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“We wander around strictly as amateurs equipped only with 

some elementary physics, and in the end, it turns out, we improve 

our understanding of elementary physics even if we don’t throw 

much light on the other subjects.” 

 

(from “Life at low Reynolds numbers”, E. M. Purcell) 
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ABSTRACT 

The emergence of microfluidics created the need for precise and remote control 

of micron-sized objects. I demonstrate how light-sensitive motion can be induced at 

the micrometer scale by a simple addition of a photosensitive surfactant, which makes 

it possible to trigger hydrophobicity with light. With point-like laser irradiation, radial 

inward and outward hydrodynamic surface flows are remotely switched on and off. In 

this way, ensembles of microparticles can be moved toward or away from the 

irradiation center. Particle motion is analyzed according to varying parameters, such as 

surfactant and salt concentration, illumination condition, surface hydrophobicity, and 

surface structure. 

The physical origin of this process is the so-called light-driven diffusioosmosis 

(LDDO), a phenomenon that was discovered in the framework of this thesis and is 

described experimentally and theoretically in this work. To give a brief explanation, a 

focused light irradiation induces a local photoisomerization that creates a concentration 

gradient at the solid-liquid interface. To compensate for the change in osmotic pressure 

near the surface, a hydrodynamic flow along the surface is generated. Surface-

surfactant interaction largely governs LDDO. It is shown that surfactant adsorption 

depends on the isomerization state of the surfactant. Photoisomerization, therefore, 

triggers a surfactant attachment or detachment from the surface. This change is 

considered to be one of the reasons for the formation of LDDO flow. 

These flows are introduced not only by a focused laser source but also by global 

irradiation. Porous particles show reversible repulsive and attractive interactions when 

dispersed in the solution of photosensitive surfactant. Repulsion and attraction is 

controlled by the irradiation wavelength. Illumination with red light leads to formation 

of aggregates, while illumination with blue light leads to the formation of a well-

separated grid with equal interparticle distances, between 2µm and 80µm, depending 

on the particle surface density. These long-range interactions are considered to be a 

result of an increase or decrease of surfactant concentration around each particle, 

depending on the irradiation wavelength. Surfactant molecules adsorb inside the pores 



ABSTRACT 

ii 

of the particles. A light-induced photoisomerization changes adsorption to the pores 

and drives surfactant molecules to the outside. The concentration gradients generate 

symmetric flows around each single particle resulting in local LDDO. With a break of 

the symmetry (i.e., by closing one side of the particle with a metal cap), one can achieve 

active self-propelled particle motion. 
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KURZZUSAMMENFASSUNG 

Mit Aufkommen der Mikrofluidik entstand eine größere Nachfrage nach 

präziser  und berührungsfreier Manipulation von mikrometergroßen Objekten. In dieser 

Arbeit wird gezeigt, wie Bewegung im Mikrometerbereich durch ein lichtschaltbares 

Tensid erzeugt werden kann, deren Hydrophobizität sich durch Beleuchtung ändert. 

Eine fokussierte punktförmige Laserbestrahlung erzeugt einen radial nach außen oder 

innen gerichteten Fluss an der Substratoberfläche je nach Laserwellenlänge. 

Mikropartikel die sich auf der Oberfläche befinden, bewegen sich dadurch passiv mit 

dem Fluss entweder zum Bestrahlungspunkt hin oder vom Bestrahlungspunkt weg. Die 

Partikelbewegung wird in Abhängigkeit von den folgenden Parametern untersucht: 

Tensid- und Salzkonzentration, Bestrahlungsbedingungen, Hydrophobizität der 

Oberfläche und Oberflächenstruktur. 

Der Grund für die Bewegung kann in einem Prozess gefunden werden, der 

sogenannten lichtgetriebenen Diffusioosmose (LDDO), die im Rahmen dieser 

Dissertation entdeckt und theoretisch sowie experimentell beschrieben wurde. Der 

Prozess kann wie folgt betrachtet werden: Die fokussierte Bestrahlung induziert eine 

lokale Photo-Isomerisation der Tensidmoleküle, die eine Monomer-

Konzentrationsänderung zur Folge hat. Lokal entsteht ein hierdurch ein höherer 

osmotischer Druck an der Oberfläche. Um den Druckunterschied an der Oberfläche 

auszugleichen, wird ein hydrodynamischer Fluss nahe der Oberfläche erzeugt. Hierbei 

bestimmt vor allem die Wechselwirkung zwischen Tensid und Oberfläche den 

induzierten Fluss. Es wird gezeigt, dass die Oberflächenadsorption des Tensids vom 

Isomerisationszustand abhängt. Somit kann eine Bestrahlung ein Ablösen von oder 

Anhaften an der Oberfläche erzeugen. Diese Änderung der Oberflächenkonzentration 

kann als einer der Gründe für die Flussentstehung angesehen werden. 

Diese hydrodynamischen Oberflächenflüssen können nicht nur durch einen 

fokussierten Laser erzeugt werden, sondern auch durch eine gesamte Bestrahlung der 

Oberfläche. Hierbei zeigen poröse Partikel eine reversible Anziehung und Abstoßung, 

wenn sie sich in einer Tensidlösung und an einer Substratoberfläche befinden. Die 

Wechselwirkung kann hierbei durch die Bestrahlungswellenlänge kontrolliert werden. 
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In Dunkelheit oder in rotem Licht ziehen sich die Partikel gegenseitig an, 

währenddessen sie sich unter blauer Bestrahlung abstoßen und ein Partikelnetz 

erzeugen mit äquidistanten Abständen zwischen den Partikeln. Die Partikelabstände 

hängen von der Partikeldichte an der Oberfläche ab und variieren zwischen 2µm und 

80µm. Der Grund für die reversible Anziehung und Abstoßung wird ähnlich zu LDDO 

in einer lichtinduzierten Konzentrationsänderung gesehen. Tensidmoleküle 

adsorbieren innerhalb der Poren der Partikel. Durch eine lichtinduzierte Isomerisation 

werden die Moleküle ausgestoßen. Hierbei entsteht die Konzentrationsänderung um 

jedes poröse Partikel herum, währenddessen sie in LDDO um den Laserpunkt entsteht. 

Somit werden diffusioosmotische Flüsse symmetrisch um jedes Partikel erzeugt, 

wohingegen sie in LDDO nur um den Laserpunkt erzeugt werden.Demzufolge stoßen 

sich die Partikel durch eine hydrodynamische Wechselwirkung ab. Es wird gezeigt, 

dass aufgrund eines Symmetriebruchs durch ein Abdecken einer Partikelhälfte eine 

aktive selbstgetriebene Partikelbewegung erzeugt werden kann.
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1 INTRODUCTION 

This work is dedicated to a newly discovered phenomenon known as light-

driven diffusioosmosis (LDDO). Diffusioosmosis (DO) has been known for decades 

and was described by Derjaguin as a capillary-driven flow.1, 2 With this flow at a solid-

liquid interface, he explained diffusiophoretic motion of particles in a solute gradient.3 

The model of diffusiophoresis was analyzed in more detail and was extended by 

Anderson and Prieve.4–7 The physical origin of DO is rooted in the electrostatic diffuse 

layer, which is the nanometers thick layer in which solvent and solute organize to 

compensate surface charge and to balance entropy and energy—or in another view to 

equalize the chemical potential between bulk and surface. This diffuse layer functions 

as a drive for surface-induced flows. Diffusioosmosis is one kind of surface flow that 

is triggered by a concentration gradient in the diffuse layer. Surface flows can be 

induced by gradients, for example, in electric potential (i.e., electroosmosis) or 

temperature (i.e., thermoosmosis). Light-driven diffusioosmosis, the topic of this 

dissertation, belongs to the class of diffusioosmotic flows. The concentration gradient 

in LDDO can be directly triggered by light with a laser point of only a few micrometers. 

The key element of the LDDO phenomenon is a photosensitive surfactant—light 

triggers the change in molecular properties such as surface activity of the surfactant. 

The first chapter of this work introduces photosensitive surfactants that are 

based on the photoisomerization of the azobenzene moiety. This molecule is the key to 

the light-driven surface flow. What follows is an introduction to surface flows that are 

related to osmotic pressure. A method and materials section covers the basic knowledge 

of the methods that were used in this work; this is presented in Chapter 2. Chapter 3 

introduces the experimental results of LDDO, i.e., an analysis of particle motion under 

ultraviolet (UV) and green light irradiation. In Chapter 4 the theoretical model is 

described, in which diffusioosmosis is the basis in understanding the model. Chapter 

5 then focuses on the variation of different parameters, such as ionic strength, 

illumination, particle size and shape, and surfactant hydrophobicity. In particular, 
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particle motion is analyzed. In Chapter 6 the effect of surface hydrophobicity and 

surface morphology on particle motion is analyzed and discussed. A more complex 

flow profile is presented in this chapter. In order to understand LDDO, the surfactant 

adsorption is measured and analyzed in Chapter 7. Both isomers adsorb in a different 

way, which is considered to be a major reason for the light-induced surface flow. 

Because of differences in flow direction under UV irradiation on a hydrophilic and 

hydrophobic substrate, both surfaces are compared. Chapter 8 shows that not only 

single beams but split beams and elongated laser profiles can be utilized to structure 

particle ensembles in a desired fashion. Chapter 9 introduces another effect that is 

considered to be related to LDDO: Porous particles show aggregation and separation 

depending on the wavelength of the illuminating light. Instead of point-like laser light, 

global illumination is required for the collective motion. When these particles are 

covered on one side with a metal, they are known as Janus particles. When illuminated 

with blue light they show an increased movement beyond Brownian motion. This 

motion is briefly presented and analyzed. The last two chapters show the proof of a 

principle, which can be seen as a starting point for further research. The last chapter 

closes with a final summary and conclusion. 

1.1 Photosensitive surfactants based on azobenzene 

Combining a surfactant with a photoactive azobenzene group has been proven 

to be a powerful tool to manipulate objects in the micro and nanoworld by light. For 

example, a cationic surfactant based on azobenzene—like in Figure 1.1a—binds to a 

backbone of an oppositely charged polyelectrolyte or DNA by ionic interaction.8–14 The 

resulting complex is rendered photosensitive in this way. As a result, when it is exposed 

to light, an isomerization leads to physicochemical changes in the surfactant molecule. 

These changes are transmitted to the backbone of the polymer or DNA so that a DNA 

strain transforms from a coiled to an elongated state. In addition, a microgel particle 

can shrink or swell under irradiation depending on the irradiation wavelength.15–18 

Other effects include the swelling and shrinking of polyelectrolyte brushes 19–22 and the 

control of color and aggregation of gold nanoparticles in the water solution.23 

These phenomena are attributed to changes of surfactant properties under 

irradiation, which is coupled to the azobenzene moiety. When it is irradiated with UV 
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light azobenzene itself turns from a planar, rod-like trans state into a kinked bulky 

shape – the cis state. A transition back to the trans state occurs by thermal relaxation 

or by irradiation with visible light back in visible light (Figure 1.1b). Azobenzene’s 

stability makes it ideal for long-living photoswitch systems in which degradation 

should be inhibited.24 Under isomerization, a negligible dipole moment in the trans 

state increases up to 3 Debye in the cis state.25, 26 Incorporated into the surfactant tail, 

the same molecule can either be hydrophobic (trans) or hydrophilic (cis). These simple 

changes modify several properties, for example, the critical micelle concentration 

(CMC), solvent solubility, interfacial energy, or the interaction with other substances.27 

In the case of azobenzene containing surfactants, the change in the critical 

micelle concentration (CMC) under irradiation plays a major role. For conventional 

surfactant, the CMC increases by decreasing the length of the hydrophobic tail at a 

fixed head group.28–31 However, in azobenzene containing surfactants, one can change 

the CMC just by light. Hydrophobicity can be increased by a lengthening of the alkyl 

part of the surfactant. In turn, the CMC can decrease multiple times. Other factors, such 

as size and type of the head (anionic, cationic, nonionic), additives like salt, change of 

pH, or other ingredients can influence its mutual interaction. Indeed, the trans and cis 

state of azobenzene containing surfactant can have different CMCs. For the cationic 

surfactant used in this work, the CMC is increased, for example, from 0.5mM to ~4mM 

(obtained by surface tension measurements). Therefore, photoisomerization can lead to 

a destruction or spontaneous formation of micelles.32 At the solid-liquid interface, 

surface aggregates can be affected and undergo structural changes. This was observed 

for photosensitive surfactants based on spiropyran.33 

At a solid-liquid interface, aggregation can occur at a much lower 

concentration, which depends on the interaction between surface and surfactant. 

Aggregation structures can be formed at the interface. The structure of the aggregates 

can vary strongly depending on the mutual interaction and surface-surfactant 

interaction. Atomic force microscopes (AFMs) and other studies show the formation 

of hemi-micelles, complete micelles, rod-shaped micelles, monolayers, double layers 

or multilayers, to name just a few.34–36 

In solution, isomerization by light always leads to a mixture of surfactants 

present in both isomers. This results from an overlap of the absorption bands of trans 
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and cis isomers. The fraction of trans/cis depends on the light wavelength.37 When a 

solution is illuminated for certain duration, a photostationary state is reached with a 

constant trans/cis fraction. For example, the surfactant used in this work, when 

irradiated at 365nm was found to be in a 1/9 (trans/cis) fraction. When followed by 

blue irradiation (λ = 453nm), 2/3 of the surfactant was converted to the trans state, 

whereas 1/3 remained in the cis state.37 The photostationary state does not depend on 

the initial photostationary state of the solution. That means, a blue irradiation of a dark 

solution (i.e. 100% trans) leads mainly to a trans-to-cis photoisomerization, though, 

the probability to induce a cis-to-trans isomerization is larger. 

Several review articles give insight into fields of azobenzene containing 

surfactants utilized for different purposes, such as micelle-to-vesicle transitions, 

interaction with DNA, rheological properties, reversible solubilization of oils, 

interaction with biomolecules for cell transport, and reversible droplet wettability.38–41 

 

Figure 1.1. (a) Reversible photoisomerization of the azobenzene group. Absorption of 
UV light switches azobenzene from a stable trans state into a metastable cis state. Two 
routes of back-conversion are possible: light-induced under absorption of visible light 
and thermal relaxation. The geometric change is accompanied by a change in a dipole 
moment. (b) Chemical structure of the photosensitive surfactant: the azobenzene group 
incorporated into the tail of a cationic surfactant.  
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Other more detailed works have discussed systems in which azobenzene tunes 

light-sensitive systems with reversible properties, including control of fluid viscosity42, 

gelation of polymers43, foam stability44–48, formation and disruption of vesicles49, 

solubilization of oil substances50, critical phase separation in water-in-decane 

microemulsions51, protein folding52, and host-guest modulation.53–55 

In this work the focus is put on “photofluidics,” in which light makes fluid and 

objects to move, especially at interfaces. In the following section, different kinds of 

surface flows that differ in the type of interface are discussed, beginning with surface 

flows at the liquid-air and liquid-liquid interfaces. Thereafter, a more detailed 

discussion is presented of flows at the liquid-solid interface, especially DO, which is 

referred to as a membrane free osmotic transport.56 

1.2 Marangoni flows using azobenzene containing surfactants 

Surface flows at the liquid-vapor interface can be induced by gradients in 

surface tension. Similar to a gradient in pressure that drives bulk water, surface tension 

gradients drive flows at an interface. At the liquid-air or liquid-liquid interface this type 

of flow is known as Marangoni flow,* which occurs when a gradient in surface tension 

creates a flow of the liquid layer from lower to higher surface tension. An intriguing 

example of this is soap boats: A coin sized boat sits on water with a soap reservoir at 

the end. When soap is released, surface tension is lowered, which creates a flow 

propelling the boat forward. Several publications have reported on Marangoni flows, 

sometimes also referred to as thermal capillary flows (involving surface tension 

gradients due to temperature gradients).46, 47, 65–69, 57–64 Some of these publications also 

have reported on surface driven Marangoni flows that involve photosensitive 

azobenzene containing surfactant.46, 47, 58, 60, 65, 66, 68, 69 

Microfluidics enable a great variety of applications.40 The critical parameter for 

the usage in microfluidics is the reversible change of surface tension.69–71 A continuous 

                                                 
* Marangoni, Carlo was an Italian physicist who explained the effect „tears of wine“. Shake 

wine in a glass and you see that drops form at the edge, the tears of wine. Adhesion at the side of the 
glass pulls on the liquid which is composed of water and alcohol. Since, alcohol evaporates faster, it is 
depleted at the side of the glass. Surface tension of alcohol is lower than water. Thus, liquid from the 
bulk phase is pulled up – drops are formed. At a certain volume of the drops, they slide down because 
of their own weight—the glass sheds their tears of wine. 
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irradiation creates an equilibrium state at the interface, in which the surfactant 

molecules constantly ad- and desorb while being switched. For example, a solution of 

azobenzene containing surfactant is locally irradiated by UV light. At the interface, the 

surfactant molecules in the trans state are converted to the cis state. Because of the 

larger hydrophilicity in this state, the molecules desorb much faster into the aqueous 

phase. It was shown that cis adsorbs 10 times and desorbs 300 times faster than 

surfactant in the trans state.72 This is mostly independent of the light wavelength but 

rather depends on light intensity. Therefore, continuous irradiation can greatly change 

the surface tension and, in turn, can lead to Marangoni flows.73 

Switching surface tension with light gives rise to various interesting phenomena 

in the field of microfluidics. In microfluidics mixing is difficult due to laminar flow 

and low Reynolds number regime. Typically, creative microfluidic geometries are built 

to induce mixing. With photosensitive surfactants, other approaches have been 

proposed. Baigl et al. demonstrated the formation of picoliter sized water droplets 

containing azobenzene surfactant under UV irradiation.74 In another case, they 

produced a flow of two oil phases with a third aqueous phase in between that contained 

an azobenzene containing surfactant. Without irradiation, the phases remained 

unmixed in a three-layer flow, but under irradiation with UV light, a mixing of the oil 

phases into droplets was achieved. When the light was switched off, the three-layer 

flow reappeared.75 Similarly, dual droplets and mixed droplets of two water phases 

could be produced under UV irradiation in a flow of the two water phases—one with 

azobenzene containing surfactant—when the water phases were enclosed by oil 

phases.76 

Several other phenomena based on Marangoni flows involving azobenzene 

containing surfactants have been demonstrated, such as trapping of oil droplets,68 light-

controlled modification of the coffee ring effect via control of particle stickiness,77 

light-structuring of evaporation patterns,58 or light-triggered accumulation or 

separation of swimming particles,78 or driving particle stabilized droplets in or against 

the direction of the Marangoni flow depending on the thickness of the bulk layer.79 

Also, oil drops on a water surface can be controlled by light with speeds of hundreds 

of µm per second.40, 68 The remarkable speed of Marangoni flows is based on the 

mobility and thickness of the liquid layer. As can be seen, a great variety of complex 
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phenomena can arise from simple light-triggered manipulation of Marangoni flows 

using azobenzene containing surfactant. These phenomena have been observed at 

interfaces between two liquids or between liquid and vapor. 

1.3 Flows at liquid-solid interfaces 

Surface flows at the solid-liquid interface are different in nature than liquid-air 

interfaces. A solid phase is very dense, can be crystalline or amorphous, and interacts 

with the solvent and solute molecules. The surface chemistry and structure affect their 

interaction, which can be attractive or repellent. When the solute or solvent contacts 

the solid surface, reactions can occur, which can modify the surface by oxidation, for 

example. Liquid motion at a solid-liquid interface is subject to a no-slip boundary 

condition which limits the speed of hydrodynamic flows compared to Marangoni flows. 

The key property that gives rise to hydrodynamic flows induced at a solid-liquid 

interface is the formation of the electrostatic diffuse layer (EDL). When a solid surface 

is exposed to water, an interaction potential attracts or repels solute. As a result, an 

excess or depletion of solute at the interface is created to equalize the chemical potential 

of the solution at the surface. 

This work focuses primarily on diffusioosmotic flows driven by light. 

Diffusioosmosis belongs to the category of surface-driven flows, which are generated 

along a flat and solid surface by a gradient in concentration of solute. The term osmosis 

is commonly known and mostly associated with flows through a semipermeable 

membrane. Diffusioosmosis, however, does not include a membrane. To clarify these 

terms, the origin of osmosis is discussed, and the traits of diffusioosmotic surface flows 

are presented in the following. 

1.4 Osmosis and osmotic pressure 

The word osmosis has its origin in the Greek language and stems from the word 

ōmos which means a push. The term osmosis is defined by Encyclopedia Britannica as 

“the spontaneous passage or diffusion of water or other solvents through a 

semipermeable membrane (one that blocks the passage of dissolved substances—i.e. 

solutes).” This motion of water through a semipermeable membrane is created by a 

pressure difference on both sides of the membrane. This pressure difference can be 
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measured by exerting pressure on the side into which the water flows. The pressure at 

which the flow stops is commonly referred to osmotic pressure Π. As a simple example, 

a selective membrane separates a water bath from a water bath with dispersed solutes. 

The chemical potential of pure water is higher than that of water with added solutes. 

Therefore, osmotic pressure builds up and drives the water into the water bath with 

added solutes. In this case, van’t Hoff proposed the law of osmotic pressure for dilute 

solutions: 

ΔΠ = ���Δ� 

 

where �� is the Boltzmann constant, � the temperature, and Δ� the solute concentration 

difference between the two reservoirs. On the microscopic scale, a selective membrane 

consists of nanochannels that are open for water but impenetrable for solute molecules. 

When a solute molecule hits the aperture of the nanochannel, a force pushes the solute 

away from the channel. The viscous forces in the fluid drag the surrounding molecules 

and solvent with the repelled solute molecule away from the membrane creating a layer 

of lower pressure. The net effect is a force acting on the whole solution. Therefore, 

osmotic pressure is a result of Brownian motion.80, 81 The interaction between solute 

and channel aperture can be described as a potential or energy barrier for the solute 

molecules.81, 82 This picture, however, can be seen for noninteracting solute molecules. 

It changes when forces such as electrostatics are involved. 
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Figure 1.2. Simple model for osmosis. A membrane, impermeable to solute but 
permeable to solvent divides two reservoirs. The impermeability is described as a 
potential Φ
��. Solute molecules are repelled from the channel opening. Fluid around 
the solute molecule is dragged with it, creating a region of low pressure at the channel 
opening. More solvent molecules move into the reservoir on the right side. 

What follows is a short derivation of the osmotic flow for dilute solution in 

order to compare it to DO flow. Marbach et al. demonstrated a mechanical approach, 

which facilitates an understanding of the connection between osmosis and DO.82 

Microscopically, pores can be seen as nanosized channels with length L. These 

channels are permeable for water but not for solute molecules. In case of an absent 

concentration gradient—equal concentrations on either side of the channel—there is 

still a flux through the membrane due to a pressure drop: 
 = ℒ���Δ�, with Q the flux 

of water through the membrane and ℒ the solvent permeance. One can describe 

impermeability by a potential Φ close to the channel opening. A solute molecule 

experiences a force ���Φ when it approaches the channel opening. Because solute 

molecules directly interact with solvent molecules, this force is translated to the fluid. 

In the regime of low Reynolds numbers, the force balance can be described by Stokes 

equation: 

��� � η∇�� = �
��
���Φ
x�� (1) 
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where � is the viscosity and � the velocity of the fluid. The fluid flow is induced by a 

pressure drop: ���� = ��� + �
�����Φ
���. With integration this yields  

�Δ� = �Δ� +  ΔΠ (2) 

with ΔΠ the osmotic pressure difference and   the rejection factor, a dimensionless 

factor with | | ≤ 1, which is solute, solvent, and membrane-specific and usually 

reduces the osmotic pressure. In case of a fully solute-impermeable membrane and with 

 → 1, Equation (2) yields the known result: �Δ� =  �Δ
� + Π�. That is, the overall 

pressure drop results from the hydrostatic pressure and the osmotic pressure due to 

solute molecules. This results in a flux of water through the membrane by 
 =
�ℒ���Δ
� � Π�. 

1.5 Electroosmosis 

In the case of ionic solution, the surface charge is balanced by a counterion 

cloud; seen from the bulk, the surface appears to be neutral, taking into account surface 

charge plus counterion cloud. Separately, the surfaces bear a finite charge. When an 

electrical potential is applied along the surface, a net body force is applied to the fluid: 

%&∇Φ, with %& the charge density and the total potential Φ = ' + (, where ϕ is the 

applied electric potential and ' the potential at the Helmholtz plane. As stated in the 

experimental part, this potential ' can be accessed by zeta potential measurements. 

The electrical body force drives a hydrodynamic surface flow (only in the diffuse layer) 

known as electroosmosis and was first observed at the beginning of the nineteenth 

century by Reuss.83, 84 He observed not only electroosmosis but also the motion of clay 

particles, which is known as electrophoresis. The term phoresis means “migration” and 

refers to the motion of colloids. Phoresis has the same origin as electroosmosis, but the 

flow is generated along the particle surface, dragging the particle through the fluid. 

Indeed, it took around one century to explain this motion of apparently negative 

particles.84 Electrophoresis and electroosmosis are driven by an electrical potential 

gradient. 
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1.6 Diffusioosmosis 

In contrast to osmosis, DO describes flows at a solid-liquid interface driven by 

a solute concentration gradient in a thin interfacial layer.1, 4–7, 85–87 Diffusioosmosis can 

be used to create osmosis in fully permeable nanochannels by a solute gradient between 

two baths connected by these nanochannels.88, 89 The flow induced in diffusioosmosis 

is able to drive, for example, spherical particles in a solute gradient. If the 

diffusioosmotic flow is generated on the particle surface, the particle itself starts to 

move while it is pushed or pulled by the flow through the solvent. This particle motion 

is known as diffusiophoresis with neutral or electrolyte solute.1, 4–7, 85–87 

 

Figure 1.3. Diffusioosmosis in a gradient of neutral molecules. Solute concentration 
near an interface differs from solute concentration in the bulk. This results in a 
concentration gradient at the interface. In an interfacial region, called the diffuse layer, 
solute molecules interact with the solid surface. When interaction is attractive, as in 
this scheme, solute molecules accumulate in the diffuse layer. The concentration 
gradient normal to the surface generates osmotic pressure (large arrows). Because of 
the large scale concentration gradient along the surface, osmotic pressure drops from 
the region of large surface excess to the region of low surface excess. This drives a 
hydrodynamic flow toward the region of low surface excess. Hydrodynamic flow 
develops in the diffuse layer, in which saturation results in the slip velocity *+,. The 
flow is driven by the osmotic pressure gradient and hampered by the viscous stress due 
to the no-slip boundary condition. The balance between both determines the slip 
velocity. The resulting shear induces a flow in the interfacial region towards low 
concentration, but only when there is an attractive interaction between solute and 
surface.  

A scheme of diffusioosmosis with neutral solute molecules is depicted in Figure 1.3. 

When neutral solute molecules diffuse near a solid-liquid interface, they interact with 
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the interface, for example, through van der Waals forces. Interaction could be attractive 

or repulsive and depends on the solvent. Near the interface a thin EDL layer is 

generated with an increase or decrease of solute molecules compared to solution. Due 

to Brownian motion, this diffuse layer expands some distance away from the surface, 

which is in the range of nanometers. The thickness of the EDL is denoted as - 

Interaction can be described by a potential Φ that depends on the distance to the surface. 

Away from the diffuse layer, solute molecules do not “feel” the surface and the 

potential is nearly zero Φ
. > -� ≈ 0. Inside the diffuse layer, the balance between 

attraction and Brownian motion leads to a concentration profile following Boltzmann 

distribution:  

�
.� = �2 345
6�78  
(3) 

where �2 is the concentration of solute in the bulk. Depending on the interaction type, 

the potential Φ(z) can be attractive or repulsive. In the scheme, attractive interaction 

leads to an accumulation of solute near the surface. Due to an increased (or decreased) 

concentration gradient normal to the interface, a pressure gradient is induced. This 

gradient is balanced by a hydrostatic pressure gradient. If a concentration gradient is 

imposed in the bulk parallel to the surface, the concentration profile follows:  

�
�, .� ≈ �2
�� exp <� Φ
z�k?� @ 
(4) 

This holds true if it is assumed that the equilibrium in z (normal to surface) is reached 

much faster than the gradient in x is relaxed. In local equilibrium the chemical potential 

near and far away from the surface should be the same: 

AB�
��C + Φ
z� ≅ AB�2
��C (5) 

With A
�� = ���ln G HHIJ in the dilute regime, the result above is yielded. Using the 

local equilibrium condition from Equation (5), one derives the local force acting on a 

unit volume of the fluid: 82 
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����6Φ
.�� = ��6A = ��6 K�L��M ≡ �6Π
�� (6) 

In which L = OP is the Helmholtz free energy density. The transport in the fluid is 

similarly approached as in osmosis through a membrane, starting from Stokes 

equations†: 

∇� � η∇�� = ��
�, .�∇Φ
z� (7) 

The z-projection (normal to the surface) of Equation (7), taking into account �6 = 0, 

yields 

�6�
�, .� � �6BΦ
.��
�, .�C = 0 (8) 

Combining Equation (6) and (8) results in 

∂R� = �6Π
�� (9) 

Therefore, when in equilibrium, the hydrostatic pressure gradient �6� balances the 

osmotic pressure gradient �6Π in z direction. Now the total pressure difference is found 

to be  

�
�, .� � �2 = Π��
�, .�� � Π
�
∞�� (10) 

The fluid velocity along the surface can be calculated using Equation (10) and (7) 

projected on the x-axis: 

�� GΠ��
�, .�� � Π
�
∞�J = ��6��� (11) 

Integration leads to the velocity component in x direction, which is only induced in the 

thin interfacial layer: 

                                                 
† To the complete set of Stokes equations belongs the continuity equation: ∇ ⋅ �⃗ = 0 
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��
�, .� = 1� V W.6X
Y V W.ZZ
Π
c2
��� � Π
�
�, .′′���2

6X  

=  1� V W.6X
Y V W.ZZ�c2
�� � �
�, .ZZ��2

6X ��A��2
��� 

= � 1� V W.Z.Z 2
Y <�
�, .Z��2
�� � 1@ ��Π
�2
��� 

= ]+, ��Π��2
��� (12) 

This version of the diffusioosmotic flow includes the gradient in osmotic pressure. This 

result was first derived by Anderson and Prieve when they described the slip velocity 

(velocity at the edge of the diffuse layer) as a function of the gradient of the bulk 

concentration gradient along the surface: 

�^
�, .� = � kTη L × K∇c2
x� (13) 

with c = de f . g
exp Gh
6�78 J � 1i W.2Y  the characteristic size of the diffusive layer and 

] = f g
exp Gh
6�78 J � 1i W.2Y  the adsorption of solute, normalized by �2. The term 

under the integral can be written in different ways. To understand the similarity of 

Equation (13) and (12), the integral term is a result of the concentration difference: 

�
�, .� � �2
�� = �2
�� exp Kj
.��� M � �2
�� 

= k
exp <j
.��� @ � 1l �2
�� 

    = k�
�, .��2
�� � 1l �2
�� (14) 

Diffusioosmosis can be described in several ways, for example, by a gradient in 

osmotic pressure82, bulk concentration7, or chemical potential.90 The following section 

describes LDDO in terms of the concentration gradient. 

With the previous introduction to DO in mind, LDDO is described similarly 

described in Chapter 4. However, LDDO differs from DO, which is described above. 

The solute in LDDO is a cationic surfactant that is photoswitchable. Due to electrostatic 

interaction, an EDL is formed. In general, DO can have two different contributions to 

the flow: electroosmotic and chemiosmotic. Chemiosmosis results from a difference in 
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concentration, whereas electroosmosis results from an electrical field that is induced 

by a separation of ions and counterions in a concentration gradient. In the case of 

neutral molecules, DO is driven only by chemiosmosis. In concentration gradients of 

salt, however, electroosmosis and chemiosmosis contribute to the flow. In the specific 

case of LDDO, we assume only chemiosmosis as a driving force because the total 

concentration of surfactant remains uniform everywhere. The special characteristic of 

the surfactant relies on its photoactivity. Its property changes at a trans-cis 

isomerization lead to differences in surface-surfactant interaction potential and, 

therefore, concentration differences in the EDL under isomerization. At concentrations 

around the CMC, irradiation destroys micelles. When micelles are destroyed, the bulk 

concentration of monomeric surfactant is increased. On the surface, this leads to a 

higher osmotic pressure. When the light is focused, this concentration gradient can 

become large and induce a DO flow. The flow can be induced in the simplest way—by 

a point-like laser spot, which directs to or away from the laser spot. This flow was 

termed LDDO, and observations and theory are explained in the following chapters. 
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2 EXPERIMENTAL PART 

2.1 Materials 

2.1.1 Azobenzene containing surfactant 

The “central actor” of this work is an amphiphilic molecule that consists of a 

charged head group and hydrophobic tail (Figure 2.1). At the air-water interface, the 

hydrophilic part points into water and the hydrophobic part extends into air. In this 

way, the surface energy of water is lowered by the addition of amphiphilic molecules. 

Due to their tendencies to align at interfaces, these molecules are known as surface 

active agents, or simply surfactants. The surfactants used in this work are 

photosensitive, which means they change their physicochemical properties under light 

irradiation. These surfactants are composed of an alkyl chain that acts as a hydrophobic 

tail and an ammonium bromide head group that is positively charged (cationic 

surfactant) in water. What makes the surfactant reactive to light is an azobenzene group. 

Azobenzene adopts two conformations: a stable trans state and a metastable cis state. 

Under the absorption of UV light, azobenzene photoisomerizes from the trans state to 

the cis state. Irradiation with visible light or thermal relaxation returns the azobenzene 

to the trans state. When this azobenzene containing surfactant is dissolved in water, it 

adopts a photostationary state that depends on the irradiation conditions. When the 

solution is kept in the dark, the dissolved molecules are found to be 100% in the trans 

state (despite fluctuations). Continuous irradiation at 365nm leads to a photostationary 

state, during which more than 90% of the molecules are found to be in a cis state. 

Continuous irradiation with a simple blue LED (emission maximum at 442nm) leads 

to a state in which around 66% of the molecules are in a trans state and 34% in a cis 

state. 
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Figure 2.1. The absorption spectra of trans (blue line, relaxed in the dark) and cis (red 

line, UV illuminated) isomers of azobenzene containing surfactant shown above with 

n = 6. 

 

The life time of cis isomers in the dark is around 48h. The absorption spectra‡ of 

azobenzene containing surfactant with n = 6 in water is plotted for both a dark (trans) 

solution and a UV irradiated (cis) solution (Figure 2.1). The absorption maximum for 

the trans state is 353nm, which corresponds to the m � m∗ transition of the azo-bond. 

Due to symmetry breaking, a trans to cis isomerization occurs along the symmetrically 

forbidden o � m∗ band under illumination of light at 437nm—with low efficiency, 

however. After sufficient UV illumination, two maxima of the azobenzene can be 

found—around 314nm and 442nm. Another characteristic peak around 243nm is 

assigned to the benzene rings. Under irradiation with green light (532nm), the 

surfactant can be switched from cis to trans. UV/vis spectra reveal that illumination of 

dark solution (100% trans) with green light can switch some molecules from trans to 

cis. Under irradiation, the properties of the azobenzene change significantly: the shape 

                                                 
‡ Spectroscopy performed by a Cary 5000 UV-Vis-NIR spectrophotometer (Varian Inc.) 
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switches from “rod-like” to kinked, and the dipole moment increases from 0 D to ~3D 

in a trans to cis isomerization. This means that under irradiation one can reversibly 

trigger the hydrophilicity of the surfactant and thus change its solubility, critical micelle 

concentration (CMC), and strength of interactions with other substances. 

The synthesis of the azobenzene containing surfactant was conducted by 

another group member according to the scheme reported elsewhere.91 Different 

surfactants of the same type have been used with variations only in the spacer (n = 6, 

8, 10, 12), and another surfactant with a spacer of n = 4 and tail with only 2 methyl 

groups instead of 4. The corresponding abbreviations for these surfactants are AzoC6, 

AzoC8, AzoC10, AzoC12, and AzoC4 (for convenience). If not explicitly mentioned, 

the surfactant with n = 6 is typically used. The CMC of the surfactant in aqueous 

solution is 0.5mM (AzoC6), 0.18mM (AzoC8), 0.06mM (AzoC10), and 0.04mM 

(AzoC12).14 The surfactants were dissolved in water (MilliQ) with different initial 

concentrations and kept in the dark to ensure complete relaxation to the trans state. 

Thereafter, the solution was diluted to the appropriate concentration for subsequent 

experiments. The water solubility of AzoC12 is strongly reduced in the trans state, and 

only low concentrations are possible. In this case, water solubility can be much 

increased under irradiation with UV light. 

2.1.2 Particles 

Silica particles of different sizes were obtained from Micromod GmbH or 

Microparticles GmbH, Germany. Micromod particles are manufactured in such a way 

that particles at sizes larger than 3µm in diameter are porous with a BET§ value of 

850m2/g and a mean pore diameter of 6nm. All nonporous silica particles with 

diameters above 3µm were obtained from Microparticles GmbH. All particles were 

delivered in 5 w% aqueous dispersions. 

2.1.3 Substrates 

The glass substrates are cover slips (borosilicate, hydrolytic class 1) of 

                                                 
§ The BET value gives the surface area obtained from adsorption isotherms of gas in the pores 

applying varying pressure. The theory for surface area calculation was given by Brunauer, Emmet and 
Teller in 1938.166 
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24x50mm size and thickness between 0.13mm and 0.17mm (VWR International 

GmbH or Carl Roth GmbH + Co. KG). For the preparation of hydrophobic substrates, 

a soluble fluoropolymer resin (Teflon™ AF 1600, DuPont de Nemours GmbH, 

Deutschland) was used. It was dissolved in Fluorinert™ Fluid FC-77. UV-transparent 

microchannels (µ-Slide VI 0.1/0.4 Uncoated, Ibidi GmbH, Germany) with thickness of 

0.4mm and 0.1mm were used for irradiation measurements. The investigating fluid was 

pipetted into the channel with a volume of 65µl and sealed with Parafilm (Bemis 

Company, Inc., USA) to avoid evaporation. 

All chemicals were obtained from Sigma-Aldrich if not stated otherwise. 

2.2 Methods 

All experiments were conducted in room temperature if not explicitly 

mentioned differently. 

2.2.1 Optical microscopy 

An inverted optical microscope (Olympus, model: IX71) was utilized to 

visualize particle motion. A scheme of the setup is given in Figure 2.2. It is equipped 

with four objectives: 4x, 10x, 20x, 40x. A monochromatic light source (Polychrome, 

Agilent Technologies) replaces the bright light source typically used for imaging 

microscopy. Since the photostationary state depends on the illumination wavelength, 

this light source gives full control over the photostationary state of the sample. 

Normally, it illuminates at 600nm (red light) to inhibit undesired isomerization. The 

whole setup is also kept under red light (λ = 600nm) or in the dark to prevent any 

undesired isomerization from external sources. To induce diffusioosmotic flows, two 

lasers are coupled into the microscope: a UV laser (Genesis CX, 355nm, Coherent Inc., 

USA) and a green laser (Samba, 532nm, Cobolt, Sweden). The green laser is directed 

through a system of mirrors (giving enough degrees of freedom for adjustment). Before 

coupling into the microscope, the beam is widened and collimated by two lenses. It 

then enters the microscope through the back port and is directed into the optical infinity 

light path of the microscope by a dichroic mirror (DMLP550R, Thorlabs GmbH, 

Germany). The UV laser is coupled into a single mode fiber (SM300, Thorlabs GmbH, 

Germany), decoupled, and collimated. Before entering through the side port of the 



2.2 METHODS 
 

20 
 

microscope, it can be manipulated by other optical elements, such as a cylindrical lens 

or an iris, to change the beam shape and diameter. 

 

A fixed built-in mirror located inside the microscope directs this beam into the 

observation path. A filter wheel can be rotated to choose a wavelength dependent filter, 

which directs the beam into the infinity beam path. The filter for 532nm does not 

transmit UV light completely, but it transmits sufficient UV light to simultaneously 

irradiate with UV and green light. The collimated beams are focused onto the focal 

plane through the objective and onto the solid-liquid interface. Particle motion is 

imaged by a monochromatic camera (Olympus XM10) which acquires image 

sequences of a maximum of 13 frames per second. The laser power was measured by 

Figure 2.2. Scheme of microscopy setup. A UV laser is coupled to the side port of 
the microscope, and the green lasers enters the microscope through the back port. A 
system of mirrors and lenses collimates the beam before it enters the microscope. The 
size and shape of the beams can be altered by a cylindrical lens or an iris located in 
the beam path. A filter wheel equipped with several wavelength dependent filters 
selects the beam that is directed into the beam infinity path of the microscope. An 
objective focuses the beam onto the surface of the sample leading to LDDO at the 
sample surface driving particle motion. Illumination wavelength can be chosen by a 
polychromator. The red light illuminates the sample in order to inhibit undesired 
isomerization. 
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an optical power meter 1918-R with a sensor 918D-UV-OD3R (Newport Corp., Irvine, 

CA, USA). 

2.2.2 Tracking and data analysis 

Single particle tracking was done with the Mosaic Single Particle Tracking 

plugin92 for ImageJ.93 Each particle position at each frame was exported into a table. 

This data was further analyzed by a self-written script for the software MATLAB.94 

2.2.3 Quartz crystal microbalance 

Surfactant adsorption from aqueous solution on solid substrates was monitored 

(in real-time) by a quartz crystal microbalance with dissipation (QCM-D, model: Q-

Sense E4, Biolin Scientific Holding AB, Sweden). 

The quartz crystal is piezoelectric which means it deforms in an electrical field. 

When an alternating electrical field is applied to the quartz crystal at its resonance 

frequency, the crystal oscillates. When mass is added to the crystal, the resonance 

frequency shifts. Sauerbrey95 found the relation between frequency shift and added 

mass: 

Δp =  � ΔL%�*�  o  = � qΔLo  

with o the overtone number of the oscillation for o = 1, 3, 5, 7, etc.** This is valid for 

two conditions: the added mass is 1) much smaller than the crystal mass or 2) rigidly 

adsorbed to the surface. When the electric field is turned off (or the voltage on 

electrodes is switched off), the oscillation decays. The decay time is related to the 

dissipation factor D: 

r = 1mLYs 

with LY the resonance frequency and s the decay time. This is related to the dissipated 

energy of the system. Dissipation plays a role when the surface is not rigidly adsorbed. 

As a result, it is possible to analyze not only the adsorbed amount but the viscoelastic 

properties of the adsorbed layer. 

                                                 
** The crystal oscillations are shearing oscillations. A standing wave is induced at resonance 

frequencies and its overtones. When o is even, waves interfere destructively. Thus, only odd numbers 
are used. 
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The system consists of a pump and a measurement chamber in which four 

measurement cells can be implemented for simultaneous measurement of up to four 

sensors. The fluid is dragged through microtubing and the cells. Before the surfactant 

is injected, the cells are rinsed thoroughly with water until the temperature is 

equilibrated at 20°C and the frequency shift remains constant. When the surfactant 

solution is dragged into the system and the cells are flushed, surfactant adsorbs to the 

sensor surface. Since the molecules adsorb continuously up to a saturation amount, the 

frequency shift over time is recorded. From this, it is possible to analyze the adsorption 

kinetics. 

For measurements of adsorption isotherms, each stepwise increase of 

concentration was done after the equilibration of the frequency shift, including 

frequency shifts of less than 0.2Hz in 5 minutes. The third frequency overtone was 

selected, and for each concentration the equilibrium surface adsorption Γ given in 

ng/cm2 was calculated using the Sauerbrey relation. The Sauerbrey approximation is 

applied when 
u+vuwv/y   ≪ 4 ⋅ 104|Hz4d.96 Besides noise errors, this holds true for all 

conducted measurements. In addition, if the ratio of ΔL
o� o⁄  yields the same results, 

Sauerbrey is considered to be trustworthy. Because these conditions were fulfilled, the 

Sauerbrey equation was applied to calculate all mass changes. 

The measurements were conducted in a continuous flow of surfactant solution 

over the sensor surface. All measurements were done in the dark to prevent 

unintentional photoisomerization. 

In this work, the adsorption of azo-surfactant solution onto glass (Borosilicate) 

and coated Teflon (Teflon AF 1600, DuPont) was measured. All sensors were 

distributed from LOT-QuantumDesign GmbH. These sensors were chosen to model 

surfactant adsorption to a microscopic glass slide and the Teflon AF1600 coated glass 

slide used in LDDO observations. Before measurement, the sensors were cleaned 

according to the cleaning protocol from Biolin Scientific: for a Borosilicate-coated 

surface, the sensors were treated with either UV/ozone (UV/Ozone ProCleaner™, 

Bioforce Nanosciences Inc., USA) or a plasma cleaner (PDC-32 G, Harrick Scientific 

Inc., USA) using ambient air as plasma for 10 minutes, then kept in 2% Sodium 

Dodecyl Sulfate (SDS) aqueous solution for 30 minutes, and rinsed in milliQ water, 

dried with nitrogen gas, and finally treated with UV/ozone or plasma cleaner for 10 
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minutes. Teflon-coated sensors are more sensitive to cleaning and were only treated 

with milliQ water and dried under continuous flow of nitrogen, as recommended by the 

manufacturer. 

2.2.4 Contact angle and surface tension measurement 

Glass surfaces are typically hydrophilic, whereas Teflon-coated glass surfaces 

are highly hydrophobic. 

When a droplet sits on a solid surface (sessile drop) three interfacial tensions 

determine the contact angle: the solid-liquid ���, the solid-vapor ��P, and the liquid-

vapor ��P. The relation between those parameters is the so-called Young’s equation97: 

γ�� = γ�� ⋅ cos � + ��P 

where � is the contact angle. 

Static contact angle and surface tension was measured with a SURFTENS Basic 

(OEG GmbH, Germany). To analyze the contact angle of a substrate, a droplet of water 

was carefully dispensed onto the surface of the substrate, and contour images of the 

drop are recorded by a CCD. To ensure a clear contour of the droplet, a red LED is 

mounted at the other end of the setup behind the droplet. The dispensing system is 

based on a syringe fixed to the system from the top so that its needle points onto the 

substrate. Micrometer screws ensure a careful generation of a droplet at the tip of the 

needle, which is placed onto the surface. The SURFTENS software detects the contact 

line between liquid and solid (baseline) and fits the countour of the droplet by an ellipse 

or polynomial. With this data, it calculates the contact angle. In the same setup, the 

surface tension (liquid-air interface) was measured by the pendant drop method.98, 99 

This method is based on the analysis of the droplet shape formed at the end of a 

capillary. Because of the gravitational force, the droplet becomes pear-like in shape 

instead of spherical. The contour of the droplet is monitored by a camera. From the 

profile of the droplet, the surface tension of the liquid is calculated. The calculation is 

based on the Young-Laplace equation100, 101: 

Δ� = ��P K 1�d + 1��M 

Where Δ� is the pressure difference between the inside and the outside of the droplet, 

�d and �� are the principal radii of curvature (in plane of image and normal to the 
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imaging plane).102 

For surface tension measurements of azo-surfactant solution, the setup was kept 

in the dark or in red light to prevent isomerization. When the cis-enriched solutions 

were measured, the solution was illuminated with UV light for 10 minutes beforehand. 

The volume of the droplet was carefully increased until the weight reached the critical 

point at which a further increase in volume would make the droplet to drip off the tip 

of the needle. This ensures that gravity is strong enough and that the measurement 

yields correct results. The surface tension of azobenzene containing surfactant solution 

is shown in Figure 2.3 for different irradiation condition (i.e. dark, UV, blue). From 

these measurements the CMC was measured around 0.5mM for trans surfactant and 

around 4mM for UV illuminated (i.e. cis dominated) solution. 

 

Figure 2.3. Surface tension as a function of the surfactant concentration measured by 
the pendant drop method. The CMC of dark solution (i.e. surfactant in the trans state) 
is marked by a dashed vertical line. The illumination wavelength was chosen to be UV 
(λ = 365nm) and blue (λ = 453nm).  
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2.2.5 Sample preparation 

2.2.5.1 Hydrophobic Substrates 

Teflon AF 1600 in solid form was dissolved in Fluorinert FC-77 by constant 

stirring for 3 to 4 hours to a concentration of 5w%. Microscope slides were cleaned in 

an ultrasound bath with acetone, 2% Hellmanex solution, and water (milliQ), each for 

15 minutes, and dried with nitrogen before use. Hydrophobic samples were made with 

spin coating (model WS-650SZ-6NPP/LITE, Laurell Technologies Corp. USA) at spin 

rates of 2000 RPM for 30 seconds. Subsequently the substrates were heated up to 

110°C, which is above the boiling point of the solvent FC-77. 

The hydrophobicity was confirmed by contact angle measurements, which 

resulted in values between 110° and 120°. The surface thickness was measured between 

50nm and 100nm. 

2.2.5.2 Patterned Surface 

A patterned surface was prepared by the following procedure. Liquid 

Polydimethylsiloxane (PDMS) was poured onto a patterned surface with different 

surface relief gratings (SRGs) and cured for 24h at RT. PDMS stamps were detached 

from the polymer films and deposited on glass slides. PDMS was prepared by mixing 

elastomer and a curing agent in a ratio of 10:1. The SRGs were made with a thin layer 

of photosensitive polymer irradiated with a UV interference pattern.103 

2.2.5.3 Janus Particles 

Silica particles were diluted to an appropriate concentration with milliQ water 

(i.e., 0.5 mg/ml for 5µm particles). Clean, hydrophilic microscopy slides (2cm x 2cm) 

were placed onto the spin coater. A droplet of 200 µl was pipetted onto the surface to 

cover the whole surface. After a spinning speed of 1500 RPM for 30s followed by 3000 

RPM for 10s, the surface was free of solution, leaving only single particles distributed 

over the surface. In an evaporation chamber, metal was deposited onto the top of the 

substrate to a desired thickness. A lens cleaning tissue was cut into a small-sized piece 

and wetted with milliQ water. To collect the Janus particles, the tissue was gently 

moved over the surface. When the tissue is dropped into a vessel with milliQ water the 

Janus particles are released. After removal of the tissue, the dispersion was ready for 

usage. 
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2.2.6 Zeta potential 

The zeta potential can be seen as the magnitude of electrostatic repulsion between 

particles dispersed in solution. Thus, it yields information about suspension stability. 

The larger the absolute zeta potential, the larger the particle repulsion and the more 

stable the suspension. When particles have a low zeta potential they coalesce for or 

aggregate and even precipitate. 

When a particle is placed in a solution of a high dielectric constant (like water), 

the surface gets charged. For silica particles in water, the silanol groups dissociate, and 

the surface becomes negatively charged. Close to the surface, an EDL (Figure 2.4) is 

formed that is composed of two layers: the Stern layer, consisting of the inner and outer 

Helmholtz layer, and the diffuse layer. When an electrolyte is present, the ions with 

higher surface affinity align along the surface to form the inner Helmholtz layer. 

Typically, anions have a higher surface affinity because they are less hydrated.104 This 

is often true even for negatively charged surfaces. At distances very close to the surface, 

the van der Waals attractive forces outperform electrostatic repulsion. The next layer, 

which is formed by counterions, is the outer Helmholtz layer. In this so-called Stern 

layer, the ions are considered to be fixed and immobile (different than liquid-liquid 

interfaces). The next layer, in which primarily cations can be found, is called the diffuse 

layer. At a certain distance from the surface, the particle is neutral because the ions in 

the electrostatic diffuse layer compensate the surface charge. When particles perform 

Brownian motion, the mobile diffuse layer can be sheared off due to diffusion. Some 

of the ions that lead to neutrality are lost, resulting in a nonzero net charge. Therefore, 

when an electric field is applied, the particles experience a force and start to move. 
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Figure 2.4. Scheme of the charged surface immersed in a solution with the 
characteristic layers: Stern layer, in which the ions are immobile, and the mobile diffuse 
layer of a thickness -+ (Debye length). The negative surface potential drops 
exponentially in the diffuse layer. In the bulk layer, the concentration of positive and 
negative ions is equal, and the surface is neutral. At a certain speed of the particle, 
almost all ions are sheared off. This is where the zeta potential is measured, which is 
often assumed to be close to the Stern potential. 

This phenomenon is called electrophoresis. With stronger electric fields, the 

speed can be increased. This shears off even more ions, and, thus, the net charge of the 

particle increases. When the particle speed is sufficiently large the diffuse layer is 

sheared off almost completely. At this shear plane the zeta potential is measured. It is 

often considered to be equal to the Stern layer potential. The thickness of the EDL is 

often given by the Debye length -+, which can be calculated from Debye-Hückel 

theory.105 The length varies from around 900nm in bare water to just a few nanometers, 

increasing with the concentration of electrolyte in solution: 
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with .� the charge number and ��2 the bulk concentration of the i-th ionic species. 

In this work, the zeta potential of particles in water and azobenzene surfactant 

solution was measured by a Zetasizer Nano ZS (Malvern Instruments Ltd, UK) in 

disposable folded capillary cells (DTS1070) provided by Malvern. The measurement 

is based on the electrophoretic mobility of particles by dynamic light scattering. †† From 

the electrophoretic mobility, the zeta potential is determined. 

Measurements of the surface zeta potential (SZP) of the substrate provide 

information about the electrostatic interactions. With the SZP accessory (ZEN1020, 

Malvern Instruments Ltd, UK) for the Zetasizer series, the zeta potential of a flat 

surface can be measured. 

The SZP of borosilicate substrates and Teflon (Teflon AF1600, DuPont) coated 

glass substrates was measured. Prior to the measurement, the samples were treated as 

follows: 1) A substrate was cut into pieces of roughly 4mm x (5 to 7) mm size, 2) glued 

onto a sample holder (provided by the Malvern), which was 3) screwed onto the 

accessory. 4) A suspension consisting of water, 300nm particles, and surfactant was 

prepared, and an amount of 1.2ml of the suspension was poured into a disposable 

plastic cuvette (1cm x 1cm, DTS0012). The accessory was placed in the cuvette and 

inserted into the measurement chamber of the Zetasizer. The substrate is located 

between two electrodes where a voltage is applied (Figure 2.5). Near the surface, an 

electroosmotic flow is created. Similarly, the tracer particles move by electrophoresis. 

Electroosmotic flow strength decreases with the distance to the surface. Taking both 

contributions into account, the surface zeta potential can be evaluated by measuring the 

mobility of the tracer particles as a function of the distance to the surface of the 

substrate. Far away from the surface, the particles only move by electrophoresis.106 

                                                 
†† For detailed information about dynamic light scattering the reader is referred to text books 

i.e. from Berne and Pecora167 
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Figure 2.5. Schematics of flow fields near a test surface between two electrodes. An 
alternating voltage is applied (0.5Hz to 2Hz) The mobility of the tracer particles (white 
arrow) depends on the contributions of electroosmosis veo (red arrow) and 
electrophoresis vep (blue dashed arrow).  
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3 PARTICLE ACCUMULATION AND SEPARATION 

This chapter demonstrates that photosensitive surfactants can induce LDDO 

flows near the solid-liquid interface. These flows can be used to manipulate particle 

ensembles trapped on the surface by focused irradiation. In a first section, it is reported 

on LDDO based on localized UV laser irradiation that leads to an outward motion of 

micrometer sized particles (i.e. away by the laser spot). An inward particle motion (i.e. 

towards the laser spot) under green laser irradiation is described in a second section. 

Third, findings are presented discussing the dependence of LDDO on the surfactant 

concentration and the CMC. 

3.1 Particle separation in UV light 

Figure 3.1a shows a scheme of the experimental setup: silica particles (2µm in 

diameter) dispersed in an aqueous solution of azobenzene containing surfactant (with 

a concentration of c = 1mM) are settled on a glass surface. The CMC of the surfactant 

is equal to 0.5mM. The irradiation direction is from below, the focal plane of the UV 

laser (λ = 355nm, P = 1.5µW) is at the level of the interface where the particles perform 

Brownian motion. Before irradiation, the silica particles form a densely packed 

monolayer at the glass surface. When illumination with UV light is turned on (the red 

cycle in Figure 3.1b indicates the center of the laser spot), the colloids are expelled 

from the illuminated spot leaving behind a completely clean area (60µm in diameter) 

after 5 minutes of irradiation. Along with the local irradiation, a spatially 

heterogeneous distribution of trans and cis isomers is created because under UV 

irradiation the surfactant molecules photoisomerize correspondingly. Without the 

presence of the surfactant, the particle assembly does not change, ruling out heating 

effects or gradients in the electromagnetic field as a possible driving mechanism. 
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Figure 3.1. (a) A scheme demonstrates the characteristics of LDDO induced by UV 
light. The focused beam triggers local photoisomerization from trans to cis state. 
Particles on the surface are moved by a light-induced hydrodynamic flow. (b) 
Microscopic images of 2µm silica particles on a surface show motion away from the 
UV laser spot (red ring). Particles are dispersed in 1mM of azobenzene containing 
surfactant solution (AzoC6). The corresponding movie can be found in Appendix C1. 

We tracked the trajectory of each individual particle and compiled 

corresponding statistics of particle distance and velocity. The particles were grouped 

in 30µm rings depending on their initial distance from the laser spot. For example, all 

particles from 0 to 30µm from the laser spot were considered to be in group 1. In group 

2 were all particles located initially between 30µm and 60µm, and so on. All particles 

in one group were averaged to have a combined distance from the laser spot. On UV 

irradiation, the average distance increased, which was plotted in Figure 3.2e. Radial 

speed was calculated from the distance, taking time steps of 10s: 
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�� = �W�� = W��dY � W����dY � ��    (15) 

 

 

Figure 3.2. Micrographs of silica particles (marked in yellow) dispersed in solution of 
azobenzene surfactant under irradiation of focused UV light and corresponding 
analysis of tracked particles. (a) Particles distributed on the glass surface after 
sedimentation with 7 rings drawn around the laser spot in which particles were grouped 
and distances averaged for analysis. As irradiation started particles began to move 
radially outward; snapshots were taken at (b) 1min and (c) 3min. Corresponding 
movies can be found in Appendix C2. Particle trajectories are depicted in (d) after 
particle tracking. (e) For statistical analysis the particle distance from the laser spot 
was drawn as a function of time with corresponding maximal radial outward speed that 
differs for each group of particles. (f) The average maximum velocity of the particles 
as a function of the distance from the center of the laser spot. 

The position of the particles enclosed in these rings was averaged and plotted 

as a function of time (Figure 3.2e). Particle motion differs depending on the initial 

position relative to the center of the laser spot. From these distance-time curves a 

maximal average velocity for each ring was calculated. A maximal average speed of 

1.3µm/s was obtained for particles in the ring between 30µm and 60µm from the center 

of irradiation (Figure 3.2f). In more detail, the averaged radial particle speed away 

from the laser spot is shown in Figure 3.3. Particles located near the laser spot sped up 

rapidly when UV is switched on. They traveled away from the laser spot, the origin the 

flow, and their speed gradually decreased from a micrometer per second down to a few 
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hundreds of nanometers per second. Particles located farther away sped up later with 

lower maximum velocity. For example, in the ring 150µm away from the laser spot, 

particles sped up only to a maximal value of 250nm/s after several seconds, whereas 

particles in the first two rings suddenly jumped up to speeds of roughly 1.3µm/s. For 

all particles, the speed leveled off slowly the further they traveled away. A difference 

was found for very close particles, which experienced two maxima: the first directly 

after the laser was switched on and a second one after some minutes. Their maxima 

were less pronounced than the maxima for particles in the outer rings. After the second 

maximum, the velocity leveled off again to values below 0.2µm/s. 

 
Figure 3.3. Particle velocity away from the laser spot as a function of time. Velocity 
was calculated from averaged distances of particles located before irradiation within 
distances of 0µm to 30µm (black), 30µm to 60µm (red), 90µm to 120µm (blue), and 
150µm to 180µm (green). The rings depict the averaged distances. Velocities for other 
groups are omitted for clarity. 

Since the UV laser was focused on the surface, the laser spot covered a certain 

effective volume in which the molecules were isomerized. Diffusion transferred cis 

molecules from inside the effective volume to the outside. When a Gaussian 

distribution of the cis concentration gradient was assumed after UV irradiation, 

diffusion broadened and lowered this distribution. In Figure 3.4a a scheme depicts the 

broadening of the concentration profile at successive time points. Under the 

assumption of a diffusioosmotic flow, the concentration gradient is directly related to 

flow speed (see Chapter 4). The concentration gradient decreased with time and with 
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distance. Therefore, particle speed decreased, which is shown schematically in Figure 

3.4b. Particles very close to the laser spot were located inside the effective area of the 

laser, in which the speed was reduced due to a weaker concentration gradient. The 

largest concentration gradient was at the edge of the effective volume; thus, highest 

speeds were found at the edge of the irradiated area. Farther away from the laser spot, 

particle speed decreased again. 

 

Figure 3.4. (a) Concentration distribution of normalized surfactant in cis state as a 
function of distance normalized by the size of the laser spot. Different times show the 
broadening of the profile under continuous irradiation. At time t1 irradiation had just 
begun. (b) A corresponding velocity profile related to the distance from the spot. 

In the previous analysis, the particles were grouped depending on their distance. 

An averaged distance of particles was used for analysis of their motion. To encounter 

particle motion from another viewpoint, the ring area was fixed and particle velocity 

was calculated for each ring as a function of time. That analysis reveals how flow 

strength changes with time at a certain distance. When looking at the average speed in 

a ring over time, the velocity of particles that pass that ring was measured, and it seems 

that the maximum speed was reached in the second ring. However, the velocity levels 

off in short time to lower speeds of only 0.3µm/s. In the outer rings, the initial speeds 

were lower, but, the speed remained higher for longer. In ring 4 (90µm to 120µm), an 

average speed of 0.6µm was reached and remained constant. It was the largest constant 

speed of all rings. This indicates the strongest flow was at this distance. This analysis 

method can yield artifacts. In the calculus, the velocity was averaged over all particles 

in that area. When a particle has left the area, particle velocity jumps and finally reaches 

zero when all particles have left. Information for the first ring is quite limited because 

particles left that area fastest. 
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3.2 Particle aggregation in green light 

The direction of particle motion can be reversed by inverting the distributions 

of cis and trans isomers. This can be achieved by first bringing the majority of the 

surfactants in a cis state by global irradiation with UV light and then illuminating 

locally with green light to trigger the return to a trans state (Figure 3.5a). In this case, 

during irradiation with light of λ = 532nm, the particles moved toward the center of the 

laser spot (Figure 3.5b-d). The gathering of colloids at the center of the laser spot 

continued during the whole irradiation period and resulted in the formation of a pile of 

particles (Figure 3.5d). 

In principle, LDDO flow can be conducted as long as a sufficient amount of cis 

surfactant is present in the solution. In practice, an underlying volume flow often builds 

up over time, constantly driving the particle hill in one direction. For long periods, this 

can result in an elongated particle aggregate. 

 Larger particles, such as those 7µm in diameter, were driven similarly to the 

center of the laser spot. They then gathered at the laser spot creating a monolayer of 

particles. Because they are not as affected by thermal Brownian motion as 2µm 

particles, they formed a 2D crystal-like hexagonal monolayer (Figure 3.6). 

With time, flow strength weakened. As a result, Brownian motion prevailed 

and the particle aggregate separated. This limitation could be overcome if the supply 

of cis isomers could be kept constant by simultaneous global illumination with UV 

light instead of red light. 

 With an increasing amount of gathered particles, the velocity distribution was 

naturally affected, but within the first stages of illumination (with only few particles 

accumulated), the trend of the particle velocity as a function of radial distance from the 

laser spot center was similar to that of the outward flow pattern (induced by UV 

irradiation). Particles situated somewhat away from the center (in our examples 

roughly 50 µm) had a maximal velocity of 1.2 µm/sec (Figure 3.7).  
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Figure 3.5. (a) Scheme of inward flow under green irradiation in cis-enriched 
surfactant solution gathering particles. (b) Optical micrograph of silica particles (d = 
2µm) on a glass surface immersed into aqueous surfactant solution (c = 1mM), 
obtained after global illumination with UV light (10 min). A focused green laser (red 
circle) induced LDDO, driving particles radially inward to the laser spot; particles 
gathered at the center, after (c) 5 min and (d) 30 min of irradiation. The direction of 
particle motion is indicated by black arrows. The corresponding movie can be found 
in Appendix C3. 

 

Figure 3.6. Micrograph of silica particles (7µm) forming a 2D crystal-like structure on 
a glass slide under irradiation with a focused green (λ = 532nm) laser. Particles were 
dispersed in a solution of 1mM azobenzene containing surfactant. A corresponding 
movie can be found in Appendix C4. 
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In Figure 3.7a the average particle distance from the laser spot is plotted as a 

function of time for different initial distances. Initially, the distance decreased until a 

specific distance was reached at which it increased again. The distance they could reach 

depended on the size of the particle aggregate, which increased as more and more 

particles approached the center. Averaged particle speed was calculated from the 

distances and plotted as a function of time (Figure 3.7b). In the first group around the 

laser spot, the maximal velocity was reached within the first seconds but dropped 

quickly when the particles reached the center of the laser spot. Particles initially located 

farther away from the laser spot reached their maximal speed later with lower speeds. 

Near the laser spot particle velocity rose quickly but also dropped quickly. Farther 

away, particles slowly increased speed and reached a maximum at around 75µm from 

the laser spot. Thereafter, speed decreased and even fell below zero, which means they 

were driven away from the laser spot. As particles reached the aggregate, they were 

first pushed inward and then outward again. This seemed to have happened for all 

groups of particles for unclear reasons that result in speculation: perhaps they drifted 

inside the aggregate but were then pushed away by inside particles and Brownian 

motion. However, the observation could also be an artifact resulting from particle 

tracking. Tracking particles inside the aggregate was difficult because they moved up 

and down and with other particles nearby. Therefore, particles were lost in the inside, 

and the average distance moved jumped to larger values. 

When the maximal speed was plotted as a function of the initial distance from 

the laser spot (Figure 3.7b inset), a picture was drawn looking very similar to the 

results for outward motion under UV irradiation. A maximal speed was found in the 

second ring. Particles located farther away moved more slowly with distance. The 

maximal speed found in the second ring yields values of 1.2µm/s, similar to speeds 

reached for outward flows. 

As UV irradiation has shown to trigger a radial outward flow when the 

surfactant solution is enriched of molecules in trans conformation, green irradiation 

has shown to trigger a radial inward flow accompanied by a particle gathering when 

surfactant solution was enriched of molecules in cis conformation. Speed analysis 

yielded similar results to outward motion for maximal velocities. 
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Figure 3.7. (a) Distance from the laser spot and (b) radial velocity as a function of time 
for 2µm particles dispersed in 1mM solution of AzoC6. Lines were drawn for better 
viewing. Inset: maximum velocity as a function of the initial distance from the laser 
spot. 

3.3 Dependence of particle motion on surfactant concentration 

Surfactant concentration largely affected the flow strength. In case of the 

absence of surfactant (i.e., in pure water), particles were unaffected by laser light. In 

this section, the flow strength was measured by maximal particle speed, which was 

plotted as a function of the surfactant concentration (AzoC6)(Figure 3.8). For all 

experiments the particle concentration was kept constant. 
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Figure 3.8. Maximal speed of silica particles of 2 µm in diameter as a function of 
surfactant concentration for two different irradiation wave lengths: UV (squares), and 
green light (triangles). The CMC of the surfactant concentration is designated by the 
dashed line. 

For both irradiation wavelengths, a similar pattern was observed. Speed below 

the CMC of the surfactant remained low. When the concentration increased and 

overcame the CMC, the speed increased strongly with a maximum between 1mM and 

2mM. A further increase of surfactant resulted in a slight reduction of particle speed 

found at 4mM of concentration. Similar behavior was found for green irradiation but 

with a faster decrease in speed—already at 2mM. 

Clearly, the flow was affected by the surfactant concentration. Below the CMC, 

isomerization led to weak flows. Micellization seems to affect DO remarkably. Under 

UV irradiation, micelles are destroyed because the surfactant in a cis state has a larger 

CMC compared to surfactant molecules in the trans state. Upon irradiation, the 

concentration of cis monomers strongly increases with the decomposition of micelles. 

In reverse, green irradiation induces the formation of micelles, leading to a large 

reduction in the concentration of monomers in the vicinity of the laser beam. This 

dependence on the concentration gradient leads to a variation in flow strength. When 

a concentration gradient along a surface is imposed a diffusioosmotic flow can build 

up.  
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As shown, surfactant is required for flow generation. Temperature 

measurements near the laser spot ruled out thermal effects, such as convection or 

thermoosmosis or thermophoresis because the temperature remained constant under 

laser irradiation. In pure water, particles were unaffected by laser irradiation at powers 

as low as 1.5µW. Additionally, picric acid was dissolved in water and similar 

irradiation experiments were conducted. Picric acid has a similar extinction coefficient 

as AzoC6 but turns absorption into heat. At the laser power used in this work for 

irradiation experiments, inward or outward motion was absent in picric acid solution 

under irradiation. Furthermore, laser powers used in this work, the effect of radiation 

pressure is negligible. Even a manifold increase in laser power did not lead to particle 

motion. Only an increase of three to four orders of magnitude with laser powers in the 

range of 10mW to 100mW could induce particle motion. Motion at a higher laser 

power with or without surfactant can be induced by heating or by radiation pressure, 

with the latter being intentionally used in optical tweezers or traps.107, 108 

3.4 Summary 

Photosensitive azobenzene containing surfactant induced the collective motion 

of microparticles. Silica particles located at a solid-liquid interface dispersed in a 

surfactant solution were collectively moved under the irradiation of a focused laser. 

UV irradiation drove silica particles away from its point of irradiation. Therefore, a 

continuous flow led to a cleaning of the surface. Under green irradiation, particle 

motion was directed inward when the solution was transferred into a cis-dominated 

solution by global UV illumination beforehand. In this way, particles were gathered 

around the green laser spot, causing a pile of particles to accumulate. An analysis of 

particle motion revealed a dependence of particle speed on the initial distance from the 

laser spot. Particles with an increased initial distance moved with slower maximal 

speeds; however, particles very close to the laser spot moved slower. The lower particle 

speed near the laser spot might be caused by the width of the cis distribution imposed 

by the laser. When particle speed is related to the concentration gradient, the gradient 

is minimal at the center of irradiation. Therefore, particles very close to the center of 

the laser spot moved slower. Maximal particle speeds of ~1.3µm/s were found for 

surfactant concentrations of 1mM for laser power of 1.5µW for UV light and 30µW 
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for the green laser. A decrease in surfactant concentration led to a decrease in particle 

speed. Particle motion was absent below 0.2mM. An increase above 1mM showed a 

slight decrease in maximal speeds. In the following chapter, a theoretical consideration 

based on diffusioosmosis is given.
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4 LIGHT-DRIVEN DIFFUSIOOSMOSIS: MODEL 

AND THEORY 

In the previous chapter, it was shown that focused UV light can induce particle 

motion near a surface when an appropriate amount of surfactant is dissolved in solution. 

Based on those results a theoretical model was proposed of diffusioosmotic flows based 

on the photoisomerization of light-sensitive surfactants. This theory was developed in 

collaboration with Salim Maduar and Olga Vinogradova from Moscow State 

University, Russia. This chapter presents a simple model of LDDO, from which a basic 

understanding of the physical origin of LDDO can be derived.109 

Essentially, DO can have a chemiosmotic and electroosmotic contribution. In 

the case of nonionic solute, DO is driven by chemiosmosis—i.e., a concentration 

gradient of solute molecules in the electric diffuse layer. In the case of ionic solute, an 

electroosmotic part contributes to the flow. In this theory, the electroosmotic 

contribution to DO can be omitted because the total concentration remains constant 

under irradiation ���� = ����y^ + �H�^ = ��o��. 

One of the interactions that drives adsorption of surfactant to the surface is of 

an ionic nature. The total interaction can be described by means of an electrostatic 

potential (
��, which depends on the distance y normal to the surface. In addition to 

electrostatic interaction, hydrophobic interactions also contribute to the potential that 

determines the surfactant adsorption. The interaction between solute and surface leads 

to EDL formation. The surfactant concentration in the EDL follows a Boltzmann 

distribution:  

�
�� = �234�
��7�8 , (16) 

with �2 the bulk concentration, �� the Boltzmann constant, and � the temperature. 

The approximate thickness of the EDL is given by the Debye length, which can 

be estimated from linearized Poisson-Boltzmann (Debye-Hückel theory) for an 
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electrostatic potential of |(| ≤ 25mV, depending on the ion concentration: 

-+ = � � Y���∑ 3��o�Y¢� ~oY4
d� ≈ 10nm,  (17) 

with   = 80 for water, o�Y = 1mM (for both ions), T the temperature, �� the Boltzmann 

factor, and 3 the elementary charge. 

The structure and size of the EDL depends primarily on the adsorbed ions. A 

negatively charged surface attracts positively charged surfactant ions. Including the 

other attractive interactions, this yields a larger concentration inside the EDL, which 

also depends on the isomeric type. Therefore, the surfactant concentration in the EDL 

exceeds the bulk concentration; surfactant adsorption to the surface is given by the 

surface excess, Γ, with units in g/cm2 or in mol/cm2. 

Focused UV irradiation leads to a local trans-to-cis isomerization. Due to laser 

focusing and a very fast (picoseconds) switching of azobenzene, a sharp gradient 

appears, dividing the fluid into spaces of either exclusively cis isomers or trans isomers. 

A difference in chemical potentials for surfactant in a trans and cis state results in a 

difference of osmotic pressure at the surface for cis and trans-dominated fluid volume:  

�
�, �� � �2 = ���B��
�, �� + �4
�, �� � 2�Y
��C, (18) 

with �2 the osmotic pressure due to solute in bulk solution with vanishing 

potential, (
�, � ≫ -+� = 0, �Y
�� the bulk surfactant concentration, and �±
�, �� the 

local ion concentration within the EDL. As the concentration increases locally, the 

osmotic pressure gradient normal to the surface is translated into a component along 

the surface. This pressure difference is compensated by a hydrodynamic flow—a  

diffusioosmotic flow. The flow field * satisfies Stokes’ equations: 

�∇�* = ∇�, ∇ ⋅ * = 0, (19) 

where � is the fluid viscosity. The diffusioosmotic slip velocity along the surface (x-

direction) at the edge of the EDL, *+,, can be obtained when Equation (19) is solved 

within the EDL: 
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*+, ∝  � ���� d
Γ̈ +�-+�dx , (20) 

with the surface excess of ions: 

Γ̈ +� = V B��
�, �� + �4
�, �� � 2�Y
��Cd�,2
Y  (21) 

which is similar to the equations derived above for diffusioosmotic flow (see Equation 

(12) and Equation (13)). To account for the nonuniform concentration of trans and cis 

species, the equations are modified. A local isomerization only alters a fraction of trans 

to cis concentrations, but, in total, the monomer concentration remains constant. To 

express Equation (20) in terms of concentration gradients for trans and cis surfactant, 

the gradient 
d©ª«¬­«d�  is exchanged: 

*+, ∝  � ���� �∂
Γ̈ +�-+�∂�� ∇�� + ∂
Γ̈ +�-+�∂�H ∇�H
���, (22) 

with �� and �H for trans and cis concentrations, respectively. The terms 
∂
©ª«¬­«�∂H®/¯  

represent adsorption isotherms of surfactant in a trans and cis state to the solid surface 

inside the EDL. These terms are accessible experimentally by measurements of 

adsorption isotherms and zeta potential. 

From Equation (21) one can see that the surface excess Γ̈ +� depends on the 

concentration of ions inside the EDL, which is related to the interaction potential by 

Boltzmann’s distribution—see Equation (16). Combining this dependence with 

Grahame’s equation‡‡ and under the assumption of a surface potential less than 100mV, 

this leads to the following expression for surface excess in the EDL:110, 111 

 Γ̈ +�
��~
��
0� + �4
0� � 2�Y�-+~�Y-+ K3(Y���M�
 (23) 

Together with Equation (22), this shows that the flow depends on the total 

concentration and on the varying adsorption strength of trans and cis isomers with 

                                                 
‡‡ Grahame equation relates surface charge density and surface potential to a concentration 

difference, which in turn relates to the EDL.  
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variation of the zeta potential that relates to (Y.104 

Above, we have considered the inner flow velocity—i.e., the flow within the 

EDL. With the result of the slip velocity found from Equation (22), the outer velocity 

flow profile (i.e., the flow profile outside the EDL) is calculated. The outer flow can be 

visualized by its streamlines, which can be calculated by applying the curl vector 

operator (∇ ×) to Equation (19):  

 ∇�
∇ × *� = 0  (24) 

with stream functions that satisfy the continuity equations: 

 *� = ��'
x, y� and *� = ��'
�, �� (25) 

To calculate the velocity profile, two boundary conditions are applied. The first one 

takes into account that the outer velocity at the surface is equal to the inner velocity at 

the edge of the EDL: 

 ��'
x, 0� = *+,
�� (26) 

The second boundary condition takes into account that the solid surface is impenetrable 

by the fluid: 

 ��'
x, 0� = 0 (27) 

Under these assumptions Equation (24) can be rewritten as a biharmonic equation for 

a stream function '
�, ��: 
 

�³'
x, y���³ + 2�³'
�, ���� 2 ��� + �³'
�, ����³ = 0 (28) 

General solutions of the biharmonic equation have been used to calculate flow profiles 

numerically.112 The diffusioosmotic slip velocity *+, was deduced from the velocity 

values of the experimental data from outward particle motion under UV irradiation. In 

Figure 4.1 a scheme of LDDO with streamlines is presented. It is important to note 

that the dimensions of the stream lines are in the micrometer range, whereas the 

dimension of the flow is in the nanometer range. 
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Figure 4.1: Schematic representation of light-driven generation of local 
diffusioosmotic flow. Schematic streamlines of liquid flow are presented at the bottom. 
Color represents regions with different absolute values of the liquid velocity, being at 
maximum in red. The thickness of the EDL is given as λD. 

In the following sections, two different situations are discussed: below and 

above the CMC. If the surfactant concentration is below the CMC, irradiation leads to 

a change of the fraction of trans to cis isomers. For example, under UV irradiation 

~90% of the surfactant molecules are found in cis state. When trans is converted to cis, 

or vice versa, the concentration of cis surfactant can be expressed as �H = �Y � ��. 

Therefore, Equation (22) can be written as follows: 

 νDO∝ kBTη G∂
ΓEDLλD�∂ct � ∂
ΓEDLλD�∂c¯ J ∇cc
x�, (29) 

which shows that the velocity depends on the relative adsorption of cis and trans 

isomers. 

If the surfactant concentration exceeds the CMC, addition of surfactant in the 

trans state leads to the formation in micelles—for surfactant in the bulk—and surface 
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aggregates§§ with a monomer concentration that remains constant ��,»�y� = �¼½¼ =
��o��. Therefore, the cis concentration cannot be expressed by �H = �Y � ��. If we 

assume a constant monomer concentration of monomeric trans surfactant, the gradient 

yields ∇�� ≈ 0, and only the gradient in the cis concentration becomes important:  

 νDO∝ kBTη <∂
ΓEDLλD�∂cc @ ∇cc
x�. (30) 

With these derivations and a scaling analysis, we can estimate the diffusioosmotic 

velocity for surfactant concentrations above the CMC as follows: 

*+, ∝ -+� ⋅ ���Γ̈ +�c = -+�� ⋅ ���Yc ⋅ K3(Y���M�
 (31) 

in which L is the diameter of the laser spot. Considering reasonable estimations for the 

parameters L = 60µm, -+ = 10nm at �Y = 1mM, � = 1mPa⋅s, and T = 20°C and for 

the surface potential (Y = 70mV (taken from SZP measurements for �Y = 1mM� an 

diffusioosmotic velocity yields values of *+, ≈ 7μm/s. This estimation is in line with 

the experimental results for the maximal speed, which was around 1.5µm/s. 

Diffusioosmotic flows are generally much slower than light-driven Marangoni flows 

based on azobenzene surfactant, which can be in the order 500µm/s to mm/s.60, 61, 113 

In Figure 4.1, a scheme summarizes the important points of the model. A 

photosensitive cationic surfactant interacts with a solid surface mainly by electrostatic 

and hydrophobic interaction. This interaction can be described by an attractive potential 

between surface and surfactant. Mutual interaction between surfactant molecules leads 

to the formation of aggregates on the surface and in the bulk. This formation depends 

on the bulk concentration and, crucially, on the isomer state. The concentration of 

surfactant inside the EDL follows a Boltzmann distribution and is given by the surface 

excess, which depends on the surfactant adsorption strength and total concentration. 

                                                 
§§ Surface aggregates appear even below the CMC due to attractive interaction between surface 

and surfactant as well as a loss in entropy when surfactant molecules are removed from water. 
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Figure 4.2. Scheme of LDDO under green irradiation. A local cis-to-trans 

isomerization lowers the concentration in the irradiated area due to micellization. A 
difference in osmotic pressure in the irradiated area creates an inward hydrodynamic 
flow. 

When UV light is focused onto a solid-liquid interface, a trans-to-cis 

isomerization leads to a local gradient of isomer concentration and, therefore, to an 

osmotic pressure difference along the surface. Depending on the relative interaction 

between surfactant in a trans or cis state with a surface, which determines the surface 

excess in the EDL, an inward or outward diffusioosmotic flow is created in the EDL. 

Below the CMC, trans and cis adsorption has to be taken into account. Above the CMC, 

only cis adsorption is taken into account because UV irradiation mainly leads to a 

decomposition of micelles and to an increase in the surfactant’s concentration of 

monomers in a cis state. In that case, the diffusioosmotic flow is mainly driven by a cis 

concentration gradient. 

In the presence of green light, the situation is reversed and cis is converted into 

trans. Similarly, an osmotic pressure difference at the interface between irradiated and 

nonirradiated creates a diffusioosmotic flow that directs inward (Figure 4.2). Indeed, 

when green light converts cis to trans, suddenly there is a drastic decrease in the 

concentration of cis isomers near the irradiated area. Nearby, the cis isomers are still 

attracted to the surface. This generates an osmotic pressure gradient pointing toward 

the laser beam. Above the CMC, green irradiation leads to the formation of trans 
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isomers and micellization, which results in a decrease in concentration of cis surfactant 

in this region and a larger gradient—and thus, a stronger flow and particle speed. 

Flow strength and direction of motion depend on the concentration gradient in 

the EDL and, thus, on the surface excess of surfactant molecules. Surface excess in the 

EDL depends on the surface potential and surface properties. Adsorption of surfactant 

is analyzed in the following chapter. 

In LDDO a local isomerization by light induces a concentration gradient and, 

thus, a diffusioosmotic flow. The isomerization properties of azobenzene introduce 

light-sensitivity into surfactants. Because surfactants are active at surfaces, they bring 

this light-sensitivity into interacting systems, such as the boundary between solids and 

liquids. Due to the interaction between the liquid molecules and solid atoms, the 

interfacial layer acts as a place where surface flows can be created, such as DO. A 

combination of light-sensitive surfactants dissolved in water and a solid interface can 

induce a surface flow driven by light. 
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5 DEPENDENCE OF LIGHT-DRIVEN 

DIFFUSIOOSMOSIS ON IONIC STRENGTH, PARTICLE 

SIZE AND SHAPE, SURFACTANT 

HYDROPHOBOCITY, AND ILLUMINATION 

PARAMETERS 

In the previous chapter, the concept of LDDO was introduced to explain the 

observed motion of particles under local UV and green laser irradiation in the presence 

of azobenzene containing surfactant. 

This chapter presents a discussion regarding how LDDO depends on different 

parameters, such as ionic strength, particle size and shape, surfactant nature, and 

irradiation conditions. 

This chapter is structured in five sections in which the following parameters are 

investigated: ionic strength, which influences the Debye length and the CMC; particle 

size and shape, which indicate whether a diffusiophoretic part is involved; surfactant 

hydrophobicity, which provides knowledge about the influence of the CMC; 

illumination conditions, which shift the photostationary state into different fractions of 

cis to trans isomers; and laser focus, which affects the local isomerization. 

5.1 Ionic strength 

According to theoretical considerations, a change in the Debye length must alter 

the LDDO flow. To check this, we chose the electrolyte NaBr to vary the ionic strength 

because Br
- also represents the native counterions of the cationic surfactant. As shown 

in Figure 5.1, the particle speed decreases with an increasing NaBr concentration. At 

a concentration of 2mM NaBr, the flow shows a slow cleaning effect, which becomes 

visible after more than 15 min of UV irradiation. 
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Figure 5.1. Maximal averaged particle (d = 2µm) speed as a function of NaBr 
concentration under UV irradiation in a solution of AzoC6 (cAzo = 1mM). 

An increase in the ionic strength alters three important parameters: (1) the Debye 

length, (2) the CMC, and (3) the amount of surfactant adsorbed to the surface. When 

electrolyte is added to surfactant solution, it shields the head-to-head repulsion of 

neighboring surfactant. Additionally, the CMC shifts to lower concentrations.37 Since 

surfactant-surfactant interaction plays an important role in adsorption to the surface, 

electrolyte enhances adsorption below the CMC.34, 114 Some have reported on the 

adsorption of cationic surfactant to silica, on which the surfactant molecules form 

spherical aggregates as AFM imaging reveals—even a change from spherical to 

cylindrical is possible.114 As the CMC is shifted to lower concentrations when 

electrolyte is added, the flow response should similarly shift to lower concentrations if 

LDDO only depends on the CMC and micelle decomposition. As this is not the case, 

the following paragraphs explain why the addition of electrolyte suppresses LDDO. 

At concentrations of 5mM, the Debye length is around 4nm. In comparison, 

without added salt at cAzo = 1mM, λD = 10nm (see Equation (17)). As one can see from 

Equation (20) (Chapter 4), the term 
d
©ª«¬­«�dx  involves a change in the Debye length. 



5.2 PARTICLE SIZE AND SHAPE 
 

 

52 
 

An irradiation involves a change in surfactant adsorption and, thus, a change in Debye 

length. An addition of salt screens the surface and fixes the Debye length to a few 

nanometers. Therefore, the gradient between irradiated and nonirradiated areas is 

reduced, and LDDO flow decreases. 

5.2 Particle size and shape 

This section investigates how particle velocity depends on the size and shape of 

particles. Throughout this section, the surfactant concentration was 1mM and the 

irradiation was performed with UV light. Figure 5.2 shows that the particle speed 

remains constant when particles have diameters ranging from 1µm to 10µm. Small 

velocity decreases were observed with increasing particle size. This decrease could be 

a result of the decreasing flow speed with the distance from the surface and, therefore, 

an influence of Stokes friction, as shown in Figure 5.3. 

 

Figure 5.2. Maximal speed of spherical particles of different diameters in 1mM AzoC6 
solution under UV irradiation. 
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For the investigation of asymmetric objects, cylindrical microrods were 

dispersed in 1mM solution of azobenzene containing surfactant. They varied in length 

from 10µm to 30µm and had a diameter of 3µm (Nippon Electric Glass Co., Japan). 

Similar to the motion of spherical 

particles, the microrods moved with 

the flow, either radially outward under 

UV or inward under green laser light 

irradiation with comparable maximal 

speeds of around one micrometer per 

second. While gathering (i.e., under 

green irradiation) due to its rod-like 

shape, the collective inward motion the 

impression that the rods are alive and 

gather like bacteria to an attracting chemical (chemotaxis). Static images of LDDO-

induced gathering of microrods under green irradiation are shown in Figure 5.4. 

When the laser point is moved along the surface, the gathering point is changed, 

which results in guidance of the microrod aggregate, as shown in Appendix C5. In the 

video, the top illumination was occasionally set to UV to increase the amount of cis 

molecules which improved particle speed. *** 

 

Figure 5.4. The micrographs show the gathering of microrods by LDDO cAzo = 1mM). 
They are directly attracted to the green laser spot (λ = 532nm). The suspension was 
globally illuminated with UV light before the droplet was deposited onto the glass slide 
to create a cis-enriched solution. 

                                                 
*** At these points the green laser spot is directly visible. UV light is much less intense, 

therefore, the camera exposure time was increased; the green laser spot is shown much brighter due to 
increased sensitivity of the microscope camera 

Figure 5.3. Scheme of how particle size 
affects flow speed 
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The green laser spot was placed near the end of a single microrod. When the 

laser spot was moved slowly around in a circle, only the near end was attracted by the 

laser spot. The rod turned around like a pointer of a ticking clock. 

5.3 Variation of surfactant hydrophobicity 

In this section, the influence of surfactant hydrophobicity on LDDO flows is 

analyzed (Figure 5.5). The hydrophobic part of a surfactant strongly affects 

cooperative properties, such as micellization and interaction with an interface. 

Hydrophobicity can be increased in several ways, making the head less hydrophilic or 

increasing the hydrophobicity of the tail. The latter can be done by adding more CH2 

groups to the tail. The longer the alkyl tail, the more hydrophobic the surfactant. By 

increasing the hydrophobicity, the CMC decreases because the gain in entropy on 

micellization is larger for more hydrophobic surfactants.115-117 In Section 3.3 it was 

shown that LDDO depends strongly on the surfactant concentration with a peak 

velocity just above the CMC. 
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Figure 5.5. Maximal particle speed for different surfactants as a function of (a) 
surfactant concentration, including surfactant structure on the right hand side and (b) 
normalized surfactant concentration. Hydrophobicity increases with tail length and 
lowers the CMC. Names are given as AzoCn, in which n corresponds to the number 
of CH2 groups in the spacer of the surfactant tail. Note that AzoC4 has two fewer CH2 
groups in the tail. 
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Surfactants were synthesized similarly to AzoC6, but the alkyl spacer was increased to 

8, 10, and 12 CH2 groups in between. Additionally, a shorter surfactant was analyzed 

with four CH2 groups in the spacer and two CH2 groups at the end. The CMC was 

measured for the short surfactant and AzoC6, which lie at 5mM and 0.5mM, 

respectively. A lengthening of the hydrocarbon chain leads to a decrease in CMC: 0.18, 

0.06, and 0.04mM, reported for 8, 10, and 12 CH2 spacers, respectively.14 

Similar measurements as those presented in Section 3.3 were conducted. In 

those measurements, the dependence of surfactant concentration on LDDO was 

investigated. For each surfactant, the maximal radial particle velocity was analyzed as 

a function of surfactant concentration (Figure 5.5). All surfactants show similar 

cleaning behavior under UV irradiation—however, with different peak velocities. 

Below the CMC, particles move very slowly and mostly in Brownian motion; at 

concentrations reaching the CMC, the speed increases drastically until it reaches a 

maximum at surfactant concentration to be multiples of the CMC, followed by a slight 

decrease at larger concentrations. When the surfactant concentration is normalized by 

the CMC of each surfactant, the meaning of the CMC becomes much more clear 

(Figure 5.5b). The results indicate that micellization is essential for flow formation. 

One can see that longer surfactants have a much steeper slope than shorter 

surfactants because of micelle formation (i.e., CMC) at much lower concentrations for 

the longer surfactants. For example, when the steep increase around the CMC is fitted 

linearly, the slope of the shortest surfactant is ~0.29µm s-1 mM-1. This is in contrast to 

the longest surfactant, in which the speed increases by ~10µm s-1mM-1. 

In Figure 5.6 the peak velocity values obtained from Figure 5.5 are plotted as 

a function of the alkyl length of each surfactant, including only the length of the spacer 

and tail. Note that the azobenzene group is not taken into account, but the spacer is 

added to the methyl groups of the tail on the end of the surfactant molecule. The picture 

shows a maximum for LDDO around 10 (AzoC6) and 12 (AzoC8) methyl units. 

Increasing and decreasing the hydrophobicity leads only to a decrease in speed. The 

most effective surfactants seem to be those with 10 and 12 methyl groups in the tail. 
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Figure 5.6. Maximal speed in LDDO as a function of surfactants given the length of 
methyl groups: 6 – AzoC4, 10 – AzoC6, 12 – AzoC8, 14 – AzoC10, 16 – AzoC12. The 
values were taken from the peak velocities in Figure 5.4. 

Maximal speeds are reached only above the CMC. This suggests that micelle formation 

and decomposition plays a major role. As described in Section 3.3, the speed depends 

on the concentration gradient. The micelles serve as an effective source of cis isomers 

during UV irradiation, and micelle decomposition provides a sufficient concentration 

difference to induce increased diffusioosmotic flows. The results suggest that there is 

an optimal tail length for this type of surfactant. When speed is taken as measurement, 

the optimal surfactants are AzoC6 and AzoC8. Most probably, the difference in the 

adsorbed amount to the surface determines the strength of LDDO flow, as discussed in 

Chapter 7. In both extreme cases, too low and too high hydrophobicity the two isomers 

become more equal. As the interaction potential differences between both isomers play 

a major role, LDDO weakens (Figure 5.5). 

Additionally, an increase in surfactant concentration lowers the Debye length, 

which, according to the model, lowers the flow speed. This could also explain why the 

velocity drops when increasing the concentration far beyond the CMC. 
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5.4 Global light illumination 

While a focused laser beam from the bottom generated LDDO flows, the sample 

was also exposed to additional illumination from the microscope (or environment) with 

nonfocused light. In most microscopes, a halogen lamp radiates white light—a 

spectrum that includes all wavelengths in the visible range. This condition is 

unfavorable when working with azobenzene because it absorbs light ranging from UV 

to green. Depending on the wavelength, the bulk solution adopts a photostationary state 

with a specific fraction of azobenzene in the trans and the cis state. To gain control of 

the state, a monochromatic light source was connected to the microscope. With this 

setup it was possible to observe differences in particle speeds in LDDO flows under 

UV irradiation. For wavelengths in the visible range (i.e., 400nm to 690nm), local UV 

irradiation created a radial LDDO that drove particles away from the laser spot. The 

speed of the particles, however, varied with wavelength and the initial distance from 

the laser spot ( 

 Figure 5.7). Under red light (or in the absence of light), particles on the outside 

clearly moved outward. However, particles seemed to be more confined under blue 

light: particles near the laser spot moved, but when they were located farther away, 

they showed almost no motion. It is apparent that all illumination wavelengths caused 

particle speed to decrease with increased distance from the laser spot and that switching 

to longer wavelengths increased particle speed with a saturation starting from 600nm. 

That increase, however, varied with the initial distance from the laser spot. Whereas 

the particle speed increased more strongly for particles near the laser spot, the speed 

increased with longer wavelengths for particles located farther away. For example, 

particles located between 0µm and 30µm experienced a large increase in speed from 

~0.4µm/s to 0.8µm/s between the wavelengths 405nm and 450nm. Whereas farther 

particles (i.e., 120µm to 150µm) barely increased their speed. At this distance, the 

speed was more than doubled between 450nm and 532nm. The curves showed a 

sigmoidal shape. For particles near the laser spot (i.e., between 0µm and 60µm), the 

increase in speed was close to or beyond the infliction point of the curve. However, for 

particles further away (i.e., distances from 60 µm) the increase in speed appeared before 

the infliction point. Under blue light (λ = 450nm), particles from 0µm to 60µm moved 
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clearly away from the laser spot, whereas more distant particles barely moved at all. 

Under red light (similar to no illumination), however, all particles showed considerable 

motion. 

 
 Figure 5.7. Maximal particle speed as a function of illumination wavelength in LDDO 
under UV irradiation. Experiments were conducted under the following experimental 
conditions: P = 1.5µW; cAzoC6=1mM, 1-2 minutes of illumination before the UV laser 
was switched, a sealed microchannel of substrate. The inset shows the absorption 
spectrum of AzoC6 in water solution. 

The results show that illumination can strongly influence LDDO. This may be 

a result of the photostationary state the bulk solution adopts under certain illumination. 

Illumination with wavelengths 600nm or longer leaves the surfactant isomerization 

unaffected. Surfactant is almost found in a 100% trans state. An illumination with 

shorter wavelengths leads to isomerization and, thus, another stationary trans to cis 

composition. For example, the trans to cis fraction is about 2:1 in blue light, decreasing 

even more with lower wavelengths. 

The strength of LDDO, however, depends on the concentration gradient of cis 

above CMC. Illumination with wavelengths ranging from UV to green light decreases 

this concentration gradient because it already switches a certain amount into the cis 

state. Therefore, under local UV irradiation, a smaller amount of trans is switched to 
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cis. Hence, the concentration gradient is decreased, and LDDO strength drops. 

In short, illumination wavelength has an effect on LDDO strength. Wavelengths 

beyond the absorption bands of azobenzene yielded the best results regarding speed. 

Particle speed also depended on the initial distance from the laser spot. Under blue 

light, motion was more confined to central particles, and left those on the outside more 

unaffected than UV irradiation in red light. Illumination with visible light created a 

photostationary state with azobenzene in certain fractions of trans and cis. As LDDO 

at the glass surface depends on the cis concentration gradient according to the theory 

of LDDO (discussed in Chapter 4), the largest gradient builds up under UV irradiation 

when a large amount of azobenzene surfactant is present in the trans state. A high 

fraction of cis decreases LDDO efficiency. 

Switching from blue to red light (similar to dark) after continuous blue 

illumination the particle speeds resemble similar values for outward motion as found 

in Chapter 3. This recovery leads to a question regarding what kind of effect kinetics 

have on LDDO. Constant illumination of blue light, for example, constantly switches 

surfactant to maintain a 2:1 fraction of trans to cis. Therefore, trans surfactant is always 

found in solution. The concentration gradient that induces LDDO should be found in a 

stationary state as well. The duration of this flow should be unlimited, whereas for red 

light (i.e., nonisomerizing light), a constant conversion from trans to cis should lead to 

a drop in flow and finally to a stop. This, however, has not yet been analyzed, so this 

question is left open. 

5.5 Particle motion depending on the focal plane of the laser 

This section discusses how the focal plane of the UV laser affects the particle 

speed and distribution with regard to outward motion. To investigate this point, we 

constructed a sample consisting of three solid-liquid interfaces placed on each other, a 

so-called sandwich sample (Figure 5.8). The distance between the glass surfaces was 

kept constant (~150µm), ensuring constant volume of the surfactant solution. 

The UV laser was then focused onto the middle layer (2). On the low (1) and high 

layers (3), a ring-shaped pattern developed with larger particle density in the center, 

followed by a depleted ring shaped area toward the outer edge (Figure 5.8). The 

diameter of the ring was larger than that of the middle layer (2). When the laser  focused 
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on the top layer, particles moved away from the beam center. At the layers below, 

however, rings developed with a larger diameter than those in the middle and low layers 

(Figure 5.8ii). A similar particle distribution was created by irradiation with a focal 

point at the low layer, but in inverted direction (Figure 5.8iii). To this point, the laser 

was focused in the focal plane of the objective. When the laser focus was shifted to the 

high layer, away from the objectives’ focal plane, the observed particles in the middle 

plane moved outward with a ring distribution similar to that from Figure 5.8ii, which 

is shown in the micrograph in Figure 5.8iv. Tracking analysis for the latter case 

revealed that particles in the center were moving outward but much slower than 

particles initially located inside the depletion area. As a result, depending on the 

irradiation time, the central position was depleted as well. These results are similar to 

the results discussed in previous studies109, where we found that particle velocities 

depended on the initial distance from the laser spot center. This finding indicates that 

the induced flow is strongest at the edge of the laser beam, where the concentration 

gradient of trans and cis is the largest. Thus, a sharp concentration gradient due to 

micelle decomposition and surfactant-surface interaction seem to be the major players 

forming these surface flows. 
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Figure 5.8. Irradiation scheme of the sandwich sample and corresponding micrographs 
showing particle distributions. Focal point of UV laser in (i) middle (2), (ii) high (3) 
and (iii) low layer (1). Particles moved away from focal point, but they moved much 
slower when the laser was unfocused. This defocused irradiation resulted in a kind of 
ring—with a depletion of particles and higher particle density in the center and on the 
edges. In (iv) the focal point of the laser was shifted to the high layer while maintaining 
the focus of observation (focal point of the objective) on the middle layer. The time of 
measurement was about 5 minutes. 

5.6 Summary and conclusions 

Light-driven diffusioosmosis is sensitive to various parameters, such as salt 

concentration, surfactant hydrophobicity and concentration, and illumination 

parameters. Low salt concentrations can suppress LDDO. Particle size and shape leave 

maximal velocities largely unaffected. In the case of particles smaller than 1µm, 

Brownian motion may disturb a clear separation, and the size becomes increasingly 

important above 10µm. Changing the surfactant hydrophobicity shifts the 

concentration region in which LDDO occurs. Particle velocities increased pronounced 

around the CMC of each surfactant—however, with variations in flow velocity. 

Illumination conditions influence particle motion as well. For example, changing the 

wavelength from red to blue shrinks the effective area and reduces particle speeds. The 
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more the wavelength shifts to UV, the slower the particles become. Particles far away 

from the laser spot tend to speed up less than particles near the laser spot. In addition 

to illumination on LDDO, the focal plane of the laser spot also results in notable effects. 

A clearly focused UV laser drives particles from the center. When the laser is unfocused 

particles on the edge move away, but those on the inside tend to remain. 

The fact that the addition of salt diminishes flow strength could be explained 

under consideration of the theory derived for LDDO which predicts a shrinking of the 

thickness of the EDL (i.e., Debye length). The variation of the particle size and shape 

confirms that particles are driven by surface flows and phoretic motion is absent, or at 

least immeasurable. A change in surfactant hydrophobicity allows the conclusion that 

micellization is mostly necessary for a strong flow. This suggests that the concentration 

increase after destruction (or the concentration decrease after formation of micelles) is 

an important parameter affecting LDDO flow. 

A question is left open regarding how much the switching kinetics affect 

particle speed. It seems that continuous illumination has a separate effect compared to 

what occurs with illumination prior to UV irradiation. The finding that a focused and 

unfocused laser generate different particle organizations is of great use. Whenever 

trying to apply LDDO for cleaning with UV irradiation, a focused laser beam is 

necessary. The focused UV laser induces a spatial concentration profile; therefore, the 

largest concentration gradient is near the center of the spot. An unfocused UV laser 

induces a concentration profile in which the largest concentration gradient is located 

near the edges of the beam, inducing a flow away from that position, and a ring-like 

pattern appears. 
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6 DEPENDENCE OF LIGHT-DRIVEN 

DIFFUSIOOSMOSIS ON SURFACE MODIFICATION 

Until this chapter, the substrate surface was left out of consideration. In the 

previous experiments, Ibidi microchannels and glass substrates were used as substrate 

material. Whereas glass substrates are largely hydrophilic, Ibidi microchannels are 

composed of a more hydrophobic polymer material. As seen from Chapter 4, LDDO 

includes surface excess of the surfactant in the form of Γ̈ +� and its spatial variation 

under illumination as necessary for flow creation. 

This chapter investigates how LDDO flow and particle motion are affected by 

1) surface hydrophobicity and 2) surface morphology. 

In the first section, particle motion under UV and green irradiation on 

hydrophilic samples are observed. This observation includes borosilicate glass, 

sapphire glass, mica, and glass coated in Indium-Tin-Oxide (ITO). A second section 

describes particle motion on a Teflon-coated surface under the same experimental 

conditions. In the last section, particle motion is observed in a system of parallel 

microchannels with varying parameters, such as channel depth, periodicity, and particle 

sizes. 

6.1 Hydrophilic surface 

Glass slides (borosilicate) have been used as model substrates, which yield 

water contact angles between 13º and 25º. Additionally, motion on ITO-covered glass 

slides, sapphire glass slides, and mica substrates was observed. To test substrates that 

are conductive, ITO was chosen as it is used in electronic devices, such as the 

fabrication of organic solar cells. Sapphire has a crystalline structure and is composed 

of mostly aluminum oxide groups (Al2O3). At a neutral pH, the substrates’ zeta 

potential yield values are between -6mV and +6mV. Mica is highly hydrophilic, is 

negatively charged (SZP ≈ �80mV), and is a muscovite material with a crystalline 
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structure. Its layers can be cleaved off so that substrate thickness can vary. Mica 

absorbs light in the UV range, depending on the thickness of the sample. However, 

laser power was adjusted to meet similar irradiation conditions. All samples were 

covered with a cover slip, and a spacer (~400µm) was placed in between to prevent 

Marangoni flows. 

On a glass slide, the flow direction and maximal speeds were investigated for 

2µm silica particles under UV and green irradiation at surfactant (AzoC6) 

concentrations of 0.3mM and 1mM. The analysis of particle motion yielded similar 

results as those presented in Section 3.3, in which microchannels were used. For both 

concentrations, particle motion directs radially outward with speeds below the CMC, 

with ~0.3µm/s and above ~1.5µm/s. Under green irradiation, particles move to the laser 

spot with speed similar to UV irradiation of ~1.5µm/s. 

In the case of the other substrates, the flow moves particles away from the laser 

spot under UV irradiation, whereas green irradiation drives particles inward. The 

maximal speeds above the CMC are around 1µm/s. Similarly, particle motion below 

the CMC is much slower, with maximal speeds between 0.1µm/s and 0.3µm/s. 

Particle velocity seems to be largely unaffected by the type of the substrate. A 

slightly weaker flow velocity was identified for mica, sapphire, and ITO-coated glass. 

Even sapphire shows similar results, although it bears almost no charge at a normal pH 

in milliQ water. This indicates that surface charge is not a critical parameter for LDDO 

velocity, although it is considered to be one of the main contributors to surfactant 

adsorption, which is discussed in more detail in Chapter 7. 

These results suggest that LDDO is suitable for a great variety of transparent or 

even semitransparent substrates. As this section focused mostly on flow strength and 

flow direction of hydrophilic substrates, the influence of surface roughness, crystal 

structure, and charge was not considered, thus leaving an opportunity for a more 

detailed investigation in the future. 

6.2 Hydrophobic surface 

Diffusioosmotic flows induced by UV and green light were analyzed on glass 

slides coated with Teflon. In contrast to hydrophilic surfaces, one can distinguish three 

concentration regimes (denoted as (1), (2), (3)), at which particles show different 
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directions of motion. (1) Below the CMC, the particles are driven toward the laser spot 

at a velocity of 0.1µm/s under continuous  irradiation (Figure 5.8). Static images of 

inward motion are shown in Figure 6.1a,b, in which particles are distributed initially 

and aggregated after 15 min of UV irradiation. The motion of particles was tracked, 

and their positions were recorded (Figure 6.1b). This aggregation process lasts for 

hours. This contradicts the situation on glass surfaces, where the particles are moved 

out of the irradiated area. However, it is important to mention that at the beginning of 

irradiation (in the range of several tens of seconds), we observed a global displacement 

of particles, outward from the laser spot at a velocity of 0.3µm/s (Figure 6.1c-f). The 

duration of outward motion and the time at which the particles changed direction 

inward depend on the initial particle distance: the farther away the particles are initially 

located from the laser spot, the later they direct inward. This nonequilibrium state is 

present at concentrations of up to 1mM (i.e., in the first two regimes). At this point, this 

effect could not be explained. Later, we speculate about the possible reasons. 

(2) Increasing the concentration above the CMC to 1mM leads to a more 

complex motion pattern. Depending on the position relative to the laser spot, two 

different directions of particle motion are apparent. The particles near the laser spot are 

driven inward, whereas those situated at distances of more than 40µm move outward 

(Figure 6.2). (3) A further increase in surfactant concentration to 2mM results in 

particle motion outward, as in the case of glass surfaces. The particle speed is around 

1.4µm/s, which is similar to the speeds obtained for glass slides. 

In the beginning of UV irradiation, particles show instantaneous outward 

motion, as if being hit by a wave. This phenomenon might be explained by a sudden 

pressure rise around the laser spot that is induced by immediate isomerization of 

surfactant coupled with a concentration gradient around the laser spot. This pressure 

difference is transmitted outward travelling like a wave—similar to a wave created by 

a single raindrop falling into a motionless pond. The wave broadens and weakens over 

distance. 
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Figure 6.1. Optical micrograph of 2µm silica particles in 0.3mM surfactant solution on 
a hydrophobic surface with motion analysis. (a) before irradiation and (b) after 15 
minutes of UV irradiation. The red dot marks the focal point of the UV laser, and the 
black arrows indicate flow direction. The averaged particle distance was analyzed as a 
function of time for particles initially located at distances from the laser spot between 
(c) 0µm-30µm, (d) 30 µm-60µm, (e) 60µm-90µm, (f) 90-120µm. The dashed lines 
mark the border of averaging group. The corresponding video can be found in 
Appendix C6. 

Destruction of surface aggregates upon irradiation might explain this initial 

observation. Inside the EDL, surfactant molecules form surface aggregates (discussed 

in Chapter 7). During isomerization, size and shape change, the dipole moment 

increases, thus destroying those surface aggregates. This dynamic nonequilibrium 

process creates pressure in the irradiation center. Continuous irradiation leads to an 

equilibrium state with an inward flow profile. 

Before green irradiation, the solutions were illuminated with UV light to induce 

a trans-to-cis isomerization (with a photostationary state of ~90% cis). When these 

solutions were irradiated with green laser light under a red illumination condition, 

particles moved to the laser spot with similar speeds, similar to what occurred with the 

glass substrate. No difference to motion on glass substrates could be found as a result 

of green irradiation. 
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Figure 6.2. Optical micrograph of 2µm silica particles in 1mM surfactant solution on 
a hydrophobic surface with motion analysis. (a) before irradiation and (b) after 15 
minutes of UV irradiation. The red dot marks the focal point of the UV laser, and the 
white arrows indicate flow direction. The averaged particle distance was analyzed as a 
function of time for particles initially located at distances from the laser spot between 
(c) 0µm-30µm, (d) 30 µm-60µm, (e) 60µm-90µm, and (f) 90-120µm. The dashed lines 
mark the border of the averaging group. The corresponding video can be found in 
Appendix C7. 

To summarize, a light-induced flow under UV irradiation and on hydrophilic 

surfaces drives particles outward. Particle direction on a highly hydrophobic substrate 

depends on the surfactant concentration: 1) An inward motion occurs below the CMC 

(0.3mM). 2) Both an inward and outward motion occur above the CMC at 1mM; 

particles close to the laser spot drift inward, whereas particles farther away drift 

outward. 3) Solely an outward motion occurs above the CMC, at 2mM. Under green 

irradiation, particles move inward in all cases. 

The reason for this type of motion is unclear. It is supposed to be related to the 

adsorption of surfactant in the EDL, which differs from a hydrophilic surface because 

of modulated surface-surfactant interaction. Returning to the model of LDDO, 

Equation (29) shows that the relative adsorption gradients between trans and cis 

should be taken into account. The sign of the equation (i.e., the direction of the flow) 
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can be inverted depending on the gradients. 

What is, however, puzzling is that green irradiation still induces inward motion 

for concentrations below and above the CMC. Intuitively, the flow profile should 

change the direction similarly to UV light. Surfactant-surface interaction is therefore 

measured and its implications discussed in the next chapter. 

The relative adsorption of trans and cis surfactant can lead to a plus or minus 

velocity—meaning inward or outward flow. For concentrations above the CMC, we 

assumed only the gradient in cis adsorption was relevant.  

Surface in pure water has a negative surface charge. When surfactant adsorbs, 

the total charge of the surface becomes positive (shown in Chapter 7). When the 

surfactant is in the trans state, it is likely to pack densely forming surface aggregates. 

Under UV irradiation, trans surfactant is switched to cis. Since the transition from trans 

to cis can create osmotic pressure in the EDL due to space suddenly necessary for 

isomerization and a fast change in surface-surfactant interaction. This might explain 

the outward wave-like flow at the beginning of irradiation. When molecules are 

switched to cis they interact with the surface and may reorientate at the surface. During 

these steps it is possible that the total surface charge, which has been positive due to 

adsorption of (positively charged) surfactant, becomes negative. Isomerization leads to 

desorption of surfactant molecules (shown in Chapter 7), releasing most of the 

molecules and, thus, changing the electrostatic diffuse layer. Differences in the diffuse 

layer create a gradient leading to a hydrodynamic flow. Adsorption on a hydrophobic 

surface is lower than on a hydrophilic surface (shown in the next section). Under UV 

irradiation at the glass surface, total surface charge remains positive. Isomerization 

most likely does not lead to a strong desorption because hydrophilic cis molecules 

remain at the hydrophilic surface. Only reorientation of cis surfactant occurs at the 

surface. When surfactant remains adsorbed, total surface charge remains positive. This 

is in contrast to UV irradiation on a hydrophobic surface. A switch from hydrophobic 

trans to hydrophilic cis pushes surfactant molecules away from the surface. Desorption 

can be so large that the total surface charge drops into the negative regime. The negative 

total surface charge appears only in the vicinity of the laser spot. Farther away it 

remains positive. Between those points, surface charge should pass the isoelectric point 

and change from negative to positive. At this point, the diffuse layer in which flow is 
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generated, disappears. When there is no diffuse layer, flow stops. From this point, flow 

is created toward and away from the laser spot. Below the CMC, the picture might look 

different. When above the CMC, micelles and hemi-micelles decompose. 

Under green irradiation, cis molecules are switched to trans. It is unclear how cis 

molecules adsorb to the surface because they are more hydrophilic than trans, which 

should cause them to adsorb less to a hydrophobic surface. Surfactant in cis state should 

adsorb more easily to a hydrophilic surface. However, when surfactant adsorbs beyond 

the isoelectric point (IEP), at which surface charge is compensated, hydrophobic 

interaction drives further adsorption. That is why the elongated and more hydrophobic 

trans state adsorbs much more easily at concentrations above the IEP. The gradient in 

cis concentration is responsible for the flow. When cis is switched to trans around the 

laser beam, surfactant adsorption increases 

6.3 Motion on a structured surface 

This section describes what occurred when the surface was structured with 

microchannels to examine its effect on the flow and on particle motion. 

Stamps made of PDMS  were prepared using a thin polymer film that had the 

morphology of a surface relief grating (SRG). The microchannels had sinusoidal shape, 

schematically shown in Figure 6.3d. Silica particles of different sizes were used to 

analyze the effect of microchannels on the motion. The depth and grating of the 

channels were varied to investigate their effect on particle motion. 

In Figure 6.3 particle motion on a grating is shown. A UV laser was focused at 

a spot in the image center. Seven micrometer-wide particles were dispersed in a 

solution of azobenzene containing surfactant (AzoC6) at a concentration of 1mM. 

Before irradiation, the particles lied inside the grooves of the grating. When the laser 

was switched on, the light-induced flow drove the particles along the channels. The 

particles were dragged continuously outward and left the observed area, with only a 

few of them seeming to remain in place. Most of these nonmoving particles were lying 

along a line that went through the laser spot and was perpendicular to the grooves 

(Figure 6.3c.) 
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Figure 6.3. Micrographs of the motion of silica particles (5µm in diameter) on a 
structured PDMS surface. Focused UV light at the white spot induces the motion. 
Particles are dispersed in a solution of azobenzene surfactant (concentration: 1mM). 
The grating has a periodicity of 5µm and a height of 800nm. (a) Before start of 
irradiation, (b) after 2 minutes, and (c) after 10 minutes of irradiation. The white arrows 
indicate the direction of particle motion. In (d) a scheme of particle motion along the 
structured surface is shown. The corresponding movie can be found in Appendix C8. 

Tracking the particles revealed more details about their motion (  

Figure 6.4). The trajectories indicate that most particles move along the 

channels, however, some particles jumped to neighboring channels. Most of these 

jumping particles were located near the laser spot, circumscribed by the white line in   

Figure 6.4. 
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Figure 6.4. Micrograph of silica particles (d = 5µm, cAzoC6 = 1mM) including their 
trajectories. The white dashed line surrounds the area at which the particles jumped 
across channels. The grating periodicity was 5µm and the grating depth was 800nm. 

Particle motion was mostly influenced by the initial position of the particle (i.e., 

the vector pointing from laser spot to particle). The particles jumped in the direction of 

this vector when located at a specific distance from the laser spot. The distance travelled 

by the particles along the channel direction continuously increased (Figure 6.5a). 

When analyzing the motion normal to the channel, the distance increased in multiples 

of ~5µm (SRG periodicity) but only at the beginning of irradiation, which represented 

the jumps across the channel (Figure 6.5b). This indicates that particles can jump not 

only one channel but also several channels. 

These observations suggest that even though the surface is structured, the 

circular symmetry of the flow remains. Despite of the radial flow, the channels guided 

most particles along their direction; only close to the laser spot was the flow strong 

enough to push particles over the rim of the channel into a neighboring channel. Only 

the initial flow could create enough force to lift particles over the channels. When the 
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flow was established, it was no longer strong enough to further lift particles, which is 

why the particles remain in their channels. 

 

 

Figure 6.5. Single particle motion displayed as evolving distance from their initial 
position (a) along channel direction and (b) normal to channel direction. Different 
colors represent the displacement of single particles. 

When the flow was directed away from the laser spot, the velocity component in 

channel direction, which could be seen as an effective flow, drove particle motion. 

Thus, the effective flow in channel direction was much weaker than the full flow 

strength on a flat surface. This explains why particles barely moved when they lied in 

the line that goes through the laser spot and is perpendicular to channel direction. 

This is reflected also in the average velocity of the particles when all particles 

were considered in the calculation. The maximal velocity in channel direction was 

0.3µm/s (Figure 6.6).  
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Figure 6.6. (a) Micrograph of light-induced motion of silica particles (5µm) on a 
surface grating (periodicity: 5µm; SRG depth: 800nm). Black lines show single particle 
trajectories. (b) Averaged distance (closed symbols) and velocity (open symbols) of all 
particles normal and perpendicular to the grating. 

When particles are not taken into account for velocity calculation that lie in a 

certain area (Figure 6.7a), particle speed almost triples. A closer look into the velocity 

components that occurred in the direction of the channels and perpendicular to the 

channels shows that particle motion across the channel was almost negligible (Figure 

6.7b). The highest velocity was found directly after the laser was switched on but 

decreased with time, which happens when particles were guided away from the laser 

spot. 

 

Figure 6.7. Particle motion of selected particles. (a) Micrograph of particles considered 
for calculation of particle speed surrounded by the white dashed line. (b) Averaged 
particle speed and distance from initial position as a function of time separated for 
motion in (squares) and normal (circle) to channel direction. 
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The detailed view on the motion of single particles (Figure 6.5a), revealed that 

a few particles tended to stay near their initial position but moved on later. This can be 

due to several reasons. First, particles line up in a queue along the channels. Therefore, 

they are confined to move one-dimensionally. When other particles occupy the same 

channel, the particles on the inside cannot move farther until the occupying particles 

have left, reducing overall particle speed. A second reason for the delayed movement 

may result from the hydrophobicity of the PDMS. As shown in the previous section, 

surface hydrophobicity has a strong influence on flow direction. Therefore, particles 

could be hindered from moving when they are too close to the laser spot. When they 

arrive at a certain distance from the laser spot, they accelerate and leave this area. A 

third reason could result from the focus of the laser spot with a 40x objective. In 

measurements on a flat surface, it was seen that particles near the laser spot tend to 

remain longer at their position, similar to the motion observed in Section 5.5, in which 

the influence of the focal point of the laser was discussed. 

6.3.1 Particle size 

To check whether the size of the particles placed in the microchannels alters 

particle velocity, we varied the diameter from 1.5µm, to 5µm, to 7µm, and to 10µm. 

The maximum velocity along the channels was measured, and the trajectories were 

analyzed. 

Decreasing the size of the silica spheres to 1.5µm in diameter yields different 

results. The trajectories of the spheres show that they moved radially outward with a 

tendency to move along the channel when SRG periodicity was 3.5µm (Figure 6.8a). 

At a higher SRG periodicity of 5µm, the 1.5µm particles exhibited almost radial 

trajectories (Figure 6.8b). 

An analysis of particle motion leads to the following conclusion: the motion 

normal to the channel reveals that particles can jump from one channel to another. 

When not jumping they stay in a channel for some time, exhibiting motion along the 

channel (Figure 6.9b). In short, particles move partially along the channels and 

partially jump multiple times. This movement depends on the initial position of the 

particles. Figure 6.8a and Figure 6.9 show that particles jumped across multiple 

channels when they were located near the line that goes through the laser spot and lies 
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perpendicular to the channel direction. Indeed, the initial flow lifted the small particles 

over many channels. When they traveled far enough (i.e., around 50µm from the laser 

spot) those particles jumped less often and tended to follow the channel direction. 

When the particles were located more in the direction of the radial flow (for example, 

along the vertical line through the laser spot), they tended to stay in a channel but also 

sometimes jumped to neighboring channels. Similar to the motion observed for the 

5µm particles, particles near the laser spot spent more time at their initial position 

before they moved. The maximal speed along the channel was similar to the speeds 

found for the silica particles of 5µm size with ~0.5µm/s. 

 

 

Figure 6.8. The lines display the trajectories of single 1.5µm silica particles on a 
structured substrate under local UV irradiation: (a) a grating periodicity of 3.5µm and 
channel depth of 800nm; (b) periodicity of 5µm and SRG depth of 800nm. 
 

 
Figure 6.9. Moved distance (a) parallel and (b) perpendicular to channel direction as a 
function of time for four (numbered) single particles (1.5µm in diameter) on a patterned 
surface with periodicity of 3.5µm and SRG depth of 800nm, from Figure 6.8. 
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Increasing the particle size to 7µm or 10µm left the type of motion mostly 

unaffected with results similar to those found for 5µm particles. They preferred to move 

along the channel, occasionally jumped across one channel, with less jumping 

probability for 10µm particles. When analyzing particle speeds in and against channel 

direction, the maximum speeds were similar for sizes from 1.5µm to 10µm (Figure 

6.10a). An analysis of particle speed normal to channel direction, only for 1.5µm-sized 

particles motion across the channels could be observed, without taking into account the 

initial jumps from channel to channel of the larger particles (Figure 6.10b). 

When particles are smaller, their mobility is higher due to Brownian motion; 

they are less confined to the channels. Thus, these small particles can jump from 

channel to channel by Brownian motion, even in the absence of a flow. The flow can 

lift these particles much more easily from channel to channel so that they tend to jump 

across several grooves. This indicates that the flow remains radial, regardless of the 

surface pattern. 

The previous results were obtained for SRG periodicities of 3.5µm and a 

channel depth of 800nm. A change in these parameters can greatly affect the guiding 

properties of the surface, which is shown in the following section. 

 

Figure 6.10. (a) Maximal speed in channel direction as a function of the particle 
diameter for an SRG of 800nm depth and 3.5µm periodicity. The maximal speed 
normal to the channel direction is negligible despite the jumps of particles larger than 
1.5µm. A change in periodicity leaves the particle speed along channel direction 
constant for all particle sizes. (b) Maximal velocity of particles as a function of the 
periodicity with grating depth of 800nm. 
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6.3.2 Dependence on grating depth and periodicity 

When varying SRG periodicity, the steepness of the SRG changes. An increase 

in periodicity lowered the steepness and also gives more space for the particles. Figure 

6.11 shows a scaled view of different particles with varying SRG properties. 

An increase in periodicity primarily affected particle motion normal to channel 

direction for 1.5µm particles. For larger particles, maximal speed along and across 

channel direction remained the same. A closer look at the trajectories of 1.5µm particles 

on an SRG with 5µm periodicity (800nm depth) shows that they moved radially 

outward. This indicates that the grating structure leaves particle motion unaffected. 

Indeed, when comparing maximal speeds along and across channel direction (Figure 

6.8a and Figure 6.10b), particle speeds at 3.5µm periodicity differ, but an increase in 

periodicity to 4µm and 5µm correlates with an increase in particle speed across the 

channel, with similar particle speeds along and across the channel direction. Periodicity 

seems to have affected particle speeds only partially, showing a slight increase for 

1.5µm particles. 

The grating depth affected particle speed similarly for all particle sizes. With a 

decrease in the depth from 800nm to 400nm, particle speeds along the channels were 

barely affected; particle speeds increased slightly to 0.5µm/s. The grating depth had a 

greater effect on the motion across the channels, especially for particles of 1.5µm size. 

At a periodicity of 3.5µm, a decrease in grating depth results in an increase in particle 

speeds from 0.1µm/s to 0.35µm/s, almost reaching the particle speed along the channel 

with 0.45µm/s. For larger particles, a decrease in depth resulted in jumps over 

numerous channels, which happens exclusively at the initial switch on of the laser 

light.Particle motion was affected by SRG periodicity and depth. Mostly the motion 

across channel direction was affected. Whereas for particles between 5µm and 10µm, 

the number of jumps increases, 1.5µm particles are more strongly affected. With low 

grating periodicity and larger depth, they were guided along channels. However, 

because they are more mobile than larger particles, they were also easily able to jump 

to neighboring channels. An increase in periodicity or a decrease in depth shows that 

they begin to “ignore” the underlying structure. A scaled view, as shown in Figure 

6.11, clarifies how particles fit within the channels. The 1.5µm particles are especially 

confined within the channels. Due to the strong effect of Brownian motion this picture 
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does not hold true; they have constantly moved across the channels. That is why they 

can travel across channels if channel height is too small or periodicity is too large. The 

flow hardly needs to lift them over the rims of the channels. An increase in channel 

depth, however, should confine those particles inside the channels. 

The larger particles were less affected by Brownian motion. Therefore, they 

barely moved and remained inside the channels. The flow had to lift the particles over 

the rims of the channels, which was only possible if the force on the particles was large 

enough. This did occur for particles close to the laser spot at the initial switch on of the 

laser. 

When periodicity increases or depth decreases, the steepness of the channel 

borders decreases, and the force needed to push the particles over the rims of the 

channels also decreases. This jumping was more pronounced for 5µm and 7µm 

particles. 10µm particles barely showed this jumping motion. The reason for this is a 

combination of lower mobility and weaker flow because the 10µm particles were more 

distant from the surface. This is similar to the explanation in Section 5.2, in which the 

flow decreased with distance from the surface, which was schematically shown in 

Figure 5.3. 

Along the channels, averaged motion of particles seems to be smaller than for 

particles on a flat surface. When the full flow could act on the particle, the speed was 

still lower. For example, on a flat PDMS surface, 5µm particles had a maximum 

averaged velocity of ~1.4µm/s (~1.6µm/s on glass). Maximum velocities of single 

particles during a fully effective flow reach only 1µm/s. A lower speed could be a result 

of the increased distance from the surface. As flow strength decreases with distance 

from the surface, a weaker flow acts on the particle. Furthermore, friction between 

surface and particle could reduce the flow speed and trap particles. This seems to affect 

the 10µm particles to a greater extent. 

In addition, some single particles showed unusual behavior. They did not move 

until they had reached a certain distance, and then they accelerated. The reason for this 

could be related to the focus of the laser beam, which could have been too broad to 

create a concentration gradient that is most effective at a certain distance from the laser 

spot. This is similar to what is presented in Section 5.5, in which the focal plane of the 

laser was changed. Another reason for the unusual behavior of single particles might 
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stem from the hydrophobicity of the PDMS surface, which could prevent particles from 

moving away from the laser spot. This effect is shown in Section 6.2. 

 

Figure 6.11. Drawings of particles on varying SRGs with increasing periodicities from 
top to bottom: 3.5µm, 4µm, 5µm; and variation of SRG height from left to right, with 
800nm on the left and 400nm on the right. 
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6.4 Summary and conclusion 

It was shown that surface modification affects the speed and flow direction of 

particle motion. On a hydrophilic and slightly hydrophobic surface, particle motion was 

directed outward with only slightly lower maximal speeds on surfaces made of mica or 

ITO. Glass and ibidi polymer resulted in maximal speeds of around 1.5µm/s. Making 

the surface strongly hydrophobic could invert LDDO flow under UV irradiation when 

surfactant concentrations were below the CMC. At four times the CMC, the flow turned 

outward. At concentrations in between, a transition phase appeared at which the flow 

could be inward and outward depending on the distance of the laser spot. Because 

inward motion appeared near the laser spot and outward motion at a farther distance 

away, a specific structure could be formed: particles gathered at the center surrounded 

by a particle-free area. The initial irradiation generated an outward motion in all cases. 

Continuous irradiation then led to inward flow. A green irradiation on a cis-dominated 

solution induced inward motion in all cases. 

To summarize the effect of an underlying structure (i.e., a surface relief grating), 

particle motion was analyzed with variations in particle size, SRG periodicity, and 

depth. Most particles moved along the channel direction with some restrictions. Small 

particles could move normal to the channel. Especially at high periodicity and low 

depth, they followed the radial flow profile. As particles became larger, they were more 

confined to channels. Only the initial flow could lift 10µm particles to neighboring 

channels. Some particles remained in their position. This was influenced mostly by the 

angle between flow and channel direction—that is, when flow and channel direction 

formed a 90° angle. Thus, single particle speeds have shown to depend on the initial 

position, which was a result of an effective flow. This effective flow has shown to 

depend on the distance to the laser spot and on the angle between flow and channel 

direction. The flow was most effective when the channel direction coincided with the 

radial direction of the flow. For the large particles, a change of periodicity and depth 

barely affected the motion in the channel direction. Only the number of jumps across 

the channels was increased by decreasing the depth or increasing periodicity. Averaged 

particle speeds were similar for all particle sizes along channel direction. 

The findings of this chapter show that surface modifications affect flow profile 
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and particle motion. When a channel structure was inscribed, particles could be guided; 

however, this guidance was limited due to the maintained profile. Because the guidance 

of large particles was an expected result, the complex flow observed for a hydrophobic 

surface is somewhat puzzling and leads to new questions. This is especially true for the 

fact that green irradiation caused an inward flow in all cases. When an SRG channel 

structure is used as a guide, one should consider particle size. Particles larger than 5µm 

in diameter can be guided. Smaller particles need deeper gratings and a suitable 

periodicity. A more suitable way to manipulate particle motion is shown in Section 8.3, 

in which the beam shape is modified. The flow profile was unaffected by the 

investigated surface morphology because the EDL has a thickness of less than 10nm 

compared to a micrometer-sized structure. Additionally, the smooth up and down of 

the SRG leaves the flow unaffected. Surface flow induced by EDL is affected mostly 

with abrupt changes and only if the size of the EDL is similar to the size of the 

nanochannels.118 Surface hydrophobicity alters the surface-surfactant interaction. This 

has, according to the theory, an effect on the surface excess of trans and cis surfactant. 

An interpretation of the result is rather difficult and requires further experimental 

observation. Therefore, surfactant adsorption is measured and discussed in the 

following chapter.
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7 SURFACTANT ADSORPTION* 

Light-driven diffusioosmosis depends on surfactant-surface interactions, and 

this is reflected in the parameter Γ̈ +� (i.e., the surface excess of surfactant in the diffuse 

layer). In the last chapter, it was shown that the direction of LDDO flow depends on 

the hydrophobicity of the carrying surface. Under focused UV irradiation on a 

hydrophobic surface, an inward flow develops for concentrations below the CMC. The 

flow profile changes to a more complex form; it is both inward and outward at 1mM 

and finally turns outward only at 2mM. On hydrophilic glass substrates, irradiation 

with UV light always leads to simple outward flows, and, regardless of surface 

hydrophobicity, the flow points inward under irradiation with green light. 

In this chapter we investigate how surfactant adsorbs on hydrophilic and 

hydrophobic substrates when the sample solution is either in the dark state (100% trans) 

or UV illuminated (~90% cis) state. From adsorption isotherms and kinetics as well as 

surface zeta potential measurements, we are trying to determine 1) how irradiation 

alters surfactant adsorption, 2) how LDDO can be explained, and 3) why motion on the 

hydrophobic surface flow direction changes under UV irradiation. 

Surfactant adsorption isotherms were measured on both hydrophilic (glass) and 

hydrophobic (Teflon AF1600) substrate for the two isomers as a function of surfactant 

concentration and time. Additionally, the surface zeta potential adds knowledge about 

electrostatic surfactant-surface interaction of both states. 

7.1 Surfactant adsorption on surfaces 

A glass surface in contact with water is negatively charged. When surfactant 

molecules are added to the water, an excess of surfactant near the interface occurs due 

to electrostatic interactions resulting in the electrostatic diffuse layer. The adsorbed 

                                                 
* The experiments were conducted by Maren Umlandt in the framework of her master thesis 

supervised by myself. 
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surfactant molecules reshape the surface properties by changing its surface charge and 

hydrophobicity. From the total amount of adsorbed molecules, information about 

surface potential and type of interaction can be obtained. 

Surfactant adsorption on hydrophilic surfaces, such as silicon dioxide, has been 

measured extensively and has been summarized in several review articles.35, 36, 119–123 

Surfactant adsorption is driven by different types of interactions. It can be expressed in 

terms of Gibbs free energy change when a surfactant molecule is adsorbed. The 

adsorption density in the Stern plane Γ at a surface is given by the following:124 

Γ = Åq34uÆÇÈÉÊË8  

where l is the effective length of the molecular chain, C the bulk surfactant 

concentration, R the gas constant, T the absolute temperature and ΔÌ��^Y  the standard 

free energy of adsorption which is the sum of the following: 

• electrostatic interaction ΔÌ&ÍY , 
• chemical interaction ΔÌH�&»Y , 

• hydrophobic lateral interactions ΔÌ���Y = y
CHÏ��Ë8  (n(CH2) – number of 

CH2 groups, ( – transfer energy for each group ~1kT125, 

• hydrophobic interaction between hydrophobic sites at the solid and the 

alkyl part of the surfactant ΔÌH4^Y , 

• hydrogen bonding between surfactant and surface sites ΔÌÐY , 

• desolvation energy ΔÌÐ�,Y , (i.e., water from the solvation shell of 

hydrated water around the head group is removed, which is unfavorable 

for adsorption). 

In systems of cationic surfactant and a negatively charged surface, all these 

interactions have different loading. The major contribution to the free energy comes 

from electrostatic and hydrophobic interaction. Electrostatic interaction can be 

attractive at low surfactant concentration and repulsive at large concentrations—that is, 

when surfactant overcompensates surface charge. In the latter case, hydrophobic 

interaction drives adsorption. Previous research has shown that hydrophobic interaction 

can become dominant over electrostatic interaction: anionic surfactant adsorbs on 

negatively charged surface when hydrophobic sites are present on the surface.126 
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Adsorption depends on several factors, such as surface hydrophobicity, surface 

charge, pH, surfactant structure and type, surface preparation, electrolytes, and nature 

and concentration of counterions.36 Surfactants adsorb on solid-liquid interfaces in a 

great variety of structures below the CMC, such as spherical admicelles (adsorbed 

micelles), rod- and worm-like structures, or cylindrical structures. What kind of 

structure they form depends on various parameters—for example, geometry of the 

surfactant, type of surfactant (ionic, nonionic, zwitter-ionic), surface charge, pH, 

surfactant mixtures, and others.121, 123, 124, 127–135 Surface aggregates can also be 

reshaped when transferring, for example, from spheres to cylinders on an increase of 

concentration.36, 124 

The adsorption of photoswitchable azobenzene containing surfactants has not 

yet been well studied. Only an adsorption study of cationic surfactant containing a 

light-switchable spiropyran group has been conducted by solution depletion method.33 

It was shown that isomerization can lead to adsorption differences as well as a 

reshaping of surface morphology. 

Because azobenzene-containing surfactant solution can have different 

photostationary states and in order to ensure a clear difference between trans and cis 

adsorption, a dark solution was compared to a UV-irradiated solution, in which 

surfactant was ~100% in the trans state or ~90% in the cis state, respectively. The 

solutions were illuminated before the measurements. In the following section, when cis 

adsorption/solution is mentioned, it refers to UV-irradiated solution. Similarly, trans 

adsorption/solution refers to surfactant solution in the dark state. In the following, the 

CMC always corresponds to the CMC of dark solution (i.e., surfactant in the trans 

state) when not stated otherwise. 

Adsorption was measured by a QCM-D that provides time-resolved information 

on the adsorbed amount and includes information regarding the energy dissipation 

related to the viscoelasticity of the adsorbed layer. Because QCM-D essentially 

measures the weight of the adsorbed material, incorporated water in surface structures 

can lead to an overestimation of adsorption.134 

7.2 Adsorption isotherms on borosilicate glass 

Surfactant concentration for both states (trans and cis) were varied over a broad 
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range, between 10-4mM and 10mM. Frequency and dissipation shifts were monitored 

for successively increasing surfactant concentration. The surface excess was calculated 

by the Sauerbrey relation. 

 

Figure 7.1. (a) Adsorption isotherms show the dependence of the adsorption density Γ 
as a function of the surfactant concentration (AzoC6) in the trans (nonirradiated) and 
cis (UV irradiated) state. The corresponding CMC in trans state is 0.5mM (dashed 
vertical line). The horizontal dashed line marks the adsorbed amount at which a bilayer 
is formed, schematically shown in the inset. (b) Corresponding adsorption isotherms 
are shown in a log-log plot. Four phases of adsorption are shown for trans in different 
colors or for cis by arrows on top of the plot (Icis, IIcis, IIIcis, IVcis). For clarity, error bars 
are omitted. Inset: The 4-region model of surfactant adsorption. Adapted from Tyrode 
et al.136 
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The mass changes are given as a function of the concentration, which is known as 

adsorption isotherm (Figure 7.1a). Adsorption of surfactant in both isomeric states 

increases slowly at low concentrations, in which adsorption between both isomers is 

almost similar to trans surfactant but adsorbs slightly more. A clear increase is found 

around 0.003mM. Whereas trans adsorption increases almost linear with surfactant 

concentration with a steep slope, cis adsorption follows a more parabolic increase with 

concentration. The largest difference between adsorption for both states is found at the 

CMC, at which trans adsorption is almost twice as high as cis adsorption. For 

concentrations above the CMC, adsorption saturates only for trans surfactant, whereas 

cis surfactant has its steepest increase between 0.5mM and 1mM and reaches a 

saturation at around 2mM. In the saturated region, the difference in adsorption yields 

around 80ng/cm2 with around 450ng/cm2 for maximal trans adsorption and 370ng/cm2 

for maximal cis adsorption. Similar adsorption areal densities were found for 

Cetyltrimethylammonium bromide(CTAB), which were measured by QCM-D on a 

hydrophilic gold surface with a saturated adsorption of around 500ng/cm2 at 

concentrations twice the CMC (1mM).137, 138 CTAB has the same head group and 

length compared to the azobenzene containing surfactant lacking only the azobenzene 

group. 

Adsorption of ionic surfactant at the hydrophilic solid-liquid interface has been 

analyzed for different surfactants and surfaces.34-36, 120-122, 124, 129-134, 136, 139–144 Most 

surfactants follow a typical model, either a 2-step model that shows two plateaus in a 

linear-linear plot or the 4-region model that is plotted in a log-log style. These models 

are based on certain adsorption characteristics. Below, both adsorption isotherms are 

compared to the 4-region model, and details about adsorption characteristics are 

discussed. In Figure 7.1b the corresponding log-log plots of the cis and trans 

adsorption isotherms are shown. For comparison, a scheme of the 4-region model is 

given in the inset, with adsorption characteristics for each region. 

Comparing the log-log plot of the measured isotherm to the 4-region model, it 

follows a similar shape—the isotherms reveal the four regions of adsorption. 

Region I results from attractive electrostatic interactions between positively 

charged surfactant head groups and negatively charged surface groups.129 In this 

region, adsorption increases faster for cis but is higher for trans. 
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In region II, surfactant from the bulk attaches to hydrophobic sites on already 

attached surfactant. These attached molecules act as anchor molecules. Surfactant 

molecules adsorb onto hydrophilic silica with a head-to-surface orientation. With head 

down and tail up, the aggregates formed on the surface are called hemi-micelles. These 

surface aggregates create hydrophobic patches on the surface. In this regime, lateral 

hydrophobic interaction and electrostatic attraction drive surfactant adsorption. At the 

end of region II, surface charge is compensated, and adsorption works against 

electrostatic repulsion. Therefore, the increase of adsorption is lowered. 

In region III, surfactant from the bulk adsorbs mostly by hydrophobic 

interaction on the already adsorbed surfactant layer. Surfactant in trans state adsorbs 

more efficiently with a linear increase until saturation. 

In Region IV, the surface is saturated with surface aggregates, such as hemi-

micelles, bilayers, or other structures. 

Cis adsorption reaches a saturation at around four times the CMC of trans 

solution. Adsorption effectiveness (i.e., the maximum concentration at the surface at 

saturation) is larger for surfactant in trans state than in the cis state. 

The adsorption isotherms differ mostly in region III of the 4-region model. In 

the log-log plot, trans adsorption increases linearly with bulk concentration. This is in 

contrast to cis adsorption, which shows a more parabolic increase. In region III, 

adsorption is primarily driven by hydrophobic interaction. Since surface charge is 

compensated at the end of region II, further adsorption has to overcome electrostatic 

repulsion. Due to the higher hydrophobicity of trans surfactant, the molecules attach 

much better compared to cis surfactant, which tends to stay in the bulk due to its larger 

polarity. Only when bulk concentration reaches the CMC, does a larger increase in cis 

adsorption occur, thus overcoming the slope of trans surfactant. The largest differences 

in adsorption between trans and cis are found between 0.1 and 1mM. In this range, 

particle velocity in LDDO increases with a much steeper increase at the CMC, which 

is where cis adsorption strongly increases and trans adsorption remains constant. 

Above the CMC, cis and trans adsorption remains constant, but LDDO only slightly 

decreases. 

Compared to surfactant in trans state, the mutual interaction between cis 

isomers is less favorable due to steric hindrances and less hydrophobicity, which is why 
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they are less likely to aggregate. Therefore, the interaction between surfactant 

molecules is too weak to overcome electrostatic repulsion at the onset of the third 

region. It is difficult to determine the onset of region III for cis solution. It is the 

concentration at which hemi-micellization starts. One could argue that after the rapid 

increase in region II, a plateau is reached in which surfactant can barely adsorb. 

Thereafter, region III would commence around the CMC at which the adsorption has 

its steepest increase. From these results, it is unclear at which concentration hemi-

micellization starts. However, surfactant adsorption rises (albeit slowly) between 

0.01mM and 0.5mM. 

It should be emphasized that 10% of the surfactant is still in the trans state. That 

10% could contribute to the pronounced adsorption increase. That would mean that 

trans surfactant triggers adsorption by hydrophobic interaction and stacking. However, 

a clear differentiation of the contributions of either surfactant is impossible because a 

fully 100% cis solution or interpolation by investigation of solutions with different 

fractions of cis content, such as 30%, 50%, 70%, 90%, would be required. 

Adsorption of surfactant in the trans state can be explained by the 4-region 

model which provides valuable information about the driving mechanisms that depend 

on the concentration. Adsorption of cis surfactant differs from the typical 4-region 

model in the range of region III, where there is no linear increase in the adsorbed 

amount. It is unclear at which concentration hemi-micellization starts. Because of both 

isomers present in solution, it could be useful to consider the solution as a mixture of 

two surfactants with each contributing differently to adsorption. Regarding LDDO, the 

differences in the adsorbed amount of trans and cis isomers at fixed surfactant 

concentration can be interpreted as a desorption of surfactant molecules in the 

illuminated area. It should be noted that adsorption isotherms only refer to equilibrium 

adsorption. 

7.3 Adsorption isotherms on a hydrophobic substrate 

Adsorption isotherms for trans and cis solution were obtained from equilibrium 

adsorption of surfactant moleculeson a gold sensor covered with Teflon AF1600 

(Figure 7.2). The 4-region model proved to be helpful in interpreting the results 

obtained in Section 7.2. Therefore, the isotherms were analyzed with respect to this 
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model. 

 

Figure 7.2. (a) Adsorption isotherms show the dependence of the adsorption density Γ 
as a function of the surfactant concentration (AzoC6) in the trans (nonirradiated) and 
cis (UV irradiated) states on a hydrophobic surface (covered with Teflon AF 1600). 
The corresponding critical micelle concentration (CMC) in trans state is at 0.5mM 
(dashed vertical line). (b) Corresponding adsorption isotherms are shown in a log-log 
plot. Four phases of adsorption are shown for trans in different colors or for cis by 
arrows on top of the plot (Icis, IIcis, IIIcis, IVcis). For clarity, error bars are omitted. 
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Trans adsorption follows the pattern of a typical 4-region model up to the CMC. 

The adsorption at low surfactant concentration is mainly driven by electrostatic 

interactions and shows a linear dependence up to 0.002mM reaching region II, at which 

a steep increase is the result of mutual hydrophobic interaction. Region III starts at 

roughly 0.01mM with a linear increase in adsorption, at which electrostatic surface 

charge is compensated and adsorption is mainly driven by hydrophobic interactions. † 

Region IV, however, differs from the model. Instead of reaching a saturation at the 

CMC, adsorption decreases at first, reaching a saturation at 4mM. 

The adsorption isotherm of cis solution follows a sigmoidal shape in the linear-

log plot but shows a more distinct deviation in the low concentration range. It differs 

from the 4-region model at some points. In region I, the slope levels off diverging from 

a linear relation. The second region is difficult to assign but seems to coincide with the 

onset found in trans solution. In contrast to the trans state, a short second plateau 

follows the steep increase in region II. This plateau could be assigned to the third 

region, in which the surface charge is compensated. However, what follows after the 

plateau is a further steep increase, at which the adsorbed amount increases until 

saturation is reached around 1mM. 

Comparing both isotherms, they mostly deviate in the concentration range 

between 0.002mM and 0.05mM. It is interesting that the increase in region II is shown 

for both solutions at the same concentration (i.e., at 0.003mM). Whereas trans adsorbs 

better over a larger concentration range, cis appears to adsorb in a small plateau before 

a pronounced enhancement drives adsorption to comparable values at 0.05mM. 

Stronger deviations appear above the CMC. Whereas cis solution takes the usual route 

to saturation, which is reached around 1mM, trans adsorption decreases before 

reaching saturation with matching adsorption for both solutions around 10mM. 

Adsorption increases in cis solution can be explained by contributions of 

residual trans surfactant because 10% of trans isomers are present in cis-enriched 

solution. Adsorption of cis surfactant largely differs between regions II and III, with a 

                                                 

†Due to the auto-dissociation of water into OH
–
 and H3O

+ ions Teflon AF 1600 

charges negatively in water solution with a measured zeta potential of -60mV.158 
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small plateau in region II. The small plateau indicates a decrease in adsorption because 

of charge compensation. The following steep increase could be accounted to surfactants 

in the trans state that reach a critical concentration at which mutual interaction between 

trans surfactant becomes measurable. The increase after the short plateau appears 

around 5 to 10 times the concentration, at which trans solution turns into region II. 

Assuming 10% of surfactant in the trans state is present in solution, this could explain 

the second increase. 

The adsorption isotherms in Figure 7.2a demonstrate the differences between 

trans and cis solutions. Compared to adsorption of pure trans solution, in the cis 

solution the steep increase related to region II of the 4-region model appeared at a ten 

times larger concentration. This suggests that the hemi-micelle concentration (i.e., 

onset of formation of aggregates) shifts to larger concentration. This seems reasonable 

because surfactant in cis state is more hydrophilic and because the kinked shape retards 

aggregation. 

7.4 Comparison of adsorption isotherms between hydrophilic 

and hydrophobic substrates 

Comparing adsorption isotherms between hydrophilic and hydrophobic surface 

isotherms for trans and cis isomers shows striking differences ( 

 

Figure 7.3). At first, adsorption effectiveness (i.e., adsorption at saturation) for the 

hydrophobic surface is smaller than on the glass surface. In detail, the difference 

between hydrophilic and hydrophobic surfaces is about four times smaller for trans 

isomers and around three times smaller for cis isomers. These results can be compared 

to those obtained with conventional surfactant of similar hydrophobicity. For example, 

similar adsorbed amounts of surfactant has been found previously for adsorption of 

CTAB (cetyltrimethylammonium bromide) ‡ On a hydrophilic gold surface CTAB 

adsorbs with a mass of ~500ng/cm2 and on a hydrophobic surface surface, i.e., on a 

                                                 
‡ CTAB has a similar length like AzoC6 with 16 CH2 groups. When one phenyl rings are 

considered as effective as 3.5 CH2 groups the tail has a length of 17 CH2 groups. Both have the same 
head group. Therefore, surface activity can be very similar to the trans form of AzoC6. 
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gold surface modified with C18 (n-octadecyltrichlorosilane) CTAB adsorbs with a 

mass of ~140ng/cm2 .137 Furthermore, region II and region III differ in concentration 

range and steepness. Whereas on the glass surface, region II is very narrow and region 

III wider, region II on the hydrophobized surface spans over a much larger 

concentration range. In region II, roughly 80ng/cm2 are adsorbed, which is comparable 

to the amount adsorbed on glass surfaces until surface charge is compensated, 

indicating the end of region II. This suggests that adsorption efficiency (i.e., the amount 

adsorbed at a specific bulk concentration) is worse than on the glass substrate, which 

also holds true for region III. Markedly, adsorption efficiency is lowered in region III 

much more on the hydrophobic surface than the hydrophilic one. 

 
 

Figure 7.3. Adsorption isotherms measured on hydrophilic borosilicate glass and 
hydrophobic Teflon AF1600 obtained from QCM-D measurements for azobenzene 
surfactant (AzoC6) of (a) trans and (b) cis solution in a lin-log (top) and log-log plot 
(below). The CMC of trans is marked by a dashed line. For clarity, error bars are 
omitted in the log-log plot. The roman numerals mark the four regions from the 4-
region model as shown in Figure 7.1. 
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On a hydrophobic substrate, surfactant molecules prefer to align with their tails 

toward the surface and heads toward the solution.135, 137, 145, 146 This contrasts with the 

adsorption on a hydrophilic surface, which has a reversed orientation: head toward 

surface, tail toward solution.36, 124, 136, 137 Thus, on a hydrophilic surface, an adsorbed 

surfactant layer points its tail toward the solution, thus providing anchor points for 

surfactant molecules diffusing to the surface. They can interact with hydrophobic tail 

to hydrophobic tail, building a double layer. In contrast to adsorption on a hydrophobic 

surface on which the molecules point their charged heads toward the solution. This 

orientation prevents further adsorption due to electrostatic repulsion. As surfactant in 

the cis state shows almost the same amount of adsorption, this explanation seems 

reasonable because this isomer adsorbs much less by hydrophobic interaction due to its 

larger hydrophilicity and kinked geometry. 

A decrease at saturation above the CMC, as measured for surfactant in the trans 

state, has been observed by Duan et al. for an anionic surfactant, namely sodium 

dodecyl sulfate (SDS) on a surface hydrophobized with C18.147 They ascribed this 

phenomenon to the formation of micelles in solution, which is more favorable than 

micellization on the surface just above the CMC. Others have ascribed this to 

coadsorbed organic impurities, which desorb at concentrations larger than the CMC.148 

Because impurities were not found in solution of trans surfactant or in cis adsorption 

on the glass surface this explanation was ruled out. 

In summary, both isomers adsorb on glass and Teflon surfaces differently. 

Adsorption effectiveness and efficiency are better on the glass surface than on the 

hydrophobic surface. On the glass surface, cis molecules adsorb much less than trans 

molecules. In contrast to the hydrophobic surface, at which (at least in the concentration 

range of LDDO between �^Ñ�w > 0.5mM), adsorption for both isomers yielded similar 

values with small differences within the error range. 

The difference in the adsorption of trans and cis isomers on hydrophobic and 

hydrophilic surfaces causes different directions of LDDO flow, as discussed in 

Chapter 6.2. On Teflon, the small difference between adsorption of trans and cis 

isomers could explain the inward LDDO flow, when Γ���,H�^ > Γ���,���y^, and the 

outward flow, when Γ���,H�^ < Γ���,���y^ (Equation (22) in Chapter 4). But the flow 

direction does not only depend on overall adsorption but on the relative gradient of 
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adsorption of trans and cis surfactant with concentration: 
Ó©®Ô®,¯ÕÉH¯ÕÉ  and 

Ó©®Ô®,®ÖÇvÉH®ÖÇvÉ . In the 

case of the glass surface both have equal signs, and Γ���,H�^ < Γ���,���y^; therefore, we 

have an outward LDDO flow. On the hydrophobic surface, 
Ó©®Ô®,®ÖÇvÉH®ÖÇvÉ  becomes negative 

above the CMC. This decrease above the CMC could invert the flow, and, indeed, this 

takes place but depends on the distance from the laser spot (Figure 6.2 in Chapter 

6.2). A further increase of concentration to 2mM resulted solely in an outward flow. 

The unusual adsorption decrease of trans surfactant goes into a saturation, at 

which adsorption remains largely constant. The complex flow pattern discussed in 

Chapter 6.2 (Figure 6.2) seems to result from this unusual decrease in adsorption, 

which could be seen as a transition phase in which the inward flow below the CMC 

turns into an outward flow above the CMC. This difference appears between 0.5mM 

and 2mM. A view on the adsorption isotherms shows that this range is between the 

saturation of trans surfactant and cis surfactants because trans surfactant micelles 

appear at 0.5mM. At 2mM, however, the CMC of the UV-illuminated solution could 

be reached. In this range, the maximum concentration gradient should be found because 

above the CMC of the UV-illuminated solution, a destruction of trans micelles follows 

a construction of cis (most probably combined with trans) micelles. As a result, 

monomer species increase from 0.5mM in trans to 2mM in cis under UV irradiation. 

Definite conclusions about the complex motion on hydrophobic surfaces cannot 

be drawn from adsorption isotherms because LDDO experiments are typically 

conducted under more complicated conditions (i.e., in-situ local laser irradiation, which 

cannot be modeled by QCM-D measurements). Nevertheless, these results give 

indications about inward and outward motion under irradiation. Whereas on the glass 

slide, UV irradiation should lead to a desorption of surfactant, on a hydrophobic 

surface, illumination can lead to adsorption and desorption because of similar 

adsorption of trans and cis isomers. This suggests that inward and outward flows are 

possible, which, indeed, was observed. Better insights into adsorption could be gained 

with in-situ adsorption experiments combined with analysis of adsorption kinetics. 
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7.5 Adsorption kinetics on borosilicate substrate 

Adsorption isotherms show the equilibrium adsorption obtained from QCM 

kinetics measurements in which time-dependent frequency shift and energy dissipation 

are monitored. Figure 7.4 shows an example of frequency and dissipation shifts for 

trans and cis surfactants with an initial baseline measured in milliQ water. Surfactant 

solution was injected stepwise, starting with the lowest concentration of 1x10-5mM. In 

the low concentration range, the frequency shifts barely exceed the frequency noise. 

The frequency drops distinctly at first for trans adsorption at �| = 7.5x10-3mM and for 

cis adsorption at �× =5x10-3mM. Each following concentration increase enhances the 

frequency shift in a step-like manner. Below, the discussion is focused on the 

adsorption speed and the dissipation factor for trans and cis solution, showing trans 

adsorption first and then cis adsorption for comparison. 

After each injection of trans-solution, the frequency drops quickly within one 

minute, followed by only small changes around 1Hz until frequency equilibration 

occurs within several minutes. A distinct and fast drop is found after an injection of 

0.5mM (CMCtrans, �d� in Figure 7.4a), with a shift of ~7Hz. A further increase in 

concentration leads only to minor changes in frequency of not more than 1.5Hz. To 

analyze adsorption rates, the frequency drop is fitted by an exponential function. The 

fits (not shown) yield decay times between 25s and 1 minute. However, for some 

concentrations, for example, at 0.5mM, a biexponential function yields more accurate 

fits with fast decay times below one minute and a longer decay time of more than 10 

minutes. 
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Figure 7.4. Frequency change (top) and dissipation change (bottom) as a function of 
time directly monitored by QCM-D at sequential increase of azobenzene containing 
surfactant concentration for surfactant in the trans (a) and (b) cis state on a borosilicate 
glass surface. Each sequential concentration step is marked. Surfactant concentrations 
from c1 to c15 were used in the following steps with concentrations given in mM: c1 = 
1x10-4, c2 = 5x10-4, c3 = 1x10-3, c4 = 2x10-3, c5 = 3x10-3, c6 = 5x10-3, c7 = 7.5x10-3, c8 
= 0.01, c9 = 0.025, c10 = 0.05, c11 = 0.1, c12 = 0.5 (CMCtrans, patterned background), c13 
= 1, c14 = 2.5, c15 = 10. 

In the case of the dissipation factor describing the energy dissipated over the 

energy stored in the layer, most information is lost due to strong noise. However, one 

can see that the dissipation factor increases markedly at concentrations above the CMC, 

with the largest increase in D at 10mM and a shift from around 0.5 to 1.6 (Figure 7.4c). 

Adsorption of cis isomers differs slightly from the kinetics of the trans isomer 

(Figure 7.4b). Below the CMC, frequency shifts are small, typically below 1Hz. At the 

CMC, the frequency drops quickly at first, followed by a slow decrease. The frequency 

drops in the first 30s to around 3Hz and then declines at a lower adsorption rate reaching 

equilibrium after more than 20 minutes. During this slow adsorption, the frequency 
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declines around 2Hz. A biexponential fit of the frequency shifts yields decay times of 

30s for the fast drop and around 450s for the slow decline. The latter time is similar to 

decay times at concentrations below the CMC. At a 1mM concentration, the adsorption 

behavior shows a similar shape but is more pronounced. During the first 30s, a fast 

adsorption is indicated by frequency drops of ~3Hz which are followed by a slow 

decline of about 3Hz in more than 20min. A further increase in concentration to 2.5mM 

contrasts with the kinetics described before. A steep drop is followed by a slow rise in 

frequency (Figure 7.4b). 

Energy dissipation is similar to what occurs with a trans solution. Most noise 

covers the signal at low concentrations. However, a stepwise increase appears from 

0.05mM, with increasing concentration. Similar to trans solution, the dissipation shifts 

markedly for 2.5mM and 10mM to values of 0.5 and 1.8, respectively (Figure 7.4d). 

The adsorption kinetics for both cis and trans solutions can be fitted by either 

exponential or biexponential decay. For trans solution, the biexponential decay fits best 

below the CMC, whereas it is true for cis solution above the CMC. Decay times yield 

values of less than a minute for the fast adsorption and can be much longer (sometimes 

more than 20min.) for the slow adsorption, especially for solution primarily in cis state. 

The fast process might be a response of the sudden increase in concentration and 

concomitant adsorption, whereas the slow process stems from occupation of 

inhomogeneous adsorption sites on the surface or the reorganization of already 

adsorbed surfactant. This was proposed in a study involving adsorption of cationic 

surfactant on a silica surface, in which a theoretical two-step model was developed for 

systems with similar timescales for mass transport and adsorption.144 Different 

behavior was found at 2.5mM for cis isomers, with a fast frequency drop followed by 

a slow exponential increase of the frequency. The reason for such a behavior is not yet 

clear. The fast adsorption can likely be ascribed to direct adsorption of micelles 

followed by a reorganization of surface structures. This mechanism was proposed for 

adsorption of vesicles onto a silica surface showing vesicle rupturing followed by 

bilayer formation.149–151 During adsorption and formation of the lipid bilayer, the 

dissipation factor rises, followed by a decrease after completion of the bilayer 

formation. While the drop and subsequent increase in frequency are similar (Figure 

7.4d), the dissipation factor rises but remains constant, without a drop that would 
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indicate that reorganization has finished. Another contribution could arise from the 

release of either water entrapped in micelles or hydrated surface water after adsorption. 

Because QCM-D detects the total mass of the adsorbed layer, including incorporated 

water, the measurements can overestimate adsorption. A rupture of micelles could 

release entrapped water, which is reflected in a frequency increase. 

The micelle shape and size of cis isomers should be different than micelles only 

composed of trans molecules because of different size, shape, polarity, and lower 

hydrophobicity. In UV-illuminated solution, the residual trans surfactant is considered 

to be incorporated into micelles. Whereas surfactant in trans state favors stacking, 

which can be seen in UV-vis spectra as hypsochromic shift§ of the adsorption peak 

above the CMC, surfactant in cis state has difficulties stacking because of geometry 

restrictions. Therefore, the adsorption kinetics of two isomers should be significantly 

different 

The micelle shape can be estimated using the molecular or critical packing 

parameter (CPP) that takes into account the volume of the hydrocarbon chain V, the 

area of the polar head A, and the length of the hydrocarbon tail L:  

qØØ = ÙÚc (32) 

When the CPP is below 0.3, spherical micelles can be expected. Above 0.3 

nonspherical micelles will form.152 Recently, this parameter was estimated for various 

surfactant such as AzoC6.168 It was found that trans isomers have a CPP of 0.17,** 

whereas cis isomers have a CPP between 0.27 and 0.29 depending on how the length 

is calculated. The CPP for the cis isomer is close to the critical point at which the 

spherical structure is unfavorable. This parameter illustrates that surface structures can 

largely change from trans to cis. 

As surfactant adsorption increases monolayers, bilayers and other kinds of 

hemicelles or admicelles (adsorbed micelles) can be formed. Somasundaran termed the 

                                                 
§ A hypsochromic shift is accounted to π-π stacking of the azobenzene group shifting the 

adsorption maximum to lower wavelengths. 
** ÚÛÜÝÞß = ÚH�^ = 100Å�, Ù���y^ = 364Åâ, ÙH�^ = 367Åâ, c���y^ = 21.96Å, cH�^ = 13.59Å\12.43Å 
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surface aggregates solloids.153 At concentrations above the CMC, surfactant adsorption 

increases slightly; however, solloids can change their structure.124 In both surfactant 

solutions, dissipation increases weakly in the concentrations below 2.5mM.†† The 

increase of the dissipation factor at concentrations above 10mM could be due to the 

following reasons: The damping of the liquid oscillation depends on the viscosity and 

the density of the solution increasing with surfactant concentration. However, a 

discussion of the dissipation factor is difficult because many factors contribute to 

dissipation such as the properties and interrelationships between molecule, solvent, and 

surface.154 For example, dissipation can increase when ionic heads trap water 

molecules or when hydrophobic tails of anionic sodium laureth sulfate monomers 

adsorbs onto a hydrophobic polymer surface.155 

7.6 Adsorption kinetics on a hydrophobic substrate 

Figure 7.5 shows adsorption kinetics at concomitant increases of surfactant 

concentration of trans and cis surfactant on the hydrophobic surface coated with Teflon 

AF1600. Adsorption kinetics on the Teflon-coated surface show longer adsorption 

times (compared to glass adsorption) of between 60s and more than 5 minutes 

depending on the injected concentration. The largest difference between both substrate 

types regarding kinetics is found above the CMC (compare Figure 7.4 and Figure 7.5). 

At 0.5mM, the frequency drops, followed by a slow increase. Further injection of larger 

concentrations leads to very small decreases in frequency in ranges less than 0.1 Hz 

(not shown in Figure 7.5). An exception is found at 10mM, at which a more 

pronounced decrease is found—equally followed, however, by an increase in 

frequency. This is similar to the results observed on a glass surface in cis dominated 

solution. Similar kinetics can be found for cis solution on the hydrophobic substrate 

(Figure 7.5b). A small drop followed by a slow increase in this case is observed at 

2.5mM. In such a case, the frequency drops within 5 seconds of adsorption followed 

by an almost linear increase in frequency, with a slope of 0.24Hz/s. 

Dissipation increases slowly for trans solution with a peak at 0.5mM at which 

                                                 
†† At 2.5mM micelles are present in surfactant solution for both isomers. Surface tension 

measurements showed a CMC for cis solution at ~4mM, however, the adsorption isotherm shows a 
saturation already at 2mM indicating the CMC of the solution. 
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frequency drops and rises slowly again. The maximum is found at 10mM, with similar 

values compared to the glass slide to be Δr = 1.5ppm. Dissipation for cis solution 

remains constant with a pronounced increase to roughly 0.4ppm at 0.05mM. An 

increase in concentration results in slow increases except at 2.5mM, at which a peak 

follows a decrease in dissipation, similar to that increase found for trans solution at 

0.5mM. 

 

Figure 7.5. Frequency change and dissipation change at the hydrophobic surface as a 
function of time directly monitored by QCM-D at sequential increase of azobenzene 
containing surfactant concentration for surfactant in (a) trans state and (b) cis state. 
Each sequential concentration step is marked. Surfactant concentrations from c1 to c15 
were used in the following steps with concentrations given in mM: c1 = 1x10-4, c2 = 
5x10-4, c3 = 1x10-3, c4 = 2x10-3, c5 = 3x10-3, c6 = 5x10-3, c7 = 0.01, c8 = 0.025, c9 = 0.05, 
c10 = 0.1, c11 = 0.5 (CMCtrans, patterned area), c12 = 1, c13 = 2.5, c14 = 10. 

Adsorption happens more quickly for trans surfactant on a glass surface than 

on a Teflon coated surface. Whereas on glass, this behavior of a frequency drop is 

followed by a slow increase found only for cis solution at 2.5mM, a similar drop was 

found for concentrations above the CMC for trans and cis solutions on a hydrophobic 

surface. For trans solution, this appears markedly at the CMC (�dd in Figure 7.5a) and 

with increasing concentration. Previously, this behavior has been explained by the 
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adsorption of micelles, which rupture and then reorganize on the surface, as has been 

found in previous studies on vesicle adsorption.149–151 The release of bound water could 

be the reason for the increase in frequency. Compared to the glass surface, dissipation 

first increases and then decreases again, which has also been reported in the mentioned 

studies. This explanation seems to be reasonable because this happens at the CMC. 

This confirms that micelle adsorption followed by reorganization is responsible for this 

behavior. This is found for both solutions on the Teflon-coated surface, whereas this 

appears only for cis solution on glass. 

On the glass surface, adsorption of trans isomers does not lead to this behavior. 

As cis adsorbs to the surface, it could occupy a larger area per molecule. Because of its 

kinked geometry, attachment efficiencies should be decreased. Therefore, attachment 

of micelles could lead to the rupture of micelles combined with an exchange of 

surfactant molecules, favoring the more hydrophobic trans molecules present in cis 

solution. Trans solution does not lead to reorganization on a glass surface because a 

fully formed bilayer inhibits micelle attachment. On the hydrophobic substrate, 

however, the surface structures adopt a different state, in which adsorption of micelles 

is possible and leads to molecular rearrangements on the surface. This happens for trans 

and for cis molecules. 

7.7 Surface zeta potential 

QCM-D measurements revealed differences in total adsorption of surfactant in 

trans and cis state. In addition to these measurements, surface zeta potential 

measurements (SZP) of a solid glass substrate were carried out in surfactant solution 

of different concentrations to gain more insight into the electrostatic characteristics of 

the surface with adsorbed surfactant. With SZP, one can determine the adsorption of 

surfactant and counterions in the Stern layer (i.e., the directly adsorbed surface 

molecules).156, 157 The SZP was measured at the shear plane near the interface between 

the Stern and the diffuse layer of the EDL. Because salt diminishes the motion under 

LDDO (Chapter 5.1), measurements were conducted in pure water. Since the SZP is 

related to the surface potential (Y, it is considered in Equation (23) and (31) (Chapter 

4). Below, a dark solution is referred to as trans zeta potential and a UV-illuminated 

solution as cis zeta potential. 
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The SZP was measured for a series of concentrations of trans and cis solutions 

(Figure 7.6). In both cases, the SZP follows a sigmoidal shape with some differences. 

At concentrations below 0.01mM, the slopes are similar within the experimental error. 

Around 0.01mM, trans solution shows a large jump from negative to positive (i.e., 

from -5mV to 20mV) followed by a saturation and a slow increase up to the CMC. A 

similar but less pronounced increase in zeta potential is measured for cis solution: the 

zeta potential increases from around -10mV up to 15mV between 0.01mM and 0.1mM. 

It then remains constant at further concentration increases. In summary, the zeta 

potential for trans surfactant is larger than for cis surfactant, with around 30mV for 

trans and 20mV for cis. 

 

 

Figure 7.6: Surface zeta potential as a function of surfactant concentration (AzoC6) of 
trans (squares) and cis (circles) state. The vertical dashed line marks the CMC of trans 

solution. 
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The glass surface in pure water bears a negative charge due to dissociation of 

surface groups, such as silanol, that are mainly present on Borosilicate glass surfaces. 

In pure water, the zeta potential yields –(50±10)mV. At low concentrations (i.e., when 

the zeta potential is negative), surfactant adsorption leads to an increase of the SZP. At 

the IEP, the charge of the adsorbed surfactant compensates for the surface charge and 

results in an SZP of 0mV. Further surfactant adsorption leads to an overcompensation 

of the surface charge and renders the surface positive. At this point, electrostatic 

interaction turns against adsorption. As a result, the driving force is the hydrophobic 

interaction between surfactant molecules that are already adsorbed and surfactant 

monomers in solution. 

The IEP differs for trans and cis surfactant. Whereas it appears already below 

0.01mM (~0.006mM) for trans surfactant, the IEP is at 0.03mM for cis surfactant. The 

concentration at which the saturation takes place for cis isomers is 10 times larger than 

for trans isomers to be around ctranssaturation = 0.01mM and ccissaturation = 0.1mM. The 

differences can be due to the stronger mutual interaction between trans molecules, 

which facilitates adsorption of surfactant (cooperative binding). At the saturation of the 

SZP, further increase of bulk surfactant concentration does not lead to an increase in 

SZP. However, QCM-D measurements show saturation at a much larger concentration 

with deviations for the isomers (i.e., ctrans=0.5mM) and a five times larger concentration 

ccis=2.5mM (Figure 7.1). Because SZP measurements only take molecules inside the 

Stern layer into account, a saturation indicates a full coverage of the surface with 

surfactant molecules. This means that trans isomers form a monolayer at 0.01mM, 

while cis isomers form a monolayer at 0.1mM. Further surfactant is expected to adsorb 

in the mobile diffuse layer that is sheared off at measurements and, therefore, does not 

contribute to the zeta potential. For trans and cis solution, the adsorbed amount of 

surfactant at the IEP are similar, around 100ng/cm2. However, the IEP is found for 

trans solution at lower surfactant concentrations (~0.006mM). The saturation of the 

zeta potential for both isomers appears at around 140ng/cm2 adsorbed surfactant (see 

Figure 7.1 at ccis=0.1mM and ctrans=0.01mM). 
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Figure 7.7. Comparison between adsorption isotherms (black squares) and surface zeta 
potential (red circles) as a function of the surfactant concentration in the (a) trans and 
(b) cis state for surfactant adsorbed at a borosilicate glass surface. The Roman numerals 
roughly mark the fours region of the 4-region model shown in Figure 7.1. 

At saturation, the number of molecules per unit area was estimated to be 

1.75±0.5 molecules/nm2. Indeed, at saturation for both isomers the adsorbed amount 

was found to be 140ng/cm2 with MAzo=397,6g/mol. According to calculations, this 

means that the area occupied by surfactant head group is Ú���y^ = ÚH�^ = 1nm�.168 

Therefore, a double layer should be formed on the surface. 

In this way the amount adsorbed in the diffuse layer can be calculated as with 

Γ̈ +� = Γè¼½ � Γé
HÉÇ®�, where Γé
HÉÇ®� represents the amount adsorbed in the first 

(Stern) layer, and Γè¼½ gives the amount of all adsorbed surfactants (including enclosed 

water). Using the values for Γè¼½ and Γé
HÉÇ®� from Figure 7.7, one gets 310ng/cm2 for 

trans and 240ng/cm2 for cis surfactant at each saturation. Under the assumption of a 

bilayer in the Stern layer with 140ng/cm2 in the EDL, much more surfactant is 

adsorbed, thus indicating multilayers or other solloid structures. 

Electrostatic interaction attracts the charged heads to the surface. Therefore, in 

a monolayer, surfactant molecules would point their tails into solution. This favors 

further attraction by hydrophobic interaction, attaching incoming surfactant in a tail-

to-tail formation. Most likely, this picture looks different in cis solution with various 

formations possible because of its stronger polarity and kinked geometry. Previous 

studies have suggested a variety of possible surface structures.36, 124 This gives only an 

idea of how crowded the surface may look. The formation of the layer lies beyond the 

scope of the thesis but could be of interest for further studies. Measurements using an 
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AFM are one possible technique that has proved to be a good source for observations. 

Nevertheless, a qualitative picture can be drawn from these estimations, giving an idea 

of the structure of the EDL. 

A further comparison between adsorption and zeta potential shows that, for 

trans surfactant, region II of the adsorption model coincides with the steep increase 

around 0.01mM of the zeta potential (Figure 7.7a). This result confirms the 

interpretation of the adsorption isotherm that mutual interaction becomes important at 

this point and that further surfactant is adsorbed in surface aggregates against 

electrostatic repulsion. 

In the case of cis solution, the picture is more complicated. Indeed, in the 4-

region model of adsorption, the plateau of the adsorbed amount (Figure 7.7b region II 

0.01mM – 0.1mM) at 0.01mM is a result of charge compensation, while SZP 

measurements indicate charge saturation at 0.03mM (IEP). The possible explanation of 

this deviation is presented in detail below. The solution of cis isomers contains around 

10% of trans isomers. By increasing of the absolute surfactant concentration, the 

amount of trans isomers also increases. This results in a competing adsorption of both 

isomers, during which trans isomers adsorb more readily. One might think that there is 

a replacement of cis isomers by trans isomers at the plateau (0.01mM – 0.1mM). 

As discussed above, QCM-D measurements are known to measure the weight 

of the water occupied at the surface, which does not affect the SZP (i.e., with formation 

of admicelles (adsorbed micelles)). Incorporated water could cause an overestimation 

of the adsorbed amount; it cannot, though, explain the deviation from SZP 

measurements in the low concentration range. 

Zeta potential measurements reveal electrostatic properties of the surface layer. 

At the CMC, it is already saturated for trans and cis solution. The saturation values for 

the SZP are between 10mV and 20mV larger for a trans solution than for a cis solution. 

Similar to adsorption isotherms, zeta potential increases for surfactant in the cis state 

at larger concentrations than in the trans state. Surfactant in the cis state is less likely 

to attach to the surface, which could explain the increased hydrophilicity and larger 

steric hindrance compared to surfactant in the trans state. These differences could 

explain adsorption and zeta potential differences. Zeta potential measurements and 

adsorption isotherms coincide in interpreting the mechanisms for solution in the dark 
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state. In cis solution, the four-step model does not adequately explain the behavior in 

the concentration region between 0.002mM and 0.3mM. 

Similar measurements were conducted for a hydrophobic surface (i.e., glass 

substrates were covered with a thin layer of Teflon AF 1600). Due to large 

measurement errors, only a qualitative picture is given here. A more detailed 

interpretation is given in Appendix A. In water solution, the hydrophobic surface was 

rendered negative with values given in literature to be around -60mV.158 Both solutions, 

trans and cis, follow a sigmoidal shape with saturation reached at 0.01mM for trans 

and 0.1mM for cis solution. The maximal SZP for both solutions was measured to be 

around –(55±10mV), which was much larger than for the glass surface (~20mV). 

Similar to the SZP on the glass surface, the sigmoidal curve of the cis solution was 

shifted to larger concentrations. Comparison to adsorption isotherms suggest a 

monolayer or bilayer formation at saturation concentration for both isomeric solutions 

on the hydrophobic substrate. 

7.8 Summary and conclusion of surfactant adsorption 

The aim of this chapter was to analyze surfactant adsorption in order to clarify 

how the diffusioosmotic flow is established and what influence the hydrophobic 

surface has on adsorption in order to explain the inward and outward flow profile 

during UV laser irradiation. 

It is apparent that surfactant adsorption clearly differs depending on the 

photostationary state of the solution. Furthermore, the effect of hydrophobicity was 

investigated with respect to adsorption. From this analysis, the following conclusions 

can be drawn: 

a) On the hydrophilic surface trans isomers adsorb better to the surface than cis 

isomers. This could be explained by the cooperative interaction that is superior for 

the trans isomer. Nevertheless, for both trans and cis solutions, estimations of the 

number of molecules aligned at the surface suggest a double layer formation. This 

formation is considered to be facilitated by a head-to-surface and tail-to-solution 

orientation. 

b) Compared to the hydrophilic substrate, maximum adsorption on a hydrophobic 

substrate is diminished, almost halved for the trans molecule. This fact might be 
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explained by the orientation of the molecules on the hydrophobic surface. A tail-

to-surface and head-to-solution configuration creates an electrostatic barrier that 

hinders further adsorption. 

c) Measurements of the surface zeta potential suggest that surfactant adsorption 

above 0.1mM contributes to surface excess in the diffuse layer. This might explain 

why LDDO flows appear above this concentration. 

d) The differences in adsorption between trans and cis isomers indicate a desorption 

of surfactant under UV irradiation, shown for all concentrations above 0.1mM on 

the glass surface. Focused irradiation, therefore, should induce a decrease of 

surfactant concentration near the surface, changing the osmotic pressure in the 

irradiated area and leading to LDDO. However, in concentrations above the CMC, 

micelle decomposition could lead to a larger concentration in the irradiated area. 

e) The flow direction might be explained by the total adsorbed amount and the 

gradient of surface excess with respect to concentration. 

f) Adsorption kinetics indicate micelle adsorption and reorganization for adsorption 

of cis isomers on the glass surface and trans and cis isomers on the hydrophobic 

surface. 

We should mention that definitive conclusions for LDDO flow cannot be drawn. 

QCM-D and zeta potential measurements have previously been performed in an 

equilibrated solution. However, LDDO is a highly dynamic process in a confined, 

small area. Therefore, these measurements can give only a limited picture of what 

happens under illumination. As a next step, in-situ illumination could reveal a clearer 

picture of the dynamics in this process, which could facilitate a better understanding 

of LDDO.
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8 STRUCTURING OF PARTICLE ASSEMBLIES 

The previous chapters analyze LDDO by tracking particle trajectories and 

calculating their speed. The variation of experimental conditions could help in 

understanding particle motion and its driving flow. Understanding physical 

phenomena, however, is not the sole motivation driving research. Applications for 

basic research are often asked for. 

This chapter explores the use of LDDO. Especially, it intends to show how 

particle assemblies are organized and manipulated. Preceding chapters already take a 

small step into manipulation of particle motion, such as guidance along a channel 

system or the positioning of single particles or of microrods. This chapter investigates 

how a combination or single laser beam can be used to control particle assemblies in a 

different way. 

First, it is shown how a single laser could be used to “draw” certain structures 

into a denser monolayer of silica particles. It also includes a combination of UV and 

green spot irradiation that leads to lovely structures. The process of cleaning or 

aggregation with a single spot is effective, but splitting the beam could result in a more 

interesting structuring. Instead of a single spot that can generate LDDO, an elongated 

laser beam opens opportunities to manipulate larger particle assemblies, which is 

shown in the last part. During all measurements, an AzoC6 concentration of 1mM was 

maintained. Any particle gathering in green light was induced for a cis dominated 

solution (i.e., when the solution was illuminated globally with UV light).  

8.1 Drawing structures with a single laser beam and a 

combination of laser beams 

Cleaning and aggregation with LDDO flows can be applied to structure 

ensembles of objects, such as silica particles of different sizes. Increasing particle 

density on the surface makes it possible to create shapes, “draw,” or “write” into this 
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2D-like layer. The easiest thing to do is to move the microscope table around to create 

a less dense area of particles. In this way, the “UP” for “Universität Potsdam” and the 

“happy man” was drawn (Figure 8.1a,b). Because clean surfaces need at least 5 

minutes for a diameter of 60µm, a clean picture takes from 15 minutes to an hour 

depending on the size of the image. Since particles still move with Brownian motion, 

they tend to move back into the less dense areas when the laser is positioned at another 

location. Thus, the image blurs with time between minutes and several tens of minutes.  

 

Figure 8.1. (a, b) Structuring of a particle monolayer by lateral repositioning of the 
laser spot across the solid liquid interface: logo of the University of Potsdam (UP) and 
the “happy man.” (c) “Heart” shaped patterned inscribed by employing simultaneous 
irradiation with UV (red dot) and green light (green dot). 

Particle assemblies can be patterned in a more complex way. Applying both 

lasers, UV and green, makes it possible to simultaneously aggregate at one position, as 

well as clean an area partially—for instance, as shown in Figure 8.1c, in which 

particles gather around the green laser spot and escape from the UV laser spot, leaving 

behind a heart shaped void with high particle density on top. 

8.2 Beam splitting 

With different techniques, it is possible to customize the patterning of particle 

assemblies. For example, the beam can be split into multiple beams by a diffracting 

optical element (DOE). As proof of principle, a polycarbonate multispot DOE (MS-

466-Q-N-X, 532nm, HOLO/OR, Israel) was placed in the beam path after collimation 

of the laser beam. The DOE splits the single laser into a cross-like beam, depicted in 

the inset of Figure 8.2. Under continuous green laser irradiation, the particles resemble 

the cross-like pattern of the DOE (Figure 8.2). The patterning differs depending on the 
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irradiation intensity. At high intensities, more particles gather around the beam spots 

(Figure 8.2a). With intensities used normally, particles primarily move the central 

points, only slightly gathering around the peripheral laser spots (Figure 8.2b). 

This variation in pattern results from the nonuniform intensity distribution of 

the laser spots. The DOE splits the single beam into multiple beams with a higher 

intensity near the central region. Therefore, particles primarily are located near the 

central region at normal intensities. Peripheral points reach only small intensities and 

LDDO flows are much weaker and assemble considerably fewer particles. To 

compensate this unequal distribution of intensity, an increase in laser power leads to a 

larger particle assembly. The intensity used in Figure 8.2a, however, was so high that 

optical pressure affected the particles in such a way that they were pushed away when 

they came to close to the laser spots. This is why the areas around the laser spots are 

free of particles. With careful intensity variations, we achieved good control over the 

resulting particle assembly (Figure 8.2b). 

A dynamic change of a laser beam can be reached with a spatial light modulator 

(SLM). An SLM consists of a liquid crystal surface. When a collimated laser beam hits 

the surface, the light is modulated depending on the surface structure. The key point is 

that the liquid crystal can be controlled to accomplish almost any desired shape or 

pattern of the laser beam; even a continuous modulation of the laser spot is possible. 

For example, a single laser spot can be created that moves in a circle, creating a circular 

particle assembly. Single particles could be directed to a desired position.  

Any type of laser-modifying element can be used to structure particle 

assemblies located on a surface. In the sample below, a membrane consisting of 2µm 

periodic structure was used to split the irradiation beam into multiple beams by 

diffraction. Light intensity diminishes for each order of diffraction; however, a 

patterned structure can be produced: 1) A UV laser creates voids of space around the 

laser spots (Figure 8.3a); 2) a green laser can be used to accumulate particles around 

each laser spot (Figure 8.3b). The largest accumulation is at the 0-th order with less 

accumulation around the higher order of diffraction. 
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Figure 8.2. Micrographs of patterned assemblies of silica particles (2µm). A green 
laser (532nm) is split into multiple beams by a DOE with the profile shown in the inset 
at the top. Under irradiation, particles assemble in a cross-like fashion. Laser intensity 
is distributed unequally between the resultant laser spots with the highest intensity in 
the center. a) Under a higher laser intensity, particles create a large assembly with 
depletion areas in the irradiation centers, which are the result of high radiation pressure 
due to high intensity. b) At lower (standard) intensity, particles are attracted mostly by 
the more intense central region. However, a cross-like structure becomes visible. 

 

Figure 8.3. Micrographs of particle assemblies after irradiation with laser light split 
into multiple beams through a periodic mask using: (a) UV light and (b) green light. 
The aqueous solution contained 1mM of AzoC6. In case of green irradiation, a UV 
lamp preliminarily illuminated the solution. 
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8.3 Beam shape 

Laser beams cannot only be split into multiple beams but also can be reshaped 

by other optical elements. For example, using a cylindrical lens changed a single spot 

into a line. This type of lens was placed into the beam path of the UV laser. When the 

flow of a single laser spot induced radial outward motion, the flow of a laser line 

induced a straight outward motion (Figure 8.4). Primarily, silica particles are 

distributed on the surface. Indeed, a vertical laser line leads to a horizontal flow, which 

drives particles horizontally outward. Thus, with a UV line, it is possible to split a 

particle assembly into two parts. 

 

 

Figure 8.4. Micrographs of particle assemblies divided by a line-shaped laser beam (a) 
before irradiation, (b) after 1min, and (c) 10min of UV irradiation. Particles were 
distributed on a glass surface and dispersed in 1mM AzoC6 solution. The 
corresponding movie is shown in Appendix C9. 

8.4 Summary and conclusion 

This chapter shows that almost anything can be drawn or written into a layer of 

particles by manipulating the laser beam. With multiple beams, LDDO could be used 

to structure any kind of mobile object in a solid-liquid interface. A manipulation of the 

laser shape opens a large variety of opportunities to structure relatively easily. These 

manipulations, of course, have limitations. It was found that diffractive patterning of 

particles depends on the laser beam intensity. Higher order diffraction, therefore, leads 

to less aggregation or cleaning. It seemshat this has a larger effect on aggregation than 

on cleaning.  



9.1 CLUSTERING AND SEPARATION UNDER RED AND BLUE ILLUMINATION 
 

 
 

 
114 

 

9 LIGHT-DRIVEN COLLECTIVE AND SELF-

PROPELLED PARTICLE MOTION 

In the previous chapters, the concept of LDDO is introduced, explored, and 

discussed. It is shown that focused laser irradiation generates a local hydrodynamic 

flow that drives particles toward or away from the center of irradiation. This is due to 

a local isomerization of azobenzene containing surfactant, which forms a concentration 

gradient driving a diffusioosmotic flow. This flow can be utilized to drive passive 

particles. In this chapter, the photosensitive surfactant extends its capability into the 

field of active particle motion. It is shown that the collective interactions between 

porous silica particles can be controlled by global illumination of the sample with 

different wavelengths. 

This chapter gives an overview of this phenomenon and proposes a first 

mechanism that is based on LDDO. Furthermore, it shows how a symmetry break can 

induce a superdiffusive motion of so-called Janus particles—porous particles covered 

on one half with a metal layer. 

The chapter is structured into five main sections: 1) a light-induced wavelength 

dependent reversible clustering and separation of porous colloids using azobenzene 

containing surfactant; 2) a proposed mechanism based on diffusiophoretic particle 

motion; 3) an application example (i.e., drawing with light); 4) the introduction of a 

self-phoretic particle based on the motion described for porous particles by a symmetry 

break; and 5) a summary and conclusion. 

9.1 Clustering and separation under red and blue illumination 

Porous particles (d = 5µm, pore size ~ 6nm) as shown in the SEM image and 

scheme in Figure 9.1, were dispersed in aqueous solution of AzoC6 (cazo=1mM) and 

filled in a closed chamber placed in the optical microscope.  
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Without illumination (or under red light), the porous particles settle down to the 

solid-liquid interface and form different aggregates (Figure 9.2a). The snapshots below 

were taken after 5min. Image acquisition was performed under illumination with red 

light of λ = 600nm, leaving isomerization unaffected. When blue light (λ = 450nm) 

was switched on, the aggregates separate within tenths of seconds, and the particles 

form a grid with rather uniform particle-particle separation, as long as the illumination 

is maintained for at least one hour of irradiation (Figure 9.2b, c). 

 

 

Figure 9.1. (a) SEM image and scheme (insert) of the porous particle of 5µm in 
diameter and pore size of 6 nm. 

For this particular case, the distance between the particles was measured to be 

of about 15µm (Figure 9.2f). Due to Brownian motion, the particles being trapped in 

certain positions still wiggle. Most likely, the particle separation is driven by a 

hydrodynamic repulsion of the local hydrodynamic flow generated at each single 

colloid. Single particles (which can be followed by the eye, two particles “I” and “II” 

are marked in Figure 9.2b) do not show displacement at the beginning of irradiation. 

Only when other moving particles approach the repulsive interactions alter the position 
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of the colloids. After switching off the external light source, the long-range 

hydrodynamic repulsion disappears, and the particles aggregate again within a few 

minutes (Figure 9.2d, e). 

 

Figure 9.2. Optical micrographs of silica porous particles (d = 5 µm) trapped on a glass 
surface immersed into azobenzene containing surfactant aqueous solution (cazo = 1 
mM). (a) Before irradiation, particles aggregate, (b) after switching on irradiation with 
blue light (λ = 450 nm, I = 1.5mW/cm2), the particles move apart and reach a stable 
steady state with a narrow, unimodal distribution of interparticle distances (c). (d-e) 
After switching off the illumination, the particles resume aggregation within minutes. 
(f) Nearest particle distance (NPD) distribution calculated from (c). In Appendix C10 
the corresponding video is provided.  

This separation/aggregation cycle can be conducted many times by applying 

periodical irradiation with two different wavelengths—blue light (separation) and red 

light (aggregation) (Figure 9.3). To characterize the particle distribution, we 

introduced the NPD parameter, which is defined as the smallest center-to-center 

distance to the neighboring particle averaged over the whole particle ensemble. Figure 

9.3a shows the dependence of the NPD on irradiation time and wavelength for three 

subsequent irradiations with blue light (λ = 450nm). The particles are separated every 

time when the blue light is switched on forming a pattern with a well-defined particle 

distance of 15µm (Figure 9.3d, f). The separation takes place within seconds of 
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irradiation (Figure 9.5b). When the blue light is switched off, the NPD decreases down 

to 5µm revealing ongoing aggregation and saturates after about 5 minutes (Figure 

9.3a). 

 

Figure 9.3. (a) Dependence of NPD on irradiation wavelength and time. The starting 
point on the plot (t = 0) is at the first irradiation event, when the particles are well 
separated and form a periodic grid with an NPD of 17µm. (b-f) Optical micrographs 
taken at irradiation steps marked in (a). (b) At the end of particle aggregation under red 
illumination, (c) beginning of the particle separation (2d cycle) under blue light, (d) 
stable particle pattern under blue irradiation, (e) end state of the aggregated state, (f) 
separated particles during 3d irradiation cycle. Single colloids marked in color (red, 
green, blue, and yellow) help to identify the same area on the micrographs. The 
corresponding video is provided in Appendix C11. The videos were taken by Pooja 
Arya. 

9.1.1 Particle separation dependence on particle surface density 

It was found that the maximal achievable distance between the particles 

depends on the number of particles per unit area (i.e., the particle surface density 

(PSD)). Figure 9.4 shows the dependence of the particle distance on the particle surface 

density during irradiation with blue light. As can be seen, the hydrodynamic repulsion 

is governed by a long range interaction potential at each single colloid is and protrudes 

over distances of up to about 86µm for the PSD of 84 particles/mm2 (Figure 9.4a). By 

increasing the particle concentration, the distance between the particles decreases, as 
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shown in Figure 9.4f. The minimal measured NPD is 7µm for a PSD of ~104 

particles/mm2 (Figure 9.4e). When there is a large PSD, switching on blue light at the 

beginning of the particle separation process causes some particles to “jump” out of the 

surface, followed by falling back to the surface when a large free area is generated. 

 

Figure 9.4. Optical microscope images of porous silica particles (d = 5 µm) in 1 mM 
azobenzene containing aqueous solution under blue illumination at different PSDs: (a) 
PSD=0.8x102mm-2, b) PSD=3.4x102mm-2, c) PSD=5.5x102mm-2, d) PSD=1.6x103mm-

2, (e) PSD = 104mm-2. (f) Nearest particle distance shown as a function of the particle 
surface density for surfactant concentration of 1mM. 

9.1.2 Particle separation dependence on surfactant concentration 

The process of particle separation also depends on surfactant concentration. 

When the surfactant concentration is increased, the strength of repulsion increases as 

well, resulting in a larger NPD at a fixed PSD (Figure 9.5a). Starting from about 

0.5mM (CMC), the NPD transitions into saturation. Following particle trajectories 

(recorded during transition from aggregated to well-separated state) reveals that most 

particles move away from the center of a cluster in a radial direction, except for 

particles initially located in the center of the aggregate (Figure 9.5b, insert). These 
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particles remain at their initial positions, implying a force balance around the particles. 

The particles at the outside of the aggregate lack neighbors; therefore, an effective force 

drives them outward. The velocity of single particles depends on the position of the 

particle inside the cluster (Figure 9.5b). In the case of moving particles, the velocity 

increases to a maximal value within the first half second of irradiation and then slowly 

drops to zero within 10 seconds of irradiation, which is achieved when particles enter 

the distributed state (Figure 9.5b). The maximal velocities reached range between a 

few microns up to tens of microns per second. Averaging all particles yields values of 

around 8µm/s as the maximal velocity. Similar behavior of particle velocity change is 

observed for all surfactant concentrations between 0.2mM and 2mM. The absolute 

value of the maximal velocities, however, depends on many parameters, such as 

surfactant concentration, PSD, and the positions of the particles inside the cluster. 

 

Figure 9.5. (a) The averaged NPD as a function of surfactant concentration at fixed 
particle concentration (PSD = 3.1mm-2). The dashed grey line indicates particle 
distance in an aggregated state. (b) The average of all particle velocities from the image, 
inserted in the right upper corner, as a function of time. The trajectories of the particles 
are marked by white lines on the inserted micrographs. The red line depicts the velocity 
of the outer particles, while the black line corresponds to the particles in the middle of 
the aggregate. 

9.1.3 Particle separation dependence on surfactant concentration 

Particle repulsion was suppressed by increasing the ionic strength of the 

surfactant solution. An addition of NaBr decreases of the maximal particle velocity 

(averaged over all particles), showing complete suppression of particle motion at 
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10mM NaBr (Figure 9.6a). Furthermore, this effect can be observed by analyzing the 

NPD as a function of salt concentration (Figure 9.6b). The difference in NPD in the 

dark and after 10s of illumination with blue light decreases with increasing of salt 

concentration. Up to 2mM of NaBr salt concentration, when the Debye length drops 

down to about 6nm, the particle repulsion is still pronounced. Starting from 5mM NaBr, 

though, suppresses the particle motion. 

 

Figure 9.6. (a) Maximal particle velocity under irradiation with blue light and (b) the 
NPD as a function of the NaBr concentration. Increasing the salt concentration reduces 
the effectiveness of particle separation under blue light. Particle motion was completely 
suppressed at a concentration of 10mM. Surfactant concentration was fixed to 1mM, 
and the PSD was 35x102mm-2 for all measurements. 

Based on the above results we can propose the following mechanism of light-

driven reversible particle repulsion and aggregation. At the initial state (without 

irradiation), the surfactant molecules in the trans state adsorb into the pores of the 

particles. Due to high particle porosity, the amount of the absorbed surfactant increases 

significantly with the surfactant concentration. For example, with a surfactant 

concentration in a solution of 1mM and a particle concentration of 3.33mg/ml, only 

0.3mM is left in the solution after porous particles are dispersed (Table in Appendix 

B,). In Chapter 7 it is shown that surfactant in the trans state preferably attaches to the 

solid surface. Additionally, the energy gain from micellization in the particle interior 

facilitates adsorption into the pores. The absorption of the surfactant molecules results 

in a change of the Z-potential of the particles from -20mV (without surfactant) to 
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+26±7, +33±5 and +40±2mV for surfactant concentrations of 0.3, 1 and 2mM, 

respectively. In the dark state, the particles settled down at a glass surfaces tend to 

aggregate into clusters. 

9.1.4 Separation and clustering of a mixture of porous and nonporous 

particles 

To picture this process, we visualized a convection zone between repelling 

particles by adding nonporous small colloids to the solution. A mixture of porous and 

nonporous particles of 5µm and 1µm, respectively, were dispersed in 1mM surfactant 

solution (Figure 9.7). The particles are initially distributed on the surface as shown in 

Figure 9.7a: porous and nonporous particles appear, forming small aggregates as well 

as single objects. Under illumination with blue light, the porous particles start to repel 

from each other and form a well-distributed grid with particle distances of about 14µm 

(Figure 9.7b). At the same time, the small particles are pushed away from the porous 

colloids and are aligned at the stagnation points of the local hydrodynamic flows 

(Figure 9.7b, d-f). This indicates that a radial symmetrical hydrodynamic flow is 

generated at each porous particle under illumination. Switching back to red light 

induces an aggregation, including the smaller particles as seen in Figure 9.7c. 
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Figure 9.7. Optical micrographs showing the motion of porous (d = 5µm) and 
nonporous (1µm) silica particles dispersed in 1mM surfactant solution and exposed to 
illumination with (a) red light, (b) blue light (450nm), and (c) red light. (d-f) show 
enlargement of the selected areas in (b). The corresponding video can be found in 
Appendix C12. 

9.2 A model for light-induced hydrodynamic repulsion 

Under blue light, photoisomerization occurs within solution as well as inside 

the particles because the particles are transparent to 450nm. The trans-cis 

photoisomerization results in a release of the cis isomers out of the porous particles 

(Figure 9.10). The release of the cis isomers is governed by an increased osmotic 

pressure within the particles because the aggregates/micelles formed within the 

particles by trans isomers are destroyed during photoisomerization. The CMC of trans 

isomers is much lower than the CMC of cis isomers because the entropy gain on 

micellization is less for the hydrophobic isomers (cis state).159 As a result, a 

concentration gradient of the isomers around a single particle is generated, inducing a 

diffusioosmotic flow away from the particles (Figure 9.8). In other words, the particles 

act as an effective source of isomers, which are released out of the interior of the 
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particles during irradiation. In this way, each single porous particle generates its own 

local hydrodynamic flow. Due to particle symmetry, that flow points radially away 

from each particle. When two or more particles are close to each other, these opposing 

flows generate the repulsive interaction that leads to the particle separation. This 

process is comparable to LDDO under UV light, generating a local concentration 

gradient of the cis isomers near the irradiated surface. A vanishing of motion with 

increasing NaBr concentration (Figure 9.6a) is explained by a decrease of the Debye 

length, which prohibits diffusioosmotic velocity (see Chapter 5.1). 

 

Figure 9.8. Scheme of LDDO flow generated at single porous particles under 
irradiation with blue light. The excess concentration of the cis isomers around the 
particle is generated during desorption of the surfactant molecules out of the particle. 

A continuous blue illumination pumping out surfactant molecules is required for this 

process. The wavelength of irradiation plays a key role in the long time stability 

hydrodynamic repulsion. Indeed, under irradiation with blue light, the photostationary 

state (i.e., the fraction of trans and cis surfactant molecules in solution) shifts to 66% 

and 34%, respectively, implying continuous trans-cis and cis-trans isomerization. In 

this way, a long time stability of the particle separated grid is achieved because the 

stationary photoswitched trans isomers continuously adsorb into the porous particle, 
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replenishing surfactant reserves in the particles. In the case of irradiation with UV light, 

which also promotes trans-cis isomerization, the process of the particle motion and 

repulsion also occurs. However, the time of effective particle repulsion is shorter, 

around10 minutes of irradiation, depending on the light intensity (video in Appendix 

C13). This can be explained by the fact that under UV irradiation the photostationary 

state is achieved within minutes and a conversion from cis to trans is negligible, with 

90% of the surfactant molecules switched to the cis state. Under these conditions, the 

amount of the trans isomers is exhausted within minutes, prohibiting continuous 

pumping of the trans surfactant within the porous particle. As a consequence, the 

LDDO flow vanishes. The repulsion of the particles disappears when the light is 

switched off. The surfactant molecules in a trans state diffuse into the pores of the 

particles, form aggregates inside, and the system returns to equilibrium. During 

adsorption of surfactant into the pores, the surfactant concentration around the particles 

is depleted. Therefore, particles gather on a switch off. 

9.3 Writing with light 

The process of the particles repulsion can be explored for many interesting 

applications. Here we would like to demonstrate two of them. The first possible 

application is light-driven turning of selective transmission of light through the surface 

covered with colloids (Figure 9.9). In the nonilluminated area, the particles scatter the 

light equally. A local irradiation of blue light induces particle repulsion. Therefore, 

light scattering is altered. In fact, it is reduced in this example, and the irradiated areas 

appear darker. In this way, one can, for example, write letters or draw figures (Figure 

9.9). 
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Figure 9.9. Images of a droplet containing AzoC6 (cazo = 1mM) and silica particles (d 
= 5µm; csilica = 2mg/ml), confined between two cover slips. Drawing of (a) a µ, (b) a 
smiley face, and (c) a cross by focused irradiation of blue light that has changed the 
particle distribution and, thus, decreased the scattering in the irradiated area. 

9.4 From colloidal repulsion to artificial microswimmers 

This photoinduced hydrodynamic colloidal repulsion can be used to create 

single self-propelling microswimmers. Indeed, when half of the particle is covered with 

a metal layer (forming Janus particle geometry), the symmetry is broken and the local 

hydrodynamic flow and the surfactant molecules can leave the particle only on one 

side. Thus, a concentration gradient is created between the capped and noncapped side. 

As a result a diffusiophoretic motion of the particle is induced by the osmotic pressure 

gradient imposed between both particle sides when the blue light irradiation is on 

(Figure 9.10). Without irradiation, the colloid is trapped at the surface and undergoes 

only thermal fluctuations. Example trajectories of a single Janus particle show clear 

differences between Brownian motion under red light and active motion under blue 

light (Figure 9.10b). When two Janus particles are coupled, they preferably move in 

spirals (Figure 9.10c). In fact, the motion can be more complex with angular velocity 

depending on the relative orientation of the particles.160 
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Figure 9.10. (a) Scheme of a Janus particle immersed in a surfactant solution and 
propelling along the surface under blue illumination. (a) Trajectories of a single Janus 
particle under red and blue light, (c) trajectory of a single Janus particle’s self-
propulsion under irradiation with blue light. The corresponding video of the Janus 
particle self-propelled motion is provided in the Appendix C14 and Appendix C15. 

Particle motion of single Janus particles was analyzed by the calculation of the 

mean square displacement (MSD), which was averaged for five particles (Figure 9.11). 

Indeed, Janus particles show an enhanced MSD. For a propulsive microswimmer the 

MSD is given by Equation (16):161–163 
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MSD = 〈
Δì�ííí⃗ �〉 = 4r8��y^Δ� + v�τñ�2 <2Δ�sË + 34�u�òó � 1@ (33) 

where r8��y^ is the translational diffusion coefficient, Δ� is the time interval, v 

is the velocity created by the propulsion mechanism, and sË is the rotational diffusion 

time. For times shorter than the rotational diffusion time this equation can be reduced 

to the following:161–163 

MSD = 〈
Δì�ííí⃗ �〉 = 4r8��y^Δt + v�Δt� (34) 

Propulsion speeds can be derived from parabolic fits of the MSD for times 

shorter than the rotational diffusion time of the particle (sË = 96s) to be 0.5±0.1µm/s. 

Indeed, Janus particles show superdiffusive behavior (slope: 1.65) under blue 

irradiation and slightly subdiffusive behavior under red illumination (slope: 0.92) 

(Figure 9.11 inset). In the case of times longer than sË, the MSD takes a linear form 

with a transition zone in between the short and longer times. 
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Figure 9.11. MSD as a function of time, comparing the motion of Janus particles under 
blue and red light. The active motion under blue light is fitted by a parabolic function 
for � < sË and by a linear function for � > sË. From the parabolic function, the 
propulsion speed is derived to be 0.5±0.1µm/s. Inset: A log-log plot of the MSD with 
linear fits, at which the slope of the curve is shown. Janus particles show superdiffusive 
behavior under blue light and subdiffusive behavior under red light. 

9.5 Summary 

In this chapter, it is shown that azobenzene containing surfactant can promote 

active motion in porous particles. This is demonstrated by a light-reversible 

aggregation and separation of colloidal particles and by the self-propelled motion of 

metal capped porous particles (Janus particles). 

When porous micron-sized silica particles are dispersed in the aqueous 

surfactant solution, the surfactant molecules in trans state diffuse into the pores, 

rendering the colloids positive. The particles settled on a glass surface form aggregates 



9. LIGHT-DRIVEN COLLECTIVE AND SELF-PROPELLED PARTICLE MOTION 
 

 
129  

 

during thermal motion in the absence of photoisomerizing light. During illumination 

with blue light (λ = 450nm), which promotes trans-cis and cis-trans isomerization, the 

colloids start to move and repel each other, forming a regularly spaced grid with an 

equidistant particle ensemble within a few seconds. The distances between particles 

can be achieved as high as 86µm at the particle diameter of 5µm. On switching off the 

light, the particles again form aggregates, yet more quickly and densely this time. One 

can iterate this process (repulsion, aggregation) by changing the irradiation wavelength. 

This process depends on different parameters, such as surfactant and particle 

concentration, ionic strength of the solution, and irradiation wavelength. The physical 

mechanism of the process can be explained by a generation of local hydrodynamic 

flows at each single porous particle during irradiation with blue light, which leads to 

local hydrodynamic repulsion at the convection zone. Indeed, at illumination 

promoting trans-cis isomerization, the surfactant molecules adsorbed inside porous 

particles are expelled out of the particle, which leads to an excess concentration of the 

cis isomer around a single porous colloid resulting in a situation similar to irradiation 

of the surfactant solution with a focused laser beam, namely LDDO. The mechanism 

of particle repulsion can be utilized to change light scattering at a densely packed 

colloidal monolayer, allowing a light-driven writing of different patterns. A single 

porous particle creates a symmetric concentration gradient around the particle, which 

does not lead to motion. Breaking the symmetry by closing one half of the particle 

yields self-propelled Janus particles. The motion can be explained in a similar way to 

the motion of porous particles: Blue irradiation leads to a concentration gradient on the 

outside of the particle. Due to the closed half side, surfactant can only escape from the 

particle on one side creating an asymmetric concentration gradient. Thus, a 

diffusiophoretic flow is created, driving the particle forward as an active Brownian 

particle. 
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10 SUMMARY, CONCLUSION AND OUTLOOK 

This work is focused on the phenomenon of light-driven diffusioosmosis 

(LDDO) discovered in the framework of this thesis. It was shown that a photo-sensitive 

surfactant is able to drive hydrodynamic flows on the liquid-solid interface. This 

extends the previously known fact that a photo-sensitive surfactant induces 

hydrodynamic flows at the liquid-air interface by a change in surface tension upon 

irradiation. In addition to passive particle motion, a photo-sensitive surfactant has 

shown to promote a collective active motion of spherical micro-particles and a self-

propelled motion of single particles when the particle symmetry is broken.  

A radial inward or outward motion of micro-particles was induced by a focused 

laser beam when they were dispersed in a solution of azobenzene containing surfactant 

(Chapter 3). The outward motion (under UV irradiation) resulted in a surface cleaning, 

whereas the inward motion (under green irradiation) led to an aggregation of a particle 

ensemble. Particle velocities were shown to depend on the surfactant concentration and 

particle motion required a minimum concentration of 0.2mM. A pronounced onset of 

the motion was found at the critical micelle concentration (CMC). Around 1mM a 

maximum in particle speed with a slow decrease in speed at a further concentration 

increase.  

In Chapter 4 a theory was developed to explain the particle motion. It is based 

on the light-induced relative concentration change of surfactant in the trans and cis 

conformation near the solid-liquid interface. The concentration gradients of trans and 

cis isomers create a diffusioosmotic flow in the electrostatic diffuse layer (EDL) close 

to the surface. This concentration gradient does not only depend on the bulk 

concentration, but also on the interaction potential of the cis and the trans molecule, 

which is related to the molecular adsorption in the diffuse layer. An estimation of the 

diffusioosmotic velocity from the LDDO theory yielded flow velocities of around 

7µm/s which is close to particle velocities observed to be about 1.5µm/s. A dependence 

on the Debye length, i.e. the thickness of the EDL was demonstrated in Chapter 5. An 
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addition of the electrolyte NaBr inhibited particle motion which is consistent with the 

theory. The fact that particle velocity is virtually independent of the particle size (in the 

range between 1µm and 10µm) indicates a negligible diffusiophoretic contribution. A 

variation in surfactant hydrophobicity changed the concentration dependent onset of 

motion. A change in hydrophobicity shifted the CMC (e.g. to lower concentration for 

more hydrophobic surfactant) and accordingly the onset of motion. Furthermore, 

shortening or lengthening led to a decrease of particle speed (i.e., the strength of the 

flow). These results suggest that micellization is essential in LDDO flow. This 

importance can be explained by a light-induced micelle decomposition at a trans-cis 

photoisomerization. A localized decomposition creates a larger concentration gradient 

in the vicinity of the laser beam and an increase in osmotic pressure. 

In Chapter 6 it was observed that the direction of the flow depends on the 

surfactant concentration on a strongly hydrophobic substrate. Below the CMC, a slow 

but inward particle motion was observed. At 1mM the particles close to the laser spot 

moved inwards, but particles farther away moved outwards. At a concentration to 2mM 

all particles moved outwards. This complex motion was absent under green irradiation 

where an inward motion was observed independent of the surfactant concentration. 

Additionally, a surface structure composed of microchannels were used to guide 

particle motion. However, guidance was limited due to a prevailing radial flow profile.  

In Chapter 7, the surface-surfactant interaction on a glass and Teflon-coated 

surface was analyzed by measuring the isomer–dependent surfactant adsorption and 

the surface zeta potential (SZP). Adsorption isotherms and kinetics were measured by 

a quartz crystal microbalance (QCM). It was shown that surfactant adsorption strongly 

depends on the isomerization state of the surfactant and the hydrophobicity of the 

surface. An adsorption of surfactant in the trans conformation was larger for both the 

hydrophilic and hydrophobic surface. A stronger hydrophobic interaction of the trans 

isomers facilitates the formation of surface aggregates due to an improved surfactant-

surfactant interaction (i.e., cooperative behavior). In addition to less hydrophobicity, 

the geometric constraints of the cis isomer might lower cis adsorption. These 

differences indicate that an irradiation induces a detachment of surfactant from the 

surface on a trans to cis photoisomerization. On the hydrophobic substrate surfactant 
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adsorption was decreased—most pronounced for trans solution. On the glass surface, 

adsorption differences between trans and cis isomers were much larger. In fact, on the 

hydrophobic surface, cis adsorption became almost comparable to trans adsorption. In 

SZP measurements both surfaces (i.e., hydrophilic and hydrophobic) yielded a negative 

SZP in water. An addition of surfactant increased the zeta potential beyond the 

concentration at which charge compensation takes place and resulted in a positive SZP 

to be about 30mV for solution of surfactant in trans conformation and 20mV for 

solution of surfactant dominated by cis isomers. The SZP measurements also indicate 

an adsorption in the diffuse layer, for cis solution at 0.1mM, but already at 0.01mM for 

trans solution. This might indicate a relation to the onset of LDDO motion at 0.2mM. 

The results obtained from QCM and SZP measurements demonstrate a change in the 

mass inside the EDL. This confirms that under localized irradiation a concentration 

gradient appears. This supports the theoretical explanation. Therefore, diffusioosmosis 

can be considered as the driving force of the flow. As these results explain an outward 

and inward motion under UV and green light, a definite explanation of the complex 

motion found on the hydrophobic surface could not be given. A tentative explanation 

might be given: On the hydrophobic substrate a negative slope was found for trans 

adsorption when plotted as a function of surfactant concentration between 0.5 and 

2mM. In contrast to cis adsorption where a positive slope was observed. This difference 

could be seen as a cause of inward and outward motion. However, for clarification 

further research should be conducted. An ex-situ investigation of the adsorption 

kinetics of a separate trans and cis solution by QCM measurements revealed most 

pronounced differences above the CMC. The results indicate a two-phase adsorption. 

In a first phase, micelles adsorb directly to the surface. In a second phase, micelles 

decompose and surfactant molecules reorganize. This two-phase adsorption was found 

for both isomers on the hydrophobic surface at concentrations around each CMC of 

solution. This differs to adsorption on the hydrophilic substrate where the two phases 

were only observed for cis adsorption at the saturation concentration of 2.5mM (i.e., 

when surfactant adsorption remains constant at an increase of surfactant concentration). 

In Chapter 8 various irradiation patterns were explored. It was demonstrated 

that particle ensembles can be manipulated in a large diversity depending on the laser 
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configuration. It was shown that a motion of the laser beam can be used to inscribe 

different structures in a dense particle layer. It was also demonstrated that particle 

separation and aggregation can be used simultaneously inscribe more complex 

structures (e.g. a heart shaped void). Using multiple beams showed that a layer of 

particles can be patterned. Furthermore, a change in the laser shape has shown that the 

radial direction of the flow can be manipulated. In fact, a line-shaped laser spot could 

induce a straight outward motion perpendicular to the direction of the laser beam.   

In Chapter 9 it was shown that azobenzene containing surfactant can also 

promote active motion of porous particles. This was demonstrated by a light-induced 

reversible aggregation and separation of porous particles and by a self-propelled 

motion of metal capped porous particles, so called Janus particles. In detail, porous 

particles dispersed in surfactant solution showed a repulsion under global irradiation of 

blue light (λ = 450nm) which resulted in a particle grid with equalized inter-particle 

distances. A change to nonphotoisomerizing light (i.e., λ > 550nm) leads to a particle 

aggregation. A reversible separation and aggregation was found on a switching the 

wavelength of light. Similar to LDDO, the motion could be inhibited by the addition 

of salt. A possible explanation was presented that is based on LDDO. Surfactant 

molecules adsorb into the pores of the particles. Under blue light, a trans-cis 

photoisomerization inside the particles leads to a pumping out of surfactant. The 

increased concentration around each particle creates a diffusioosmotic flow (similar to 

LDDO) pointing symmetrically away from the particle. This leads to a hydrodynamic 

particle repulsion. When the light is switched off, surfactant molecules diffuse back 

into the pores which results in the depletion of surfactant around the particles and, thus, 

particle aggregation. Therefore, this process can be seen as a reversible switching of 

the hydrodynamic interaction. The symmetric flows around the particles induced the 

separation and aggregation. The repulsive force was used to promote a self-propelled 

motion of Janus particles that resulted in a superdiffusive motion of single particles and 

spiral motion of a dimer particle (i.e. one particle attached to another). This is done by 

breaking the symmetry of the symmetric hydrodynamic flows around each particle. A 

metal layer was evaporated on one side of a porous particle. An explanation was given 

based on the model of the motion of porous particles. Similar to porous particles, a 
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photoisomerization inside the particles pumps surfactant out of the particle. In contrast 

to symmetric particles, the surfactant can move out only on the unclosed particle side. 

Therefore, a concentration gradient is generated around the particle. This concentration 

gradient results in a diffusiophoretic particle motion.  

The phenomenon LDDO was discovered in the course of this work. However, 

only a fraction of the nature of LDDO has yet been unveiled. This work gives a brief 

overview and derives a simple model that is able to explain the general motion that was 

observed. To comprehensively analyze and understand LDDO in future studies a large 

parameter space should be explored, such as the dependence of LDDO on the chemical 

environment (e.g. pH, liquid viscosity, liquid polarity), surface properties (e.g. charge, 

chemical groups, roughness), surfactant type (e.g. anionic, nonionic, mixed systems), 

or illumination conditions (e.g. the size of the laser spot). For the conclusive 

explanation of LDDO several questions remain open and should be answered in further 

experiments.  

• How does the diffusioosmotic flow expands into the bulk and how is the flow 

affected by the thickness of the liquid layer (i.e. the distance between the bottom 

and cover substrate)? Numerical calculations using LDDO theory predict 

streamlines that expand into the bulk. Due to mass conservation, the closed 

streamlines should be present. Only motion on the surface has been observed so 

far. An increase in viscosity or a decrease in particle density could help to visualize 

the flow profile. 

• Why does UV irradiation create a complex LDDO flow pattern on a hydrophobic 

substrate and why does green irradiation not show a similar but inversed motion? 

Ad- and desorption kinetics with in-situ irradiation could help to answer this 

question.  

• Why does particle motion exceed the size of the laser spot multiple times and what 

determines the effective area of LDDO? A variation of the focal length and size of 

the laser beam could help answer this question.  

Despite the fact that open questions have not been answered, the derived model 

was already successfully applied to explain the collective motion of porous particles 

and the self-propelled motion of Janus particles when dispersed in a solution of the 
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photosensitive surfactant. However, the proposed model should be tested in more 

detail. The following parameters should be explored to gain a more comprehensive 

understanding of the process: In LDDO, the particles were considered as tracer 

particles passively moving with the flow. However, the motion of porous particles 

depends on each single particle. Therefore, particle properties should be varied such 

as pore size, surface hydrophobicity, or surface charge. Light acts as the trigger for the 

active motion. Therefore, illumination conditions should be changed such as light 

intensity or wavelength. Of course, the parameter space of the general LDDO flow as 

described above could be explored. 

Light-driven diffusioosmosis is able to explain passive and active particle 

motion. The use of the photosensitive surfactant give rise to more phenomena based 

on LDDO. And in the end, with the words of Purcell, we improved our understanding 

of elementary physics even if we did not throw much light on the other subject. 

. 
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APPENDIX 

A. Surface zeta potential on a hydrophobic surface 

Glass substrates were spin-coated with Teflon AF1600 and the zeta potential 

was measured for consecutive concentration increase for a trans and cis solution of 

AzoC6 (Figure A.1). Note that because of strong variations of the SZP in the low 

concentration region that yielded values between -60mV and 20mV, these values were 

discarded. This large error could be a result of surface roughness due to polarization 

effects as explained in the methods section. Surface roughness on hydrophobic surfaces 

contributes to surface hydrophobicity by trapping vapor near the surface, known as the 

Cassie state.164, 165 This might influence SZP measurements, in particular, in pure water. 

Nevertheless, the results for larger concentrations are presented, showing the 

qualitative behavior between trans and cis solutions. Both curves differ from each 

other, especially in the range between 0.02mM and 0.1mM. For the dark solution, a 

sigmoidal curve shows a steep increase from 0.001mM, from -20mV to 0.01mM to 

almost 60mV, and passes the IEP at 0.002mM. At concentrations above 0.01mM, the 

zeta potential remains largely constant with an unusual drop at 0.05mM to 20mV, 

followed by an increase back to 60mV at 0.5mM, with constant zeta potential at further 

concentration increases. 

The SZP of cis solution takes a similar route. It increases markedly around 

0.003mM and then increases slowly up to 30mV at 0.01mM, with the IEP passed 

between 0.03mM and 0.04mM. An unusual drop appears at 0.03mM down to 10mV, 

which is followed by a steep increase to around 60mV at 0.1mM. Interestingly, the zeta 

potential drops at 0.5mM and 1mM to 50mV and 25mV, respectively, but it reaches 

saturation of 60mV around 2mM. The unusual drops were not taken into account due 

to measurement errors and further interpretation and were, therefore, omitted. 

Both curves show certain differences. The only similarity is an equal saturation 

value (i.e., around 60mV). The largest differences occur between 0.001mM and 
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0.1mM. Whereas in dark solution the SZP rises fast (between 0.001 and 0.01mM), the 

zeta potential of cis solution reaches saturation around 0.1mM. The IEP only slightly 

differs between 0.001 to 0.003 for trans solution and between 0.002 and 0.004mM for 

cis solution. 

Using these results, the interpretation of the adsorption isotherms can be 

expanded. The interpretation seems to fit roughly with the 4-region model of the 

isotherms, but only for trans solution: Around the IEP, the slope in the isotherm shifts, 

indicating the onset of region III, at which surface charge is considered to be 

compensated. The IEP coincides with the fast increase found in the adsorption 

isotherms. As discussed in Section 7.6, the 4-region model was not suitably applied; 

therefore, an interpretation was unclear. At the saturation (i.e., at a concentration of 

0.1mM, the adsorption isotherm shows an infliction point at which the slope is reduced, 

indicating that adsorption becomes less effective. 

Furthermore, the results from SZP measurements could be used to estimate the 

amount of surfactant adsorbed at this concentration. For dark solution, this yields 

values of 65±5ng/cm2 at the IEP and around 90ng/cm2 for the SZP saturation at 

0.01mM. For cis solution, this differs largely, with around 25ng/cm2 at the IEP and 

140ng/cm2 for the saturation at 0.1mM. 

Because the measurements reveal large errors, the interpretation of the values 

is difficult. The results for dark solution, however, could be used. At the saturation of 

90ng/cm2, when converting this value to molecules/nm2, it yielded values of around 

1.1±0.4. This indicates a monolayer formed on the surface. 

The apparatus for zeta potential measurement is highly sensitive to distortions. 

Therefore, these results should be taken with caution. Nevertheless, it gives some idea 

of how electrostatic properties change on surfactant adsorption. 

 



APPENDIX 
 

 
138 

 

 

Figure A.1. Surface zeta potential of a glass surface coated with a thin film of Teflon 
AF1600 as a function of bulk surfactant concentration (AzoC6). 
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B. Surfactant adsorption in porous particles 

Surfactant adsorption to the pores is measured by the depletion method. Porous 

particles are dispersed in solution of surfactant. Beforehand, the UV/vis absorption 

spectra were measured. After 80min of particles rested in solution. UV/vis spectra were 

taken again. Both spectra were compared and the adsorbed amount calculated. The 

results are presented in Table B1. 

Table B1. Amount of surfactant adsorbed per mg (first column) when 5µm porous 
particles with 6nm in pore size are added to the surfactant solution of different 
concentrations. Concentration of the surfactant left in the solution is in the last column. 
The adsorption is given in various units.  

Csurfactant, mM 
µmo

l/mg 

Molecule/n

m2* 

(Molecule/Pa

rticle)** 

concentration left 

in solution, mM 

0.5 0.06 0.04 0.5·1010 0.29 

1 0.21 0.14 1.5·1010 0.3 

2 0.35 0.25 2.5·1010 0.8 

 

* the adsorbed density of the surfactant in units of molecules per nm2 

** Number of surfactant molecules absorbed by one particle 
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C. Surfactant adsorption in porous particles 

The following videos can be found on the CD in the booklet with names 

corresponding to „C1.avi“ to „C15.avi“.  

C1. Video: Motion of silica particles (d = 2µm) on a glass surface under focused 
UV irradiation in 1mM solution of AzoC6. 
 
C2. Video: Motion of silica particles (d = 2µm) on a glass surface under focused 
UV irradiation in 1mM solution of AzoC6 
 
C3. Video: Motion of silica particles (d = 2µm) on a glass surface under focused 
green irradiation in a cis – dominated solution of AzoC6 (cAzo = 1mM) 
 
C4. Video: Motion of silica particles (7µm) forming a 2D crystal like structure on a 
glass slide under irradiation with a focused green (λ=532nm) laser. Particles were 
dispersed in solution of 1mM azobenzene containing surfactant. 
 
C5. Video: Gathering of microrods by LDDO cAzo=1mM). They are directly 
attracted to the green laser spot (λ=532nm). The suspension was globally illuminated 
with UV light before the droplet was deposited onto the glass slide to create a cis-
enriched solution. 
 
C6. Video: Inward motion of 2µm silica particles in 0.3mM surfactant solution on 
a hydrophobic surface under focused UV irradiation. 
 
C7. Video: In- and outward motion of 2µm silica particles in 1mM surfactant 
solution on a hydrophobic surface under focused UV irradiation. 
 
C8. Video: The motion of silica particles (5µm in diameter) on a structured PDMS 
surface under focused UV irradiation. Particles are dispersed in a solution of 
azobenzene surfactant (concentration: 1mM). 
 
C9. Video: Particle assemblies divided by a line-shaped UV laser beam. Particles 
with 2µm in diameter dispersed in 1mM and have been distributed on a glass surface 
and AzoC6 solution.  

 
C10. Video: Separation and aggregation of silica porous particles (d = 5 µm) trapped 
at a glass surface immersed into azobenzene containing surfactant aqueous solution 
(cazo = 1mM). 

 
C11. Reversible aggregation and separation of porous silica particles (d = 5 µm) 
under red and blue light, respectively. Particles were dispersed in 1mM solution of 
AzoC6. 
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C12. Separation under blue and aggregation under red light of 5µm porous silica 
particles and non-porous 1µm in diameter that were dispersed in 1mM AzoC6 solution. 

 

C13. Particle (d = 5µm, porous) separation under global UV irradiation. Particles 
were dispersed in a solution of 1mM AzoC6. 

 

C14. Motion of Janus particle under blue light. A porous silica particle (d = 5µm) 
was coated on one half with a chromium layer of 5nm covered by a gold layer of 50µm. 
The particle was dispersed in 1mM AzoC6 solution. 

 

C15. Spiral motion of a Janus particle dimer accidentally formed during the 
preparation process. The porous silica particles (d = 5µm) were coated on one half with 
a chromium layer of 5nm covered by a gold layer of 50µm. The particle was dispersed 
in 1mM AzoC6 solution. 
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