry also
showed a linear correlation between the interfacial tension and the volume percentage of FC-43 in the

liguid mixture (Figure 26 right).
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Figure 26. Influence of FC-43 content in the fluorocarbon phase of DEB/HFE-7500 Janus emulsions on the droplet
shape. The higher the percentage of FC-43 in the fluorocarbon phase the higher the mixing temperature Tc (left)

and the higher the interfacial tension between the droplet phases (right).

The adjustability and control of the droplet shape by specific variations in droplet phase composition
was not limited to the DEB/HFE-7500 system and could also be applied to other liquid combinations

such as n-decane/MPFB or n-heptane/PFH (Figure 27 left).
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Figure 27. Influence of FC-43 content in the fluorocarbon phase of different oil combinations (left) and effect of
MPFB and n-hexane content in the HC or FC phase on the UCST (right). The proportional replacement of DEB by
n-hexane or of HFE-7500 by MPFB, reduces the UCST of the oil mixture.

These liquid combinations also showed a linear increase in UCST, yet with a different slope, the greater

the proportion of FC-43 in the fluorocarbon phase was. Proportional replacement of HFE-7500 by the
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fluorocarbon methoxyperfluorobutane (MPFB), which has a lower UCST towards DEB (T. =-23 °C) than
HFE-7500, lead to the contrary effect. The UCST of the oil mixture was lowered with increasing fraction
of MPFB in the fluorocarbon phase (Figure 27 right). However, the change in UCST is not limited to the
modification of the fluorocarbon phase, but can also be realized by varying the composition of the
hydrocarbon phase. Analogous to the replacement of HFE-7500 with MPFB, the UCST liquid mixture
can be gradually lowered by the proportional replacement of DEB by several hydrocarbons that have
a lower UCST towards HFE-7500, such as n-hexane (Figure 27 right). As a result, emulsion droplets

assume an increasingly spherical shape with decreasing UCST.

The UCST, and thus the drop shape, can be selectively modified and adjusted by changing the droplet
phase composition. However, if one is dependent on unifluid and pure droplet phases, this method of
tuning is not suitable. In addition, the relatively high mixing temperatures, which are necessary to
generate snowman-like droplets are impractical for emulsion generation, as evaporation of the
constituent oils is favored and can lead to uneven droplet phases. Further, heating the surfactant
solution during the thermal phase separation approach to temperatures near the boiling point of water

can also lead to evaporation of the continuous phase, which changes the surfactant concentration.

4.1.3.2 Additives to Solvent Combinations

To overcome the aforementioned droplet generation issues with the thermal phase separation
approach, the preparation technique was combined with the solvent evaporation method described
in chapter 3.2.2. In this approach, a basic distinction between two types of additives can be made:
additives that remain in the system after addition or proportional replacement (e.g. FC-43, MPFB, n-
hexane,...) and additives that only temporarily influence the properties of the mixture and leave the
system again due to their volatility (e.g. methanol, dichloromethane (DCM) or diethyl ether). These co-
solvents can form a homogenous single-phase system with the droplet phases at reduced
temperature. Using a volatile compound as a co-solvent, the homogeneous solution gradually
separates into two phases with progressive evaporation of the additive. This evaporation-driven
process takes time, because the co-solvent molecules must first dissolve in the aqueous continuous

phase before diffusing into the atmosphere.

With the addition of volatile co-solvents in a ratio of 1:1:1 (HC/FC/Co-solvent), droplets consisting of
DEB and HFE-7500 could be generated in 0.5 wt.% SDS and 1.5 wt.% Zonyl with the same overall
morphology but at significant lower temperatures. For example, droplets prepared with a 10 vol%

fraction of FC-43 in the fluorocarbon phase (T. = 67 °C) exhibited a contact angle of 8, = 152.8 £ 2.4°
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(Figure 26 left). Droplets with the same shape could be generated at lower temperatures by adding

volatile co-solvents such as methanol (T, = 65.5 °C), DCM (T. = 55.5 °C) or diethyl ether (T. =35 °C)

(Figure 28).
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Figure 28. Effect of volatile co-solvent addition on the UCST of DEB/HFE-7500 oil mixtures. Volatile co-solvents
can significantly decrease the Tc during emulsification, while maintaining the original droplet shape after full

evaporation.

Methanol, which is not miscible with either the hydrocarbon or fluorocarbon phase due to its high
polarity, showed the least effect on lowering the UCST. Diethyl ether, on the other hand, decreased
the UCST of the two immiscible liquids so drastically that a homogeneous single-phase system was
already present at room temperature. This can be attributed to the fact that diethyl ether exhibits
good miscibility with both DEB and HFE-7500. However, the complex emulsion droplets produced by
the addition of diethyl ether deviated toward a less pronounced snowman shape compared to the
reference sample without volatile additives. Even after allowing the samples to rest overnight, the
difference remained, indicating that diethyl ether does not completely evaporate from the system due
to its good miscibility with both liquids. By adding dichloromethane (DCM), droplets containing 10 vol%
of FC-43 could be generated already at a mixing temperature of Tc = 55.5 °C and exhibited the same
droplet shape as the droplets generated without the addition of DCM after complete evaporation of
the co-solvent. DCM thus showed the best overall properties to temporarily lower the UCST of the
system. As with the variation of the droplet phase composition, the tunability of the mixing
temperature with the addition of volatile co-solvents is not limited to the DEB/HFE-7500 system but
can also be applied to other liquid combinations, although the compatibility and UCST-reducing ability

of the co-solvents differs depending on the HC/FC oil combination (Figure 29).
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Figure 29. Effect of volatile co-solvent addition on the UCST of n-decane/MPFB (left) and
n-heptane/perfluorodecalin (right) oil mixtures. Volatile co-solvents can significantly decrease the Tc during
emulsification, while maintaining the original droplet shape after full evaporation. The addition of methanol to
the n-decane/MPFB resulted in a slightly higher UCST, whereas the addition of methanol to the
n-heptane/perfluorodecalin increased the UCST above the boiling point of methanol (65 °C). The increase in UCST
after the addition of DCM shows that the compatibility and effect of co-solvents is individual and depends on the

oil combination.

To investigate if the UCST alone is crucial for the shape of complex emulsion droplets, the droplet
shapes of three emulsions with different oil combinations were compared. For this purpose, the
emulsions were produced in the same aqueous surfactant solution (1.0 wt% SDS + 4.0 wt% Zonyl) and
adjusted to the same mixing temperature (T. = 63 °C) by proportional addition of FC-43 to the FC phase.
Two of the emulsions were prepared using the DEB/HFE-7500 liquid combination. The first emulsion
was adjusted to a UCST of 63 °C with 7.98 vol% of FC-43 in the fluorocarbon phase, whereas the other
emulsion contained 15.0 vol% of FC-43 and was brought to a mixing temperature of T. = 63 °C by the
addition of DCM in a ratio of 1:1:1 (HC/FC/DCM). After complete evaporation of DCM, the latter
exhibited a much more pronounced snowman shape with an external contact angle of 6o = 140.4 + 2.5°
compared to 8 = 153.7 + 3.2° (Figure 30). This can be explained by the significantly higher fraction of
FC-43 in the droplets’ fluorocarbon phase. Thus, UCST was only temporarily lowered by the addition
of DCM. Droplets generated from a mixture of n-decane/MPFB with 30.85vol% FC-43 in the
fluorocarbon phase exhibited a contact angle of 6o = 144.8 £ 2.8° despite the same UCST of 63 °C,
demonstrating that the UCST of the particular liquid combination is not the only important factor
determining the resulting shape of the emulsion droplets (Figure 30). Exemplary droplet side-view

micrographs of the three different emulsions are shown in figure 30.
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Figure 30. Side-view micrographs of Janus droplets prepared in 1.0 wt.% SDS and 4.0 wt.% Zonyl. DEB/HFE-7500

droplets with 7.98 vol% (left) and 15.0 vol% (middle) of FC-43 in the fluorocarbon phase and n-decane/MPFB
with 30.85 vol% FC-43 (right). The droplets have a different shape, although they have the same UCST of 63 °C.

The UCST correlates with the interfacial tension yuc/ec between the two immiscible liquids (Table 1 and
Figure 26). However, the droplet shape remains an expression of all three underlying interfacial
tensions, as mentioned above. Therefore, the chemical nature of the oils used is equally crucial, as it

determines the interaction with the surfactants at the water-interface and thus the value for yuc and

Yrc.

4.1.3.3 Tuning the Droplet Shape via Variation of the Interfacial Tension

Balance

To further investigate the influence of the external interfacial tensions ync and yec on the overall
complex droplets’ external shape, the liquid combination 1-bromohexane/perfluorodecalin was
studied. The difference of this liquid combination compared to the previously studied systems is that
the interfacial tension between the oils, which was measured to be at yuc/rc = 5.28 + 0.18 mNm™ is not
negligibly small. Complex emulsions were prepared in aqueous surfactant solutions with six different
concentrations of SDS and Zonyl. Additionally, interfacial tension measurements were conducted via
pendant drop tensiometry to determine the interfacial tensions of the oils with respect to the different
surfactant solutions. The corresponding surfactant concentrations were adjusted so that the two
external interfacial tensions, yuc and yec, were as equal as possible to obtain perfect Janus droplets that
only differ in their ratio between yuc and yec versus yuc/rc. To express the external interfacial tensions
(vnec and yec) in one value (yexternal), the average of the two interfacial tensions between 1-bromohexane
and the surfactant solution (ync) and between perfluorodecalin and the surfactant solution (yec) was
taken. The different surfactant concentrations and the respective external interfacial values Vexternal Of

the six samples are listed in Table 2:
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Table 2. Surfactant concentration and external interfacial tension values of six 1-bromohexane/perfluorodecalin

emulsion samples.

Sample . . External interfacial tension

No. SDS concentration [wt.%]  Zonyl concentration [wt.%] Vesterna

1 0.01 0.005 20.62 £0.42

2 0.02 0.01 17.68 £0.29

3 0.03 0.025 14.73 £+0.39

4 0.05 0.05 10.42 £0.35

5 0.1 0.1 8.87£0.42

6 1.0 4.0 4.75 £ 0.47

The obtained Janus droplets differed greatly in their contact angle 6o, although the droplet

composition remained constant for all samples (Figure 31).

180

Contact Angle (6),) /°
I
) 'S n o ~
(@] (=] (=] o o

120 T T T T T T T
5 10 15 20 25

External interfacial tension / mNm™

Figure 31. Outer contact angle 6o against the average external interfacial tension Vexterna oOf
1-bromohexane/perfluorodecalin emulsion droplets with different surfactant concentrations. The graphs shows

a perfectly linear correlation between the droplet shape (6o) and the external interfacial tension yexternal.

The lower the applied surfactant concentration of the aqueous continuous phase was and
consequently the higher external interfacial tension yexternal Was, the larger was the contact angle 6.
Vice versa, the lower Vexterna, the lower was the contact angle 6o and thus the deviation from the
spherical drop shape (Figure 31). At high surfactant concentrations in sample 6 (1.0 wt.% SDS +
4.0 wt.% Zonyl), the measured external interfacial tension was lower than the internal interfacial
tension between the two oils (4.75 £ 0.17 mNm™ vs. 5.28 + 0.18 mNm™). In consequence, the two oils

formed two separate droplet phases, since there is no thermodynamic energetic incentive to form a
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conjunct droplet. Consequently, the overall shape of the Janus emulsions can be influenced purely by
altering the external interfacial tensions, since ultimately the ratio between yuc and yec versus yucyec is

crucial.

4.1.4 Reversible Shape-changing Behavior of Stimuli-responsive

Snowman Droplets

Based on the results of the targeted droplet shape modification, it was investigated whether the outer
shape of the droplets can also be changed in situ. To change the droplet shape without actively
changing the emulsion composition or the surfactant concentration of the continuous phase, a stimuli-
responsive surfactant is required. Some stimuli-responsive surfactants that respond to external
triggers are able to change the balance of interfacial tensions without persistently affecting the
emulsion media. For this purpose, the photo-responsive surfactant 4-butyl-4’-(3-trimethyl-
ammoniumpropoxy)phenyl-azobenzene (AzoTAB) was synthesized, which was already discussed in
chapter 3.3 (for synthesis see chapter 10.3.1). AzoTAB, which preferably assembles at the HC/W
interface of biphasic HC/FC complex emulsion droplets, can reversibly alter its surfactant effectiveness
depending on the wavelength of the incident light. To realize a shape-changing droplet system,
complex emulsion droplets were generated from n-decane and MPFB with 30 Vol% FC-43 in the FC
phase (Tc=62.5°C) in a HC/FC ratio of 1:1. The droplets were emulsified in a surfactant solution
containing 0.05 wt.% AzoTAB, 0.005 wt.% SDS and 0.1 wt.% Zonyl. SDS was added to improve the
droplets’ stabilization of the droplets. The obtained droplets exhibited a morphology with a dominant
HC/W interface (yuc < Yrc). Applying an external focused light beam, which was guided through a
bifurcated fiber and focused on the vertical alignhed sample, allowed to photo-switch the
thermodynamically more stable trans-isomers locally into the cis-form via UV-light irradiation
(A =365 nm). The light-triggered isomerization lead to a spherical to snowman-shaped transition of
the emulsion droplets. With the application of blue light (A = 470 nm) the isomerization and thus the

change in droplet topology was reversible (Figure 32).

UV (A=365 nm)

4
Blue (A=470 nm)

Figure 32. Light-triggered change in droplet topology of n-decane/MPFB complex droplets with 30 Vol% of FC-43

75 pm

in the FC phase by alternating irradiation with UV- (A = 365 nm) and blue light (A =470 nm).
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To ensure permanent background illumination during the experiment without affecting the sample, it
was constantly illuminated with green light (A = 530 nm). The isomerization is accompanied by a local
change in the hydrophobicity of the surfactant, resulting in a decrease in its surfactant effectiveness

and consequently to an increase in yuc.

The shape changing behavior or the emulsion system can be explained as follows: With the triggered
increase of yuc, the ratio of the external interfacial tensions yuc and yec to the internal interfacial tension
Vuc/rc increases, which is reflected in the spherical to snowman-like shape transition of the droplets.
With a relatively high content of FC-43 (30 %) in the FC phase and a T, of 62.5 °C, the selected droplet
composition ensures a sufficiently high internal interfacial tension yuc/ec for the occurrence of non-
spherical droplets. Further, the initial surfactant concentration was intentionally chosen to be low in
order to have a good ratio between external and internal interfacial tensions and to induce a large

interfacial tension difference by applying the light trigger.
4.1.4.1 Jellyfish-inspired Motion of Stimuli-responsive Janus Emulsions

In the previously described shape-changing experiments, some degree of droplet motion was observed
during the switch of the irradiated wavelength between UV- and blue light. To investigate whether the
motion of the droplets due to the rapid change between spherical and elongated snowman shape
exhibits a directionality, the volumes of the droplet phases were adjusted to match the density of the
continuous phase. Therefore, the density of the FC phase modified with 30 Vol% of FC-43 was

calculated first:
p(FC) = 0.3 - p(FC-43) + 0.7 - p(MPFB)
=>p(FC)=0.3-1.86g/mL+0.7-1.52 g/mL
<=>p(FC) =1.622 g/mL
Then the droplet phase volumes were calculated:
f(HC) - p(HC) + f(FC) - p(FC) = p(H.0)
=>x* p(n-decane) + (1 - x) - p(FC) = p(H;0)
=>x-0.730 g/mL + (1—x) - 1.622 g/mL =0.997 g/mL

<=>x=f(HC) =0.701
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<=>1-x = f(FC) = 0.299

Alternating irradiation of the density matched and vertical aligned complex emulsion droplets with UV-
and blue light lead to a “jellyfish-like” movement of the droplets comprised of 71.1 Vol% HC phase and
29.9 Vol% FC phase. The switching shape variations between spherical and snowman droplet shapes
lead to a buoyancy of the emulsion droplets through the continuous aqueous phase. The externally
triggered vertical movement of the floating droplets is caused by their rapid expansion, which is

accompanied by a directional displacement of the continuous phase (Figure 33).
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Figure 33. Jellyfish-inspired movement of complex emulsions through photo-induced isomerization of AzoTAB.
The rapid elongation of the droplets caused by the bulging FC phase displaces the continuous phase, leading to
buoyancy of the droplets in the vertical direction. The micrographs show the time-dependent movement of the

droplets through the continuous medium with a buoyancy speed of = 8.3 um/s.

Due to the alternating inward and outward bulging FC phase, the droplets reached a buoyancy velocity
of = 8.3 um/s. The stimuli-responsive shape-changing behavior and directional movement of the soft
colloids demonstrates the close entanglement of internal structure and functionality and offers

potential for the development of biomimetic active materials and reconfigurable soft robotics.*%”

4.1.5 Conclusion

Different variations of droplet composition and the targeted design of non-spherical anisotropic

complex emulsions by combining the thermal phase separation approach and the solvent evaporation
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method were discussed. In addition, the influence of additives and co-solvents on the UCST of the
participating oils was studied in detail. It was found that the droplets’ external shape can be adjusted
by various modifications to the emulsion system. By changing the droplet phase composition, the UCST
can be tuned which correlates with the degree of the snowman shape. However, if pure droplet phases
are required, volatile co-solvents can be used that temporarily reduce the UCST of the oil mixture but
leave the system over time through evaporation. Closer examination has revealed that it is not solely
the UCST that determines the shape, but that the droplet shape is an expression of all three underlying
interfacial tensions. Therefore, the chemical nature of the solvents is equally crucial as it determines
the interaction with the surfactants at the droplet-water interface and thus the values for yuc and yec.
Additionally, it was shown that overall shape of the Janus emulsions can be influenced purely by
altering the external interfacial tensions, since fundamentally the ratio between yuc and yec versus

Vre/rc determines the droplet shape.

Experiments with the stimuli-responsive photo-surfactant AzoTAB revealed a shape-changing behavior
of the soft colloids, which was dependent on the wavelength of the incident light. The photo-triggered
contraction and expansion of the complex emulsion droplets was exploited in a jellyfish-inspired
movement scheme. By fast changing the incident light between UV- (365 nm) and blue light (470 nm)
the emulsion droplets experienced a buoyancy speed of = 8.3 um/s. These results offer high potential
for a broad variety of biological inspired active material architectures and shape-changing soft

robotics.

4.2 Quantitative in situ Determination of Surfactant
Effectiveness using Reconfigurable Janus Emulsions

4.2.1 Introduction

Characterization of surfactants and extraction of their key parameters including their CMC as well as
their effectiveness to lower the surface tension at interfaces, which evaluates their performance in a
wide range of emulsion technologies, e.g. cleaning, manufacturing, oil recovery and other processes,
requires accurate determination methods that work in a practical interfacial tension regime.*70-173]
However, conventional methods for the determination of interfacial tensions such as force
tensiometers are either most accurate for fluid interfaces with high interfacial tensions
(v =40-60 mNm™), or they are specifically designed for the quantification of ultralow interfacial

tensions (y < 1 mNm™), like for instance the spinning drop method.® Additionally, most conventional

techniques are typically associated with one or more of the following drawbacks: the need for
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expensive and/or complicated equipment, requirement of additional computational add-ons and
software, incapability to produce a real-time signal that prevents an in situ analysis of surfactant
systems, involvement of tedious synthesis e.g. of chemical (fluorescent) probes, time- and/or sample-
consuming procedure that requires a series of surfactant solutions with different concentrations,

which must be prepared and measured individually.!*4177]

This chapter is focused on the unique chemical-morphological coupling inside biphasic O/W Janus
emulsions. The droplet morphology is a function of the underlying interfacial tensions.®> %! Therefore,
the correlation between the measured contact angle of the droplets and the interfacial tensions at the
two droplet interfaces should be deciphered. The response of conventional O/W emulsions to changes
in surfactant effectiveness and thus to changes in interfacial tensions results only in qualitative
changes, e.g. changes in droplet size or stability.!4% 178 1791 |n this context, a liquid-liquid transduction
scheme based on reconfigurable complex emulsions is appealing as it allows the investigation of
surfactants in their designated environment. In situ observations should be performed using a simple,
customized side-view imaging setup to study the dynamic morphological changes of Janus emulsions
in response to variations in surfactant type, concentration and ratio. With the aim of extracting actual
interfacial tension values from droplet observations, a new method for the characterization of

surfactants should be developed, that works in a convenient interfacial tension regime.

4.2.2 Janus Emulsions as Transducers

As already described in chapter 3.2.1, Janus emulsion droplets comprised of two dispersed fluids, have
the intrinsic advantage that interfacial tension variations transduce into a change in the droplets’
internal shape whereas the overall emulsion stability remains intact. For the case of working
temperatures close to the critical temperature of the internal fluids, the overall droplet shape is nearly
spherical. Cooling below T. yields structured Janus emulsion droplets with highly uniform composition
and morphology. After emulsification the droplet geometries can controllably altered by triggering
changes in the surfactant effectiveness as the internal droplet morphology of Janus emulsions is
exclusively controlled by a balance of interfacial tensions. These variations in droplet morphology,
reflected in an either concave or convex shaped internal interface, can be readily observed and

monitored by a horizontal imaging setup.!*8%

To transform this unique chemical-morphological coupling inside biphasic Janus emulsions into a
method that allows for an in situ determination of interfacial tensions, the morphological

reconfiguration of heptane/perfluorodecalin Janus emulsions were measured for different fractions of
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0.1 wt.% SDS (fsps), where the other fraction was 0.1 wt.% Zonyl. Parallel interfacial tension
measurements at the interfaces of heptane-water (yuc) and perfluorodecalin-water (yc) in the same
variety of surfactant concentrations and ratios using the pendant-drop method (Figure 34) revealed
the coincidence of the droplet morphology with the difference in interfacial tensions AIFT = yec - Yuc

(Figure 35 left).[280]
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Figure 34. Interfacial tension of the perfluorodecalin-water- and the n-heptane-water interface as a function of
the fraction of 0.1 wt.% SDS, fsps, where the other fraction is 0.1 wt.% Zonyl FS-300. At the crossing point of the
two interfacial tensions (yuc = yrc) the droplets assume a perfect Janus shape. Interfacial tension error bars refer

to N 25 measurements.
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Figure 35. Droplet morphology of the heptane-perfluorodecalin system showing the contact angle (8) and AIFT =
Yrc - yue as a function of the fraction of 0.1 wt.% SDS, fsps, where the other fraction is 0.1 wt.% Zonyl (left). The
reconfiguration of the droplet morphology coincides with AIFT at varying surfactant fractions. Linear calibration
curve of droplet contact angle evolution versus differences in the balance of interfacial tensions (right). Contact

angle error bars refer to N > 10 and interfacial tension error bars to N > 5 measurements.
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Plotting the change in morphology against the difference in interfacial tensions AIFT resulted in a linear
correlation curve, validating that the interfacial tension difference yec—yuc serves as the sole parameter
determining the droplet configuration. Consequently, any given contact angle that lies within the
dynamic range of droplet reconfiguration can be translated into an interfacial tension value. The
calibration curve further reveals that a difference in the balance of interfacial tension of
Ay = + 6.8 mNm™ suffices to completely invert the droplets morphology from one encapsulated double
emulsion state to the other. This means that slight variations in interfacial tension in the order of
Ay =+ 0.5 mNm™ induce pregnant and readily detectable changes in the contact angle of A6 = 13°,
which provides a reliable foundation for an accurate and sensitive droplet-based method to determine
interfacial tensions. The implementation of an image processing program allowed a fast and
convenient droplet morphology analysis to calculate the average contact angle of a sample. The
program uses an adaptive threshold detection algorithm to distinguish areas with higher transparency
from the opaque regions of the higher refractive index and dyed hydrocarbon phases and calculates

Brc from the respective circles according to formula (6).

4.2.3 CMC and Surfactant Effectiveness Determination

The morphological response of reconfigurable Janus emulsions at dynamically increasing
concentrations of well-established ionic and nonionic hydrocarbon surfactants was monitored using
the side-view imaging setup. The measurements started with droplets in their encapsulated
form (HC/FC/W) and the continuous concentration increase of HC surfactant led to a dynamic contact
angle evolution along the Janus continuum, resulting in droplet morphology diagrams with a
characteristic progression. The concentration of FC surfactant (Zonyl) was kept constant during the
experiments to maintain the overall droplet stability and to serve as an internal standard. A typical
graph showing the droplets’ contact angle versus the concentration of the HC surfactant, in this case

sodium bis(2-ethylhexyl) sulfosuccinate (AOT), is displayed in figure 36:
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Figure 36. Morphology diagram of biphasic n-heptane/perfluorodecalin droplets in response to dynamic changes
in the hydrocarbon surfactant (AOT) concentration. The fluorocarbon surfactant (Zonyl) was kept at a constant

concentration of 0.1 wt.% throughout the experiment. Contact angle error bars refer to N > 10 measurements.

The morphology diagram reveals a linear change in morphology up to a certain surfactant
concentration of AOT followed by an abrupt decrease in slope with further increase in surfactant
concentration. A closer look at the graphs confirmed that the point at which the slope changes
corresponds to the CMC of AOT. The interfacial tension y of a liquid is decreasing continuously with an
increasing amount of surfactant in solution until the CMC is reached. Above the CMC, there is no major
change noticeable and the interfacial tension stays at a constant value. This typical progression of
interfacial tensions can be seen in measurements of the n-heptane-water interfacial tension at
different SDS concentrations (Figure 37 left) and of the perfluorodecaline-water interfacial tension at

different Zonyl concentrations measured via pendant drop (Figure 37 right).
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Figure 37. Interfacial tension of the n-heptane-water interface at different concentrations of SDS (left) and

interfacial tension of the perfluorodecalin-water interface at different concentrations of Zonyl (right), measured
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with the pendant drop method. The interfacial tension y is decreasing until the CMC of SDS (= 0.237 wt.%) or

Zonyl (= 0.115 wt.%) is reached. Interfacial tension error bars refer to N > 5 measurements.

Since the droplets’ contact angle 6 correlates with AIFT, the morphology of the droplets changes
rapidly at surfactant concentrations below the CMC due to the distinct shift in the corresponding
interfacial tension. Below the CMC every newly added surfactant molecule will be adsorbed at the
droplets’ interface, which causes a fast decrease of y. Once the CMC is reached, the interface is fully
covered with surfactant molecules, hence the change in the droplets morphology is slowing down.
Nevertheless, the contact angle (6) does not remain constant and the morphology evolution continues
to progress. A possible explanation for the progressive change in morphology could be a statistical
displacement phenomenon: If the concentration of a hydrocarbon surfactant is increased above the
CMC, fluorocarbon surfactant molecules are increasingly replaced in favor of hydrocarbon surfactant
molecules since statistically there are significantly more hydrocarbon surfactant molecules in the

vicinity of the droplet surface.

Similar curves as in figure 36 were obtained for all other surfactants tested (Figure S1-S3). Analysis of
the resulting plots enabled a precise determination of the CMC values of the surfactants, and the
experimentally measured values agreed well with reported literature values (Table 3).[*8Y Next, with
the equation of the linear calibration curve (Figure 35) at hand, the contact angle at the CMC of the
HC-surfactant could be directly translated into an interfacial tension value yuc*, which serves as a
measure of the surfactant’s effectiveness to stabilize the hydrocarbon-water interface (for further
information see chapter 6.4). The extracted yuc* values were in good agreement to values obtained

using the pendant drop method (Table 3).

Table 3. CMC and ync* values for the commercial surfactants tested in this study. Standard deviations of the CMC

and yuc* values refer to N 2 5 measurements.

CMC [mM] CMC [mM] Yuc® [mN/m] Yuc® [mN/m]
Surfactant (Dynamic Drop (Literature (Dynamic Drop (Pendant Drop
Method) Values)*8l Method) Method)
SDS 8.44+0.17 8.10-8.60 5.07+0.11 5.13+0.24
Brij 58 0.076 £ 0.012 0.080 11.39+1.82 10.79 £ 0.54
AOT 0.584 +0.011 0.680 8.82+0.09 9.11+0.27
Triton-X100 0.258 + 0.003 0.18-0.25 7.60+0.08 8.21+0.53
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CTAB 1.00 £0.05 0.95-1.32 7.28+0.38 7.05+0.35

Tween 20 0.063 £ 0.001 0.06-0.08 13.46 £ 0.09 13.06 £ 0.45

Especially at higher surfactant concentrations, extraction of accurate yuc* values using the pendant
droplet method proved to be much more difficult and time- and sample-consuming than in situ
extraction via the responsive drop method due to the difficulty of maintaining a stable droplet volume
over extended periods of time. This demonstrates the versatility of the complex hydrocarbon-

fluorocarbon droplets’ response for the investigation of a broad range of surfactants and interfaces.

Further, with the right choice of surfactant stock solutions, in this case in fractions of 0.4 wt.% AOT,
faor, where the other fraction was 0.4 wt.% Zonyl, it was possible to extract the surfactants’s CMC

values and the surfactants effectiveness yuc* and yec* from the same graph (Figure 38).
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Figure 38. Typical morphological response of Janus droplets to dynamic variations in the ratio of hydrocarbon
(here: AOT) and fluorocarbon (here: Zonyl) surfactants from which both the surfactants’ CMC values and the
interfacial tensions of surfactant stabilized fluid interfaces can be conveniently extracted. Contact angle error

bars refer to N = 10 measurements.
4.2.4 Influence of Salts on Biphasic Complex Emulsions

To investigate the dynamic morphological response of Janus emulsions to small varations in the salt
concentration of their environment, biphasic Janus emulsion droplets comprised the hydrocarbon oil
diethylbenzene and the fluorocarbon oil HFE-7500 (T. = 47 °C) were generated using the established
temperature-induced phase-separation approach. High salt concentrations can cause a destabilization
of an emulsion system, i.e. flocculation or coalescence of droplets, which is followed by a macroscopic
phase separation.® However, variations in the type and concentration of ionic species within the

continuous phase are also known to affect the surfactant surface excess. By adding NaCl to the
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emulsions, a significant effect on the droplet morphology was observed. The addition of 1 mM NaCl to
emulsion droplets stabilized by 0.045 wt.% each of SDS and Zonyl resulted in an increase in contact
angle from 0 = 29.9° to 41.4°. The droplets’ contact angle gradually evolved towards higher values with

increasing ionic strength. 183!

The same effect, but more pronounced, was observed with the addition of divalent cations. 1 mM of
Ca?* caused a similar change in morphology as 50 times the amount of Na* ions. Interfacial tension
measurements at different SDS concentrations and a fix Zonyl concentration of 0.5 wt.% via pendant
drop tensiometry confirmed that the addition of 0.5 mM CaCl; significantly decreased the interfacial
tension of the hydrocarbon-water interface, reducing the CMC of SDS from = 8.4 mM to = 3.3 mM
(Figure 39 left). In close agreement to the pendant drop measurements, both the decrease in yuc and
CMCinduced by the addition of salt could be monitored by tracking the morphological transition using

the responsive drop method (Figure 39 right).[*83]
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Figure 39. Influence of CaClz addition on the surfactant effectiveness of SDS: interfacial tension measurements
of the diethylbenzene-water interface with differing SDS concentrations (left) and contact angle evolution with
increasing SDS concentrations in the presence and absence of 0.5 mM CaCl; (right). The Zonyl concentration was
kept constant at 0.5 wt.%. Interfacial tension error bars refer to N > 5 and contact angle error bars to N > 10

measurements.

The results demonstrate an increase in the surfactant effectiveness of SDS through the addition of salt.
The decrease in yuc and the CMC can be explained by the influence of the salt content on the surfactant
properties.!'8% 18] At elevated salt concentrations, the surfactant critical micelle concentration (CMC)
decreases, while the micelle radius increases, which results in a decrease of the micellar zeta
potential.**¢ This influence depends on a series of parameters, including the surfactant concentration,

valency and the size of the ions. Salt influences the surface excess (I') of the surfactant molecules,
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causing a significant increase in I of ionic surfactants.!*®®! In the case of SDS and CaCl,, the Ca?* ions
increase the solution activity and force ion pairing of the SDS molecules, which lowers the interfacial
area per surfactant molecule. This leads to a reduction of the surfactant molecules’ repulsive forces,
increasing lsps towards the maximum with the largest influence usually at concentrations below the
CMC.[87.188] Aq 3 result, the interfacial tension at the HC/W interface is lowered, inducing a quantifiable

morphological change inside responsive Janus emulsions.

Reconfigurable Janus emulsions proved to be reliable transducers to track changes in salinity of water
samples. Based on the sensitive chemical-morphological coupling inside Janus emulsions, Pavlovic et
al. developed a convenient method for monitoring the hardness (Ca?* and Mg?* content) of water
samples with Janus emulsions as optical probes, allowing a semi-quantitative analysis of drinking

water.[183]

4.2.4.1 Counter-lon and -Anion Effect on Charged Surfactants

To further investigate the influence of different monovalent cations on the surface excess of SDS,
pendant drop measurements were performed in the presence and absence of 50 mM LiCl, NaCl, KCl
and NH,4Cl. It was found that the decrease in HC/W interfacial tension varied depending on the cationic

counter-ion (Figure 40 left).
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Figure 40. Interfacial tension measurements in the presence and absence of salts at different SDS concentrations
(left). Bottom- and side-view micrographs of droplets captured with an inverted and side-view microscope
demonstrating the morphological change caused by the addition of 50 mM LiCl (right). Interfacial tension error

bars refer to N 2 5 measurements.
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At a SDS concentration of 0.346 mM the addition of 50 mM LiCl caused a drop in interfacial tension
from 28.15 mNm™ to 18.46 mNm™. The addition of 50 mM NH,Cl at the same SDS concentration
evoked a more pronounced decrease to 12.98 mNm™. Microscopic observations of Janus droplets
prepared in a surfactant mixture of f(SDS) = 0.85, with the total concentration SDS and Zonyl set to
0.09 wt.%, confirmed the morphological reconfiguration after the addition of 50 mM LiCl with a change
from 6 =69° to 6 =118° (Figure 40 right). The effect of monovalent cations on yuc thereby closely
followed the lyotropic (Hofmeister) series, so that larger and weakly hydrated cations such as NH;* had
a stronger effect on lsps than smaller and highly hydrated ions like Li*. Larger cations can readily
approach the water-oil interface due to their lower charge density and thinner hydration shell, causing
SDS ion-pairing that results in a higher surface excess and consequently a lower interfacial area per
surfactant molecule.® Smaller cations, on the other hand, have a weaker effect on the surface
excess, as they are less able to cause ion-pairing due to their thicker hydration sphere.!**> %1 However,
analogous measurements with varying counter-anions using KCI, KI and KNOs salts only had marginal
effects on the interfacial tensions of SDS-stabilized interfaces and thus on the final droplet morphology

(Figure 41).
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Figure 41. Interfacial tension measurements at different SDS concentrations in the presence and absence of KCl,
KNOs and KI. The counter-anions only have marginal effects on the hydrocarbon-water interfacial tension.

Interfacial tension error bars refer to N > 5 measurements.

4.2.4.2 Counter-lon Effect on Nonionic Surfactants

Since previous studies on the influence of salts on the effectiveness of nonionic surfactants have
yielded partly contradictory results, interfacial tension measurements were also carried out with the
widely used nonionic surfactant polyoxyethylen(20)-sorbitan-monooleat (Tween 80) under increased

salt contents (Figure 42 left).[9%1%] The pendant drop tensiometry measurements confirmed a

56



4 Results and Discussion

noticeable impact of the counter-ion on the effectiveness of Tween 80. The cation-dependent
decrease in interfacial tension of Tween 80-stabilized diethylbenzene-water interfaces at varying
surfactant concentrations was comparable to the previous results with the anionic surfactant SDS
(Figure 42 right). This indicates that the Hofmeister series can potentially be extended to nonionic
surfactants such as Tween 80. However, further measurements with other non-ionic surfactants are

necessary for a clear confirmation of the hypothesis.
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Figure 42. Chemical structure of the nonionic surfactant polyoxyethylen(20)-sorbitan-monooleat (Tween 80)
(left) and interfacial tension measurements in the presence and absence of salts at different Tween 80

concentrations (right). Interfacial tension error bars refer to N > 5 measurements.

4.2.5 Characterization of AzoTAB

The characterization of stimuli-responsive surfactants that can alter their surfactant effectiveness in
response to physical or (bio-)chemical triggers is of interest because they can affect emulsion stability,
colloidal aggregation, interfacial activity and the release of encapsulants.}*® 71 A thorough
investigation of such systems is usually difficult using conventional characterization methods because
examination is often limited to the thermodynamically stable configurations of the surfactants, as
triggering events irreversibly change the structure of the system. To investigate whether the
advantages of the responsive drop method can also be used for in situ monitoring of stimuli-responsive
surfactants, biphasic n-heptane/perfluorodecalin Janus droplets were stabilized with the light-

responsive surfactant AzoTAB.[148 1%]

By photo-switching the thermodynamically stable trans-isomer into the bent cis-form by UV-
irradiation (A=366 nm) a change in hydrophobicity is induced that causes a morphological

reconfiguration of complex emulsion droplets prepared in 0.25 wt% AzoTAB and 0.25 wt% Zonyl. The
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complex emulsions have been irradiated until the droplets’ topology reached a constant state. The
resulting reduction in interfacial area of the HC/W interface was reversible by irradiation with a
custom-designed blue LED (A = 461 nm). The change in morphology could be readily observed with a
side-view microscope (Figure 43 bottom). Contact angle measurements before and after the UV-light
irradiation revealed a change in morphology from 6 = 130.61 + 1.97° (trans-AzoTAB) to 6 =75.18 +
1.99° (cis-AzoTAB), which is a difference of AB =55.43 + 2.81°.
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Figure 43. Light-triggered reconfiguration of Janus droplet morphology. Chemical structure of the light-
responsive hydrocarbon surfactant (AzoTAB) (top). Optical micrographs of the Janus droplets’” morphological

transition in response to light-triggered variations in surfactant effectiveness (bottom).

Tracking the morphological transition between the two isomers in situ using the responsive droplet
method at different concentrations of AzoTAB, while keeping the concentration of Zonyl constant at

0.06 wt%, yielded morphology diagrams that allowed CMC determination of both isomers (Figure 44).
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Figure 44. Morphology diagram of biphasic n-heptane/perfluorodecalin droplets in response to light-triggered
variations in droplet morphology as a function of the AzoTAB concentration. The fluorocarbon surfactant (Zonyl)
was kept at a constant concentration of 0.06 wt.% throughout the experiment. The diagrams allowed
determination of the CMC and yuc* values for the trans- (left) and cis-isomer (right). Contact angle error bars

refer to N > 10 measurements.

As a result, we observed a significant change in the CMC of the surfactant from 1.44 mM for the trans-
isomer to 2.73 mM for the cis-isomer, but only small changes in the HC/W interfacial tension at the
respective CMCs (Virans® = 6.96 mNm™ vs. yis* = 6.42 mNm™?). Interfacial tension measurements via
pendant drop tensiometry under UV-light irradiation were performed to quantify the actual change in
interfacial tension at the HC/W interface at concentrations corresponding to the CMC of the AzoTAB-
trans-isomer. The measurement revealed an interfacial tension decrease of Ayuc = 2.66 + 0.19 mNm?,
which is in good contribution to the value of Ayxc = 2.58 £ 0.15 mNm™ that can be calculated using the

equation of the calibration curve of figure 35 (see chapter 6.4).

Depending on the application, precise changes in interfacial tension may be desired using stimuli-
responsive surfactants. It was found that the maximum change in droplet morphology of AB =59.4° is
evoked at concentrations close to the CMC of the trans-isomer and that the overall variation in HC/W
interfacial tension and therefore droplet response can be fine-tuned and tailored towards a specific
requirement by adding an additional non-responsive HC surfactant to the system. With the addition of
25 uM or 50 uM of the nonionic surfactant Triton X-100, the light-triggered change in morphology
could be significantly reduced from AB = 59.4° to AB = 48.5° and AB = 39.9°, respectively (Figure 45).

70
—e— AzoTAB only
T —e— + 25 uM Triton
o i —e—+ 50 puM Triton
& 60 PR
-~ VR %
S / T
D 504 ;e ~
g / s T~ \+ ~
S 1 ~ o
S 40- = T ~
/ - = ™
< ‘ ’ s # ~ -
~
304 ‘i
T T T T T T T T T
0.5 1 1.5 2 2.5 3
c(AzoTAB) / mM

Figure 45. Light-triggered variations in droplet morphology as a function of the AzoTAB concentration
with and without the addition of the nonionic surfactant Triton X-100. Contact angle error bars refer to N > 10

measurements.
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These results demonstrate that beside innovation in the characterization of classical surfactants the in
situ read out capability offers particular practicability for the investigation of emulsion systems

involving stimuli-responsive surfactants such as the light-responsive surfactant AzoTAB.

4.2.6 Conclusion

In this chapter, the unique chemical-morphological coupling inside biphasic O/W Janus emulsions was
investigated. In situ observations of Janus emulsion droplets that undergo dynamic morphological
transitions in response to variations in surfactant type, concentration and ratio with a simple
customized side-view imaging setup allowed the investigation of surfactants within their designated
environment. Complementary interfacial tension measurements via pendant-drop enabled the
recording of a calibration curve that paved the way for a new approach to quantify marginal variations
in interfacial tension and to determine surfactant CMC values of various cationic, anionic, and nonionic
surfactants from morphological responses of Janus emulsions. In addition, the new “responsive drop”
method allowed a convenient and cost-efficient quantitative comparison of the effectiveness of
various cationic, anionic, and nonionic surfactants and proved particularly useful for the
characterization of switchable surfactants.l*®? The method was further optimized by automating the
droplet contact angle measurement using an image processing algorithm, which helped to establish a
fast and easy-to-use method tailored towards an intermediate interfacial tension regime between

Ay =0.5-6.8 mNm™,

The established technique was then used to study the different influences of inorganic salts on
surfactant-stabilized complex emulsions. In situ observation on droplet morphology upon addition of
salts showed a stronger influence of divalent ions on surfactant effectiveness compared to monovalent
ions, which was found to be a facile method for the on-site monitoring of water hardness.[*® Further,
pendant drop measurements showed that different types and concentrations of cations within the
aqueous continuous phase can significantly lower interfacial tensions of both SDS and Tween 80
stabilized hydrocarbon oil-water interfaces, while the effect of anions on the surfactant effectiveness

was negligible.
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4.3 Crown Ether-functionalized Complex Emulsions as a
Multiresponsive Material Platform

4.3.1 Introduction

In natural systems, autonomous regulation of supramolecular recognition and binding-induced
chemical events are essential processes by which they provide control over biological functions. Living
organisms can dynamically adapt to multiple parallel or independent triggering events and changes in
their chemical environment by exhibiting a specific programmed response.l*®® 200 Thijs specific
response is based on multiple individual or combinations of independent chemical equilibrium-driven
non-covalent interactions and covalent chemical transformations, which are processed by the
organism with highest fidelity and substrate specificity.?" The resulting self-regulation behavior and
cross-check capability is fundamental for the high complexity achieved within biological systems, which
are organized in hierarchical structural levels. Further, it enables complex emergent behavior observed
in self-regulated multibody systems, allowing them to communicate, move, evolve, and self-organize

into patterns or networks.202-204]

One example of such a self-regulation of multiple independent chemical events is the constant fluid
transport and mass exchange between cells that is autonomously controlled and driven through a
continuous exchange of ions across the lipophilic cellular membranes. This process is essential for
maintaining the hydrostatic and osmotic pressure balance as well as the membrane potential of the
cell.?%! The recognition and transport of specific ions is also an important biomarker to many
physiological and pathological processes, such as stimulus conduction in the muscles and brain or the
perception of taste on the tongue.? 297] The permeation of ions across the lipophilic membrane
barrier can be enabled by membrane proteins or ionophores.?® Thereby, passive ion exchange is
driven exclusively by chemical concentration gradients and chemical binding equilibria which, in
contrast to active transport, does not require an external physical stimulus.?°®! Synthetic crown ether-
based compounds can successfully mimic natural ionophores by complexing metal ions in their
hydrophilic binding pocket, enabling phase-transfer and transport of hydrophilic ions through a
lipophilic barrier.?1% 211 Dye to these properties crown ethers provide an exciting avenue to impart
materials with responsive behavior, a concept that has been used in a variety of applications, including
in phase-transfer catalysis, supramolecular polymers, protection groups, micelles or in molecular

motors.1212-214
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The multifunctional, chemo-intelligent behavior of biological systems that are continuously exchanging
chemical information, emerges from their complex and functional out-of-equilibrium assembled
nature.l?!> 2181 A pjo-inspired generation of such an active and adaptive operating self-regulated
material platform, which is synthetically minimal, requires combining the concept of responsivity with
a functional and stable out-of-equilibrium material platform. In this context, kinetically stabilized
complex emulsions offer a versatile platform as they are highly dynamic and persist in a
thermodynamically out-of-equilibrium state.® In surfactant-stabilized complex emulsions, molecules
are continually exchanged between the emulsion droplets and the continuous phase and the
metastable colloids can autonomously adapt their configuration to their chemical environment. This
offers high potential for the creation of adaptive organized complex liquid colloids en route towards
the generation of life-like cell-sized soft materials that exhibit autonomous chemo-intelligent

capabilities.

In this chapter, the aim was to explore a synthetic minimal material platform based on crown ether-
functionalized complex emulsions, which may help to better understand the underlying complex
cascade mechanisms of ionophor-driven membrane transport. Therefore, two crown ether surfactants
with different ring sizes should be synthesized. Complex emulsion droplets should be anisotropically
functionalized with the crown ether surfactants and extensively studied for their supramolecular
complexation properties to pave the way towards artificial dynamic and self-regulatory adaptive

systems. 217, 218]

4.3.2 Characterization of Crown Ether Surfactants

Crown ether surfactants comprising a hydrophilic crown ether moiety functionalized with a lipophilic
alkyl chain are another example of stimuli-responsive surfactants and were first synthesized and
investigated by Cinquini et al. in 1975.2%°! By attaching a lipophilic alkyl chain to a crown ether or
cryptand the molecules can be converted into a surfactant, which is capable of forming micelles
analogous to classical nonionic surfactants.??”) Crown ether surfactants can form stable complexes
with different metal ions and polar organic species, resulting in a change in the hydrophilic-lipophilic
balance of the molecule.[?1% 2202211 Crown ethers can be considered artificial ionophores that, similar
to natural ionophores, can complexate metal ions within their hydrophilic binding pocket to allow
phase-transfer and transport of hydrophilic ions through lipophilic barriers.122% 223! After successful
synthesis of the both crown ether compounds 4’-[N-dodecanoylamino]benzo-15-crown-5 (15-crown-5
surfactant) and 4’-[N-dodecanoylamino]benzo-18-crown-6 (18-crown-6 surfactant) (Figure 46) by

attaching hydrophobic alkyl chains to hydrophilic benzocrown ether moieties, it was investigated if
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they are able to stabilize the HC/W interface of complex emulsions comprising of two immiscible

hydrocarbon and fluorocarbon oils (for synthesis details see chapter 10.3.2 and 10.3.3).
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Figure 46. Chemical structure of the cation-responsive crown ether compounds 4’-[N-dodecanoylamino]benzo-
15-crown-5 (15-crown-5 surfactant) (top) and 4’-[N-dodecanoylamino]benzo-18-crown-6 (18-crown-

6 surfactant) (bottom).

A series of Janus emulsions were prepared consisting of toluene and a mixture of HFE-7500 and FC-43
(9:1) emulsified in a 1:1 ratio (T. =32 °C) in an aqueous solution of 0.05 wt.% Zonyl and at various
concentrations of the corresponding crown ether compounds. The resulting droplet morphology
diagram revealed that the contact angle (8) of the droplets increases with increasing amount of the
crown ether compounds (Figure 47). The fact that the droplets’ contact angle is measurable and
increases at higher concentrations, as well as the fact that a HC/W interface is observed without the
addition of conventional hydrocarbon surfactants, indicates the surface-active properties of the crown
ether compounds. Contact angle measurements from horizontal micrographs of the droplets at a
surfactant concentration of 4 mgmL? gave a contact angle of 8=21.2+2.7° for the 15-crown-5
surfactant and a contact angle of 6 = 40.7 £ 4.9° for the 18-crown-6 surfactant. The greater increase in
contact angle caused by the 18-crown-6 surfactant can be attributed to the larger hydrophilic head

group and thus higher surfactant effectiveness.
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Figure 47. Droplet morphology diagram showing the correlation between the droplets’ contact angle (8) and the
concentration of 15-crown-5- and 18-crown-6 surfactants measured in 0.05 wt.% pure Zonyl. Contact angle error

bars refer to N > 10 measurements.

However, at concentrations higher than 7.5 mM it was observed that the droplet stability slowly
decreased, which was noticeable by the coalescence of the emulsion droplets after letting the
emulsions rest for several hours. Moreover, at high surfactant concentrations above 10 mM,
specifically at 12.89 mM of the 15-crown-5 surfactant and 11.77 mM of the 18-crown-6 surfactant,
precipitation of the surfactants in the form of needle-shaped crystallites was found to occur, which

also contributed to the destabilization of the emulsion (Figure 48).

75 pm|

Figure 48. Side-view micrographs of Janus droplets prepared in 0.05 wt.% Zonyl and 12.89 mM 15-crown-5
surfactant (left and middle) or 11.77 mM 18-crown-6 surfactant (right). On the micrographs, the needle-shaped

crystallites of the crown ether surfactants can be seen, which contribute to the destabilization of the droplets by

precipitation.

To overcome the stability and precipitation issues in all of the following experiments, small amounts
(0.015 wt.%) of the nonionic surfactant Triton X-100 were added to the emulsions to ensure their

adequate stability. In addition, only low concentrations were used to prevent the precipitation of the

surfactant.
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The surfactant properties and their ability to reduce the interfacial tension between toluene and water
was further quantified using the pendant-drop method. Pendant-drop tensiometry measurements at
different concentration of the 15-crown-5 and 18-crown-6 surfactant were performed and showed a
constant decrease of the water-toluene interfacial tension until the critical micelle concentration
(CMC) of the surfactants was reached (Figure 49). The 15-crown-5 surfactant started to form micelles
above a concentration of 3.73 mM, whereas the CMC of the 18-crown-6 surfactant was determined at
a concentration of 5.23 mM. Both CMC’s have been determined at the crossing points of the respective

linear fit functions.??*
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Figure 49. Interfacial tension of the toluene-water interface at different concentrations of the 15-crown-5 (left)
and 18-crown-6 surfactant (right), measured with the pedant-drop method. The CMC’s were determined at the

crossing points of the respective linear fit functions. Interfacial tension error bars refer to N > 5 measurements.

To compare the maximal stabilization capabilities of crown ether surfactants with commercial nonionic
surfactants the interfacial tensionsy between toluene and different aqueous surfactant solutions
containing 0.1 wt.% of Brij 58, Triton-X100 and Tween 20 were measured via pendant drop. The
concentrations of the surfactants were chosen higher in each case than the corresponding CMC values
found in the literature.[*®¥) Comparison of the obtained plateau values with the interfacial tension
values that were measured at the highest concentration of each crown ether surfactant in the previous
described pendant-drop experiment (Figure 49), showed that both crown ether surfactants effectively
lowered the water-toluene interfacial tension comparable to the commercial surfactants (Figure 50).
The interfacial tension between the pure solvents (water-toluene) was measured to be at

Yy =36.25+0.25 mNm™.
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Figure 50. Interfacial tension plateau values of different commercial nonionic surfactants in comparison to the
plateau values of the 15-crown-5 and 18-crown-6 surfactant. The diagram shows that the surfactants
effectiveness of the crown ether surfactants are in a comparable range of commercial nonionic surfactants.

Interfacial tension error bars refer to N > 5 measurements.
4.3.3 lon Sensing Experiments

Prior to the actual supramolecular complexation experiments, computational chemistry calculations
were performed by Dr. Pablo Simén Marqués to get a theoretical impression of the complexation
process of crown ether surfactants. The density functional theory (DFT) calculations of the 15-crown-5
surfactant before and after the complexation of a sodium cation indicated localized electron rich
regions stemmed from the oxygen atoms out of the plane of symmetry in the absence of metals in the
electrostatic surface potential of the synthetic crown ether surfactant (Figure 51). Together with the
neutral character of the aliphatic chain, the amphipathic distribution of crown ether derivative

provides the molecule a tensioactive character.

Upon complexation of a sodium cation, the macrocycle geometry suffers a reorganization, reducing
the electron rich regions due to the oxygen coordination and the positive charge introduced by the
sodium cation (Figure 51). The predominantly green-yellow colors of the electrostatic surface potential
after complexation of Na* imply a hydrophobic character of the chelated compound, which might make
it more stable in the organic phase of biphasic complex emulsions than at the HC/W interface after

complexation.

66



4 Results and Discussion

N
S A
+
+
NaI

Figure 51. Molecular electrostatic surface potential for the 15-crown-5 ether surfactant, metal-free (left) and

O-

after complexation of a Na* ion (right).

To study the complexation of inorganic metal salt on crown ether-functionalized complex emulsions,
Janus emulsions were prepared as previously described. The addition of 0.015 wt.% Triton to the
emulsions helped to bring the small changes of the droplets’ contact angle (8) during recognition
events to the visible range. The starting morphology of the complex droplets functionalized with
1.96 mM of the 18-crown-6 surfactant was measured at 6 = 74.0 + 5.3°. Upon addition of 0.1 mM of
potassium acetate, it was observed that the droplets transitioned from their Janus configuration
towards a more encapsulated double emulsion morphology (6 = 50.4 + 3.4°). Crown ether moieties are
known to form hydrophobic complexes upon coordination to suitable metal ions, which can result in
a phase transfer of the metal salts into the organic droplet phase. The reduced effectiveness of the
crown ether surfactants subsequently leads to an increase of the hydrocarbon-water interfacial

tension.??4

The morphology transition was reversible, i.e., after decreasing the metal ion concentration in the
continuous phase by dilution, the emulsion droplets reversibly adapted to their environment via
expanding the HC/W interface ultimately returning to the starting droplet morphology. To confirm the
phase transfer of the metal salts to the organic droplet phase, confocal micrographs of the droplets
after complexation of a fluorescent marker were recorded. Complexation of the riboflavin derivative
potassium 2-(7,8-dimethyl-2,4-dioxo-10-((2S,3S,4R)-2,3,4,5-tetraace-toxypentyl)-4,10-dihydropyrimi-
do[4,5-b]quinolin-3(2H)yl)acetate (K-TARF) (Figure 52 left) yielded double emulsion droplets with the
dye compartmentalized within the hydrocarbon phase (Figure 52 middle and right). The light emission
of complex droplets was measured in presence and absence of the 18-crown-6 surfactant after the

addition of K-TARF. The confocal microscope images revealed that the light emission clearly increased

67



4 Results and Discussion

when the crown ether surfactant was present, highlighting the fact that crown ether surfactants

mediate the uptake of the fluorescence dye to the hydrocarbon phase.??
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Figure 52. Chemical structure of the riboflavin derivative K-TARF (left) and inverted confocal optical micrographs
of emissive complex droplets (middle and right). The micrographs show an emissive emulsion in absence (middle)
and presence of the 18-crown-6 surfactant (right) after the addition of the K-TARF fluorescent dye, displaying
weak emission in the upper hydrocarbon phase (middle) and strong emission in the upper hydrocarbon phase

(right) due to better uptake mediated by the crown ether surfactant.

In a simple experiment, it was demonstrated that the K-TARF dye is insoluble in of the hydrocarbon
droplet phase, which was toluene, but was up taken in the solvent when small amounts of the
18-crown-6 surfactant were added. After one week, the sample without the crown ether surfactant

was still colorless whereas the other sample remained clearly yellow in color.

Figure 53. Solubility test of the K-TARF dye. In the left vial: toluene and the fluorescent dye K-TARF. In the right
vial: toluene and the fluorescent dye K-TARF with small amounts of the 18-crown-6 surfactant. The image was

captured after one week.

Next, the ability of crown ether-functionalized double emulsions to detect various metal and
ammonium ions was quantified. Therefore, the droplet response upon addition of different types and
concentrations of metal and ammonium acetates was monitored. During the experiments, the crown
ether surfactant concentration was kept constant with ¢ = 2.15 mM for the 15-crown-5 surfactant and
¢ =1.96 mM for the 18-crown-6 surfactant. Horizontal imaging of the droplets allowed to visually

follow the molecular recognition events in situ and quantify the association constants via
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determination of the associated changes in the droplet morphology (A8). It was observed that during
the interfacial recognition events of different metal ions, the contact angles of the droplets gradually
decreased with higher salt concentrations (Figure 54). Depending on the cavity size of the two different
crown ether surfactants, droplets functionalized with the 15-crown-5 surfactant transitioned into a
fully encapsulated morphology most rapidly upon addition of small concentrations (0.5 mM) of sodium
acetate, whereas the highest affinity of the 18-crown-6 surfactant was determined towards barium
acetate.?” The observed trend was in accordance to the binding affinities of the two crown ethers
reported in the literature.?? In the following, the morphology transition graphs of the two crown

ether surfactants are shown.
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Figure 54. Droplet morphological transition upon addition of metal and ammonium ions. Encapsulation of several
metal and ammonium salts performed with the 15-crown-5 (left) and 18-crown-6 surfactant (right). Contact

angle error bars refer to N > 10 measurements.

The respective association constants for the interfacial complexation of the different metal and
ammonium ions by the two crown ether surfactants were obtained by non-linear regression of the
previous shown morphology transition graphs (Figure 54) by using the following equation, which

describes the general binding isotherm for a simple 1:1 binding system as a hyperbolic function(??®;

(8)

20 =3 (161+ Mo +3) ~ [(161+ Hlo + ) + 4l [6)

2 Ky

[HG] .
[H][G]

With K, = association constant; [G]: metal ion concentration; [H],: crown ether

concentration, Af : change in droplet contact angle. Subsequently, the highest association constant of
the 18-crown-6 surfactant was determined for barium acetate with Ky = 2.43 - 10° M? (Figure 55 left).

Among different alkali metal ions, the calculated constants document the intrinsic affinities of the
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15-crown-5 surfactant towards the smaller sodium ions (Ka=1.49-10*M?) (Figure 55 right). In
comparison, the 18-crown-6 surfactant displayed higher affinity towards larger potassium ions

(Ka=1.20 - 105 M™Y).
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Figure 55. Calculated association constants for the interfacial complexation of different metal and ammonium

ions for the 18-crown-6 (left) and the 15-crown-5 surfactant (right).
4.3.4 Phase-transfer Catalysis

After validating the responsiveness of crown ether-functionalized double emulsion droplets towards
various metal ions, the supramolecularly regulated uptake and release mechanisms should be
extended for potential applications. The use of crown ethers in phase transfer catalysis has been
intensively investigated over decades.!??”-2%! Since emulsion droplets are widely employed as droplet-
based microreactors, it was hypothesized that the crown ether surfactant-mediated uptake of catalytic
reagents can be used to control a chemical reaction rate inside complex droplets.?3% 231 |n this context,
a K,COs-catalyzed alkylation of phenol with 1-bromohexane was carried out within the hydrocarbon

phase of the droplets (Figure 56).

+ Cat.
.

Figure 56. Schematic representation of crown ether-functionalized Janus droplets as phase-transfer catalysis

microreactors for an alkylation of phenol with the addition of the catalyst K2COs.
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Droplets functionalized with the 15-crown-5 surfactant (6 mM) were prepared in an aqueous
surfactant solution containing 0.02 wt.% Triton and 0.05 wt.% Zonyl. Additionally, 0.21 M phenol and
0.21 M 1-bromohexane were selectively compartmentalized inside the HC phase of the double
emulsions made of a HC/FC oil mixture in a 1:0.9:0.1 ratio of toluene/HFE-7500/FC-43. After
emulsification the emulsion was cooled down to room temperature before 0.02 M of the the K,COs;
catalyst was added to the continuous phase. The catalyst uptake was accompanied by a morphological

reconfiguration towards a more encapsulated morphology, as displayed in figure 57.

Figure 57. Optical side-view micrographs of the Janus droplet microreactors, functionalized with the 15-crown-5

surfactant before and after the addition of the catalyst K2COs as well as after a reaction time of 16 h.

As a result, when crown ether-functionalities were exposed to the catalyst-containing continuous
phase, a transfer to the organic phase occurred, resulting in an acceleration of the reaction rate. After
the reaction has proceeded for 16 hours, the emulsion was de-emulsified using saturated brine,
extracted with hexane and analyzed by GC-MS. The received chromatogram revealed a yield of the
final product ((hexyloxy)benzene) of 46 % when crown ether-functionalities were in contact with the

continuous phase (Figure 58).1224
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Figure 58. GC-MS chromatogram of the phenol alkylation in the presence of 15-crown-5 surfactant. First peak of
the graph at ca. 5.70 min corresponds to the starting material (phenol), while the final compound was detected

after ca. 9.54 min. Integration of the peaks revealed a conversion of 46 %.

In comparison, a reaction performed inside the Janus droplet microreactors conducted under the same
reaction conditions without the presence of crown ether surfactants resulted in significantly decreased

conversion rates after 16 hours of 18 % yield (Figure 59).
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Figure 59. GC-MS chromatogram of the phenol alkylation in the absence of 15-crown-5 surfactant. First peak of
the graph at ca. 5.70 min corresponds to the starting material (phenol), while the final product was detected

after ca. 9.52 min. Integration of the peaks revealed a conversion of 18 %.

Moreover, the crown ether-mediated phase-transfer of the catalyst could be independently regulated
by variations in the Zonyl concentration within the continuous phase. When the alkylation was
performed under the exact same conditions but inside encapsulated double emulsion droplets at much
higher Zonyl concentrations of 1.0 wt.% without Triton, no conversion to the final product was
detected, outlining the importance of the reactant-containing HC phase being exposed to the catalyst-

containing aqueous phase (Figure 60).[224
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Figure 60. GC-MS chromatogram of the phenol alkylation with fully encapsulated HC/FC/W emulsions bearing
phenol, 1-bromohexane and 15-crown-5 surfactant in the encapsulated hydrocarbon phase. The graph shows

only the peak corresponding to phenol and no conversion to the final product.

In the following, the signals from the mass spectra were compared with the signals of the

corresponding chemical compounds from the database (Figures 61 and 62).
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Figure 61. GC-MS mass-spectrum obtained at 5.68 min (top). Direct comparison of the signals with the database

spectrum of phenol (bottom).
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Figure 62. GC-MS mass-spectrum obtained at 9.54 min (top). Direct comparison of the signals with the database

spectrum of (hexyloxy)benzene (bottom).
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Figure 63. Product conversions of the phase-transfer studies under three different experimental conditions
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determined after a reaction time of 16 h.

The optical micrographs of the phase-transfer studies conducted under three different starting

conditions can be seen in figure 64.

Figure 64. Optical side-view micrographs of the phase-transfer catalysis studies captured before and after the
addition of the catalyst K2COs as well as after a reaction time of 16 h under three different starting conditions. a)
Droplet-based microreactors generated in an aqueous surfactant solution containing 0.02 wt.% Triton and
0.05 wt.% Zonyl with the addition of the 15-crown-5 surfactant and b) in absence of the latter. c) Droplet-based

microreactors functionalized with the 15-crown-5 surfactant and generated in pure 1.0 wt% Zonyl.
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4.3.5 Supramolecular Bioconjugation

Since both crown ether surfactants showed moderate to good affinity towards ammonium ions in the
ion sensing experiments (Figures 54 and 55), the complexation of ammonium-containing organic
compounds should be investigated next. In contrast to the complexation of metal ions, the addition of
the hydrophilic ammonium compound 2-[2-(3-aminopropoxy)ethoxylethan-1-ol (PEG-NH,), was
followed by a further ‘opening up’ of the Janus droplet morphology towards contact angles of 6 > 90°,
which corresponds to a decrease of the HC/W interfacial tension yuc. In this scenario, complexation of
the hydrophilic ammonium compound led to an increase of the hydrophilic-lipophilic balance of the
surfactant, resulting in a more effective surfactant. Horizontal imaging allowed in situ visualization of
the two morphological transitions of the droplets evoked by the different molecular recognition

processes during the addition of hydrophilic ammonium compounds and metal salts (Figure 65).

+ PEG-NH,

Figure 65. Chemical structure of the 4’[N-dodecanoylamino]benzo-15-crown-5 and 4’-[N-dodecanoylamino]-
benzo-18-crown-6 surfactants and their ability to complexate metal ions and hydrophilic ammonium compounds
such as 2-[2-(3-aminopropoxy)ethoxylethan-1-ol (PEG-NH2) (top). Side-view micrographs of the morphological
transitions evoked by the different molecular recognition events (bottom): complexation of a hydrophilic

ammonium compound (left) and encapsulation of potassium acetate (right).

An addition of fluoresceinamine hydrochloride, a water-soluble ammonium compound, resulted in

confocal micrographs that displayed a bright fluorescent ring located selectively at the HC-W interface
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of the droplets, due to the interfacial post-functionalization of the crown ether-functionalized

emulsions (Figure 66).
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Figure 66. Chemical structure of fluoresceinamine hydrochloride (left). Confocal micrograph of a droplet after
the complexation of fluoresceinamine hydrochloride (middle) with the associated horizontal fluorescence

intensity profile (right). The image shows a bright fluorescent ring selectively located at the HC/W interface.

To ensure that changes of the pH-value caused by the addition of the basic PEG-NH, or the mere
presence of amines does not influence the morphology of the Janus droplets, two different control
experiments were performed. For both experiments Janus droplets in 0.05 wt.% Zonyl and 0.015 wt.%
Triton were prepared without any crown ether surfactant. After the preparation, in one sample the
pH-value was raised with the addition of sodium hydroxide to pH 13 (Figure 67 left). In the other
sample, 5.9 mmol (3 eq. related to the non-present 18-crown-6 surfactant) of PEG-NH; was added to
the system (Figure 67 right). In both experiments the initial droplets’ morphology remained
unchanged, proving that neither the basic pH-value nor the presence of amines in the continuous

phase do influence the droplets’ morphology.

]

Figure 67. Side-view images of the ammonium complexation control experiments. Raising of the

pH-value to 13 by adding sodium hydroxide (left) and presence of 2-[2-(3-aminopropoxy)ethoxy]ethan-

1-ol (PEG-NH,) (right) did not change the initial droplet morphology.

Having validated the two opposite morphological transitions, the interfacial attachment mechanism of
hydrophilic organic compounds should be extended to other biologically important substance classes.
The motivation was to use the morphology-dependent spontaneous and reversible supramolecular

interfacial coupling for a post-conjugation with biomacromolecules to develop a potential material
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platform for the generation of biosensors. In each of the following experiments, complex emulsions

were used that were prior functionalized with 1.96 mM of 18-crown-6 surfactant.

4.3.5.1 Amino acids

Amino acids are a wide class of organic compounds that contain a NHs3* functionality and form
monomer units of peptides, including proteins, of which 22 amino acids are found in the genetic
code.32 Under the same experimental conditions as for the complexation of the various metal ions,
the attachment of different hydrophilic amino acids that are present as zwitterionic compounds at
pH=7 were tracked. The 18-crown-6 ether-functionalized emulsions visually responded to the
presence of L-lysine, L-hystidine, and L-arginine. Upon complexation, the contact angles and thus the
HC/W interface increased as a function of the hydrophilicity of the respective amino acids (Figure 68).
In analogy to the complexation of metal ions, association constants for the binding of amino acids and
the ammonium compound 2-[2-(3-aminopropoxy)ethoxy]ethan-1-ol (PEG-NH,) were determined to

Ka = 1088 M for L-lysine, Ka = 1346 M for L-hystidine, Ka = 3463 M for L-arginine and K = 2468 M

for PEG-NHa.
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Figure 68. Droplet morphological transition upon complexation of different hydrophilic amino acids and

ammonium compounds. Contact angle error bars refer to N 2 10 measurements.
4.3.5.2 Carbohydrates

To access the substance class of carbohydrates for a potential biosensor platform, post-
functionalization of crown ether surface functionalities with boronic acid-based carbohydrate
receptors was attempted by the NHs;*-mediated complexation through the addition of

3-aminophenylboronic acid hydrochloride (0.2 mM). Next to amino acids or proteins, carbohydrates
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play an important role in many physiological and pathological processes and synthetic boronic acid-
based receptors are well known for this compound class.?*3 Boronic acids form reversible 1,2- and 1,3-
complexes with diols and therefore a pronounced reconfiguration of the droplet shape upon addition
of the carbohydrates D(+)-glucose and D(-)-fructose was observed. Complexation of the polysaccharide
Mannan caused the strongest change in droplet morphology as a result of its hydrophilicity and

multivalency and resulted in almost fully encapsulated HC/FC/W double emulsions (0=173°)

(Figure 69).
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Figure 69. Schematic representation of the supramolecular bioconjugation scheme (top). Chemical structures of
the boronic acid and the carbohydrates used for the carbohydrate complexation schemes (bottom left). Janus
droplet morphological reconfiguration in response to varying concentrations of added carbohydrates (bottom

right). Contact angle error bars refer to N > 10 measurements.
4.3.5.3 Antibodies

Recently, dynamic double emulsions modified with proteins and carbohydrates have attracted great
interest as powerful transducers for liquid-based biosensor platforms, including rapid detection of
antibodies, bacterial pathogens, and viruses.[**> 35 For this purpose, researchers conjugated proteins
and carbohydrates to the oil-water interface using covalent or dynamic covalent bioconjugation
schemes. This required tailored and complex engineering of specific surfactants and droplet platforms

for a particular target.
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In this context, the NHs*-mediated complexation was exploited to conjugate the crown ether-
functionalized droplets with fluorescein isothiocyanate-labeled (FITC) human Immunoglobulin G (1gG)
antibodies via simple addition to the aqueous continuous phase (2.67 - 10* mM) (Figure 70 left; for
further details see chapter 6.4). Addition of the antibodies led to an expansion of the HC/W interface

of the droplets from 6 = 74° to 102°, due to the increased hydrophilicity of the resulting assembly.

o

-

Figure 70. Schematic representation of the supramolecular bioconjugation of IgG antibodies (left). The confocal

micrograph displays a bright fluorescent ring, proving the successful conjugation of the FITC-labeled antibodies

selectively to the crown ether-functionalized hemisphere of the Janus emulsion (right).

The successful attachment of the antibodies was confirmed using confocal laser scanning microscopy.
The obtained confocal micrographs displayed a bright fluorescent ring showing the conjugation of the
antibodies selectively to the hydrocarbon hemisphere of the crown ether-functionalized Janus
droplets (Figure 70 right). In the control experiment, which was carried out under the same
experimental conditions but in absence of the 18-crown-6 surfactant, no fluorescence emission at the
HC/W interface was detected, confirming the key role of crown ether-functionalities in the
bioconjugation mechanism (Figure 71 left). In addition to the inverted confocal cross section image
showing the successful conjugation of the antibodies selectively to the HC/W hemisphere of the crown
ether-functionalized Janus droplets, an image of a trapped complex emulsion droplet was captured.
The antibody-functionalized droplet was confined between two glass slides and was therefore tilted
sideways. The yielded confocal micrograph shows exclusive emission from the HC/W interface and no
emission from the FC/W interface, proving the anisotropic IgG antibody functionalization at the HC/W

interface in the presence of crown ether surfactants (Figure 71 middle and right).
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Figure 71. Inverted confocal optical micrograph of a complex emulsion droplet in an IgG antibody-containing
surfactant solution (left). The image shows no emission at the HC/W interface, proving that the IgG antibodies
are exclusively attached at the HC/W interface, if crown ether surfactant is present. Optical (middle) and
fluorescent confocal micrographs (right) of a confined complex droplet, which is tilted sideways, in an IgG
antibody-containing surfactant solution. The image shows exclusive emission at the HC/W interface and no
emission at the FC/W interface, proving the selective IgG antibody functionalization at the HC/W interface in the

presence of the 18-crown-6 surfactant.

The results of the crown ether-mediated supramolecular bioconjugation demonstrate a reversible and
straightforward approach for the conjugation of functional cellular recognition units, such as
antibodies, to a universal multiresponsive droplet platform. The findings may help to expand the
capabilities of Janus emulsions in their application as biosensor arrays, providing advanced
sensitivities, as they more closely resemble the dynamic interfacial recognition processes at the

interface of natural cells.

4.3.6 Interaction with Functionalized Surfaces

Next, based on the unique ability of droplets to selectively present and hide reactive liquid interfaces,
an interaction with surface-encoded functionalities was investigated. The objective was to exploit the
independent chemical equilibrium-controlled interfacial recognition of functional groups and the
associated translation into dynamic droplet responses to trigger manipulation or destruction of double
emulsions in interaction with solid interfaces. In a first experiment, crown ether-functionalized
complex droplets were immersed in a pure Zonyl-containing (0.1 wt%) continuous phase and placed
on a glass surface pre-functionalized with the hydrophilic amino silane 3-(aminopropyl)trimethoxy-
silane. To functionalize the glass substrates (cover slips and microscope slides), they were placed
overnight in toluene containing 3-(aminopropyl)trimethoxysilane (0.2 M) and washed twice with
toluene and acetone before use. Submerged in the continuous phase, the droplets adopted a stable
encapsulated double emulsion morphology and were able to move freely on the glass substrate.
However, upon addition of small quantities (0.05 wt.%) of the HC-surfactant Triton, the droplets
assumed a Janus emulsion morphology. The concomitant exposure of the HC/W interface led to

binding of the crown ether receptors to the NHs*-functionalities on the substrate surface, which caused
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a tilting of the double-emulsion droplets out of their gravitational alignment and ultimately a
spontaneous rupture of the droplet network. Figure 72 shows micrographs of the wetting of the glass

surface with the dye-containing droplet phase upon destruction of the droplets.
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Figure 72. Schematic representations and optical micrographs of the behavior of double emulsion droplets sitting
on a glass surface functionalized with 3-(aminopropyl)trimethoxysilane. After addition of the HC surfactant
Triton, the droplets decorated with crown ether surfactants bound to the NHs* groups at the glass surface, which

caused them to tilt, followed by a spontaneous destruction of the droplet network.

The observed phenomenon could be attributed to the formation of a locally lipophilic surface upon
complexation of the NHs* functionalities that caused a wetting and consequently breaking of the
emulsion droplets. Besides a triggered rupture of the emulsion, a controlled change in the orientation
of the droplets can be of interest to induce alterations in their unique dynamic refractive, reflective,
and light-emitting optical properties. As described above, the double emulsion droplets were able to
undergo stimulated changes in their orientation due to surface interaction before the surface was
wetted by the droplet phase. Tilting of complex emulsion droplets out of their gravitational alignment
was previously observed only in direct droplet-droplet interactions.[*®! To facilitate the reversible
chemical-equilibrium-controlled tilting without emulsion breakage, the amount of active ammonium
sites on the substrate surface was reduced. Therefore, the glass substrates were functionalized in
toluene containing a mixture of the hydrophilic 3-(2,3-epoxypropoxy)-propyl]-trimethoxysilan
(0.16 M) and the active amino silane 3-aminopropyl)trimethoxysilane (0.04 M). Crown ether-
functionalized Janus droplets that were placed on the modified substrates remained stable, however,
tilted side-ways by the complexation of surface NHs* groups with the crown ether surfactants that

were located at the upper HC-interface. The re-orientation of the tilted crown ether-functionalized
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droplets could either be achieved by the competitive binding of PEG-NH; (1.5 mM) or by adding small

amounts (0.5 mM) of metal ions, e.g. potassium acetate (Figure 73).
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Figure 73. Schematic representations and optical micrographs of the crown ether-functionalized Janus droplets
on a mixed functionalized glass surface (3-(2,3-epoxypropoxy)-propyl]-trimethoxysilan/3-(aminopropyl)tri-
methoxysilane 80:20), where interfacial supramolecular complexation led to a tilting of the droplets. A re-
orientation of the latter could be achieved by the addition of a competitive hydrophilic ammonium compound

(2-[2-(3-aminopropoxy)ethoxy]ethan-1-ol) or small amounts of metal ions (e.g. 0.5 mM of KOAc).

It was assumed that the strong anchoring of the crown ether modalities in the emulsion droplets in
these experiments was a result of the preferred partitioning of these compounds in the HC phase of
the emulsion droplets, which prevented their extraction into the aqueous continuous phase. To
address this assumption, 'H-NMR-based phase partitioning studies were performed in the following

chapter.
4.3.7 Phase Partitioning Investigation of the 15-crown-5 Surfactant

To determine the partitioning of the 15-crown-5 surfactant between the droplet HC phase, which was
toluene and the continuous aqueous phase under different conditions, an external quantitative NMR

approach was used.”* For this purpose, a measuring tube containing a capillary with 1,3,5-

82



4 Results and Discussion

trimethoxybenzene dissolved in toluene-ds was used as a reference substance and internal standard
(for further details see chapter 6.4). In a separate vial 3 mgmL? of the 15-crown-5 surfactant was
dissolved in 2 mL of a phase-separated 1:1 mixture of toluene-ds and D,0. The mixture was agitated
and left 1 h for equilibration. Subsequently, an aliquot of each phase was extracted and a *H-NMR-
spectrum was recorded. The spectra displayed in figure 74 show preferred partionioning of the
15-crown-5 surfactant inside the toluene phase and only marginal partitioning inside the aqueous
phase as determined via comparison of the integrals of the NMR peaks of the terminal CHs-group of

the crown ether surfactant.
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Figure 74. *H-NMR spectra of the 15-crown-5 surfactant upon extraction from a two phase mixture (1:1 v/v) of

toluene-ds and D20.

Similar partition behavior was observed in two separate experiments, in which in addition to the 15-
crown-5 surfactant KOAc (10 mM) or PEG-amine (2-[2-(3-aminopropoxy)ethoxy]ethan-1-ol; 12 mM)

were added prior to the equilibration step (Figures 75 and 76).
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Figure 75.*H-NMR spectra of the 15-crown-5 surfactant upon extraction from a two phase mixture (1:1 v/v) of

toluene-ds and D20 containing 10 mM KOAc.
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Figure 76.*H-NMR spectra of the 15-crown-5 surfactant upon extraction from a two phase mixture (1:1 v/v) of

toluene-ds and D20 containing 12 mM 2-[2-(3-aminopropoxy)ethoxy]ethan-1-ol (PEG-NH2).
4.3.8 Competitive Binding Studies

The two opposite molecular recognition-induced morphological reconfigurations of complex droplets
that were identified during the exploration of the multiresponsive liquid-colloidal material platform
were solely driven by the respective chemical equilibrium constants. To demonstrate that the

respective concentrations determined the degree of competitive binding of both, metal ions and
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hydrophilic ammonium compounds a set of experiments was prepared. Complex emulsions were
generated in a surfactant solution containing pure Zonyl (0.05 wt.%) and functionalized with 1.96 mM
of the 18-crown-6 surfactant. When 1 mM of potassium acetate was added to the continuous phase
of the emulsion, a transition of the droplets towards a fully encapsulated HC/FC/W morphology was
observed. The transition can be referred to the complexation of the potassium ions followed by a
phase transfer of the metal salts into the organic phase, which was in accordance to the results
described in chapter 4.3.3. When 3 mM of the amino acid L-arginine was added to the droplets, they

retained their fully encapsulated HC/FC/W morphology (Figure 77a).
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Figure 77. Optical side-view micrographs of competitive complexation studies. a) When the amino acid L-arginine
was added to the crown ether-functionalized droplets disposed within a more concentrated aqueous salt
solution (1 mM of potassium acetate), droplets retained their encapsulated morphology. b) Upon addition of
0.1 mM potassium acetate to an emulsion functionalized with L-arginine at high concentrations (12 mM) droplets
retained their ‘opened-up’ Janus morphology due to insufficient competition of potassium acetate against the
excess of L-arginine. c) Increase of the Zonyl concentration from 0.05 wt.% to 1.0 wt.% resulted in a transition

towards an encapsulated double emulsion obstructing following post-functionalization events.

The fact that a higher concentration of L-arginine (3 mM) compared to potassium acetate (1 mM) in
the continuous phase did not affect the droplets morphology, confirms that the molecular recognition-

induced droplet morphological reconfigurations are driven by the respective chemical equilibrium
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constants. The much higher affinity of the 18-crown-6 surfactant towards potassium acetate compared

to L-arginine (log(Ka) = 5.39 vs. log(Ka) = 3.54) leads to a favored complexation of the former.

Vice versa, upon addition of 0.1 mM potassium acetate to an emulsion functionalized with L-arginine
at high concentrations (12 mM), droplets retained their ‘opened-up’ Janus morphology (Figure 77b).
In this case, these small amounts of potassium acetate were not sufficient to compete with the excess
of L-arginine. In the last experiment, crown ether-functionalized droplets were prepared in a pure
Zonyl containing surfactant solution with a significant higher concentration of 1.0 wt.%. The increased
Zonyl concentration resulted in a fully encapsulated HC/FC/W starting morphology, preventing the
crown ether molecules from assembling at the HC/W interface. Again, addition of the amino acid L-
arginine (3 mM) did not lead to a change of the initial droplet morphology, underlining the importance
of the crown ether functionalities being exposed to the HC/W-interface to take part in supramolecular

post-functionalization events.

Beyond the crown ether-mediated variations in the droplet morphology, all double emulsion droplets
retained their ability to respond to variations in the ratio and concentration of other, non-stimuli-
responsive HC- and FC-surfactants, demonstrating the autonomous regulative and adaptive behavior
of the droplet-based soft material platform. As an example, an increase of the Zonyl concentration
within the continuous phase from 0.05 wt.% to 1.0 wt.% resulted in a decrease of the FC-W-interfacial
tension and therefore a transition towards an encapsulated double emulsion morphology with the HC-
phase encapsulated by the FC-phase, thus obstructing interfacial supramolecular recognition or post-

functionalization events.

Combining the intrinsic reconfigurability of dynamic double emulsions with multiple reversible and
competitive interfacial host-guest complexation events yields a synthetically minimal material system
that can be actuated and adapt its internal droplet morphology to different independent equilibrium
controlled pathways. Figure 78 shows schematically the various chemical equilibrium-controlled
pathways, including the presence of metal ions, ammonium compounds, or amino acids, as well as

variations in surfactant composition or effectiveness.
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Figure 78. Schematic side-view illustration of independent competitive chemical equilibrium-controlled
molecular recognition events causing morphological reconfigurations of crown ether-functionalized complex

double emulsions.

4.3.9 Conclusion

In summary, the design of a synthetically minimal material platform based on biphasic, anisotropic
double emulsion droplets that can autonomously and reversibly adapt to their chemical environment
through various supramolecular recognition processes was elaborated. The recognition mechanism
was achieved by the selective assembly of synthetic crown ether surfactants on the hydrocarbon
hemisphere of the emulsion droplets. Supramolecular complexation events at the liquid-liquid
interface of the emulsions enabled interfacial complexation and thus triggered responses of the
droplets to a variety of chemical triggers including metal ions, ammonium compounds, amino acids,

antibodies, carbohydrates as well as amino-functionalized solid interfaces.

Horizontal imaging allowed in situ visualization of different supramolecular host-guest recognition
events at the interface, resulting in two opposite morphological transitions. With the addition of
inorganic metal salts, such as potassium acetate, the droplets transitioned from their initial Janus
configuration to an encapsulated double emulsion morphology (=6 = 0°). Confocal microscope studies
revealed that the mechanism can be attributed to the formation of hydrophobic complexes by the
coordination of crown ether units to suitable metal ions, leading to a phase-transfer of the complexes
into the organic phase. The reduced effectiveness of the crown ether surfactants thus led to an

increase in the HC/W interfacial tension yuc. In contrast, the addition of hydrophilic ammonium
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compounds resulted in a further ‘opening up’ of the Janus droplet morphology towards contact angles
of 8 > 90°, which corresponds to a decrease of the HC/W interfacial tension. In this scenario,
complexation of hydrophilic ammonium compounds led to an increase of the hydrophilic-lipophilic

balance of the surfactant, resulting in a more effective surfactant.

The individual competing supramolecular recognition events as well as variations in the composition
and effectiveness of external surfactants independently determined the dynamic droplet responses,
solely controlled by the respective individual chemical equilibrium constants. Anisotropic
supramolecular crown ether-functionalized bi-phase emulsion droplets thus constitute a novel type of
adaptive, chemo-intelligent soft material platform that can autonomously regulate its response to
multiple independent chemical binding events. It was showcased how the multiresponsive nature of
the droplets can be pre-programmed and orchestrated via triggered changes in the chemical
environment. This may prove useful for the design of new and improved emulsion technologies
including droplet-based microreactors, Janus emulsion biosensors, and triggered payload release
applications as well as the emulation of biomimetic model systems to pave the way towards artificial

dynamic and self-regulatory adaptive systems.

4.4 Concepts for Multiresponsive Janus Emulsions as Droplet-
based Optical Logic Gates

4.4.1 Introduction

In today's computers, information is managed by circuit-based solid-state semiconductors that
transmit electrical input and output signals according to a binary coding scheme.!*>3 The circuits consist
of a number of interconnected basic elements, the logic gates, which are organized in large arrays to
perform complex functions.?®! In order to filter out noises the signal transmission in computers relies
on a reliable “all or nothing” principle that utilizes a threshold voltage value of the incoming electrical
signal and an affiliated logical convention.[**” In this convention a “0” is used to represent a signal that
is below the defined threshold voltage and a "1" to indicate a signal that is above that value.[*>” This
binary information processing of logic gates is following the rules of George Boole's binary algebra.*>*!
Although this principle enables data transmission in modern communication networks in bundles of
fiber optic cables at a speed of several terabits per second, the underlying binary state system is at the
same time a bottleneck regarding parallel signal processing.?*® For this reason, scientists are pushing
ahead with research into quantum computers, which, by the superposition of the two basic states "0"

and "1", can generate a plethora of intermediate states that enable parallel computing operations.[?3”)
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Inspiration for the next generation of information-processing devices is also provided by biological
systems in which information is processed simultaneously and continuously.!*® For example, gustatory
perception is based sensory-physiologically only on the five to six basic qualities sweet, salty, sour,
bitter, umami and fat, which are responsible for the human sensory impression "taste" through an
interplay with the senses of smell, touch and temperature.?3® 23° |n other words, the multitude of
tastes that exist are the result of the interaction of few receptors that process stimuli and transmit the
corresponding output signals in the form of electrical impulses to the brain.!?*” In the brain, the spatial
and temporal summation of the impulses from gustatory neurons are then combined to generate a

specific taste perception.[*

In this context, based on the previous results of this thesis, concepts for droplet-based optical logic
gates using multiresponsive Janus emulsions as a soft colloidal material platform should be
elaborated.[*® 224 For this purpose, the unique reconfigurability and multiresponsiveness of complex
emulsion droplets should be exploited in combination with stimuli-responsive surfactants to process
information from their environment and to convert the triggered changes of the surfactants into
physical actuations.®™ The morphology-dependent alterations of the optical properties of biphasic
complex emulsions mentioned in the introduction (see chapter3.2.3) will serve as readout

mechanisms and thus as output signals for the droplet-based logic gates.
4.4.2 Droplet-based Logic Gates

In the following chapters, concepts for droplet-based logic gates and circuits are presented, which
become increasingly complex in their presented order. Each utilize different underlying readout
methods as output signals for optical information processing to demonstrate the versatility of biphasic
complex emulsions as a material platform for the realization of logic gates and combinational logic

circuits.
4.4.2.1 Single Input “YES” and “NOT” Gates

Based on the results of chapter 4.2.5, which dealt with the UV-induced reconfiguration of complex
emulsions functionalized with the light-responsive surfactant AzoTAB, a simple single-input logic "YES"
gate should be realized with the use of complex emulsions. To convert the optical input "UV radiation"
via the emulsion droplets into an optically detectable and readable output signal, the morphology-
dependent Lensing effect of biphasic complex droplets discussed in chapter 3.2.3.1 was used as a

readout method.*3% 13 Therefore, complex emulsions were generated of toluene/HFE-7500/FC-43 in
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a 1:0.9:0.1 ratio. The oil mixture was emulsified in an adjusted surfactant solution (0.05 wt.% AzoTAB

and 0.15 wt.% Zonyl) so that the Janus droplets exhibited a contact angle of approximately 90°.

In the initial starting morphology, the droplets, placed as a monolayer on a sample holder, showed
high transmission of incident white light, which was positioned vertically (0° angle) above the sample
holder (Figure 79). The transmitted light was measured with a spectrometer probe placed directly
below the sample holder. The fiber optic probe was connected to an optical spectrometer. To initiate
the triggered change in the droplets’ morphology, a UV-light source (A =365 nm) was arranged at a
45° angle above the sample holder. Upon UV-light irradiation, the droplets assumed a more
encapsulated droplet morphology (6 < 90°), through the triggered isomerization of AzoTAB. Figure 79
shows the described measurement setup and micrographs of the triggered reconfiguration of the

complex droplets.
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Figure 79. Measurement setup for the detection of transmitted white light through a monolayer of complex
emulsion droplets (left). Chemical structure of the light-responsive hydrocarbon surfactant AzoTAB (top right).
Optical micrographs of Janus droplets functionalized with the light-responsive surfactant AzoTAB that undergo

morphological transitions in response to the wavelength of incidient light (bottom right).

Due to the morphology change of the droplets and the associated rearrangement of the internal
droplet interface, the incident light was increasingly scattered, which led to a reduction of the
measured light intensity by about 40 % (Figure 80 right). The UV-induced morphology change and the
associated change in the optical properties of the droplets were reversible by irradiation with an
external blue light (A = 470 nm). This demonstrates that the measured light intensity can be used as a
reliable output signal for an optical droplet-based logic gate that can be readily evaluated with the

naked eye. If the output light intensity measured with the droplets in the perfect Janus morphology is
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defined as output signal "0", the reduced light intensity caused by the applied UV-trigger can be
defined as output signal "1". This means no UV radiation (“0”) provides full transmission (“0”) as an
output signal, while induced UV radiation (“1”) provides reduced transmission (“1”). In the same way
the binary definitions of "0" and "1" could also be reversed. The so generated logic gate corresponds
in its design and functionality to a basic "YES"-gate. Figure 80 shows the truth table (left) and the

measured light intensities of the droplet-based logic gate.
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Figure 80. Symbol and truth table of a droplet-based logic “YES”-gate using the intensity of white light transmitted
through a monolayer of complex droplets as an optical output signal (left). Normalized light intensity against the
wavelength of incident light before and after UV-triggered reconfiguration of the complex emulsion droplets.
The measured light intensity spectra were normalized to the highest intensity peak at a wavelength of

A=570 nm.

Furthermore, the UV-triggered light scattering that led to a reduction in the transmitted light could be
visualized by a printed image (Roman Minerva) that was placed under the sample holder. Due to the
reconfiguration of the droplets to a more encapsulated morphology and the accompanying
enhancement in light scattering, the details of the Minerva were only barely visible (Figure 81). The
process was reversible and the blurred image became clear again after the monolayer of droplets was

illuminated with blue light.
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Figure 81. Droplet-based logic “YES”-Gate using the light-responsive surfactant AzoTAB and a droplet shape-
depending transmission change as an optical readout. The image of the Roman Minerva, which was placed
underneath the sample holder became blurry after applying a UV-light trigger (A = 365 nm) and clear again after

illumination with blue light (A = 470 nm).

To further demonstrate the recovery and reversibility of the presented droplet-based logic "Yes"-gate,
the measurement setup was extended to include a blue LED fiber (A =470 nm) placed at a 45° angle
above the sample holder. The droplet monolayer was then irradiated alternately with UV- and blue

light for 20 seconds each. After every irradiation step, the light transmission of the monolayer was

measured throughout five cycles.
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Figure 82. Extended measurement setup for the detection of transmitted white light through a monolayer of

complex emulsion droplets (left). Measured light intensity of transmitted light through a monolayer of complex

92



4 Results and Discussion

emulsion droplets over five cycles of alternating UV and blue light irradiation (right). Light intensity values were

determined at a wavelength of A =570 nm and normalized to the highest recorded intensity peak.

The recovery of the initial intensity after each cycle of alternating irradiation with UV and blue light
over five cycles, illustrates the robustness of the droplet-based logic gate. The described logic "YES"-
gate with the previously set binary definitions can be converted into the inverse single input "NOT"-
gate without much effort by adjusting the surfactant concentrations and the associated starting
morphology of the emulsion droplets (Figure 83 left). By keeping the AzoTAB concentration constant
(0.15 wt.%) and decreasing the Zonyl concentration (0.1 wt.%), the droplets adopted a FC/HC/W
double emulsion morphology (8 >90°) without UV excitation. Consequently, the measured light
intensity was initially reduced due to light scattering at the encapsulated droplets resulting in an
output signal of "1". The droplet morphology could be converted to a Janus morphology after UV light
irradiation, by tuning the surfactant concentrations, resulting in an increased transmitted light

intensity and an output signal of "1" (Figure 83 right).
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Figure 83. Symbol and truth table of a droplet-based “NOT”-gate using the intensity of white light transmitted
through a monolayer of complex droplets as an optical output signal (left). Light-induced change in the lensing

properties of complex droplets (right).
4.4.2.2 Double-Input “AND”-Gate

To realize a logic gate with two different input signals, complex emulsion droplets were functionalized
with a dual pH- and light-responsive spiropyran-based surfactant 5-(5'-butyl-1',3',3'-

trimethylspiro[chromene-2,2'-indolin]-6-yl)pent-4-yn-1-(trimethyl-ammonium) bromide (SpP
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surfactant), which was synthesized and provided by Dr. Martin Reifarth.?? The unique characteristic
of the SP surfactant is that the spiropyran moiety has been incorporated into the hydrophobic tail of
the surfactant. This allows the SP surfactant to isomerize to a zwitterionic merocyanine (MC) species
in a reversible ring-opening reaction depending on the pH and under the irradiation of light.[243 244
While the SP form exhibits nonpolar properties, the MC form exists as either a zwitterionic (MC) or as
a cationic (MCH*) species depending on the external pH-level (Figure 84). Due to the positive charge
within the hydrophilic tail, there is a loss of the amphiphilic character of the cationic MCH* species and
thus a significant impairment of the interfacial activity. In a previous study, the differentiated surface-
active behavior of the SP surfactant was already investigated and used to manipulate the stability of

oil-in-water emulsions.?*?

Zwitterionic Merocyanine (MC)

>
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Figure 84. Light switching behavior and chemical structures of the different species of the dual-responsive

spiropyrane surfactant (SP) at different pH levels.

Due to the dual-responsivity and reduced surfactant effectiveness under UV irradiation and acidic
conditions, the SP surfactant can be considered as a molecular logic “AND”-Gate. To translate the
triggerable change in surfactant effectiveness of the SP surfactant into a readable output signal, the
morphology-dependent directional light emission of complex emulsions described in section 3.2.3.2
was used. For this purpose, the fluorescent dye N,N-Bis(2,6-diisopropylphenyl)perylene-3,4,9,10-
bis(dicarboximide) (iPr-PDI) was incorporated into the HC phase of complex emulsion droplets

comprising toluene/HFE-7500/FC-43 in a 1:0.9:0.1 ratio (Figure 85 left). The absorption and emission
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spectra of the dye each exhibit three characteristic bands occurring at an absorption wavelength of
A =460 nm, 490 nm, 530 nm and an emission wavelength of at A =540 nm, 580 nm and 630 nm,

respectively (Figure 85 right).
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Figure 85. Chemical structure (left) and absorption and emission spectra of the fluorescent dye iPr-PDI (right).
The dye exhibits absorption bands at A = 460 nm, 490 nm, 530 nm and emission bands at A =540 nm, 580 nm

and 630 nm.

To excite the fluorescent dye, the measurement setup described in context with the previous logic
gate (Figure 82) was modified. Instead of the blue light source, a green optical fiber LED with an
emitted light wavelength of A = 530 nm was placed at an angle of 45° above the sample holder to
coincide with the highest absorption band of the dye. In addition, the white light source of the previous
measurement setup was replaced by a spectrometer probe to collect the light emitted by the complex
droplets in vertical direction, which is the highest at a contact angle of 8 = 27° due to total internal
reflection at the internal droplet interface (Figure 86 left).[}*! The droplet-based logic "AND"-gate
should be designed in a way that the complex droplets start in a Janus morphology and the enhanced
emission in vertical direction is measured only when the droplets reconfigure towards a contact angle

of 6 = 27° due to the reduced surfactant effectiveness by the two applied triggers (Figure 86 right).
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Figure 86. Measurement setup for the detection of emitted light from the fluorecent dye iPr-PDI incorporated in
complex emulsion droplets (left). Morphology-dependent directional light emission of complex emulsions

triggered by variations in incident light and pH.

To meet these criteria, the droplet phases were emulsified in a surfactant solution containing
0.35 wt.% Triton, 0.6 wt.% Zonyl and 0.043 wt.% of the SP surfactant. The nonionic Triton surfactant
was necessary to ensure a final contact angle of 8 = 27° after deactivating the SP surfactant. Under
neutral conditions the prepared emulsions showed a violet color and the droplets adopted a Janus
morphology, which did not show any morphological transition in response to UV-irradiation
(Figure 87 middle). By changing the pH from pH = 7 to pH = 3 with hydrochloric acid and applying the
UV light trigger, the color of the emulsion changed rapidly from violet to light yellow (Figure 87 right),
and the complex droplets changed their morphology from Janus to a nearly encapsulated HC/FC/W

double emulsion morphology (Figure 87 left).

Control Experiment pH=7 pH=3

UV + acidic pH

4

Blue light and
neutral pH

Figure 87. Triggered morphology change by applying a UV-light trigger under acidic conditions on complex
emulsion droplets functionalized with a dual-responsive SP surfactant (left). Control experiment that was
conducted under neutral pH conditions (middle). The complex emulsion droplets did not show any morphological
change in response to UV-irradiation. Color change of complex emulsions containing the dual-responsive SP
surfactant after irradiation with UV-light and at different pH levels (right). In the left vial, the color remained

violet at pH = 7, while in the right vial the color changed from violet to light yellow under acidic conditions.

Subsequently, the light collected by the spectrometer probe placed above a monolayer of complex
emulsion droplets functionalized with the SP surfactant was analyzed. The experiments were
conducted in the dark to prevent light collection from external sources. The light spectra were
recorded before and after changing the pH from neutral to acidic and after applying the UV light trigger
for about 10 seconds in both cases. The received spectra revealed an exclusive emission of the
fluorescent dye at a wavelength of A =580 nm and 630 nm under acidic conditions and prior UV-
irradiation (Figure 88). However, most of the collected light origins from the scattered excitation light

(A =530 nm).
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Figure 88. Wavelength-dependent emission intensity of light detected by a spectrometer probe positioned
vertically above a monolayer of emitting complex droplets functionalized with the dual-responsive SP surfactant.
Both spectra were recorded after the monolayer was irradiated with UV light for 10 seconds. Exclusive dye

emission at a wavelength of A = 580 nm and 630 nm was observed only under acidic conditions.

The so received droplet-based logic “AND”-Gate with its associated truth table is shown in Figure 89.

Spiropyrane (SP)

“AND"-Gate

[N —d
|n2_}0ut

- - /O
@~ UV (365 nm) | acidic pH Br
In, In, Out In, | In, | Out
0O 0 O no UV | normal pH no dye emission
0O 1 O no UV | acidic pH no dye emission
1 0 O UV | normal pH no dye emission
1 1 1 uv acidic pH |exclusive dye emission

Figure 89. Truth table and symbol of the droplet-based logic “AND”-Gate (left) realized with the dual-responsive
SP surfactant that can isomerize to a cationic (MCH*) species upon UV-irradiation and under acidic conditions
(right). Light emission due to the incorporated iPr-PDI dye can only be detected in vertical direction when both

external triggers are applied.
4.4.3 Droplet-based Combinational Logic Circuits

In a last concept, a combinatorial logic circuit based on complex emulsion droplets should be realized.
The so-called "Half-Adder" is a logic circuit which is able to add two one-digit binary numbers
together.™® The special characteristic about this logic circuit is that it consists of two inputs and two

outputs (Figure 90).
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Figure 90. lllustration of a combinational logic circuit based on complex emulsion droplets offering two inputs

and two outputs.

The distinguishability of two different output signals allows in principle a higher information
throughput. In order to translate two potential output signals into detectable optical signals, the
occurrence of morphology-dependent structural colors in biphasic complex emulsions discussed in
chapter 3.2.3.3 was used as a readout method. The structural colors can be observed by illuminating
the droplets with collimated white light and subsequent total internal reflection at the internal droplet
interface, resulting in interference of the light rays, which take different paths along the internal
interface of the droplets.®! The interference results in the cancellation or amplification of certain
wavelengths. The advantage of this readout method is that, depending on the size of the droplets,
which correlates with the size of the internal interface, two to three different structural colors can be

observed.

The study of structural colors observed from polydisperse complex emulsions consisting of heptane
and perfluorohexane in a 1:1 ratio showed that the colors occur in a contact angle range of 8 = 28-55°.
The observed color depends on the droplet morphology and size. Furthermore, the study revealed that
droplets with a size > 85-90 um show three different colors depending on their morphology, while
droplets with a size < 85-90 um show only two different colors. Figure 91 shows typical optical
micrographs obtained when illuminating polydisperse complex emulsion droplets in a contact angle
range of 8 = 28-55° with collimated white light. The micrographs were captured in reflection with an

upright microscope.

Figure 91. Reflectance optical micrographs of complex emulsion droplets showing how the color emanates from

near the contact line and varies with droplet diameter.
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To realize a droplet-based "Half-Adder", the application of either of the two input triggers should each
result in the same output signal, while the application of both input triggers should result in a second,
distinguishable output signal. Therefore, two stimuli-responsive surfactants were assembled at the
HC/W interface of complex emulsion droplets. The UV-responsive AzoTAB surfactant combined with
the pH-responsive 16-(dimethylamino)-N,N,N-trimethylhexadecan-1-aminium iodide (N*-(16)-N)
surfactant (For synthesis details see chapter 10.3.4). The pH-responsive surfactant behaves in neutral
and alkaline media as a normal cationic surfactant, stabilizing conventional emulsions. In acidic media
the surfactant becomes a hydrophilic Bola-type surfactant (N*-(16)-NH*), resulting in a reduced

surfactant effectiveness (Figure 92).24%!
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Figure 92. Chemical structure and switching behavior of the pH-responsive surfactant 16-(dimethylamino)-

N,N,N-trimethylhexadecan-1-aminium iodide (N*-(16)-N).

To obtain a uniform output signal with unambiguous coloration, monodisperse droplets were
produced using microfluidics. The droplets had an average diameter of approximately 75 um. A
surfactant concentration of 0.05 wt.% Triton, 0.15 wt.% Zonyl, 0.01 wt.% AzoTAB and 0.002 wt.%
N*-(16)-N yielded complex emulsion droplets with contact angles 8 = 90 that did not exhibit structural
color. The surfactant concentrations were adjusted in a way that applying of either one of the triggers,
UV or acidic pH, resulted in a morphological reconfiguration of the droplets that allowed the
appearance of a bright violet ring when the droplets were illuminated with collimated white light and

observed under the microscope (Figure 93).
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Figure 93. Morphological reconfiguration of complex emulsion droplets functionalized with the UV-responsive
surfactant AzoTAB and the pH-responsive surfactant N*-(16)-N. By applying either one of the triggers, UV or acidic

pH, the droplets transition towards a morphology that allows the appearance of a violet structural color.

However, by applying both triggers at the same time, the contact angle of the complex droplets
decreased even further, resulting in a color change from violet to bright yellow. Figure 94 shows the
associated symbol and truth table of the droplet-based combinational logic circuit and optical
micrographs of the complex droplets after applying both triggers. The so generated “Half-Adder” can

process two different input trigger and is able to distinguish between one and two applied triggers.

® ®

“Half Adder” ;

In, @ @
|n; D_OUtl 1
|
UV + acidic pH
B
p E—
Out, Blue light and
neutral pH
In, In, | Out; Out, In, | In, Output
0 0 0 0 no UV | normal pH no color
0 1 1 0 no UV | acidic pH purple
1 0 1 0 UV | normalpH| purple
1 1 0 1 uv acidic pH yellow

Figure 94. Truth table and symbol of the droplet-based “Half-Adder” (left) realized with a combination of the

light-responsive AzoTAB surfactant and the pH-responsive N*-(16)-N surfactant. By applying both trigger, UV and
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acidic pH, the droplets transition towards a morphology that allows the appearance of a bright yellow structural

color.

4.4.4 Conclusion

For the first time, concepts for three different logic gates or combinatorial logic circuits based on
complex emulsions as material platform were presented. The logic gates exploit the unique properties
of complex emulsions, specifically their reconfigurability and multiresponsiveness, in combination with
stimuli-responsive surfactants. By using different readout methods, it was demonstrated how the
physical trigger "UV radiation" and the chemical trigger "pH value change" could be converted into
different optically readable output signals. Furthermore, it was shown that complex emulsion droplets
have the potential for the realization of different types of logic gates, which are reversible and can be
converted into other logic gates by simple adjustment of the surfactant concentrations. The presented
concepts can be considered as templates or as proof-of-concepts offering great flexibility for
customization and tailoring to different application areas. Due to their freely functionalizable
hydrocarbon phase and the variety of available stimuli-responsive surfactants, complex emulsions
offer the outstanding possibility of processing almost any external chemical or physical trigger,
including temperature, pH, redox, light, enzymes, salts, presence of specific chemicals or biologicals,

as well as external electric or magnetic fields, and transducing them into optically readable signals.*

95]

The last presented concept of the "Half-Adder" was featured by the special property of generating
more than one output signal, which allows an increased information throughput. This underlines the
versatility and efficiency of logic gates based on complex emulsions in information processing of
environmental stimuli. The presented concepts offer great potential for the automation of sensor
platforms as the generated output signals of the presented logic gates can be processed digitally with

simple and inexpensive devices such as microscopes or optical spectrometers.
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Within the scope of this thesis, complex emulsions have been widely explored as a material platform
for the design of multiresponsive, active and adaptive liquid colloidal systems. Different variations in
droplet composition and the influence of additives and co-solvents on the external shape of complex
droplets were studied in detail. The underlying principles and mechanics that influence the equilibrium
of interfacial tensions have been uncovered, which allowed the targeted design of non-spherical
anisotropic complex emulsions by combining two preparation approaches for the generation of
complex emulsions, namely the thermal phase separation approach and the solvent evaporation
method. Functionalization with a stimuli-responsive photosurfactant (AzoTAB) resulted in shape-
changing soft colloids that exhibited a jellyfish inspired movement behavior, holding great promise for
the design of biological inspired active material architectures and shape-changing soft robotics. A
potential application of this shape-changing locomotion of complex droplets lies is in the active

transport of payloads, for example of lipophilic substances, through the continuous aqueous medium.

In situ observations of spherical Janus emulsion droplets with a simple customized side-view imaging
setup with accompanying pendant drop measurements disclosed the sensitivity regime of the unique
chemical-morphological coupling inside biphasic O/W Janus emulsions. Recording of a calibration
curve enabled the introduction of a new “responsive drop” method for a convenient and cost-efficient
guantification and comparison of the CMC’s and effectiveness’ of various cationic, anionic, and
nonionic surfactants. Further, the method allowed insightful characterization of stimuli-responsive
surfactants and monitoring of the impact of inorganic salts on the CMC and surfactant effectiveness of
ionic and nonionic surfactants. In this context, the "responsive drop" method could be applied to
further commercial and stimuli-responsive surfactants to allow a complementary characterization of
these compounds. The stimuli-responsive surfactants used in this work could serve as a basis for these
studies. For example, the dual-responsive spiropyrane-based surfactant (SP surfactant) or the pH-

responsive N*-(16)-N surfactant.

The selective placement of synthetic crown ether surfactants on the hydrocarbon hemisphere of
complex emulsion droplets yielded a synthetic minimal material platform capable of autonomous and
reversible adaptation to its chemical environment through different supramolecular recognition
events. Horizontal imaging allowed in situ visualization of different supramolecular host-guest
recognition events at the interface and revealed two opposite morphological transition mechanics.
Addition of metal or ammonium salts resulted in the formation of hydrophobic complexes by the
coordination of crown ether units to suitable cations, leading to a phase-transfer of the complexes into

the organic phase paired with a decrease in the measured contact angle 8 of the complex droplets. In
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contrast, the addition of hydrophilic ammonium compounds such as amino acids or polypeptides like
antibodies resulted in an increase of the measured contact angle 6 due to an improved hydrophilic-
lipophilic balance of the resulting complexes. In summary, the multiresponsive material platform
enabled interfacial complexation and thus triggered responses of the droplets to a variety of chemical
triggers including metal ions, ammonium compounds, amino acids, antibodies, carbohydrates as well
as amino-functionalized solid interfaces. Based on the presented results, further crown ether
surfactants could be synthesized and investigated for their supramolecular complexation properties.
Specially designed binding pockets could increase the selectivity towards specific ion species and thus
enable highly sensitive droplet-based metal ion sensors. In this context, photo-responsive crown ether
surfactants would be of interest, as they would allow switchable uptake and release of metal ions by
the complex droplets.?%® 247! |n addition, the crown ether-functionalized complex emulsions could
serve as the basis for biomimetic model systems to investigate the supramolecular mechanics of

natural ionophores in biological systems.

At the end of the thesis, the first documented logic gates and combinatorial logic circuits based on
complex emulsions were presented. The previously extensively studied reconfigurability and
multiresponsiveness of complex emulsions was used to realize complex droplet-based logic gates of
varying complexity. The selection of different stimuli-responsive surfactants in combination with
varying readout methods demonstrated the versatility and flexibility of the material platform, which
can in principle be adapted to almost any external chemical or physical trigger, including temperature,
pH, redox, light, enzymes, salts, presence of specific chemicals or biologicals, as well as external electric
or magnetic fields. In this framework, the previously addressed crown ether surfactants offer further
possibilities for the detection of various cations and biologically relevant molecules. Further, with the
introduction of the droplet-based “Half-Adder” and the morphology-dependent occurrence of
structural colors as readout method, it was proven that droplet-based logic gates are capable of
generating more than one output signal, which allows increased information throughput. The
presented logic gates can be considered as templates, offering great flexibility for customization and
tailoring to different application areas. The received output signals of the various readout methods
can be processed digitally, which paves the way for fully automated, adaptive and parallel processing
sensing platforms, which could be arranged in large arrays in analogy to silicon-based logic gates,

allowing live monitoring of aqueous environments.
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6.1 List of used Chemicals

If not other mentioned, all chemicals listed herein were used as received without further purification.
Acetone (Honeywell), 3-aminophenylboronic acid hydrochloride (98%, Sigma Aldrich), 4’-aminobenzo-
15-crown-5 (Sigma Aldrich), 4’-aminobenzo-18-crown-6 (Sigma Aldrich), 2-[2-(3-aminopropoxy)-
ethoxy]ethan-1-ol (95%, Enamine), 3-(aminopropyl)trimethoxysilane (97%, Sigma Aldrich), ammonium
acetate (Sigma Aldrich), ammonium chloride (Sigma Aldrich), anti-human IgG (Fc specific)-FITC
antibody produced in goat (Sigma Aldrich), AOT (98%, Sigma Aldrich), barium acetate (Sigma Aldrich),
4-butylanilin (Sigma Aldrich), Brij 58 (Sigma Aldrich), 1-bromohexane (99%, Alfa Aesar), calcium
acetate monohydrate (Alfa Aesar), chloroform (Honeywell), CTAB (99%, Sigma Alrich), D-(-)-fructose
(>99%, Sigma Aldrich), D-(+)-glucose (>99.5%, Sigma Aldrich), 1,3-dibromopropane (abcr GmbH),
dichloromethane (Honeywell), dimethylamine (40% in water), diehtylbenzene (95%, Sigma Aldrich),
diethylether (Honeywell), 4-(dimethylamino)pyridine (Sigma Aldrich), N,N-dimethylformamide
(Honeywell), dodecanoyl chloride (Sigma Aldrich), [3-(2,3-epoxypropoxy)-propyl]-trimethoxysilan
(>98%, Sigma Aldrich), ethylacetate (Honeywell), FC-43 (85%, abcr GmbH), fluoresceinamine
hydrochloride isomer (Sigma Aldrich), 1,16-hexadecanedioic acid (Sigma Aldrich), HFE 7500 (99%, abcr
GmbH), L-arginine (>99,5%, Sigma Aldrich), L-histidine (>99%, Sigma Aldrich), lithium acetate dihydrate
(Sigma Aldrich), lithium aluminium hydride (Sigma Aldrich), L-lysine (>98,5%, Sigma Aldrich),
magnesium acetate tetrahydrate Alfa Aesar), magnesium sulfate (Sigma Aldrich), mannan from
saccharomyces cerevisiae (Sigma Aldrich), methanol (Supelco), 1-(methoxy)nonafluorobutane (98%,
abcr GmbH), methyl iodide (abcr GmbH), n-decane (Sigma Aldrich), n-heptane (Fluka Chemika),
n-hexane (Sigma Aldrich), N-N"-Bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide
(Tokyo chemical industry co.), perfluorodecalin (98% cis and trans, abcr GmbH), phenol detached
crystals (99+%, Alfa Aesar), potassium acetate (Alfa Aesar), potassium carbonate anhydrous (99.5%,
potassium carbonate (Sigma Aldrich), Fisher scientific U.K.), potassium hydroxide (Sigma Aldrich),
potassium iodide (Sigma Aldrich), riboflavin (Sigma Aldrich), sodium acetate (Sigma Aldrich), sodium
carbonate (Sigma Aldrich), sodium chloride (Sigma Aldrich), sodium dodecyl sulfate (99%, Sigma
Aldrich), sodium hydrogencarbonate (Sigma Aldrich), sodium nitrite (Merck), Sudan Red 7B (Sigma
Aldrich), tert-butyl-2-bromoacetate (abcr GmbH), tetrahydrofuran (Honeywell), thionyl chloride
(Sigma Aldrich), toluene (VWR chemicals), triethylamine (Sigma Aldrich), trifluoroacetic acid (Sigma
Aldrich), trimethylamine (35% in ethanol) (Sigma Aldrich), Trition X-100 (eurobio), Tween 20 (Sigma
Aldrich), zinc acetate (Sigma Aldrich), Zonyl FS-300 (40% solid in water, abcr GmbH).
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6.2 Characterization Methods

Nuclear Magnetic Resonance (NMR)

'H- and C-nuclear magnetic resonance (NMR) spectra were recorded using a Bruker Advance and

Agilent 400 MHz NMR spectrometer.
High-Resolution Mass Spectrometry (HRMS)

High-resolution mass spectrometry (HRMS) was measured with a Xevo G2-XS Qtof high-resolution

mass spectrometer (Waters) coupled with an Acquity UPLC H-Class system (Waters).
Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) was performed on a Leica SP8 confocal microscope.
Samples were excited with an argon laser at 476 and 488 nm, and emission detected at 500-550 nm.

Images were acquired at 1024 x 1024 pixels at 400 Hz scanning speed.
Density Functional Theory (DFT) Calculations

Gas-phase ground-state equilibrium geometries and frequencies were obtained by performing density
functional theory (DFT) optimization, using the B3LYP!?*®! energy functional and the 6-31G(d,p) split-
valence Pople’s basis set for all the atomic species. Besides, the electron density with an isovalue
contour was mapped for the metal-free and sodium chelated 15-crown ether surfactant. DFT

calculations were performed using the GAUSSIANO3 package.
Imaging and Microscopy

For the in situ observation of the complex emulsions and the determination of the contact angles a
custom designed side-view setup was used, which was equipped with a variable zoom, composed of
two tube 200 mm tube lenses and Olympus planar optical microscopy lenses. The apparatus was
connected to an area scan CCD camera from HIKVision. For imaging monolayers we used generic cavity
slides. Horizontal images have been captured on an inverted microscope (Bresser) mounted with an
area scan CCD camera from HIKVision. Structural colors were measured in reflection using an VH-Z100

upright microscope from Keyence.
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Droplet Geometry Measurements

To overcome the problem of stacking and squishing of emulsion droplets, which should be avoided for
correct contact angle determination, a special preparation technique was utilized. By applying only a
small amount of droplets on the center (highest depth) of a horizontal lying cavity slides ensures that
the droplets can fill up the cavity slide from bottom to top, when the cavity slide is brought afterwards
into a vertical position. This technique avoids the squishing of the droplets. At the left and right end of
the cavity slide center a monolayer of droplets forms, which are neither stacked nor squished. This

monolayer can be used to take high quality side-view images.

Contact angles at the three-phase contact line of Janus particles were determined from side view
images taken with a custom side-view setup mentioned above. All studied droplets appeared overall
to be spherical as a result of the ultralow interfacial tension between both oil phases. As described in
chapter 3.2.1, the contact angle 8:c was used as the key parameter to quantitatively describe the Janus
droplets’ morphology. The contact angle 6:c was determined by taking the middle points of two circles
that outline the inner and outer interfaces of a side-viewed droplet and applying the law of cosines
according to equation (6) (with R;: radius of inner droplet; Rq: radius of Janus droplet; and d: distance
between the centers of the two circles). The outer contact angle 6, of non-spherical snowman-shaped
droplets was determined by drawing circles around the hemispheres of the two oil phases (Figure 13).
Starting from the three-phase junction point, tangents can be applied to the respective circles that

outline the oil phases. The angle between the two tangents corresponds to the contact angle Oo.

Pendant-Drop Tensiometry

Interfacial tension measurements were performed on a drop shape analyzer tensiometer (DSA10-MK2,
Kriss) in the pendant drop configuration. A CCD camera recorded the image of the drop. To obtain
values of the surface tension, the drop profiles were fitted to the Laplace equation. The interfacial
tension decreased exponentially with time after the formation of the pendant drop because surfactant
molecules continued to adsorb at the droplets’ interface. To keep the results comparable and to take
the exponential decline of the interfacial tension into consideration, the process was monitored over
time. Therefore, the interfacial tension values were taken when the rate of decrease was slower than

0.2 mNm? per 30 seconds.
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6.3 Software

All illustrations of molecules were specially created with the program Chemdraw Professional, Version
20.0 from PerkinElmer. Self-generated schematic illustrations were made with the program
CorelDRAW 2020 from Corel Corporation. The NMR spectra were analyzed with the software
MestReNova from Mestrelab Research. The computational determination of the contact angle was
performed with either the imaging software Fiji or with a custom-written Matlab script (v2019b) using
the image processing toolbox. Utilizing high-contrast side-view optical micrographs containing multiple
droplets of similar size in a plane, the droplets are first separated from the main image using edge
detection. The program uses an adaptive threshold algorithm to distinguish areas with higher
transparency from the opaque regions of the higher refractive index and dyed hydrocarbon phases
and calculates B¢c from the respective circles. The separated droplets are processed separately to
detect the internal interface, its curvature, and its centerpoint. In cases where Raroplet = Reurvature, the
two circles are simply detected. In cases where Reurvature >> Raroplet, the interfacial curvature is defined
by the right and left-most points of the detected internal interface and the upper- and lower-most
points. The detected centerpoints and curvatures are then used to calculate the intersection points.

The contact angle between the two droplets is calculated using the law of cosines.
6.4 Experimental Procedure

General Instruction for Droplet Generation

The complex emulsions in this work were prepared by a one-step temperature-induced phase-
separation method (see chapter 3.2.2). The droplet oil phases consisted of various hydrocarbon and
fluorocarbon oils that were mixed in a 1:1 ratio unless otherwise specified. The continuous aqueous
phase consisted of ultrapure MilliQ water with different concentrations of the following surfactants:
AOT, AzoTAB, Brij 58, CTAB, N*-(16)-N, SDS, Triton X-100, Tween 20, and Zonyl FS-300. For each
emulsion 100 pl of the hydrocarbon-fluorocarbon mixture was heated above the respective upper
critical solution temperature (UCST) and added to 1 mL of a preheated aqueous surfactant solution.
The resulting mixture was emulsified subsequently by using a vortex mixer (10 s, 2500 rpm, Vortex
Genie 2, scientific industries). The prepared complex emulsions were cooled down to room
temperature before used. For higher contrast micrographs of the droplets, the dye Sudan Red 7B was

added to the hydrocarbon phase of the emulsion samples if it did not interfere in the experiments.
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Monodisperse biphasic droplets were generated with a thermal phase separation approach in a
microfluidic device. The fluid flow rates of the continuous and dispersed phase were controlled with a
Fluigent Flow-EZ pressure control platform. Both phases were guided through a X-shaped junction in
a hydrophilic glass chip produced by Dolomite and were brought together under elevated temperature
in a custom-built heat chamber. Inside the heat chamber the air was heated by a heating unit to raise
the temperature above the UCST of the particular oil mixture. Droplets were generated and collected
in a surfactant mixture for the desired experimental sample. The droplets were then cooled to induce
phase separation, resulting in Janus droplets with a uniform internal droplet morphology. Generated

microfluidic droplets were stored in sealed containers to prevent evaporation and used within 3 days.

CMC and yuc* Determination with the Dynamic Drop Method

To determine the surfactants CMC and yuc* values the droplets’ contact angle was measured at
different hydrocarbon surfactant concentrations and the concentration of fluorocarbon surfactant
(Zonyl FS-300) was kept constant. The constant fluorocarbon surfactant concentration acted as an
internal standard and served to maintain overall droplet stability. Initially, the droplet contact angle
increased rapidly with an increasing amount of hydrocarbon surfactant until the CMC was reached.
After the CMC the slope of the contact angle change was significantly lower. To extract the surfactants’
CMC and yuc* values from the droplet morphology diagram the linear fit functions describing the two
different areas where the slope of the droplets contact angle change differ from each other were used.
The CMC value was extracted from the crossing point of the two linear fit functions. The corresponding
y-value describing the droplet contact angle at the surfactant’s CMC was then translated into an
interfacial tension value using the function of the linear fit from Figure 35 of the dissertation. The
contact angle is directly proportional to the parameter yec - yuc. With the function describing the
calibration curve of Figure 35 at hand (6 = 26.41° - (Vec - Yuc) + 95.02°), and knowing the value of ygc at
the particular fluorocarbon surfactant concentration, the respective yuc* value could be calculated

(Table 3).

Characterization of the Photo-responsive Surfactant AzoTAB

For measurements with the amphiphilic light-responsive azo-surfactant AzoTAB the complex
emulsions have been irradiated until the droplets’ topology reached a constant state. As UV-light
source we used a UV lamp from Herolab GmbH (Type NU-4, 220 Volt, 2x4 Watt) with a wavelength of
A =366 nm. As blue light source we used a custom designed LED with a wavelength of A =461 nm and

a power of 74.6 mW/cm?2. The Lamp Spectra of the UV- and blue light source were measured with an
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optical spectrometer from Avantes (StarLine, AvaSpec-ULS2048CL-EVO-RS) which was connected to an

optical fiber from ThorLabs (diameter: 400 um).
'H-NMR Investigation of Crown Ether Phase Partitioning

To determine the partitioning of the 15-crown-5 surfactant between the toluene and water phase
under different conditions an external quantitative NMR approach was used.?** For this purpose, a
measuring tube containing a capillary with 1,3,5-trimethoxybenzene dissolved in toluene-ds was used
as a reference substance. Through this approach contamination of the analyte solution with the
reference substance can be avoided. The concentration of the internal standard was 5 mgmL®. In a
separate vial 3 mgmL? of the 15-crown-5 surfactant was dissolved in 2 mL of a phase-separated 1:1
mixture of toluene-ds (1 mL) and D,0 (1 mL). The mixture was agitated and left 1 h for equilibration.
Subsequently, 500 uL of each phase was extracted and a *H-NMR-spectrum was recorded. The spectra
were recorded using a Bruker Avance Neo 600 MHz NMR spectrometer with a broad band fluorine
observation (BBFO) probe head. To minimize measurement-related errors the amount of scans was
raised to 128, spinning was turned off to prevent artefacts known as “spinning sidebands” and the
relaxation delay was set manually (d1) to 5s to ensure that all signals have fully relaxed between
pulses. Before integrating the signals of interest phase- and baseline correction have been applied to
the spectra. NMR signals of 1,3,5-Trimethoxybenzene (reference compound) in toluene-dgs are 6 (ppm):

6.14 (s, 3H), 3.33 (s, 9H).
IgG Antibody Attachment to Crown Ether-functionalized Complex Emulsions

For the attachment experiment of the FITC-labeled anti-human IgG antibody produced in goat, 500 ul
of the surfactant solution containing 0.05 wt.% Zonyl, 0.015 wt.% Triton and 40 pug/mL anti-human IgG
antibodies was added to the fluorescence sample holder. Next, complex emulsion droplets
functionalized with 1 mg/mL (1.96 mM) of the 18-crown-6 surfactant, which were prepared in a
surfactant solution with 0.05 wt.% Zonyl and 0.015 wt.% Triton, were added to the sample holder using
a glass pipette. The images were taken after the droplets were gently swirled in the antibody

containing surfactant solution for 60 seconds.
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7 List of Abbreviations and Symbols

AOT
BBFO
Brij 58
CLSM
CTAB
CMC
DCM
DEB
DFT
DNA
DMSO
FC

FC/HC/W

FC-43

FITC

|4

HC

HC/FC/W

HFE-7500

HLB

HRMS

Sodium bis(2-ethylhexyl) sulfosuccinate
Broad band fluorine observation
Polyethylenglycolhexadecylether
Confocal laser scanning microscopy
Cetyltrimethylammonium bromide
Critical micelle concentration
Dichloromethane

Diethylbenzene

Density functional theory
Deoxyribonucleic acid

Dimethyl sulfoxide

Fluorocarbon

Fluorocarbon-in-hydrocarbon-in-water

emulsion
Perfluorotributylamine
Fluorescein isothiocyanate
Interfacial tension
Hydrocarbon

Hydrocarbon-in-fluorocarbon-in-water

emulsion

2-(Trifluoromethyl)-3-

ethoxydodecafluorohexane
Hydrophilic-Lipophilic Balance

High-resolution mass spectrometry
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7 List of Abbreviations and Symbols

IFT
IgG

iPr-PDI

K-TARF

LCST
LED
MC
MCH*
MPFB

N*-(16)-N

NMR
o/W
0/W/0
PEG-NH;,
PET

PFH
QED
SDS

SP surfactant

Interfacial tension
Immunoglobulin G

N,N-Bis(2,6-Diisopropylphenyl)perylene-
3,4,9,10-bis(dicarboximide)

Potassium 2-(7,8-dimethyl-2,4-dioxo-10-
((2S,3S,4R)-2,3,4,5-tetraace-toxypentyl)-
4,10-dihydropyrimido[4,5-b]quinolin-
3(2H)yl)acetate

Lower critical solution temperature
Light emitting diode

Zwitterionic merocyanine

Cationic merocyanine
Methoxyperfluorobutane

16-(Dimethylamino)-N,N,N-

trimethylhexadecan-1-aminium iodide
Nuclear magnetic resonance
Oil-in-water emulsion

Oil-in-water-in-oil emulsion
2-[2-(3-Aminopropoxy)ethoxy]ethan-1-ol
Photoinduced electron transfer
Perfluorohexane

Quantum electrodynamics

Sodium dodecyl sulfate

5-(5'-Butyl-1',3',3'-
trimethylspiro[chromene-2,2'-indolin]-6-

yl)pent-4-yn-1-(trimethyl-ammonium)
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List of Abbreviations and Symbols

o]
THF
Triton
Tween 20
Tween 80
UCST / Tc
uv

Vis

W/0
W/0/W

Zonyl

Surface excess

Surface tension

Tetrahydrofuran

Triton X-100
Polyoxyethylen(20)-sorbitan-monolaurat
Polyoxyethylen(20)-sorbitan-monooleat
Upper critical solution temperature
Ultraviolet

Visible

Water-in-oil emulsion
Water-in-oil-in-water emulsion

Zonyl FS-300
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10.2 Supporting Information

10.2.1 Additional Graphs for Chapter 5.2
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Figure S1. Droplet morphology diagrams measured against different concentrations of Zonyl (left) and SDS (right).

The Zonyl and SDS concentrations were kept at a constant concentration of 1.0 wt.%. The CMCs of Zonyl and SDS

were determined using the responsive drop method at = 0.115 wt.% and 8.44 + 0.17 mM, respectively. Contact

angle error bars refer to N > 10 measurements.
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Figure S2. Droplet morphology diagrams measured against different concentrations of Brij 58 (left) and CTAB

(right). The Brij and CTAB concentrations were kept at a constant concentration of 0.025 wt.% and 0.25 wt.%.

The CMCs of Brij and CTAB were determined using the responsive drop method at 0.076 £ 0.012 mM and

1.00 £ 0.05 mM, respectively. Contact angle error bars refer to N 2 10 measurements.
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and 0.25 wt.%. The CMCs of Triton and Tween 20 were determined using the responsive drop method at

0.258 £ 0.003 mM and 0.063 = 0.001 mM, respectively. Contact angle error bars refer to N 2 10 measurements.
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the fraction of 5 wt.% Brij 58 (ferijss) and the fraction of 5.0 wt.% Trition-X100 (frritionx-100), Where the other fraction

is 5.0 wt.% Zonyl FS-300. Interfacial tension error bars refer to N > 5 measurements.

10.3 Surfactant and Fluorescent Dye Synthesis

10.3.1 Light-responsive Surfactant AzoTAB

1) 4-butyl-4’-hydroxyazobenzene

15 g (100.5 mmol, 1 eq.) of 4-butylanilin was dissolved in 60 mL of HCI (5 M) at 0 °C. Then 6.934 g
(100.5 mmol, 1 eq.) of sodium nitrite in 15 mL of water was added. The reaction mixture was left to
react for 1 hat 0 °C. Then 9.458 g (100.5 mmol, 1 eq.) of Phenol and 29.279 g (251.3 mmol, 2.5 eq.) of
sodium carbonate in 50 mL water was added. The product was precipitated as a brown solid. The
reaction solution was filtered and the product was recrystallized in n-hexane. Then the product was

dissolved in acetone and filtered again to separate the NaCl.
Yield: 18.997 g (74 %).

1H-NMR (400 MHz, CDCl3): 7.85 (d, 2H), 7.78 (d, 2H), 7.30 (d, 2H), 6.93 (d, 2H), 2.68 (t, 2H), 1.64 (m,
2H), 1.38 (m, 2H), 0.94 (t, 3H).
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Figure S6. 'H-NMR-spectrum of 4-butyl-4’-hydroxyazobenzene.
2) 4-butyl-4’-(3-bromopropxy)azobenzene

18.997 g of 4-butyl-4’-hydroxyazobenzene (74.7 mmol, 1 eq.) in 100 mL THF was added dropwise into
a mixture of 5.029 g potassium hydroxide (89.64 mmol, 1.2 eq.) and 8.38 mL of 1,3-dibromopropane
(82.17 mmol, 1.1 eq.). The reaction was refluxed overnight. The crude was filtered to remove the KBr
and then evaporated down to an oily solution that was resuspended in n-hexane for precipitation at
low temperature. The precipitate was recrystallized and the hot solution was filtered to remove the

solid dimer.
Yield: 8.210 g (29 %).

'H-NMR (400 MHz, CDCls): 7.95 (d, 2H), 7.84 (d, 2H), 7.31 (d, 2H), 7.03 (d, 2H), 4.20 (t, 2H), 3.63 (t, 2H),
2.68 (t, 2H), 2.36 (m, 2H), 1.64 (m, 2H), 1.38 (m, 2H), 0.94 (t, 3H).
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Figure S7. 'H-NMR-spectrum of 4-butyl-4’-(3-bromopropxy)azobenzene.
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3) 4-butyl-4’-(3-trimethylammoniumpropoxy)phenylazobenzene (AzoTAB)

8 g of 4-butyl-4’-(3-bromopropxy)azobenzene (21.3 mmol, 1 eq.) was dissolved in 120 mL of

ethylacetate and 180 mL of ethanol at 70 °C. 20.36 mL of trimethylamine (35 % in ethanol, 85.3 mmol,

4 eq.) was added dropwise. The reaction was refluxed for 48 h. Upon cooling to RT a precipitate of

AzoTAB forms. The precipitate was filtered and recrystallized in a 90:10 v/v mixture of ethylacetate

and ethanol.

Yield: 6.631 g (88 %), overall yield: 19 %.

'H-NMR (400 MHz, CDCls): 7.89 (d, 2H), 7.80 (d, 2H), 7.29 (d, 2H), 7.00 (d, 2H), 4.20 (t, 2H), 3.90 (t, 2H),

3.49 (s, 9H), 2.67 (t, 2H), 2.34 (m, 2H), 1.63 (m, 2H), 1.37 (m, 2H), 0.93 (t, 3H).
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Figure S8. 'H-NMR-spectrum of 4-butyl-4’-(3-trimethylammoniumpropoxy)phenylazobenzene (AzoTAB).

10.3.2 4’-[N-Dodecanoylamino]benzo-15-crown-5

The synthesis of 4’-[N-Dodecanoylamino]benzo-15-crown-5 was adapted from a preparation reported

in the literature.* It was modified with the addition of column chromatography purification on silica

gel.

Dodecanoyl chloride (0.49 mL, 2.05 mmol) solubilized of THF (10 mL) was dropwise added to an
anhydrous solution of THF (20 mL) containing 4’-aminobenzo-15-crown-5 (0.5 g, 1.86 mmol) and
triethylamine (0.52 mL, 3.72 mmol) under nitrogen atmosphere. The reaction was stirred at room
temperature for 2 h, the resulting precipitate was filtered and the solid was concentrated to dryness
in vacuo. The residue was dissolved in chloroform (30 mL), washed with water (10 mL), dried over
MgSO., filtered and concentrated. The crude product was purified by column chromatography on silica

gel (eluent: 10:1 dichloromethane/methanol) giving the desired compound as colorless crystals.

Yield: 0.538 g (62 %)
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1H-NMR (400 MHz, CD2Cl,): & (ppm) 7.30 (d, J = 2.4 Hz, 1H), 7.24 (s, 1H), 6.91 (dd, J = 8.7, 2.4 Hz, 1H),
6.80 (d, J = 8.6 Hz, 1H), 4.07 (m, 4H), 3.82 (m, 4H), 3.85 (m, 8H), 2.30 (t, J = 7.6 Hz, 2H), 1.67 (m, 2H),
1.20-1.39 (m, 16H), 0.87 (t, 3H).

13C-NMR (100 MHz, CD,Cl,): & (ppm) 171.4, 149.2, 145.5, 132.9, 114.4, 112.3, 106.8, 70.9, 70.8, 70.4,
70.3, 69.6, 69.4, 68.7, 37.9, 32.3, 30.0, 30.0, 29.9, 29.8, 29.7, 29.6, 25.9, 23.1, 14.3.

HRMS (ESI+/Q-TOF): m/z: [M+Na]* Calcd. for C6H43NOgNa: 488.2982; found: 488.2852.
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Figure S9. 'H-NMR-spectrum of 4’-[N-dodecanoylamino]benzo-15-crown-5.
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Figure S11. HRMS of 4’-[N-dodecanoylamino]benzo-15-crown-5.
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10.3.3 4’-[N-Dodecanoylamino]benzo-18-crown-6

The synthesis of 4’-[N-Dodecanoylamino]benzo-18-crown-6 was adapted from a preparation reported

in the literature.?®” |t was modified with the addition of column chromatography purification on silica

gel.

Dodecanoyl chloride (0.4 mL, 1.68 mmol) solubilized in DCM (10 mL) was added dropwise to an
anhydrous DCM solution (20 mL) containing 4’-aminobenzo-18-crown-6 (0.5 g, 1.53 mmol) and
triethylamine (0.42 mL, 3.06 mmol). The reaction was stirred at room temperature for 2 h, the resulting
precipitate was filtered and the solid was concentrated to dryness in vacuo. The residue was dissolved
in chloroform (30 mL), washed with water (10 mL), dried over MgSQ,, filtered and concentrated. The
crude was purified by column chromatography on silica gel (eluent: 9:1 dichloromethane/methanol)

giving the desired compound as colorless crystals.
Yield: 0.24 g (31 %)

1H-NMR (400 MHz, CD,Cl,): & (ppm) 7.72 (s, 1H), 7.31 (d, J = 2.4 Hz, 1H), 6.97 (dd, J = 8.7, 2.4 Hz, 1H),
6.75 (d, J = 8.6 Hz, 1H), 3.82 (m, 4H), 4.08 (m, 4H), 3.65 (m, 12H), 2.31 (t, J = 7.6 Hz, 2H), 1.66 (m, 2H),
1.20-1.39 (m, 16H), 0.87 (t, J = 6.7 Hz, 3H).

13C-NMR (100 MHz, CD,Cl,): 6 (ppm) 171.7, 148.5, 144.9, 132.8, 113.1, 112.2, 106.2, 70.4, 69.5, 69.4,
68.5, 68.1, 37.8, 32.3, 30.0, 29.9, 29.8, 29.7, 29.7, 26.0, 23.1, 14.3.

HRMS (ESI+/Q-TOF): m/z: [M+Na]* Calcd. for CasH47NOsNa: 532.3244; found: 532.3115.
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Figure S14. HRMS of 4’-[N-dodecanoylamino]benzo-18-crown-6.
10.3.4 pH-Responsive Surfactant N*-(16)-N

The following synthesis route was adapted from literature.?*”!
1) Hexadecanedioyl dichloride

1,16-hexadecanioc acid (2.5g, 8.7 mmol) was added to a three-necked flask equipped with a
condenser. Then three drops of N,N-dimethylformamide were added as a catalyst. Then thionyl
chloride (2.6 g, 22 mmol) was slowly dropped in over 30 min. The mixture was stirred at 60 °C for 1 h.
After that, excess thionyl chloride was removed by vacuum distillation under reduced pressure.

Hexadecanedioyl dichloride was obtained as a slightly yellow liquid.
Yield: 2.51 g (98 %)

'H-NMR (400 MHz, CDCls): 6 (ppm) 2.88 (t, 4H), 1.70 (m, 4H), 1.31 (m, 16H).
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N-cn-N step1.10.fid
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Figure S15. *H-NMR-spectrum of hexadecanedioyl dichloride.
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An aqueous solution of diemethylamine (40 % in water, 15.4 g, 137 mmol) was placed in an ice bath

and then a DCM solution of hexadecanedioyl dichloride (2.5g, 8.47 mmol) awas added dropwise. After

reacting for 2 h the solution was extracted with DCM three times and the extract was dried with

anhydrous MgS0.. After filtration and removing the solvent, the residue was recrystallized in acetone.

After vacuum drying, N,N1,N 16, N 1-tetramethylhexadecanediamide was obtained as a white solid.

Yield: 2.184 g (82.5 %)

1H-NMR (400 MHz, CDCl3): & (ppm) 2.97 (d, 12H), 2.30 (t, 4H), 1.62 (m, 4H), 1.28 (m, 20H).
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Figure S16. *H-NMR-spectrum of N',N,N 16, N 6-tetramethylhexadecanediamide.
3) NL,N,N16, N 6-Tetramethylhexadecane-1,16-diamine

30 mL dry THF as a solvent was added to a three-necked flask. Then LiAIH, (0.588 g, 17 mmol) and N
1NN, N1e-tetramethylhexadecanediamide (2.1 g, 6.72 mmol) were added in batch. The mixture was
was brought to reaction at 72 °C for about 2 h. After cooling to room temperature, the reaction mixture
was quenched by adding 0.5 mL water and 0.5 mL aqueous NaOH solution (15 wt.%) and stirred for
30 min. Excess anhydrous MgS0, was added to remove water and the mixture was filtered afterwards.
The resulting filtrate was evaporated under reduced pressure to remove the solvent. N!,N?, N6 N6~

Tetramethylhexadecane-1,16-diamine was obtained as a yellow liquid.

Yield: 1.621 g (77 %)

1H-NMR (400 MHz, CDCl3): & (ppm) 2.35-2.22 (m, 16H), 1.49 (m, 4H), 1.26 (m, 24H).
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Figure S17. *H-NMR-spectrum of N',N1,N 16,N 6-tetramethylhexadecane-1,16-diamine.
4) 16-(Dimethylamino)-N,N,N-trimethylhexadecan-1-aminium iodide (N*-(16)-N)

N, NN N-Tetramethylhexadecane-1,16-diamine (1.621 g, 5.18 mmol) was added into the reaction
vessel, which contained 25 mL cooled ethanol as a solvent. Cooled methyl iodide (0.22 mL, 3.52 mmol)
was added quickly. The mixture was brought to reaction at 60 °C for 10 h. The ethanol was removed
under reduced pressure after the reaction was complete. The residue was recrystallized with acetone.
16-(Dimethylamino)-N,N,N-trimethylhexadecan-1-aminium iodide (N*-(16)-N) was received as a white

powder.
Yield: 2.2148 g (94 %)

H-NMR (400 MHz, DMSO-ds): & (ppm) 3.24 (t, 2H), 3.02 (s, 9H), 2.14 (t, 2H), 2.07 (s, 6H), 1.65 (m, 2H),
1.43-1.25 (m, 26H).
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Figure S18. *H-NMR-spectrum of 16-(dimethylamino)-N,N,N-trimethylhexadecan-1-aminium iodide (N*-(16)-N).
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10.3.5 Potassium Tetraacetate-Riboflavin (K-TARF)

The following synthesis route towards potassium 2-(7,8-dimethyl-2,4-dioxo-10-((2S,3S,4R)-2,3,4,5-
tetraacetoxypentyl)-4,10-dihydropyrimido[4,5-b]quinolin-3(2H)-yl)acetate (K-TARF) was performed by

my co-worker Dr. Pablo Simén Marqués who contributed to the crown ether project:

OH OAc
O]

HO OH AcO
HO™ AcO™
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N /N\l//o DMAP N /N\l//o
OAc
]: IN/ NH 2, ]: IN/ NH
73 %
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OAc K,CO
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Figure S19. Synthesis route to K-TARF.

1) (2R,3S,4S)-5-(7,8-Dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-yl)pentane-1,2,3,4-
tetrayl tetraacetate (TARF)

Under an inert atmosphere of nitrogen, a round bottom flask was charged with riboflavin (2.0 g,
5.3 mmol) and DMAP (2.6 g, 21.3 mmol). The solid was suspended in acetic anhydride and the reaction
stirred overnight at 40 °C. Thereafter, the crude was diluted in chloroform (60 mL), washed with NH4CI
saturated aqueous solution (40 mL) and extracted again with chloroform (2 x 60 mL).The combined
organic layers were dried over Mg,S0,4 and concentrated under reduced pressure. 2.1 g of the final

product were obtained, after successive recrystallizations with EtOH/Et,0 as an orange-yellow solid.

Yield: 2.1 g (73 %)

'H-NMR (400 MHz, CDCl3): & (ppm) 8.50 (s, 1H), 8.03 (s, 1H), 7.57 (s, 1H), 5.66 (d, J = 9.4 Hz, 1H), 5.50
—5.36 (m, 2H), 4.90 (s, 2H), 4.43 (dd, J = 12.4, 2.8 Hz, 1H), 4.24 (dd, J = 12.3, 5.7 Hz, 1H), 2.57 (s, 3H),
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2.48 — 2.40 (m, 3H), 2.28 (s, 3H), 2.21 (s, 3H), 2.08 (s, 3H), 1.76 (s, 3H). Signals in accordance with the

literature.?54
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Figure S20. *H-NMR-spectrum of TARF.

2) (2R,3S,4S)-5-(3-(2-(Tert-butoxy)-2-oxoethyl)-7,8-dimethyl-2,4-dioxo-3,4-
dihydrobenzo[g]pteridin-10(2H)-yl)pentane-1,2,3,4-tetrayl tetraacetate (TTARF)

A spatula-tip of KI was added to a suspension of TARF (500 mg, 0.9 mmol) and K,CO3 (152 mg, 1.1
mmol) in DMF (10 mL). After stirring the mixture for 30 min under inert atmosphere, t-Bu-2-
bromoacetate (0.94 mL, 6.43) was dropwise added and then the reaction stirred for 20 h at 40 °C. Once
cooled-down, the crude was diluted in DCM and washed with NaHCO; saturated aqueous solution,
brine and water and the organic phase was dried under vacuum. Eventually, the final compound was
obtained as a orange powder after purification by column chromatography (eluent: ethyl

acetat/dichloromethane 1:1).

Yield: 0.537 g (89 %)

1H-NMR (400 MHz, CDCl3): & (ppm) 8.01 (s, 1H), 7.55 (s, 1H), 5.68 — 5.60 (m, 1H), 5.47 — 5.35 (m, 2H),
4.84 (s, 2H), 4.71 (s, 2H), 4.41 (dd, J = 12.4, 2.7 Hz, 1H), 4.24 (dd, J = 12.3, 5.5 Hz, 1H), 2.55 (s, 3H), 2.42
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(3, 3H), 2.29 (s, 3H), 2.20 (s, 3H), 2.06 (s, 3H), 1.75 (s, 3H), 1.45 (s, 9H). Signals in accordance with the

literature.?54
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Figure S21. *H-NMR spectrum of TTARF.

3) Potassium 2-(7,8-dimethyl-2,4-dioxo-10-((2S,3S,4R)-2,3,4,5-tetraacetoxypentyl)-4,10-
dihydropyrimido[4,5-b]quinolin-3(2H)-yl)acetate (K-TARF)

TTARF (750 mg, 1.14 mmol) was solved in dry DCM (10 mL) under nitrogen atmosphere. At 0 °C 2 mL
of TFA were dropwise added to the solution and the reaction stirred for 5 h in reflux. After cooling to
room-temperature the crude was poured into ice water and TFA quenched with NaHCO3 until pH 6.
The organic phase was separated and the aqueous one extracted with DCM (15 mL x 2). The combined
organic layers were dried over Mg,S0, and the solvent evaporated under rotatory vacuum to obtained

the desired acid as an orange solid.

To obtain the potassium salt, 100 mg of the acid (0.16 mmol) were solubilized in 2 mL of DMF and KOH
aqueous solution (2 M, 83 pL, 0.16 mmol) was added to the solution. After 1 h of stirring the solvent

was removed in vacuum and the final product was obtained as an orange solid.

Yield: 166 mg (86 %, in two steps)
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1H-NMR (400 MHz, D,0): & (ppm) 7.81 (s, 1H), 7.73 (s, 1H), 5.64 — 5.57 (m, 1H), 5.53 — 5.48 (m, 1H),
5.45 — 5.40 (m, 1H), 5.05 (s, 2H), 4.53 — 4.43 (m, 3H), 4.33 (dd, J = 12.6, 5.5 Hz, 1H), 2.53 (s, 3H), 2.39
(3, 3H), 2.19 (s, 3H), 2.18 (s, 3H), 2.00 (s, 3H), 1.66 (s, 3H).

13C-NMR (100 MHz, D,0): & (ppm) 174.4, 173.6, 172.7, 172.6, 160.6, 156.4, 150.3, 148.8, 138.9, 134.6,
134.0, 131.2, 130.8, 116.0, 70.5, 69.7, 62.0, 45.0, 44.5, 36.8, 31.3, 20.8, 20.4, 20.1, 20.0, 19.6, 18.5.

MS (ES+): m/z: 663.4 [M+Na]*, 685.4 [M+Na2-H]*. HRMS (ES+/Q-TOF): m/z: [M-K+H]* Calcd. for
C27H30N4012: 603.1932; found: 603.1930.
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Figure S22. *H-NMR-spectrum of K-TARF.
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Figure S23. 3C-NMR-spectrum of K-TARF.



	Title
	Imprint

	Abstract
	Zusammenfassung
	Table of Contents
	1 Introduction
	2 Motivation
	3 Theoretical Background
	3.1 Emulsions
	3.1.1 Emulsion Formation and Stability
	3.1.2 Classification of Emulsifiers and Stabilizers
	3.1.3 Emulsification Techniques

	3.2 Reconfigurable Complex Emulsions
	3.2.1 Morphologies of Biphasic Complex Emulsion Droplets
	3.2.2 Generation of Complex Emulsions
	3.2.3 Optical Properties of Biphasic Complex Emulsions
	3.2.3.1 Lensing Effect
	3.2.3.2 Directional Light Emission from Complex Emulsions
	3.2.3.3 Structural Colors at Microscale Concave Interfaces


	3.3 Stimuli-responsive Complex Emulsions
	3.4 Molecular Logic Gates and Combinational Logic Circuits

	4 Results and Discussion
	4.1 Chemical Design and Shape-control of Complex Emulsions
	4.1.1 Introduction
	4.1.2 Equilibrium of Interfacial Tensions
	4.1.3 Tunability of the Droplet Shape
	4.1.3.1 Variation of the Droplet Phase Composition
	4.1.3.2 Additives to Solvent Combinations
	4.1.3.3 Tuning the Droplet Shape via Variation of the Interfacial Tension Balance

	4.1.4 Reversible Shape-changing Behavior of Stimuli-responsive Snowman Droplets
	4.1.4.1 Jellyfish-inspired Motion of Stimuli-responsive Janus Emulsions

	4.1.5 Conclusion

	4.2 Quantitative in situ Determination of Surfactant Effectiveness using Reconfigurable Janus Emulsions
	4.2.1 Introduction
	4.2.2 Janus Emulsions as Transducers
	4.2.3 CMC and Surfactant Effectiveness Determination
	4.2.4 Influence of Salts on Biphasic Complex Emulsions
	4.2.4.1 Counter-Ion and -Anion Effect on Charged Surfactants
	4.2.4.2 Counter-Ion Effect on Nonionic Surfactants

	4.2.5 Characterization of AzoTAB
	4.2.6 Conclusion

	4.3 Crown Ether-functionalized Complex Emulsions as a Multiresponsive Material Platform
	4.3.1 Introduction
	4.3.2 Characterization of Crown Ether Surfactants
	4.3.3 Ion Sensing Experiments
	4.3.4 Phase-transfer Catalysis
	4.3.5 Supramolecular Bioconjugation
	4.3.5.1 Amino acids
	4.3.5.2 Carbohydrates
	4.3.5.3 Antibodies

	4.3.6 Interaction with Functionalized Surfaces
	4.3.7 Phase Partitioning Investigation of the 15-crown-5 Surfactant
	4.3.8 Competitive Binding Studies
	4.3.9 Conclusion

	4.4 Concepts for Multiresponsive Janus Emulsions as Droplet-based Optical Logic Gates
	4.4.1 Introduction
	4.4.2 Droplet-based Logic Gates
	4.4.2.1 Single Input “YES” and “NOT” Gates
	4.4.2.2 Double-Input “AND”-Gate

	4.4.3 Droplet-based Combinational Logic Circuits
	4.4.4 Conclusion


	5 Conclusion and Outlook
	6 Experimental Section
	6.1 List of used Chemicals
	6.2 Characterization Methods
	6.3 Software
	6.4 Experimental Procedure

	7 List of Abbreviations and Symbols
	8 References
	9 Acknowledgement
	10 Appendix
	10.1 List of Publications and Achievements
	10.2 Supporting Information
	10.2.1 Additional Graphs for Chapter 5.2

	10.3 Surfactant and Fluorescent Dye Synthesis
	10.3.1  Light-responsive Surfactant AzoTAB
	10.3.2 4’-[N-Dodecanoylamino]benzo-15-crown-5
	10.3.3 4’-[N-Dodecanoylamino]benzo-18-crown-6
	10.3.4 pH-Responsive Surfactant N+-(16)-N
	10.3.5 Potassium Tetraacetate-Riboflavin (K-TARF)





