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Abstract 

In this dissertation we introduce a concept of light driven active and passive manipulation of 

colloids trapped at the solid/liquid interface. The motion is induced due to the generation of 
light driven diffusioosmotic flow (LDDO) upon irradiation with light of appropriate 

wavelength. The origin of the flow is due to the osmotic pressure gradient resulting from a 
concentration gradient at the solid/liquid interface of the photosensitive surfactant present 

in colloidal dispersion. The photosensitive surfactant consists of a cationic head group and 

a hydrophobic tail in which azobenzene group is integrated in. The azobenzene is known 

to undergo reversible photo-isomerization from a stable trans to a metastable cis state 

under irradiation with UV light. Exposure to light of larger wavelength results in back 

photo-isomerization from cis to trans state. The two isomers have different molecular 

properties, for instance, trans isomer has a rod like structure and low polarity (0 dipole 

moment), whereas cis one is bent and has a dipole moment of ~3 Debye. Being integrated in 

the hydrophobic tail of the surfactant molecule, the azobenzene state determines the 

hydrophobicity of the whole molecule: in the trans state the surfactant is more hydrophobic 

than in the cis-state. In this way, many properties of the surfactant such as the CMC, 
solubility, and the interaction potential with a solid surface can be altered by light. When the 
solution containing such a surfactant is irradiated with focused light, a concentration gradient 

of different isomers is formed near the boundary of the irradiated area near the solid surface 

resulting in osmotic pressure gradient. The generated diffusioosmotic (DO) flow carries the 

particles passively along. 

The local-LDDO flow can be generated around and by each particle when mesoporous silica 

colloids are dispersed in the surfactant solution. This is because porous particles act as a 

sink/source which absorbs azobenzene molecule in trans state and expels it when it is in 

the cis state. The DO flows generated at each particle interact resulting in aggregation or 

separation depending upon the initial state of surfactant molecules. The kinetics 
of aggregation and separation can be controlled and manipulated by altering the 

parameters such as the wavelength and intensity of the applied light, as well as 

surfactant and particle concentration. Using two wavelengths simultaneously allow 

for dynamic gathering and separation creating fascinating patterns like 2D disk of well 
separated particles or establishing collective complex behavior of particle ensemble as 
described in this thesis.  

The mechanism of l-LDDO is also used to generate self-propelled motion. This is possible 

when half of the porous particle is covered by metal layer, basically blocking the pores on one 

side. The LDDO flow generated on the uncapped side pushes the particle forward resulting 
in a super diffusive motion. The system of porous particle and azobenzene containing 

surfactant molecule can be utilized for various application such as drug 

delivery, cargo transportation, self-assembling, micro motors/ machines or micropatterning.  
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Zusammenfassung 

In dieser Doktorarbeit führen wir das Konzept der lichtinduzierten Diffusioosmose (LDDO) zur 

licht-kontrollierten passiven und aktiven Bewegung von Kolloiden an der fest-flüssig 

Grenzfläche ein. Bei diesem neuartigen Phänomen wird ein Grenzflächenfluss mittels Lichtes 

bestimmter Wellenlänge erzeugt. Ein lichtempfindliches Tensid wirkt hierbei als Quelle der 

Diffusioosmose: Durch Einstrahlung von Licht wird ein Konzentrationsgradient an der 

Oberfläche erzeugt, der wiederum ein Ungleichgewicht im lateralen osmotischen Druck 

verursacht. Dieser Druckunterschied führt dann zu einem grenzflächennahen 

diffusioosmotischen Fluss. Das lichtaktive Molekül besteht aus einer kationischen Kopfgruppe 

und einer hydrophoben Kohlenstoffkette, in die die Azobenzolgruppe eingebettet ist. Azobenzol 

fungiert hier als Lichtschalter, da es mit Licht zwischen einem stabilen trans und einem 

metastabilen cis Zustand hin- und hergeschaltet werden kann. Nahes UV Licht führt hier zur 

trans-cis und sichtbares Licht zur cis-trans Isomerisation. Das trans Isomer unterscheidet sich 

in einigen Eigenschaften vom cis Isomer. So ist z.B. das trans-Isomer langgestreckt und besitzt 

eine geringe Polarität (verschwindendes Dipolmoment), währenddessen das cis Isomer gebogen 

ist und ein deutliches Dipolmoment von ca. 3 Debye besitzt. Durch die Integration der 

Azobenzolgruppe in die hydrophobe Kette des Tensids, bestimmt der Isomerisationszustand des 

Tensids die Hydrophobizität des gesamten Moleküls: Der trans Zustand ist deutlich 

hydrophober als der cis Zustand. Dieser Unterschied zeigt sich in den Löslichkeitseigenschaften 

des Moleküls, der kritischen Mizellenkonzentration sowie des Wechselwirkungspotentials 

zwischen Molekül und Grenzfläche. Dies kann genutzt werden, um diese Eigenschaften mittels 

Lichtbestrahlung zu ändern. Wird das Molekül in Wasser gelöst und mit fokussiertem Licht 

bestrahlt, kann ein isomerer Konzentrationsgradient im Bestrahlungsbereich an der fest-flüssig 

Grenzfläche erzeugt werden, der wiederum in einem osmotischen Druckgunterschied resultiert. 

Die daraus resultierende Diffusioosmose (DO), welche an der Grenzfläche erzeugt wird, ist in 

der Lage Kolloide, die sich an der Grenzfläche befinden, transportieren (passiv). 

Im Unterschied dazu kann ein sogenannter lokaler diffusioosmotischer Fluss (l-LDDO) 

um jedes einzelne Kolloid erzeugt werden, sobald es sich um meso-poröse Kolloide handelt. 

Hierbei agiert jedes Kolloid selbst als Konzentrationsquelle- bzw. –senke (ähnlich dem 

fokussiertem Licht im oberen Fall). Je nach Isomerisationszustand lagert sich das Molekül 

eher im Kolloid an oder bevorzugt die Umgebung des Wassers. Befindet sich das Molekül 

im trans Zustand lagert es sich im Kolloid an, während es im cis Zustand eher die 

Umgebung des Wassers sucht. Der diffusioosmotische Fluss wird um jedes einzelne 

Kolloid erzeugt, wodurch eine Wechselwirkung zwischen allen Kolloiden zustande 

kommt, die entweder anziehend oder abstoßend sein kann. Das hängt vom 

Isomerisationszustand der Tensidmoleküle vor der Bestrahlung ab. Durch die Änderung der 

folgenden Parameter kann die Bewegung der Kolloide kontrolliert werden: Lichtwellaen-ge



Lichtintensität, Tensidkonzentration, Kolloidkonzentration. Durch die gleichzeitige verw- 
Verwendung zweier verschiedener Lichtquellen (mit unterschiedlichen Wellenlängen), 

ist es möglich eine interessante Dynamik in der Anziehung und Abstoßung der 

Kolloide zu erzeugen, die faszinierende Kolloidformationen entstehen lassen wie sie in 

dieser Arbeit näher beschrieben werden. 

Das Phänomen der lokalen Diffusioosmose kann auch zu selbst-getriebener Bewegung führen, 

nämlich wenn eine Hälfte des Kolloids bedeckt wird (z.B. mit einer Metallschicht) und 

somit für Tensidmoleküle undurchlässig macht. Der diffusioosmotische Fluss, der auf der 

unbedeckten Seite des Kolloids erzeugt wird, bewegt das Kolloid in eine Richtung fort und 

führt so durch Überlagerung zur thermischen Bewegung zu super-diffusivem Verhalten. 

Das System, bestehend aus porösen Kolloiden und azobenzolhaltigem Tensidmolekül kann 

sinnführend genutzt werden, z.B. für folgende Anwendungen: gezieltem 

Medikamententransport, Mikrofrachttransport, Selbstassemblierung, Mikromotoren/-

maschinen oder Mikrostrukturierung. 

Zusammenfassung
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1. Introduction

“Life at low Reynolds number” 

Propulsion and transportation of micro-organisms in fluids have become an important aspect of 

current research. For instance, many mechanical separations or self-assembly processes involve the 

movement of colloids or micro/nano organisms through one or the other fluid system. 

However, at micro scale, motion occurs at low Reynolds number, where fluid friction and its 

viscosity dominates over inertia.1 Locomotion at this scale requires a continuous expenditure of 

work, which can be generated by converting external forces into kinetic energy of particles. In the 

microorganism, propulsion is possible either due to rotation or beating of flagella or its cilia.2–4 For 

artificial microswimmers, alternative concepts of harvesting environmental energy into kinetic 

energy is taken into account to generate active Brownian motion that drives them out of the 

equilibrium process of directed motion.5–7  

In the current era, researchers have developed their interest in investigating different systems of 

artificial micro swimmers as it can be used for numerous applications from both fundamental and 

applied point of views. For instance, it is possible to understand the flow mechanism or 

collective behavior of pool of bacteria in the certain environment by mimicking them with 

active artificial swimmers.8–15 Even at a macro scale, particle dynamics has prompted 

researchers to describe pedestrian dynamics as they say that human crowds can also show 

striking resemblance to interacting particle systems.16 Other examples where particle dynamics is 

utilized include a flock of birds, insects or other microorganism in water like fishes, which 

synchronizes their motion with their neighbors in order to translocate from one place to another.17 

One can also perform different tasks at microscale such as micropumps, micro/nano machine 

could help to tackle many challenges in industries dealing with different technologies like health 

care, food, or medicines.18–27 For instance, micromotors can be a good source for transporting 

medicines to specific places for the controlled release of drugs.28

The increasing importance of fabricating and designing new systems of synthetic micro/nano- 

machines is now evident and considerable efforts have been employed for the preparation of smart 

and efficient nano-/micro motors which can be propelled by different external stimuli.29,30 Most of 

the propulsion mechanisms reported are the response of the generation of local gradient of 
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chemicals,31,32 ionic charges,33 temperature,34,35 or concentration gradient of solute molecules.36 

Different forms of energy like electric, magnetic, optical, gravitational, thermal, or acoustic can be 

used to generate such local gradients.37–45 Among all these forms of energy, optical energy is most 

promising and has been reported as one of the  powerful and commonly used external stimuli for 

decades in a vast range of applications. Also, it is one of the best accessible sources discovered 

which can be molded according to the requirements, transforming optical energy into  multiple other 

forms of energy depending on the systems where motion can be induced either due to bubble 

propulsion,46 diffusiophoresis,47 due to electro or diffusioosmosis,48,49 catalytic motion,50,51 or 

by optical trapping.52–55 For decades, most commonly reported systems used photocatalytic 

materials like AgCl or TiO2 or photoactive solutions like H2O2 where the motion of micro swimmer 

was controlled by light of appropriate wavelength.56–60 For instance, J. Simmchen and co-workers 

recently reported the directional motion of metal capped TiO2 particle present in H2O2 solution 

where particles were driven upon UV or visible light illumination.61,62 Another interesting approach 

for manipulating the motion of micro swimmers includes the use of photoactive surfactant 

solutions such as Azobenzene Containing Surfactant (ACS). The use of ACS for controlling and 

monitoring the motion of colloids is currently taking pace due to its robust, flexible and completely 

reversible nature.63–65  

Motivated by diverse light driven approaches of particle motion, in this dissertation, we discuss a 

mechanism for the propulsion of porous/non-porous silica particles dispersed in the aqueous solution 

of azobenzene containing surfactant using the appropriate wavelength of light. The mechanism of 

light driven diffusioosmotic (LDDO) flow is taken into account in order to drive particles at solid/

liquid interface. The basic principle of LDDO flow has been recently introduced by members of our 

group and discussed in detail in Section 2.3.2. The flow is induced due to the concentration 

gradient of the photosensitive surfactant at the solid/liquid interface which is generated upon 

irradiation with light of appropriate wavelength. The azobenzene incorporated into the 

hydrophobic tail of the cationic surfactant undergoes reversible photo isomerization between stable 

trans state to metastable cis state under irradiation of UV and visible light.66 The trans and cis 

isomers of azobenzene unit have different molecular properties, for instance trans molecule is 

symmetrical with zero dipole moment and thus hydrophobic, whereas the cis state has higher dipole 

moment and thus more hydrophilic. This means, the surface properties of surfactant molecules are 

also different for the cis and the trans states and can be easily triggered by light.67,68 For instance, 

critical micelles concentration (CMC) of certain surfactants (Azo-C6) is 4 to 8 times larger in the cis

2
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form as compared to trans form.69  The remote triggering of the surfactant’s     hydrophobicity can

make many oppositely charged soft matter systems photo-responsive by simply utilizing the 

electrostatic interactions. In this way one can make microgels photo-responsive and change their 

size by two times within seconds by applying light of different wavelengths.70 Another example is 

light controlled compaction/de-compaction of the DNA molecules in the presence of the photo-

sensitive surfactant.71,72 It is also possible to make polymer brushes photo-responsive by preparing 

super molecular complexes using azobenzene containing surfactants.73–75

In this dissertation, we focus on the interaction of photo-active surfactant with mesoporous silica 

particles (MSPs) exposed to irradiation with light of different wavelengths. MSPs are negatively 

charged with a pore size of 6 nm and porosity of 850 m2/mg. When surfactant molecule is in trans 

state it enters into the pores and forms micelles depending upon surfactant concentration, in 

contrast, in cis state, it prefers to stay in bulk solution due to higher hydrophilicity of cis 

molecules. This different interaction potential generates diffusioosmotic flows around each particle 

causing either repulsion or attraction between porous colloids. Separation or aggregation of 

particles can be controlled and manipulated just by controlling irradiation wavelength of light. 

Here we discuss motion under blue and UV light irradiation. The combined effect of two 

wavelengths on particle motion is also discussed. Using the same system, it is also possible to 

generate self-propelled motion which requires very less energy and is perpetual without any external 

changes.

This thesis is based on five papers in which we describe in detail the effects mentioned above. The 

motivation of this work is to develop light controlled mechanism for passive and active particle 

motion. The aim is achieved by varying two main components: wavelength of light and nature of 

colloidal particles.

The first paper76 (Arya, P.; Jelken, J.; Lomadze, N.; Santer, S.; Bekir, M; Kinetics of photo-

isomerization of azobenzene containing surfactants, J. Chem. Phys., 152, 024904 , 2020) deals 

with the kinetics of photo-isomerization of azobenzene containing surfactant (Azo-Cn) in aqueous 

solution. The surfactant photo-isomerization kinetics is approximated by a kinetic model of a

pseudo first-order reaction approaching equilibrium. It is also demonstrated that amount of trans 

and cis isomers at photo-stationary state depends upon irradiation wavelength, intensity of the 

applied light, and concentration of the surfactant.  

3



The second paper77 (Feldmann, D.; Arya, P.; Molotilin, TY.; Lomadze, N.; Kopyshev, A.; 

Vinogradova, OI.; Santer, S., Extremely long-range light-driven repulsion of porous 

microparticles, Langmuir, DOI: 10.1021/acs.langmuir.9b03270 , 2020)  is concerned about the 

mechanism of local-light driven diffusioosmosis (l-LDDO) flow induced around porous silica 

particles. Under blue light irradiation and with suitable particle concentrations l-LDDO results in 

formation of stable 2D crystal-like patterns. The strength of repulsion depends upon intensity of light

and concentration of particles. The range of the flow is measured using tracer non-porous particles.

In 3rd paper78 (Arya, P.; Jelken, J.; Feldmann, D.; Lomadze, N. and Santer, S., Light driven 

diffusioosmotic repulsion and attraction of colloidal particles, J. Chem. Phys., in printing, 2020), 

the effect of global UV light irradiation on collective motion of mesoporous colloidal particles is 

reported. UV light isomerizes most of trans molecules to cis which generates l-LDDO flow initially 

resulting in particle separation up to distances of 10 times larger than the particle diameter. However, 

separation does not sustain longer because flow vanishes after photo stationary state is achieved. 

Moreover, in this paper we show that the direction of the l-LDDO flow can be changed 

spontaneously from the outward (out of the particles) to inwards for certain set of parameters 

(Intensity of UV irradiation, surfactant and particle concentrations). In this way we introduce 

a phenomenon of extremely long range diffusioosmotic repulsion and attraction.

In the fourth paper79 (Arya, P.; Feldmann, D.; Kopyshev, A.; Lomadze, N. and Santer, S. ; Light 

driven guided and self-organized motion of mesoporous colloidal particles, Soft Matter, 16 , 

1148, 2020) we investigate the dynamic self-organization of porous colloids using simultaneous 

irradiation of blue (= 455nm) and UV light (= 365nm) lights of  different spot sizes (UV global 

irradiation and blue focused). The combined effect of passive and active motion of colloidal particles 

trapped at solid/liquid interface results in a well ordered 2D crystalline-like pattern of silica porous 

particles which are trapped inside the blue spot by global LDDO flow. The parameters controlling 

the organization of particles are discussed in  Appendix B.  

The fifth paper80 (Feldmann, D.; Arya, P.; Lomadze, N.; Kopyshev, A.; Santer, S.; Light-driven 

motion of self-propelled porous Janus particles, Applied Physics Letters, 115 , 263701, 2019) 

deals with light driven self-propelled motion of porous-Janus particles. The mechanism is based on 

generation of local light driven diffusioosmotic flow around the porous particles under blue light. 

Motion can be achieved by covering half hemisphere of porous silica particles with a metal layer 

(gold/platinum) which results in generation of the flow only at the uncapped side (i.e. porous side) 

4
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resulting in self- propelled motion of the Janus particle in the direction of the gold cap. The motion 

of dimer particles around cyclic trajectories is discussed with respect to gold cap orientation.  

This cumulative dissertation is organized in 6 chapters. The next chapter (Chapter 2) describes the 

theoretical and experimental basis of the thesis. Chapter 3 consists of the summary of the 

publications emerging out of this thesis. The reprints of the published papers with supporting 

information are presented in Chapter 4. Chapter 5 contains the discussion and conclusion of the 

obtained results. At the end, the Appendices complement the details on different aspects reported in 

the publications. 

5
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2. Theoretical and experimental basis

2.1.   Introduction to azobenzene 

Azobenzene is an aryl azo compound composed of two phenyl rings linked by N=N  double bond. 

Due to presence of diazene’s group, the azobenzene compounds absorb light from ultraviolet to 

visible region and changes its conformations from trans- and cis-state.81,82 Trans form of azobenzene 

is planar, whereas cis azobenzene is nonplanar with dihedral angle of 173.5° (see structure scheme in 

Figure 2.1).  

,

Figure 2.1. Chemical structure of trans- and cis- isomers of azobenzene molecule. Trans- isomer is 

planer whereas cis- isomer is non planer with dihedral angle of θ = 173.50. 

The photo isomerization of azobenzene is completely reversible and occurs in pico-second time 

scale.66,83,84 The energy barrier to cis state is overcome by photo-excitation of trans molecules with 

appropriate wavelength of light (Figure 2.2a). For instance, under irradiation with UV light the stable 

trans state isomerizes to meta stable cis state, which can be reconverted by applying light of longer 

wavelength or by thermal relaxation.85 The energy barrier for back (cis to trans) isomerization is ca. 
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1.1 eV (105 kJ/mol).86 The trans state has a characteristic absorption band (π-π* transition) with a 

maximum at 351 nm and cis isomer is characterized by two absorption bands with maxima at 313 

nm (π-π* transition) and at 437 nm (n-π* transition).87 The characteristic absorption spectra of trans

and cis azobenzene are shown in Figure 2.2b. Trans isomer is non-polar with a dipole moment of 

0D, while cis molecule is polar with a dipole moment of 3 Debye. 

Figure 2.2. (a) Schematic energy diagram of single azobenzene molecule. Trans-isomer has lowest 

energy level. Trans- or cis- state is excited by UV and visible light respectively and isomerizes back 

to ground state by inversion or rotation of molecules in to cis- or trans- state. Trans- to cis- 

isomerization requires high energy whereas cis to trans isomerization can take place either by 

irradiation with longer wavelength or by thermal relaxation crossing the energy barrier of 105 kJ/mol. 

(b) Characteristic UV-vis absorption spectra of azobenzene molecule in trans (black line) and in cis-

(magenta line) state.

Azobenzene molecule is used as a parent molecule for broad class of aromatic azo compounds and is 

utilized as a photo switch in variety of polymer materials and molecules. Some of its applications are: 

as molecular machines88, in probing protein89, as metal ion chelators or indicators90, in hologram 

recording devices91–93, industrial dyes94,95 and as photo active surfactants.96–98 

2.2.   Azobenzene containing surfactant 

Photoactive surfactants are nowadays receiving theoretical and experimental attention due to their 

ability to change surface properties remotely. One of the most efficient ways to make surfactant 

molecules photo active is by the integration of azobenzene unit, as the photo-isomerization of the 
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azobenzene is one of the cleanest photo-reaction known (i.e. free of side product).99 In recent years 

azobenzene containing surfactants are widely used to manipulate small objects at water/air interface 

using simple light sources without the need for extra additives.100–102 For instance, one can make 

control delivery of a droplet consisting of cargos (drugs or other chemical materials) using 

photoactive surfactant solution. The droplet moves due to change in surface tension under different 

wavelengths of light (surface tension decreases when surfactant is in cis- form). This phenomenon is 

well explained with the help of well-known Marangoni flow which is generation of fluid flow at 

liquid/air interface due to gradient of surface tension.103,104. This Marangoni-type effect is intensively 

utilized and demonstrated in several systems consisting of light-driven photo fluidics.105–109  

Figure 2.3. Azobenzene containing surfactant molecule with cationic head group (marked in yellow) 

and azobenzene unit incorporated between spacer of 6 methyl group and one butyl tail. Surfactant 

molecule undergoes reversible photo isomerization from trans- state (left) to cis- state (right) when 

exposed to photon of high energy.  

In this dissertation, azobenzene containing surfactant is utilized to manipulate collective motion of 

colloidal particles at solid/liquid interface under appropriate wavelength of light. The azobenzene 

containing surfactant used in this work is cationic surfactant consisting of a positively charged 

trimethylammonium bromide head group, and a hydrophobic tail where azobenzene unit is 

incorporated between 6 CH2 groups and a butyl tail at the para position (Azo-C6). Indeed, due to the 

presence of azobenzene unit, the surfactant molecules also undergo reversible photo isomerization 

from stable trans state to meta stable cis state under UV light irradiation.110,111  Figure 2.3 shows the 

corresponding trans and cis states of the surfactant molecule used. The photo-isomerization of 

9

2.2 Azobenzene containing surfactant



azobenzene unit also tailors the molecular properties of surfactant molecules,112,113 i.e. in trans state 

it is hydrophobic whereas in cis- state it is hydrophilic. This means, the tail of the same molecule can 

either be tuned as non-polar (trans) or polar (cis) under different wavelengths of light. Also, 

surface properties of surfactant such as surface tension114 and also CMC shifts from 0.5 mM to 4 

mM in cis state (Figure 2.4a).115 Photo isomerization also changes its solubility and interaction with 

the other molecules or materials. The typical UV-Vis absorption spectra of surfactant molecules in 

trans state (in dark) and in cis state (after UV irradiation) is shown in Figure 2.4b. Cis isomers can 

undergo thermal back isomerization to stable trans state where the lifetime of cis isomer in the dark 

at room temperature is measured to be ca. 40 hours.76 

Figure 2.4. (a)  Surface tension measurements as a function of surfactant concentration for Azo-C6 

in trans state (in dark all molecules are in trans state) and in cis state (achieved after 10 min of UV 

irradiation). (b) Absorption spectra of 1mM Azo-C6 at photo-stationary state achieved after 

irradiation of different wavelength λ = 490 nm (black line), λ = 455 nm (blue line), λ = 365 nm (Violet 

line). Red line represents spectra without irradiation (in dark maximum molecules are in trans- state). 

Table represent fraction of trans and cis molecules at photo stationary state for different irradiation 

wavelength.  

The ratio of trans and cis isomers at equilibrium, i.e. after photo stationary state is reached, depends 

on the wavelength of light and is measured for UV (λ = 365 nm), blue (λ = 455 nm and λ = 490 nm), 

and green (λ = 530 nm) light as shown in table in Figure 2.4b. Photo stationary state also depends 

on different surfactant concentrations above CMC. The time taken to reach photo stationary state 

depends on the intensity of irradiation, while the amount of trans and cis isomers are independent of 

intensity of particular wavelength used. The photo kinetics of the Azo-C6 under blue and UV 

irradiation is reported in Chapter 4, Publication 1.76 It is also shown that the ratio of trans and cis 
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isomers can be altered using multiple wavelength of light simultaneously and can be manipulated by 

different ratio of intensities.  

2.3.  Osmosis to Light Driven Diffusioosmosis 

2.3.1.   Introduction to osmosis and diffusioosmosis 

Osmosis is a universal phenomenon occurring in vast varieties of systems and processes. 

From etymological point of view, the word osmosis means a push and is related to the notion of 

force and pressure. It was first described by Jean- Antoine Nollet in 17th century. He observed 

swelling of a cylindrical vial filled with alcohol placed into a bowl full of water. 

Conventionally, osmosis is diffusion of water molecules across a semipermeable membrane: 

membrane which blocks the passage of solute molecules but allows solvent molecules to pass 

through.116–118 The movement of solvent is due to the difference between the concentrations of the

solutes on both the sides of the membrane. For instance, if two solutions of liquids with different

solute concentrations are put into a chamber and are separated by a semipermeable membrane, the 

solvent from lower solute concentration moves towards the higher solute concentration due to

the gradient of chemical potential. A pressure has to be applied in order to prevent the motion of 

solvent through the membrane to stop the flow, which is commonly referred as osmotic pressure 

and can be written according to Van’t Hoff relation119   as.  

∆𝜋 = 𝑘𝐵𝑇Δ𝑐𝑆 (1)

Where kB  is the Boltzmann constant, T the temperature and ∆cs the concentration gradient of the 

solute. On the microscopic level, osmosis is an example of diffusion where only solvent molecules 

are allowed to move through the nano-channels of semipermeable membrane, but not solute 

molecules. Difference between osmosis and pure diffusion is shown in Figure 2.5. 

The physical force driving the osmosis is not only the interaction of solute with the membrane 

but also the existence of differential forces acting separately on the solvent and solute molecules. 

This means that osmosis is also possible without the semipermeable membrane where forces acting   

on  solvent and solutes occur at interface. The most common osmotic flows without membrane, but 

with solid interfaces are: electroosmosis and diffusioosmosis.120  
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Figure 2.5. Osmosis versus diffusion. Grey and yellow molecules cannot pass through membrane 

whereas blue molecules are allowing to cross membrane. (a) Situation before any diffusion and 

osmosis. (b) Equilibrium achieved after diffusion and osmosis. 

Electroosmosis (EO) is the outcome of net electric forces due to applied electric field along the solid 

interface.121 It can be viewed as a force balance between electrostatic forces in electrostatic double 

layer (EDL) and viscous frictional forces at the interface. Net electric forces induce the motion of 

ions in EDL which move the fluid (Figure 2.6a). It is commonly used in microfluidic devices which 

has ample applications in the field of medicine such as drug delivery, for soil and chemical analyses, 

and for particle assembly.122–126  

Figure 2.6. Scheme of osmotic flows at the solid/liquid interface (membrane free systems). (a) 

Electroosmosis: a net electric force is developed in the electrostatic double layer under the applied 

electric filed which drives the solvent parallel to the solid/liquid interface. (b) Diffusioosmosis: 

gradient of solute at the interface induces a flow due to varying interaction potential along x 

direction.  Solute interaction with the surface induces a pressure which is higher towards 

the higher concentration of solute driving the fluid towards the lower concentration. 

Diffusioosmosis (DO) originates due to gradient of solute concentration at a solid/liquid interface.127 

It is basically an interface driven flow which occurs due to differences in solute concentrations with

within the EDL layer (a thin layer- few nanometres close to the surface) where solute interaction
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potential to surface provokes pressure gradient (Figure 2.6b). In various reports diffusioosmosis has

been advised as a suitable tool for diversity of applications including particle delivery,128,129 micro/

nano- fluidic,130 and many others.49,131 DO process has a complex mechanism because of its subtle 

and less intuitive behavior. The theoretical basis of DO is reported in few publications120,127,132–135

but still there are less experimental evidence for the process. One can conclude two important 

components for introducing Diffusioosmosis flow:  

1. A solute gradient along x (parallel to interface) direction should be generated

2. The interaction potential Φ(z) of the solute at solid interface introduces an osmotic pressure

gradient pushing the fluid against the wall which induces flow along the surface.

Keeping in mind above mentioned points, a novel light actuated phenomenon is recently introduced 

where Diffusioosmotic flows are generated by light of different wavelengths. This phenomenon is 

named as light driven diffusioosmosis (LDDO) 49 and explained in detail in the next section. 

2.3.2.   Light Driven Diffusioosmosis (LDDO) 

In the previous section it is shown that azobenzene containing surfactant undergoes conformational 

changes under specific wavelength of light, for instance, trans- to cis- state under UV light and cis- 

to trans- state when longer wavelength of light is used. These isomers have different interaction 

potentials to the surface due to differences in their molecular properties (dipole moment) which means 

trans- and cis- isomers can be treated as two different solute molecules whose concentrations can be 

altered by different light irradiation. This optical control on concentration of trans and cis isomers 

make azobenzene containing surfactant a unique electrolyte to generate light driven diffusioosmotic 

flows.  

Let us consider a fluid containing a solute (azobenzene containing surfactant) with concentration cs, 

filled into a closed chamber. Because surfactant molecule is positively charged and is in trans state, 

it will interact with the glass surface (z= 0) via electrostatic forces leading to Electrostatic Double 

Layer (EDL) at the solid/liquid interface.135,136 At thermal equilibrium, the concentration in the EDL 

follows the Boltzmann distribution137 and can be written as:  

𝑐𝑠(𝑥, 𝑧) ≈ 𝑐∞exp(
−Φ(z)

𝑘𝐵𝑇
) 

(2) 
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Here 𝑐∞ is the bulk concentration,Φ(z) the interaction potential of surfactant molecules with a solid

surface,𝑘𝐵𝑡ℎ𝑒 Boltzmann constant, and T the temperature of the system. The thickness of EDL can 

be referred as Debye length and is calculated as 𝜆𝐷 = 10𝑛𝑚forcs = 1 mM.49

Upon focused UV irradiation, trans molecules isomerize to cis molecules at the irradiated area. This 

results in a boundary which divides the fluid into two spaces either with excess cis (inside irradiation 

spot) isomers or excess trans isomers (outside the spot). Due to different chemical potential of cis- 

and trans- isomers, osmotic pressure gradient along the surface occurs which drives the fluid from 

higher concentration of cis isomers to lower concentration (scheme of the process is shown in Figure 

2.7). The  pressure gradient between two spaces can be written using coupled Stokes and 

Smoluchowski equation as120: 

𝑝(𝑥, 𝑧) − 𝑝∞ = 𝑘𝐵𝑇[𝑐+(𝑥, 𝑧) + 𝑐−(𝑥, 𝑧) − 2𝑐0(𝑥)] (3) 

where 𝑝∞ is the osmotic pressure in bulk, 𝑐±(𝑥, 𝑧) the concentrations of ions (both salt and surfactant)

in EDL, and 𝑐0(𝑥) the bulk concentration of the solute. This pressure difference can be seen as

osmotic pressure equilibrate at the diffuse layer.138 The pressure difference is compensated by a 

hydrodynamic flow where the flow field satisfies Stokes equation: 

ɳ∇2𝑣 = ∇𝑝,∇ ∙ 𝑣 = 0 (4) 

Where, ɳ is the viscosity of surfactant solution and 𝑣 the fluid velocity. The velocity increases through 

the interface to finite and constant value VLDDO (light driven diffusioosmotic velocity) in bulk and 

can be obtained by solving equation (3) and (4):  

𝑉𝐿𝐷𝐷𝑂 ∝−
𝑘𝐵𝑇

ᶯ
(
𝜕(Γ𝐸𝐷𝐿𝜆𝑑)

𝜕𝑐𝑡
∇𝑐𝑡(𝑥) +

𝜕(Γ𝐸𝐷𝐿𝜆𝑑)

𝜕𝑐𝑐
∇𝑐𝑐(𝑥))

(5) 

where 𝑐𝑡and 𝑐𝑐 are concentration of trans and cis isomers, respectively. The terms   
𝝏(Γ𝑬𝑫𝑳𝝀𝒅)

𝝏𝒄𝒕/𝒄
 

represent the  adsorption isotherm of surfactant molecules in trans and cis states at solid /liquid 

interface (in EDL). Γ𝐸𝐷𝐿 is the surface excess of surfactant and depends upon the individual 

concentration of cis and trans, and can be related to the interaction potential by Boltzmann 

distribution139 shown in Equation (2) as,  

Γ𝑬𝑫𝑳(𝑥)~(𝑐+(0) + 𝑐−(0) − 2𝑐0)𝜆𝑑~𝑐0𝜆𝑑 (
𝑒Φ0

𝑘𝐵𝑇
)
2 (6) 
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From equation (5) and (6), and calculating diffusioosmotic slip velocity for concentrations above 

CMC (0.5 mM ) with respect to cis molecules gives an expression for velocity:   

𝑉𝐿𝐷𝐷𝑂 = 
𝜆𝑑
2

ɳ
.
𝑅𝑇𝑐0
𝐿

. (
𝑒Φ0

𝑘𝐵𝑇
)
2 (7) 

in which L is the diameter of the laser spot49. In the specific case (focused UV), the LDDO flow 

generated points away from the irradiated area. The streamline of the flow is shown in Figure 2.7.  

Considering certain parameters’ values in agreement with the experimental data, L = 60 µm 𝜆𝑑 = 10 

Figure 2.7. Scheme of light-driven diffusioosmotic flow. Focused UV light is exposed in the center 

resulting in photo-isomerization of trans to cis isomers.  Red arrows show the direction of the flow 

pointing away from the irradiation spot. Schematic streamlines of liquid flow are presented at the 

bottom.  Different colors represent regions with different absolute value of the liquid velocity being 

at maximum in red. Scheme of the streamlines is taken from Scientific Report  6, 36443 (2016).49 
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nm at C0 = 1mM,  ɳ = 1 mPa⋅s, T = 20°C and for the surface potential Φ0= 70mV (taken from Surface 

zeta potential (SZP) measurements for C0 = 1mM) the diffusion osmotic velocity yields  𝑉𝐿𝐷𝐷𝑂 ≈ 

7µ𝑚/𝑠 . 

The direction of LDDO flow can be reverse (towards the irradiated spot) using focused light of longer 

wavelength (blue or green). To induce the flow initially most of the trans- isomers are converted into 

cis isomers using global UV irradiation until photo-stationary state (90 % cis) is reached. Afterwards, 

irradiations of focused green laser re-isomerizes cis- state to trans- state in the green irradiated area 

which contributes back to micelles (for concentrations above CMC) and decreases the concentration 

of cis- molecules near the solid/liquid interface resulting in osmotic pressure which generates the 

flow towards the laser spot. 

Considering what has been discussed above, one can sum up the phenomena of light driven 

diffusioosmotic flow as shown in Figure 2.8.

Figure 2.8. Flow diagram of mechanism of light driven diffusioosmotic flow. 

2.4.   LDDO flow as a tool of particle motion 

Light driven diffusioosmosis (LDDO) flow generated due to focused irradiation with UV or visible 

light, can be used to drive colloids and other micro-organism present at the solid/liquid interface.

One can visualize it as passive motion of particles, induced due to generated osmotic flows at 

interface, which can carry the particles along it. The particle speed depends upon the slip velocity of 

the flow. LDDO is a special case because of contactless control on concentration of solute 

molecules at the solid surface. The other advantage of LDDO is the possibility of manipulating the 

direction of motion, just by changing the wavelength of light. 

In case of focused UV light, flow is generated radially away from the spot resulting in cleaning of 

ensemble layer(s) of silica particles from the solid/liquid interface. Figure 2.9a shows the time 

dependent optical micrographs of silica particles which are dispersed in 1 mM azobenzene containing 
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surfactant on a glass surface. When focused UV light of 20 µm laser spot size is applied, particles 

immediately go away from the irradiated spot leaving behind a clean surface.  

Figure 2.9. Scheme of light driven diffusioosmosis flow. (a) Under focused UV laser direction of 

flow points away from the irradiated spot resulting in cleaning of the surface. (b) Flow direction is 

reverse using focused green light (particles gather towards the spot). Sample is exposed to global UV 

light for complete conversion of trans into cis isomers. Shown below are the optical micrographs of 

4 µm silica particles in 1mM Azo-C6 at time scale t= 0min and t= 5 min. Corresponding videos are 

provided as Figure S2.9 in Appendix D.  

It is also possible to change the direction of particle motion. To achieve this, first we have to 

irradiate whole sample with global UV light which converts most of trans to cis molecules. Now 

applying irradiation with focused green light, will convert cis isomers back to trans isomers due 

to which osmotic pressure in green light irradiated area decreases. Now this gradient of pressure 

develops a flow towards the laser spot which will swipe the particles along with it and result in 

gathering a pool of particles at the center of the spot (Figure 2.9b).  

One can analyze the flow velocity by calculating the velocities of particles with respect to the center 

of irradiation spot. It has been observed that the particles nearest to the laser spots are faster than 

which are away of the laser spot. The particle velocity varies with surfactant concentrations and 

intensity of light. The maximum velocity is observed for 1 mM surfactant concentration; this is 

because at concentrations above CMC (0.5 mM) after UV irradiation more amount of cis molecules 
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Figure 2.10. (a) Maximum velocity of 2 µm particles for different surfactant concentration under 

focused UV and green irradiation. (b) Maximum velocity of particles dispersed in 1mM Azo-C6 

plotted as a function of particle diameter. It is observed that velocity is independent of particle size. 

Above figure is taken from Scientific Report  6, 36443 (2016).49 

forms due to presence of micelles as compared to lower concentrations (upon UV exposure micelles 

are decomposed to single cis specimens) which results in higher gradient of concentration and hence 

the slip velocity of the flow. Figure 2.10a shows the maximum velocity plot with respect to the 

concentration of surfactant under UV and green light irradiation. This behavior was also observed 

for another surfactant molecules which differs in spacer length of CH2 groups in between azobenzene 

and the head group of surfactant molecule (Figure 2.11). 

It has been reported that the velocities of particles are independent of particle size, shape and 

orientation at least up to tens of µm of particle diameter (Figure 2.10b). The range and stability of 

the flow depends on different parameters such as surfactant concentration, laser spot size, and 

intensity of UV/green light or initial state of solution (initial ratio of cis and trans isomers in the 

solution). These dependencies are discussed in detail in Appendix A.          
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Figure 2.11. Maximum velocity of particles plotted as a function of different surfactant 

concentrations and for different surfactant molecules differing in spacer length as: n = 10 (CMC = 

0.06 mM), n = 8 (CMC = 0.17 mM), and n=6 (CMC =0.5 mM). Figure is taken from the data obtained 

from PhD dissertation of Dr. D. Feldmann.  

2.5. Passive motion to active motion of colloids

In the previous sections we discussed about the concept and the mechanism of light driven 

diffusioosmosis. It is shown that the focused irradiation of light can induce LDDO flow which drives 

colloidal particles passively either towards or away from irradiated area. In this section, we will 

discuss about the generation of active motion of colloids at solids surfaces utilizing the principal 

mechanism of LDDO flow. Active motion is achieved when mesoporous silica particles (MSPs) are 

dispersed in photoactive surfactant solution. The local-LDDO (l-LDDO) flow around each porous 

particle is generated upon irradiation of appropriate wavelength of light, resulting in repulsion 

between the particles. The phenomena of local-LDDO flow is well described in Chapter 3, 

Publication 2. In brief, the flow is basically originated due to different interaction potential of 

trans- and cis- isomers with mesoporous silica particles. MSPs are negatively charged particles 

with zeta potential of -26 mV measured in water. The zeta potential becomes positive under 

photoactive surfactant solution and increases with concentration of surfactant (-26 mV to 

+50mV) as shown in Figure 2.12b. It also varies for different wavelength of light due to different
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interactions of trans- and cis- isomers with the silica particle. In trans- state surfactant molecules 

diffuse into the pores where as in cis state it is more likely to stay in bulk solution due to higher 

hydrophilicity. Upon irradiation, fraction of trans and cis molecules in the solution, as well as in the pores 

of particle (because particle is transparent) changes resulting in desorption of cis- and adsorption 

of trans- isomers from the pores of MSP. This causes a concentration gradient of cis/trans isomers around 

the particle inducing a radial flow outwards/inward the particle depending upon initial conditions and 

wavelength of light. The isomerization dependent adsorption and release of solutes into mesoporous 

silica particles has been also reported few times earlier for different systems for applications in

drug delivery. 140  The SEM image and scheme of porous particles and its interaction with 

surfactant molecules in both trans- and cis- isomers  are shown in Figure 2.12 a,c,d. In an 

ensemble of MSPs on glass surface, each particle's individual flow interacts with each other resulting in

separation of particles and collectively forms a 2D crystalline pattern.

Figure 2.12. (a) SEM image of porous particle. (b) Zetapotnetial of MSPs in different concentrations 

of azobenzene containing surfactant solution. (c,d) Scheme of porous silica particles dispersed in 

Azo-C6. Molecules which are in trans state diffuse into the pores. Upon exposure to UV (365 nm) 
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light cis molecules are forms which expelled outside the particles. When light of higher wavelength is 

applied isomerized trans molecules enter again into the pores of the particle. 

The range of separation and stability of the pattern depends upon the consistency of the flow which is 

highly dependent on the wavelength (that is upon fraction of trans and cis isomer at the photo-

stationary state) and the intensity of irradiation and described in details in Publication 2 (effect 

under blue light irradiation) and Publication 3 (effect under UV light irradiation). The collective 

motion of particles under simultaneous irradiation of blue and UV light is further discussed 

publication 4. The diffusion of trans and cis isomers inside and outside porous particles are 

visualized using fluorescence dye and explained in more detail in Appendix B.8. 

The system of porous particles with photoactive surfactant can be a powerful tool for generating self-

propelled motion which is discussed in Publication 4. This is achieved by preparing Janus particles by 

covering half hemisphere of porous particles with gold metal layer. The basic idea behind, is to block the 

pores of one side of the particle, so that the flow induced on the other side (where pores are open) pushes 

the particle forward. With this approach in mind it is also possible to transport non-porous rods or 

particles (act as a cargo) to any specific locations. The methodology and dependency of  different  

parameters are well discussed in Appendix C.  
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3. Summary of publications

3.1.   Publication 1. Kinetics of photo-isomerization of azobenzene containing 

surfactants76 

Here we report on photo-isomerization kinetics of azobenzene containing surfactants. The 

surfactants differ in their hydrophobicity, i.e. the length of spacer connecting azobenzene group 

and charged head group varies from 6CH2, 8CH2, to 10CH2. The photo-isomerization is studied 

depending upon the wavelength of applied irradiation (365 nm, 455 nm, 490 nm and 532 nm, and 

their combinations), on intensity of irradiation, as well as on the surfactant concentration. These 

results are important for understanding the generation of local-LDDO flow since it is shown to be 

a function of the photo-isomerization kinetics and isomers fractions at a photo-stationary state.79 We 

have shown that at fixed intensity, the rate of trans to cis isomerization (KTC) is larger for shorter 

wavelength whereas it is smaller for longer wavelength. The rate of back isomerization (KCT), i.e. 

(cis to trans isomerization) is higher at longer wavelength. The overall rate of isomerization 

increases with increasing intensity while fraction of trans and cis isomers at equilibrium remains 

unchanged. The isomerization kinetics also depends upon surfactant concentration. We observe that 

below CMC, kinetics is independent of concentration, while above CMC, it decreases with 

concentration. It is explained by steric hindrance generated due to micelles above CMC. Decrease in 

kinetics also influences the fraction of trans and cis isomers at photo isomerization state above 

CMC. The effect of combination of two wavelengths on photo isomerization kinetics and photo 

stationary state is also reported for UV and blue light. Surfactant photo-isomerization is 

completely reversible and is discussed for multiple cycles of UV and blue light irradiation in 

sequence. Kinetic model is also expanded for simultaneous irradiation of two wavelengths. It was 

shown that one can also manipulate the fractions of trans and cis isomers at photo stationary state by 

combining two wavelengths and with fine tuning of intensities. 

We have also shown that thermal back-isomerization of cis to trans molecules is relatively slow and 

can be neglected for higher intensities. Activation energy required for back-isomerization is 

experimentally calculated as 79 kJ mol-1 for AZO-C6.   
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3.2.   Publication 2. Extremely long-range light-driven repulsion of porous micro 

particles77 

In this work, we report on the phenomena of local light driven diffusioosmotic (l-LDDO) flow which 

results in formation of 2D crystal-like pattern of an ensemble of mesoporous silica particles (MSPs). 

Collective behavior of porous silica particles dispersed in aqueous solution of azobenzene containing 

surfactant at the solid/water interface is reported under global irradiation with blue (λ=455 nm) light. 

Different molecular properties of two isomers of surfactant molecules, i.e. trans- and cis-, play key 

role in generation of l-LDDO flow. More hydrophobic trans molecules are absorbed into the pores of 

porous particles, while cis molecules prefer to stay in the aqueous solution due to their hydrophilic 

nature. Combination of porous particles and Azo-C6 under constant global blue irradiation induces 

localized-LDDO flow around each particle. And when two particles are nearby each other, their 

flows interact instigating repulsion between particles. The strength of repulsion and stability of l-

LDDO flow depend on the wavelength of applied light. 

In the first part, we discuss the effect of blue (λ=455 nm) irradiation on particle motion. We have 

shown that induced l-LDDO flow is continuous and stable under blue irradiation while it stops when 

UV light is used. It has been observed that blue light is absorbed by both trans and cis isomers 

causing continuous isomerization of both conformers which maintains a fraction of trans and cis as 

73% and 27% respectively at photo stationary state (see Publication 1). This means when cis 

molecules are expelled out of the particles, trans molecules present in solution diffuses in to the 

pores of the particles. This cycle of absorbing and desorbing surfactant molecules keeps going as 

long as the sample is exposed to blue irradiation. This continuous diffusion of cis- isomers out of the 

particles and trans- isomers into the pores of particle results in a continuous flow around each single 

MSP which keeps the separation between them stable forming a 2D crystalline pattern. When 

irradiation is switched off, flow stops and particles aggregate. However, they can be reproduced by 

switching blue light again. Nearest particle distance (NPD) is used to characterize aggregation and 

separation of particles.  NPD increases during separation and stays constant until the blue light is on, 

as shown in Figure 3.1.  
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Figure 3.1. Average nearest particle distance of ensemble of porous silica particle in 1 mM Azo-C6. 

Without irradiation particles are randomly distributed (image at t = 0 min. When exposed to global 

blue light, immediate separation of particle occurs (optical micrograph at t = 12 min), NPD increases 

and becomes constant. At t= 20 min, blue light is switched off resulting in aggregation of particles 

(image at t = 37 min). 

It is shown that the repulsion between the particles is long range. The extent of the flow is measured 

using binary mixture of porous and non-porous particles. Porous particles act as a source of l-LDDO 

flow (active particle) and non-porous particles move radially away with the flow (passive motion). 

In simple terms, porous particles act as a micro pump.  It is demonstrated that the distance between 

particles at the time of equilibrium reduces with increase in particle density and the strength of 

repulsion also depends on different surfactant concentrations and their maxima at CMC (0.5 mM). 

The addition of an electrolyte decreases the flow strength which reduces velocity of separation 

process infect it has been witnessed that particle motion completely stops at salt (NaBr) concentration 

of 10 mM. 

25

3.2. Publication 2



3.3.  Publication 3. Light driven diffusioosmotic repulsion and attraction of 

colloidal particles78 

In this article, we presented the effect of global UV light irradiation on collective behavior of 

mesoporous colloidal particles dispersed in azobenzene containing surfactant. Upon irradiation with UV 

light almost 90% of trans molecules isomerize to cis state (Publication 1). The more hydrophilic cis 

molecules are expelled out of the particles, this creates a concentration gradient of cis molecules around 

the particles, which results in local light driven diffusioosmotic flow. In contrast to irradiation with blue 

light, the l-LDDO flow lasts only for a short time, ca. 10 minutes. The reason for this is that within this 

period of time almost all trans- molecules are converted to cis-one, and, therefore, there is no supply of 

trans– isomers which can refill the particle pores. The process appears as following: when the UV light is 

switched on, the particles start to repel each other due to generation of l-LDDO flow, but with time, the 

flow stops and the particles start to move freely undergoing thermal motion. Now the particles are empty 

of surfactant and move within the surfactant solution in cis-state. 

It is also found that the strength and the sign of the l-LDDO flow depend strongly on the intensity of 

irradiation and surfactant concentration. For lower intensities of UV light, the particles first aggregate to 

small clusters followed by strong mutual repulsion. During further irradiation, the flow strength 

decreases, and the particles start to move thermally (Figure 3.2). With an increase in intensity, the initial 

aggregation time decreases, and for intensities above 1.4 mW/cm2 direct separation is observed when 

1mM surfactant concentration is used. Similar behavior is observed for different surfactant 

concentrations. Increasing the concentration results in initial aggregation which is followed by 

separation and thermal motion. In contrast to UV light, blue light does not show such behavior and has 

direct dependence on the motion, i.e. upon increasing intensity the strength of flow increases which 

also corresponds to the particle velocity.  

26

3. Summary of publications



Figure 3.2. Motion of 5 µm porous silica particles in 1 mM Azo-C6 under global UV light irradiation. 

(ad) Time scale optical micrographs of the process at t=0 min (showing random  thermal motion), 

t= 5 min (aggregation phase), t= 11 min (separation phase), and t= 21 min (thermal aggregation). (e) 

Scheme of the process of aggregation. (f) Scheme of the separation process. 

This phenomenon is attributed to local light driven diffusioosmotic flow where the direction of the 

flow depends on the concentration gradient of cis/trans molecules around the particles and in the 

bulk. This means that particles experience diffusioosmotic attraction, when cis-isomer concentration 

in bulk [C]B is larger than that nearer to particle [C]p. DO repulsion sets on when the concentration 

nearer to the particle is larger. When exposed to lower intensity of UV light, it is stated that due to 

slow photo-isomerization within the particle, increase of cis isomer at the vicinity of particle is 

delayed causing inversion of cis gradient which reverses the flow direction of induced l-LDDO flow. 

3.4.   Publication 4: Light driven guided and self-organized motion of mesoporous 

colloidal   particles79 

In this article, we report on combination of passive and active motion of colloidal particles which is 

the outcome from simultaneous irradiation with global UV and focused blue light. The combination 

of global UV light and blue light induces continuous LDDO flow towards the blue laser. The 

phenomena are explained as described in Section 2.3.2. The generated LDDO flow passively moves 
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the MSPs into the blue zone. After reaching the blue irradiation spot (diameter > 70 µm) almost 

empty particles are now exposed to trans molecules, which immediately diffuses from bulk solution 

to the pores of the particles. At the beginning this results in the depletion of trans molecules around 

each particles and thus the small island of tight clusters are formed. With time, due to generation of 

local-LDDO flow, clusters start to fall apart and due to mutual repulsion, particles arrange into  2D 

well separated crystalline pattern in confinement due to laser spot (Figure 3.3). The separation 

distance is a function of particle density, size of the blue laser, intensity of light and surfactant 

concentration. For instance, in case  of  0.5 mM surfactant concentration,there is no significant  

motion of particles towards the spot and particles which are already present inside the spot 

aggregates into small clusters and coarsen and then slowly separate with time. However, at a larger 

concentration of 1.5 mM, after entering to blue zone, direct separation is witnessed. It has been 

observed that the maximum velocity is achieved at the irradiation boundary. These 

dependencies on surfactant and particles concentrations, irradiation time, spot size, and 

intensity of irradiation is explained in detail in Appendix B. 

Figure 3.3. Effect of simultaneous irradiation of two wavelengths (focused blue and global UV light) 

on the collective motion of porous silica particle dispersed in 1 mM Azo-C6 at glass surface. (a-d) 

Optical micrographs of the process at different time scale; t= 0s (loosely separated particle), t = 90s 

(particles move towards the irradiated spot and aggregate), at t= 168 s (repulsion between particles 

started due to generation of local LDDO flow around each colloid), and at t=570s (complete 

separation: stable 2D pattern).  Global UV irradiation is started 10 min before the focused blue laser 

is switched on. (e) Scheme of the process. White arrows show the direction of the flow induced by 

global LDDO. Black arrows around the particles represent the direction of local –LDDO flow.
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One can say that the interplay between the two modes global and local LDDO flow leads to 

fascinating possibilities of dynamical organization and manipulation of colloidal ensembles adsorbed 

at solid–liquid interfaces. While the passive mode can be thought of to allow for a coarse structuring 

of a cloud of colloids, the inter-particle mode may be used to impose a fine structure on a 2D particle 

grid.  

3.5.   Publication 5. Light-driven motion of self-propelled porous Janus particles80 

In this article, we discussed self-propelled motion of Janus colloids using the mechanism of l-

LDDO. The l-LDDO flow is radially symmetric and points outside the particle. If half of the particle 

is covered by metal layer (gold), it breaks the symmetry of the local flow, leading to self-propelled 

motion. The random walk of prepared Janus particles is characterized by the mean square 

displacement (MSD) plots. When the logarithmic slope of MSD is greater than 1, the motion falls 

into the category of super-diffusion.  In case of dimers, the motion depends on the orientation of gold 

cap. When the gold caps are opposite to each other, dimer rotates with respect to the intersection point 

of the particles. Whereas if both caps are on the same side of the particles, the dimer follows helical 

trajectories: a combination of rotational as well as translational displacements. It has been shown that 

using a substrate with microchannel, one can maintain the direction of motion over larger distances. 

The uniqueness of this process of self-propelled motion is that, the particle moves for indefinite 

time   due to continuous l-LDDO flow (under irradiation with blue light) and stops only when blue 

light is switched off. 

The above-discussed phenomenon of self-propulsion gives rise to more interesting possibilities. For 

instance, a porous particle can be used as a carrier for non-porous colloidal swimmers when pores 

of one side of particles are blocked by the cargo material itself (interesting results are shown 

in Appendix C). 
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ABSTRACT
We report on photoisomerization kinetics of azobenzene containing surfactants in aqueous solution. The surfactant molecule consists of a
positively charged trimethylammonium bromide head group, a hydrophobic spacer connecting via 6 to 10 CH2 groups to the azobenzene
unit, and the hydrophobic tail of 1 and 3CH2 groups. Under exposure to light, the azobenzene photoisomerizes from more stable trans- to
metastable cis-state, which can be switched back either thermally in dark or by illumination with light of a longer wavelength. The surfactant
isomerization is described by a kinetic model of a pseudo first order reaction approaching equilibrium, where the intensity controls the rate of
isomerization until the equilibrated state. The rate constants of the trans-cis and cis-trans photoisomerization are calculated as a function of
several parameters such as wavelength and intensity of light, the surfactant concentration, and the length of the hydrophobic tail. The thermal
relaxation rate from cis- to trans-state is studied as well. The surfactant isomerization shows a different kinetic below and above the critical
micellar concentration of the trans isomer due to steric hindrance within the densely packed micelle but does not depend on the spacer length.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135913., s

I. INTRODUCTION

Photosensitive surfactants consisting of a charged head and a
hydrophobic tail modified with an azobenzene group have attracted
extensive experimental and theoretical attention in recent years.1–6

The broad interest in these substances is stimulated by their intrigu-
ing phenomenology. For instance, azobenzene containing surfac-
tants allow for rendering of any type of charged photosensitive object
without the need for (irreversible) chemical conjugation to a pho-
toresponsive substance. Thus, one can make polyelectrolytes7–18 and
microgels19–22 photosensitive by preparing supramolecular com-
plexes with azobenzene containing surfactants or change plasmonic
properties of gold nanoparticles23,24 in the presence of either trans-
or cis-isomers of the surfactant. It is also possible to make polyelec-
trolyte brushes photoresponsive by loading them with oppositely
charged photosensitive surfactants,25–31 which allows for a structur-
ing of the brush by optical stimuli. It was also reported that irra-
diation of a solution of photosensitive surfactants with focused light
results in the generation of local diffusio-osmotic flow at solid/liquid
interfaces, thereby moving and relocating particles trapped at
the interface.32,33 At the water/air or liquid/liquid interface, the

illumination with light results in a Marangoni-type effect
intensively utilized in light-driven photofluidics.34–46 The key mech-
anism inherent to all of these rather diverse applications is the
reversible photoisomerization process of azobenzene molecules
from a stable trans- to a metastable cis-state under illumina-
tion with light of appropriate wavelength. The two isomers dif-
fer, e.g., in polarity, the trans-state being nonpolar (with a
dipole moment of ∼0 D provided that there are no exceptional
ring substituents), while the cis-isomer is highly polar (a dipole
moment of ∼3 D). The presence of an azobenzene group in the
hydrophobic tail of a surfactant molecule thus permits changing
its hydrophobicity upon triggering photoisomerization. Hence,
in applying simple optical stimuli, the solubility, critical micel-
lar concentration (CMC), interfacial energy, and the strength
of interactions of the surfactant with other substances can be
toggled.47–52

Understanding the isomerization kinetics of photosensitive
surfactants plays an important role when describing the dynamic
response of conjugated soft objects upon illumination. The nature
and extent of this response depend sensitively on the kinetics of pho-
toswitching and the relative concentration of trans- and cis-isomers
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at a photostationary state, light driven fluid flow, and changes
in surface tension being two prominent examples.53–55 Depending
on the physicochemical system at hand, azobenzene photoisomer-
ization within the surfactant molecule may have a multitude of
other effects, fine-tuned by additional parameters such as inten-
sity and wavelength of the irradiation applied, the surfactant con-
centration, and the hydrophobicity of the surfactant molecule as a
whole.

In this work, we report on the photoisomerization kinetics of
azobenzene containing surfactants in aqueous solution. The sur-
factant consists of a positively charged triamino bromide head
group, a hydrophobic spacer of 4–10 CH2 groups connecting to
the azobenzene unit, and a hydrophobic tail of either 1 or 3 CH2
groups. The surfactant isomerization is approximated by a kinetic
model of a pseudo first order reaction describing the approach to
equilibrium.

II. EXPERIMENTAL PART
A. Materials

Light responsive surfactant: The azobenzene containing
trimethyl-ammonium bromide surfactants (Cm+1-Azo-OCnTMAB)
with m = 1 or 3 and n = 6, 8, and 10 are synthesized as described
elsewhere [Fig. 1(a)].56 A stock solution of the surfactant is adjusted
to the concentration of 10 mM and diluted to the required concen-
trations ranging from 0.05 mM to 2 mM.

B. Methods
Time resolved UV-Vis measurements are performed with a

commercial Cary 5000 UV-Vis-near-infrared (NIR) spectropho-
tometer instrument (Agilent Technologies, USA). A rectangle quartz
cuvette (commercial cuvette from Helma Analytics, transparent in
all directions), of either 1 cm in thickness for the surfactant concen-
tration of up to 0.5 mM or of a thickness 0.1 cm for larger concentra-
tions, is filled with 2 ml or 0.6 ml of aqueous solution and closed in
order to keep the concentration constant. A light source of a differ-
ent wavelength is placed perpendicular near the sample holder, with
the illumination path faced toward the sample holder. The light-
emitting diode (LED) lamp irradiates the total volume of the sample
holder. The data are recorded for the set of different intensities for
each fixed wavelength, i.e., λ = 365 nm, λ = 455 nm, λ = 490 nm, and
λ = 530 nm. The intensity of light is directly measured at the sam-
ple position prior to each measurement with a commercial S170C
power meter (Thorlabs). The light from the LED lamp is filtered by
a commercial lowpass filter (10SWF-400-B, cutoff from 400 nm to
higher, see Fig. S1) of the company Newport Corporation placed
in between the sample holder and detector in the monitoring beam
path.

Measurements are performed by a continuous acquiring of
absorbance at λ = 376 nm (I = 0.02 mW/cm2) until reaching the
stationary state. To exclude the effect of the recording beam, the iso-
merization kinetics is measured over 30 min without the blue light
irradiation [Fig. 2(a)].

FIG. 1. (a) Chemical structure of the
azobenzene containing cationic sur-
factant (Cm+1-azo-OCnTMAB). Shown
below is a scheme of azobenzene pho-
toisomerization. (b) UV-Vis spectra of
C4-azo-OC6TMAB in different photosta-
tionary states: dark (black line), after illu-
mination with UV light of λ = 365 nm
(magenta dotted line) and blue light of
λ = 455 nm (blue dashed dotted line) and
λ = 490 nm (turquoise dashed line) at
1 mM concentration. (c) Scheme of the
setup: continuous monochromatic light
(λ = 376 nm) passing through the quartz
cuvette and is recorded at the detector
as a function of time. Scheme shows an
example for blue light with λ = 455 nm.
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FIG. 2. (a) Representative plot of a change of the absorption coefficient of the trans isomer (cT,0 = 0.1 mM) measured at 376 nm as a function of irradiation time. The blue
curve depicts the values under irradiation with blue light (λB = 455 nm) acquired with a detector beam (λ = 376 nm). The gray line illustrates absorption of the surfactant
aqueous solution without irradiation but exposed to the detector beam. (b) The change in the concentration of the trans isomer as a function of time for different irradiation
intensities ranging from 0.1 mW/cm2 to 10 mW/cm2. (c) The decay time, τ, obtained by fitting the results from (b) using Eq. (7). With increasing light intensity, the decay time
decreases exponentially as also illustrated by the log-log plot (see inset). (d) The isomerization constant [obtained using Eq. (8)] is plotted as a function of irradiation intensity.
Red line illustrates the average value of kTC. Surfactant spacer parameters are m = 3 and n = 6. All measurements are performed at T = 20 ○C.

The concentration of the surfactant molecule is calculated from
the initial value of transmission based on the knowledge of the
adjusted concentration from a stock solution. At the initial time
of irradiation with different light sources, we assume that the total
surfactant concentration is equal to trans isomer concentration,
cS = cT,0. The absorbance at 376 nm (exactly between the absorp-
tion peaks of the cis-form) of the dark state spectrum, where the
absorption of the cis-isomer is assumed to be minimal, is used to esti-
mate the amount of trans isomers in solution after the isomerization
process,62

cT(t) =
abs
abs0

⋅ cT,0, (1)

where abs is the absorbance at 376 nm at any time and before
irradiation, abs0.

III. RESULTS AND DISCUSSION
Figure 1 shows the chemical structure and the UV-Vis absorp-

tion spectra of azobenzene containing surfactant. The trans iso-
mer has a characteristic absorption band (π–π∗ transition) with a
maximum at 351 nm [Fig. 1(b)]. The spectrum of the cis isomer

is characterized by two absorption bands with maxima at 313 nm
(π–π∗ transition) and 437 nm (n-π∗ transition). The lifetime of
the cis isomer in the dark or under illumination with a red light of
λ = 600 nm is ∼40 h at 20 ○C, while the photoisomerization from cis-
to trans-state under irradiation with blue light (λ = 455 nm) takes
place at a much shorter time. The photostationary state with a frac-
tion of trans and cis isomers of 72% and 28%, respectively [Fig. 1(b)],
is reached after a certain time of irradiation being light intensity
dependent. Under UV illumination (λ = 365 nm) at the photosta-
tionary state, the surfactant molecules are predominantly in cis state
with a fraction of 91%.

A. Kinetic model and data interpretation
The kinetics of the photoisomerization is first studied under

irradiation with blue light (λ = 455 nm) by time-resolved absorbance
measurements with a monitoring light of 376 nm wavelength
[Fig. 1(c)]. The monitoring beam results in photoisomerization of
the surfactant; however, the intensity of the beam is several orders of
magnitude lower (I = 0.02 mW/cm2) than the used intensity in the
range between 0.1 and 10 mW/cm2. Thus, the isomerization kinet-
ics with respect to the monitoring intensity may be neglected, as
observed in Fig. 2(a).
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As a first step, we shortly discuss the outcome for the expected
time resolved experiments. We state that the probability of pho-
toisomerization reaction correlates with reaction rate constants kTC
(trans → cis) and kCT (cis → trans) described as a second order
reaction,

trans→ cis :
dcT

dt
= −kTC ⋅ I ⋅ cT, (2)

where the term on the left describes the time dependent change in
the trans–isomer concentration under irradiation with light inten-
sity I, cT is the concentration of trans isomers, and kTC is the
photoisomerization rate constant from trans to cis-state.

The reverse photoisomerization from cis to trans-state is
described in the same way,

cis→ trans :
dcT

dt
= kCT ⋅ I ⋅ cC, (3)

and the thermal relaxation,

cis→ trans :
dcT

dt
= kT ⋅ cC. (4)

The concentration of trans isomers is reduced by the forward reac-
tion, but it is increased by all reverse reactions. Thus, the isomeriza-
tion rate is described as57

dcT

dt
= −

dcC

dt
= −kTC ⋅ I ⋅ cT + (kCT ⋅ I + kT) ⋅ cC. (5)

Since in our experiments the intensity of light, I, is constant over
irradiation, the photoisomerization reactions can be considered as
a pseudo first order reaction. Furthermore, the thermal relaxation
is very slow with the rate constant of kT = 6.99 ⋅ 10−6 s–1 and can be
neglected in Eq. (5). Then, we approximate the reaction approaching
equilibrium by the kinetics of pseudo first order with respect to for-
ward and reverse photoisomerization reactions. The concentration
of trans isomers, cT, at any time t is53,57

cT =
kCT + kTC ⋅ exp(−[kTC + kCT] ⋅ I ⋅ t)

kCT + kTC
⋅ cT,0, (6)

where cT,0 is the initial concentration, which is equal to the surfactant
concentration, cT,0 = cS. The derivation of Eq. (6) from Eq. (5) is
provided in Sec. 1 of the supplementary material.

Exposing the surfactant solution to light leads to the concen-
tration fraction of trans and cis isomers in equilibrium, where both
rates are equal, i.e., dcT/dt = −dcC/dt, and results in a rate constant
ratio X between kTC and kCT, X ⋅ kTC = kCT. Then, Eq. (6) can be
transformed into (for details, see Secs. 2 and 3 of the supplementary
material)

cT = cT,eq ⋅ (1 − exp(−
t
τ
)) + cT,0 ⋅ exp(−

t
τ
), (7)

with characteristic time τ,

τ =
1

(1 + X) ⋅ kTC ⋅ I
, with X =

cT,eq

cT,0
/(1 −

cT,eq

cT,0
) or

1
X
= Keq, (8)

where cT,0 and cT,eq are the concentrations of trans isomers in the
initial and at a photostationary state, respectively. For example, at
the photostationary state for blue light (λ = 455 nm) and for surfac-
tant concentrations below CMCtrans, the concentration fraction of
trans and cis isomers is 0.6:0.4; thus, X = 1.5. From the time resolved
change of the absorption coefficient of the trans isomer at 376 nm,
we calculate the change in concentration, cT, as a function of irradia-
tion time [Fig. 2(b)]. Fitting the data using Eqs. (7) and (8), the decay
time τ [Fig. 2(c)] and the rate constant kTC [Fig. 2(d)] are calcu-
lated for different irradiation intensities. Figure 2 depicts the results
obtained for the surfactant with n = 6 CH2 groups in the spacer and
cT,0 = 0.1 mM.

From Fig. 2(c), one can see that the decay time of trans to
cis isomerization decreases exponentially with increasing intensity.
The photoisomerization constant, kTC, could be considered not
to depend on the intensity [Fig. 2(d)] with an average value of
kTC (λ = 455 nm) = (7.53 ± 0.90) ⋅ 10−3 cm2/mW s. With known kTC,
we calculate kCT (λ =455 nm) = 1.50 ± 0.53 × 10−2 cm2/mW s.

B. Effect of surfactant concentration
Here, we investigate how the photoisomerization rate and the

decay time, τ, vary with surfactant concentration with other param-
eters fixed, i.e., T = 20 ○C, I = 7.5 mW/cm2, and λ = 455 nm
(Fig. 3). One can see that τ does not depend on surfactant con-
centration below the CMC, while above the CMC, it increases with
concentration [Fig. 3(b)].

Calculating kTC using Eqs. (7) and (8) [black squares, Fig. 3(d)],
we have found that below the critical micellar concentration (CMC),
kTC is constant, but decreases with increasing concentration above
the CMC. The rate constants for cis-trans isomerization, kCT, remain
constant at any concentration [red circles in Fig. 3(d)]. The same
tendency is found under irradiation with UV light (λ = 365 nm,
see Fig. S2). This could be explained by a steric hindrance of
the molecules confined in micelles and different effective dielec-
tric constants around the surfactant in the solvent and the micelle
(Scheme 1(a)).58 To calculate the rate constant of the trans isomer in
the micelles, kTC,M, we suggest that above the critical micelle concen-
tration, the kTC is a fractional mean value of single molecules kTC,S
and molecules aggregated in micelles, kTC,M,

kTC =
cCMC

cT
⋅ kTC,S +

cT − cCMC

cT
⋅ kTC,M, (9)

where the value kTC,S=(8.49 ± 0.17) ⋅ 10−3 cm2/(mW s) is obtained
from measurements below the CMC. More details related to
Eq. (9) are provided in Sec. 3.1 of the supplementary material. The
calculated values of kTC,M are plotted as a function of surfactant
concentration in Fig. 3(d) (green triangles). One can see that the iso-
merization rate is approximately 80% slower in micelles compared
to single molecules.

C. Effect of different wavelengths
Here, we investigate how the photoisomerization rate depends

on different irradiation wavelengths, λ = 365 nm, 455 nm, 490 nm,
and 530 nm (Fig. 4). The surfactant concentration is fixed to
cT,0 = 0.1 mM, and irradiation intensity is kept constant at
1 mW/cm2 for all wavelengths. The fraction of trans and cis iso-
mers at a photostationary state differs for each wavelength with

J. Chem. Phys. 152, 024904 (2020); doi: 10.1063/1.5135913 152, 024904-4

Published under license by AIP Publishing

37

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5135913#suppl
https://doi.org/10.1063/1.5135913#suppl
https://doi.org/10.1063/1.5135913#suppl
https://doi.org/10.1063/1.5135913#suppl


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 3. (a) Dependence of trans-isomer concentration, cT, on irradiation time (λ = 455 nm and I = 7.5 mW/cm2) for different initial surfactant concentrations, cT,0. (b)
Dependence of the decay time, τ, on a surfactant concentration. Red dashed line indicates the CMC of the trans isomer, cCMC = 0.5 mM. (c) The concentration fraction of cT
isomers at a photostationary state as a function of surfactant concentration. (d) Dependence of the rate constants on surfactant concentration for forward reaction kTC (black
squares), reverse reaction kCT (red circles), and forward reaction of molecules in micelle kTC,M (green triangles).

a large value of trans-isomers at a longer wavelength [Fig. 4(a)].
The photoisomerization time, τ, to reach a photostationary state
increases with the wavelength as well from ∼1 s at λ = 365 nm
to ∼15 s at λ = 530 nm [Fig. 4(b)]. The photoisomerization rate

SCHEME 1. (a) Cartoon of trans to cis photoisomerization for a single molecule
and those in a micelle. (b) Schematic view of the lowest potential energy surfaces
of azobenzene, namely, S0 and S1 and the ground-state barrier for the back cis
to trans isomerization. The trans and cis isomers are shown with excitations for
photoisomerizations under UV light of the trans isomer and blue light of the cis
isomer.59.

constants, kTC and kCT [Fig. 4(c)], as well as their ratio Keq = kTC/kCT
[Fig. 4(d)], decrease from UV to green light. At λ = 365 nm, kTC is
larger compared to kCT, while at larger wavelengths, it is reversed.
Under irradiation with UV light, the kTC is 25 times faster than kCT,
implying large value of Keq. Thus, under UV light (λ = 365 nm) at
a photostationary state, the fraction of cis isomers is ∼96.3% with
negligible cis-trans back photoisomerization. The reduction of kTC
with increasing wavelength is related to a probability of photoex-
citation. The trans isomer corresponds to the lower energy mini-
mum on the ground state potential energy surface in comparison
to the cis-isomer [Scheme 1(b)]. Since larger energy is needed to
excite the trans- compared to the cis-isomer, the photoisomerization
trans-cis is more probable at the wavelength close to 353 nm (main
adsorption).60,61

The isomerization of the surfactant is reversible, where the
switch from UV to blue and vice versa adjusts to the new equilibrium
with respect to the wavelength of kTC/kCT (Fig. 5). The photosta-
tionary state is reached after ∼4 min in both cases of UV and blue
irradiation.

D. Effect of combined wavelengths
As discussed earlier, depending on the illumination wave-

length, one gets different fractions of trans and cis isomers at a
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FIG. 4. (a) The change of cT as a func-
tion of irradiation time at different wave-
lengths λ = 365 nm (gray curve), 455 nm
(blue curve), 490 nm (azure curve), and
530 nm (green curve). The initial surfac-
tant concentration, cT,0 = 0.1 mM, is kept
constant for all measurements. (b) The
decay time, τ, as a function of irradia-
tion wavelength. (c) Rate constants of
photoisomerization: forward, kTC, (black
squares) and reverse photoisomeriza-
tion, kCT, (red circles) and (d) their ratio
Keq = kTC/kCT as a function of irradiation
wavelength.

photostationary state. In order to have a mean for an accurate con-
trol over the equilibrium fractions of isomers, we apply a combina-
tion of two wavelengths. Here, the equilibrium isomer fraction (at a
photostationary state) is expressed as follows:

cT,eq = cT,0 ⋅
kCT1 + kCT2 ⋅ R

(kCT1 + kTC1) + (kCT2 + kTC2) ⋅ R
, (10)

where kTC,1 and kTC,2 are the forward rate constants, kCT,1 and kCT,2
are the reverse rate constants of the first and the second wave-
lengths, and R is the ratio between the intensity of both wavelengths,

FIG. 5. Concentration of trans-isomers normalized over initial concentration as a
function of irradiation wavelength. Red dashed-dotted lines indicate the change of
the wavelength between UV (λ = 365 nm) and blue (λ = 455 nm) light. Intensity is
set to 1.25 mW/cm2.

R = I2/I1. Equation (10) is derived from Eq. S6 as described in detail
in Sec. 4 (supplementary material). Applying Eq. (10) and utilizing
values for the rate constants presented in Fig. 4, we estimate the
variation of the concentration fraction of trans- and cis-isomers as a
function of irradiation with combined wavelengths [Fig. 6(a)]. First,
the surfactant solution (cT,0 = 0.1 mM) is exposed to illumination
with UV light (I = 1 mW/cm2) for 5 min to get a photostationary
state (96.3% of cis-isomers), followed by switching on the blue light
(λ =455 nm) [Fig. 6(a)]. Different intensities of the blue light, i.e.,
0.25 mW/cm2, 1 mW/cm2, 2 mW/cm2, and 3 mW/cm2, are used
to measure the fraction of isomers at the equilibrated state after
10 min of irradiation [Fig. 6(a)]. Figure 6(b) (see also Fig. S4 of the
supplementary material) depicts the comparison of experimen-
tally and theoretically calculated values [using Eq. (10)] of the
equilibrated isomer fractions for three combinations of dif-
ferent wavelengths: 455 nm/365 nm [blue color, values from
Fig. 6(a)], 490 nm/365 nm (azure color, values from Fig. S3b), and
530 nm/365 nm (green color, values from Fig. S3c). As one can
see from Fig. 6(b), the calculated and measured values are in good
agreement, with a deviation of ∼10% for cT,0 = 0.1 mM and 16% for
cT,0 = 1 mM. The results for the surfactant concentration 1 mM
are presented in Figs. 6(c) and 6(d). Figure 6(d) shows as well the
kinetic of the change of the trans and cis isomers fraction when
UV and blue light are applied to a surfactant in a trans state, i.e.,
without preirradiation with UV light. The values of the equilibrium
ratio of trans and cis isomers are the same for both procedures of
irradiation, i.e., first, UV is switched on followed by additional blue
light irradiation [Fig. 6(c)] and immediate irradiation with UV and
blue light [Fig. 6(d)]. The larger deviation between theoretical and
experimental values for a concentration of 1 mM is explained by the
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FIG. 6. Irradiation with two combined
wavelengths. (a) Concentration of trans
isomers as a function of irradiation time.
The sample is first exposed to UV
light (I1 = 1 mW/cm2) for 5 min fol-
lowed by switching on the blue light
(λ = 455 nm). The intensity of the blue
light (second wavelength) is varied to
get different ratios R = I2/I1 as indi-
cated in the plot. (b) cT,eq/cT,0 as a func-
tion of R for different combinations of
the wavelength: 455 nm/365 nm (blue
color), 490 nm/365 nm (azure color), and
530 nm/365 nm (green color). Theoret-
ical values obtained using Eq. (10) are
shown as open symbols, while the exper-
imental results are shown with filled sym-
bols. Surfactant concentration is 0.1 mM,
and temperature is set to 20 ○C. (c) and
(d) Trans concentration as a function of
the time with illumination of the sample
with two light sources UV (λ1 = 365 nm)
and blue (λ2 = 490 nm). (c) First, UV is
switched on at minute 1 and then blue
light at minute 5. (d) The irradiation with
UV and blue light starts when most of the
surfactant is in trans-state.

fact that the rate constants for different wavelengths are taken for
concentrations below the CMC, resulting in underestimation of the
kTC as explained in Fig. 3(d) for λ = 455 nm.

E. Effect of spacer length
In Sec. III B, we report on decrease in the isomerization

rate with increasing surfactant concentration above the CMC. We
suggest that due to the steric hindrance, the isomerization rate of
the molecule located in a micelle is smaller than that in a solution.
Here, we study the effect of the hydrophobicity of the surfactant tail
with respect to isomerization kinetics. Four surfactants are investi-
gated with the ethyl tail with 4 CH2 spacers and butyl tail with nCH2
spacers, n = 6, 8, 10 [Fig. 1(a)]. The increase in the spacer length
connecting the charged head group and the azobenzene as well as in
the tail length results in a shift of the CMC toward smaller concen-
tration.62 The CMC of the studied surfactant is 4 mM (m = 1 and
n = 4), 0.5 mM (m = 3 and n = 6), 0.17 mM (m = 3 and n = 8), and
0.06 mM (m = 3 and n = 10).1 According to these data, we choose
the concentration of 0.05 mM for all surfactants in order to avoid
the influence of the hindered photoisomerization in micelles. As one
can see from Fig. 7, there is no dependence of the isomerization
kinetics on the spacer length below the CMC, i.e., the reaction con-
stants for the forward, kTC, and reverse reaction, kCT, have similar
values.

F. Thermal relaxation of cis isomer
The rate law of thermal relaxation is, per definition, a first

order reaction and leads to the simple exponential decay for the cis

concentration,

cC = cC,0 ⋅ exp(−kT ⋅ t), and kT =
1
τ

, (11)

where kT is the rate constant of thermal relaxation and τ is the decay
time. The decay time τ and the corresponding kT are measured for
a total temperature range from 20 to 60 ○C [Fig. 8(a)] and yield an
activation energy of 79 kJ/mol for thermal relaxation, which is in
good agreement with the reported value in the literature.59 The decay
time τ for a temperature of 20 ○C has a value of ∼40 h and correspond
to ∼ kT = 6.99 ⋅ 10−6 s–1.

The true rate law of photoisomerization must include the ther-
mal relaxation, where the forward photoisomerization reaction is

FIG. 7. Photoisomerization rate constants for the forward reaction, kTC, (black
squares) and back reaction, kCT, (red circles) as a function of the spacer
parameter. The surfactant concentration is 0.05 mM in all measurements.
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FIG. 8. (a) Arrhenius plot of thermal
relaxation of n = 6 for a tempera-
ture range from 20 to 60 ○C. (b) kCT
as a function of light intensity calcu-
lated without including thermal isomer-
ization [black squares, Eq. (8)] and with
additional thermal cis-trans isomeriza-
tion [red circles, Eq. (13)] at a surfac-
tant concentration of 0.1 mM, a temper-
ature of 20 ○C, and different irradiation
intensities ranging from 0.1 mW/cm2 to
10 mW/cm2. (c) Deviation of the data
presented in (b) as a function of light
intensity. (d) Minimal light intensity where
thermal relaxation is comparable to cis-
trans photoisomerization.

equalized by the reverse photoisomerization and thermal relaxation,
and after integration, the trans concentration is calculated as

cT = cT,0 ⋅
kCT ⋅ I + kT + kTC ⋅ I ⋅ exp(−([kTC + kCT] ⋅ I + kT) ⋅ t)

(kCT + kTC) ⋅ I + kT
.

(12)
The derivation of Eq. (12) from Eq. (5) is provided in Sec. 6 of
the supplementary material. To include the contribution of ther-
mal relaxation to back isomerization, i.e., cis to trans conversion, we
write

kTC ⋅ X −
kT

I
= kCT, (13)

where kTC ⋅X is reduced by the ratio of thermal relaxation and the
light intensity, kT/I. Note that the rate constants of photoisomer-
ization [units = cm2/(mW s)] result from a formal second relation
with respect to the forward and reverse isomerization and that of
the thermal relaxation of a first order reaction (units = 1/s). To
equalize their units, kT is divided by the light intensity. To com-
pare values for kCT describing only the photoisomerization with val-
ues of photoisomerization plus thermal relaxation calculated using
Eqs. (7) and (8) [Fig. 8(a)], we use Eqs. (7) and (13) (see Sec. 6
of the supplementary material) with X = 1.5 corresponding to the
equilibrium for λ = 455 nm [Fig. 2(c)]. Both values for kCT differ
slightly, where those including thermal relaxation are, in generally,
smaller due to the sum of the thermal relaxation and photoinduced
cis to trans isomerization, kCT ⋅ I + kT. The difference is small because
thermal relaxation is much slower compared to the photoisomer-
ization but becomes more pronounced with decreasing light inten-

sity [Figs. 8(b) and 8(c)]. At critical light intensity (calculations are
presented in Sec. 7 of the supplementary material), the reverse pho-
toisomerization reaction becomes equal probable to thermal relax-
ation and is, for the different wavelengths, in the range of μW/cm2

[Fig. 8(d)].

IV. CONCLUSIONS
We report on isomerization kinetics of light responsive

azobenzene containing surfactants as a function of surfactant
concentration, irradiation intensity, wavelength, and surfactant
hydrophobicity. Moreover, we have studied how the combination
of different wavelengths influences the photoisomerization kinetics
and concentration fraction of trans and cis-isomers at a photosta-
tionary state. The photoisomerization has been studied by the time
resolved UV-Vis spectroscopy, where the irradiation of the sam-
ples with different wavelengths and intensities is introduced in situ
during simultaneous recording of the absorbance. We have demon-
strated that photoisomerization of the surfactant can be described
by a kinetics model of pseudo first order reactions approaching
equilibrium. Our experiments show that the trans-cis photoiso-
merization kinetics strongly depends on the light intensity, where
an increase in the intensity decreases the isomerization time (the
decay time, τ), while the concentration fraction of the trans and
cis-isomers at equilibrium is not altered. Depending on the sur-
factant concentration, we recognize two regimes: below the CMC,
where the isomerization kinetic is independent of the surfactant
concentration, and above the critical micelle concentration, where
the isomerization kinetics decreases with increasing concentra-
tion. The latter, with an ∼80% slower rate constant of trans-cis
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photoisomerization compared to the free molecule, is explained by
steric hindrance of the surfactant in the micelle. Thus, the concen-
tration fraction of the trans and cis isomers at the photostationary
state increases with concentration above the CMC.

Additionally, the fraction of trans and cis isomers at a pho-
tostationary state strongly depends on the wavelength of applied
irradiation with the shift toward the higher cis fraction at a smaller
wavelength. Furthermore, the concentration fraction of the isomers
can be controlled by a simultaneous illumination with two differ-
ent wavelengths of different intensities. In contrast, the increase
in the hydrophobicity of the surfactant by adding more methyl
groups either in the spacer between the azobenzene and the
charged head group or in the tail shows a minor influence on the
photoisomerization kinetics. We have also shown that the thermal
cis-trans isomerization is quite slow and can be neglected as long as
the light intensity is above a critical value.

SUPPLEMENTARY MATERIAL

See the supplementary material for all derivations of equa-
tions, kinetics of isomerization for different concentrations above
the CMC for UV light, trans concentration as function of time
for the combination of different wavelengths, and time concentra-
tion of trans as a function of time for different spacer lengths and
adsorption spectra.
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Figure S1. Transmission spectrum of the used lowpass filter, emission spectra of LED (UV, λUV = 365 nm), 

(blue, λB = 455 nm), (turquoise, λT = 490 nm), (green, λG = 530 nm). 

1 Derivation of the equilibrium reaction 

The reaction with respect to the forward and all reverse reaction can be written as: 

𝑑𝑐T

𝑑𝑡
= −𝑘TC ∙ 𝐼 ∙ 𝑐T + 𝑘CT ∙ 𝐼 ∙ 𝑐C + 𝑘T ∙ 𝑐C (S1) 

𝑑𝑐T

𝑑𝑡
= −𝑘TC ∙ 𝐼 ∙ 𝑐T + (𝑘CT ∙ 𝐼 + 𝑘T) ∙ 𝑐C  (5) 

If the value of kT is neglectable due to thermal relaxation is very slow the rate of trans isomers is: 

𝑑𝑐T

𝑑𝑡
= −𝑘TC ∙ 𝐼 ∙ 𝑐T + 𝑘CT ∙ 𝐼 ∙ 𝑐C (S2) 

If initial concentration of trans is cT,0 and no cC is present, then at all times: 

𝑐T + 𝑐C = 𝑐T,0, (S3) 

Inserting the expression of cC from Eq. S3 in Eq. S2: 

𝑑𝑐T

𝑑𝑡
= −𝑘TC ∙ 𝐼 ∙ 𝑐T + 𝑘CT ∙ 𝐼 ∙ (𝑐T,0 − 𝑐T) (S4) 

𝑑𝑐T

𝑑𝑡
= −(𝑘TC + 𝑘CT) ∙ 𝐼 ∙ 𝑐T + 𝑘CT ∙ 𝐼 ∙ 𝑐T,0 (S5) 

Further under assumption, that the light intensity not changing during the measurement kTC‧I or kCT‧I 

can be assumed as constant, i.e. approximating the second order reaction with respect to trans to cis 

isomerization and vice versa as pseudo first order reaction.  

Then the integration of equation S4 is reported in the literature in detailed fashion in reference 57 and 

leads to the expression of: 

𝑐T = 𝑐T,0 ∙
𝑘CT∙𝐼+𝑘TC∙𝐼∙exp(−[𝑘TC+𝑘CT]∙𝐼∙𝑡)

(𝑘CT+𝑘TC)∙𝐼
(S6) 
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𝑐T = 𝑐T,0 ∙
𝑘CT+𝑘TC∙exp(−[𝑘TC+𝑘CT]∙𝐼∙𝑡)

(𝑘CT+𝑘TC)
(6) 

2 Dependency between kTC and kCT 

At equilibrium the concentration changes per time of cT and cC isomers is equal: 

𝑑𝑐T

𝑑𝑡
=

𝑑𝑐C

𝑑𝑡
(S7) 

−𝑘TC ∙ 𝐼 ∙ 𝑐T,eq = −𝑘CT ∙ 𝐼 ∙ 𝑐C,eq (S8) 

𝑘TC ∙ 𝑐T,eq = 𝑘CT ∙ 𝑐C,eq (S9) 

Using 𝑐T,eq + 𝑐C,eq = 𝑐T,0,Eq. S9 can be written as :

𝑘TC ∙ 𝑐T,eq = 𝑘CT ∙ (𝑐T,0 − 𝑐T,eq) (S10) 

𝑘TC ∙
𝑐T,eq

𝑐T,0
/ (1 −

𝑐T,eq

𝑐T,0
) = 𝑘CT (S11) 

with: 

𝑋 =
%Treq

%Ciseq
=

𝑐T,eq

𝑐T,0
/ (1 −

𝑐T,eq

𝑐T,0
). (S12) 

𝑘TC ∙ 𝑋 = 𝑘CT (S13) 

Apparently, X is here defined as the rate constant ratio between kTC and kCT. Also one can say that X 

is the ratio of trans to cis isomer at photo stationary state. Values for the equilibrium concentration 

cT,eq can be read after approaching the equilibrium, where values for the initial concentration cT,0 are 

known. For sample concentration below the CMC measured values are reported in table 1. For blue 

light of wavelength 455 nm X = 1.5 was used. 
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Table S1. Equilibrium ratio of trans- cT,eq/cT,0 and cis- isomers, 1-( cT,eq/cT,0), and rate constant ratio X at 

different irradiation wavelength. 

λ 𝑐T,eq

𝑐T,0
(1 −

𝑐T,eq

𝑐T,0
) 

X 

nm min 

375 0.036 0.964 0.04 

455 0.600 0.400 1.50 

490 0.810 0.019 4.35 

530 0.900 0.010 9.00 

3 Derivation of the fitting equation. 

Substituting kCT from Eq. S13 into with Eq. 6 yields: 

𝑐T = 𝑐T,0 ∙
𝑘TC∙𝑋+𝑘TC∙exp(−[𝑘TC+𝑘TC∙𝑋]∙𝐼∙𝑡)

(𝑘TC∙𝑋+𝑘TC)
(S14) 

𝑐T = 𝑐T,0 ∙
𝑘TC∙[𝑋+∙exp(−[(1+𝑋)∙𝑘TC]∙𝐼∙𝑡)]

𝑘TC∙(1+𝑋)

(S15) 

𝑐T = 𝑐T,0 ∙
𝑋

(1+𝑋)
+ 𝑐T,0 ∙

1

(1+𝑋)
∙ exp(−[(1 + 𝑋) ∙ 𝑘TC] ∙ 𝐼 ∙ 𝑡)

(S16) 

The exponential term may be written into the simpler form of exp (−
𝑡

𝜏
)  ,which mean from Eq. S16

we can write: 

𝜏 =
1

(1+𝑋)∙𝑘TC∙𝐼
and 𝑋 =

𝑐T,eq

𝑐T,0
/ (1 −

𝑐T,eq

𝑐T,0
) or 

1

𝑋
= 𝐾eq, (15) 

then Eq. S16 is: 

𝑐T = 𝑐T,0 ∙
𝑋

(1+𝑋)
+ 𝑐T,0 ∙

1

(1+𝑋)
∙ exp (−

𝑡

𝜏
) (S17) 

The term 
𝑋

(1+𝑋)
 and 

1

(1+𝑋)
 is equal to %Treq and %Ciseq, thus: 

%Treq =
𝑋

(1+𝑋)
(S18) 

%Ciseq =
1

(1+𝑋)
 , (S2) 
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and substituting both Eq. S18 and S19 into Eq. 17: 

𝑐T = %Treq ∙ 𝑐T,0 +%Ciseq ∙ 𝑐T,0 ∙ exp (−
𝑡

𝜏
)

(S20) 

Further, %Ciseq may be rewritten into expression considering %Treq: 

𝑐T = %Treq ∙ 𝑐T,0 + (1 −%Treq) ∙ 𝑐T,0 ∙ exp (−
𝑡

𝜏
)

(S21) 

𝑐T =
𝑐T,eq

𝑐T,0
∙ 𝑐T,0 + (1 −

𝑐T,eq

𝑐T,0
) ∙ 𝑐T,0 ∙ exp (−

𝑡

𝜏
),

(S22) 

𝑐T = 𝑐T,eq ∙ (1 − exp (−
𝑡

𝜏
)) + 𝑐T,0 ∙ exp (−

𝑡

𝜏
)      (7)

with cT,0 as initial trans concentration with the value of 0.1 mM and cT,eq as the equilibrium 

concentration, which can be read from the data. 

Figure S2. Dependence pf the photo-isomerization kinetic on surfactant concentration under irradiation with 

UV light (λ = 365 nm, I=1.4 mW/cm2). (a) trans isomer concentration as a function of irradiation time, (b) 

decay time, fitting function is Eq. 9 and 10. (c) Rate constant as a function of surfactant concentration.  

3.1 Details of kTC,M calculation. 

Above the CMC we observe a peculiar phenomenon that the measured kTC decreases with increasing 

concentration. Now the measured average value of kTC is a fractional mean value of single molecules 

kTC,S and molecules aggregated in micelles, kTC,M: 

𝑘TC =
𝑐T,S

𝑐T
∙ 𝑘TC,S +

𝑐T,M

𝑐T
∙ 𝑘TC,M, (S23) 

where cT,S and cT,M are the concentration of trans isomers as single molecules and in micelles, plus to 

maintain the fractional mean relation, it must be normalized by the total concentration of trans isomers 
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cT. We know, that the molecules can be considered as single molecules as long the CMC is not reached, 

thus the concentration of trans isomers as single molecules is equal to the cmc, cT,S = ccmc. In contrast 

cT,M is the excess concentration of total trans isomers subtracted from the cmc, cT,M = cT -ccmc. 

Substituting both relations into Eq. S23 following equation can be obtained: 

𝑘TC =
𝑐cmc

𝑐T
‧𝑘TC,S +

𝑐T−𝑐cmc

𝑐T
‧𝑘TC,M. (11) 

Value of kTC,S=(8.49 ± 0.17)∙10-3cm2/(mW∙s)  is the average value obtained from measurements before 

reaching cmc. kTC is the calculated from the decay reported in Figure 3d. 

Table S2. Fitting values for Figure 3: cT concentration, equilibrium ratio from trans isomer concentration 

cT,eq/cT,0, decay time τ, rate constant of trans to cis isomerization (measured) kTC, rate constant of cis to trans 

isomerization (measured) kCT, rate constant of trans to cis isomerization for micelles (calculated) kTC,M 

cT τ cT,eq/ cT,0 kTC kCT kTC,M 

mM s cm2/mW∙s cm2/mW∙s cm2/mW∙s 

0.05 6.2 0.60 8.36∙10-3 1.27∙10-2 – 

0.1 6.3 0.59 8.57∙10-3 1.25∙10-2 – 

0.2 6.2 0.59 8.72∙10-3 1.24∙10-2 – 

0.3 6.4 0.60 8.39∙10-3 1.27∙10-2 – 

0.4 6.2 0.59 8.65∙10-3 1.25∙10-2 – 

0.45 6.3 0.61 8.24∙10-3 1.29∙10-2 – 

0.5 6.3 0.59 8.55∙10-3 1.26∙10-2 – 

0.6 6.8 0.63 7.18∙10-3 1.24∙10-2 6.40∙10-4 

0.7 7.0 0.67 6.36∙10-3 1.27∙10-2 1.05∙10-3 

0.8 7.3 0.69 5.74∙10-3 1.25∙10-2 1.15∙10-3 

0.9 7.4 0.70 5.37∙10-3 1.26∙10-2 1.48∙10-3 

1.0 7.5 0.70 5.44∙10-3 1.25∙10-2 2.40∙10-3 

1.1 7.5 0.73 4.88∙10-3 1.29∙10-2 1.87∙10-3 

1.2 7.8 0.73 4.58∙10-3 1.25∙10-2 1.79∙10-3 

1.3 7.9 0.74 4.41∙10-3 1.25∙10-2 1.85∙10-3 

1.4 8.1 0.75 4.16∙10-3 1.23∙10-2 1.75∙10-3 

1.5 8.2 0.77 3.81∙10-3 1.25∙10-2 1.47∙10-3 
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Table S3. Fitting values for Figure 4: wavelength λ, equilibrium ratio from trans isomer concentration cT,eq/ 

cT,0, decay time τ, rate constant ratio X, equilibrium constant Keq  

λ 𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

τ X Keq = kTC/kCT 

nm min 

365 0.036 0.46 0.04 25.39 

455 0.600 0.78 1.50 0.67 

490 0.810 2.93 4.35 0.23 

530 0.900 14.76 9.00 0.11 

4 Irradiation with combined wavelengths. 

For calculating the equilibrium for irradiation with combined wavelengths the expression of: 

𝑘TC ∙ 𝐼 = 𝑘TC,1 ∙ 𝐼1 + 𝑘TC,2 ∙ 𝐼2 (S24) 

and: 

𝑘CT ∙ 𝐼 = 𝑘CT,1 ∙ 𝐼1 + 𝑘CT,2 ∙ 𝐼2 (S25) 

must be substituted into Eq. S6: 

𝑐T = 𝑐T,0 ∙
𝑘CT,1∙𝐼1+𝑘CT,2∙𝐼2+(𝑘TC,1∙𝐼1+𝑘TC,2∙𝐼2)∙U

𝑘CT,1∙𝐼1+𝑘CT,2∙𝐼2+𝑘TC,1∙𝐼1+𝑘TC,2∙𝐼2
 , 

𝑈 = exp(−[𝑘TC,1 ∙ 𝐼1 + 𝑘TC,2 ∙ 𝐼2 + 𝑘CT,1 ∙ 𝐼1 + 𝑘CT,2 ∙ 𝐼2] ∙ 𝑡),     (S26)

where cT,0 as the trans isomer concentration at the initial time, kTC,1 and kCT,1 are the rate constants for 

the forward and reverse reaction for the light flux of the first wavelength I1, kTC,2 and kCT,2 are the rate 

constant for the forward and reverse reaction for the light intensity of the second wavelength I2. 

Now the intensity of the second wavelength I2 has a certain fraction R of the first intensity I1, thus: 

𝐼2 = 𝑅 ∙ 𝐼1 ,           (S27)

and substituting Eq. S27 into Eq. S26: 

𝑐T = 𝑐T,0 ∙
𝑘CT,1∙𝐼1+𝑘CT,2∙𝑅∙𝐼1+(𝑘TC,1∙𝐼1+𝑘TC,2∙𝑅∙𝐼1)∙U

𝑘CT,1∙𝐼1+𝑘CT,2∙𝑅∙𝐼1+𝑘TC,1∙𝐼1+𝑘TC,2∙𝑅∙𝐼1
 , 

𝑈 = exp(−[𝑘TC,1 ∙ 𝐼1 + 𝑘TC,2 ∙ 𝑅 ∙ 𝐼1 + 𝑘CT,1 ∙ 𝐼1 + 𝑘CT,2 ∙ 𝑅 ∙ 𝐼1] ∙ 𝑡), (S28) 

𝑐T = 𝑐T,0 ∙
(𝑘CT,1+𝑘CT,2∙𝑅)∙𝐼1+(𝑘TC,1+𝑘TC,2∙𝑅)∙𝐼1∙U

(𝑘CT,1+𝑘CT,2∙𝑅+𝑘TC,1+𝑘TC,2∙𝑅)∙𝐼1
 , 

𝑈 = exp(−[𝑘TC,1 + 𝑘TC,2 ∙ 𝑅 + 𝑘CT,1 + 𝑘CT,2 ∙ 𝑅] ∙ 𝐼1 ∙ 𝑡), (S29) 
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𝑐T = 𝑐T,0 ∙
𝑘CT1+𝑘CT2 ∙𝑅+(𝑘TC1+𝑘TC2∙𝑅)∙U

(𝑘CT1+𝑘TC1)+(𝑘CT2+𝑘TC2)∙𝑅

𝑈 = exp(−[𝑘TC,1 + 𝑘CT,1 + (𝑘TC,2 + 𝑘CT,2) ∙ 𝑅] ∙ 𝐼1 ∙ 𝑡), (S30) 

In equilibrium (limt→∞) the term U = 0  

𝑐T,eq = 𝑐T,0 ∙
𝑘CT1+𝑘CT2 ∙𝑅

(𝑘CT1+𝑘TC1)+(𝑘CT2+𝑘TC2)∙𝑅
(10) 

Figure S3. Trans isomers concentration as a function of the time with illuminating the sample with two light 

sources UV and (a) 455 nm, (b) 490nm, (c) 530nm at different intensity ratios R. Sample concentration is set 

to 0.1 mM and temperature is set to 20 °C. 

Table S4. Values for Figure 5c: wavelength λ of second light, ratio of both light intensities R=I2/I1, equilibrium 

ratio from trans isomer concentration cT,eq/cT,0 (theoretical and measured), deviation of theoretical and measured 

value. 

λ R 𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

Theo/measured 

theoretical measured 

nm min % 

455 0.00 0.0038 0.0036 5.0 

455 0.25 0.0110 0.0100 9.2 

455 1.00 0.0247 0.0239 3.4 

455 2.00 0.0343 0.0355 3.6 

455 3.00 0.0398 0.0419 5.3 

490 0.00 0.0038 0.0039 2.9 

490 0.20 0.0061 0.0060 2.4 

490 0.40 0.0084 0.0079 6.2 

490 0.80 0.0124 0.0117 6.3 
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490 1.20 0.0161 0.0161 0.2 

530 0.00 0.0038 0.0036 5.0 

530 0.25 0.0045 0.0050 12.2 

530 1.00 0.0064 0.0060 6.8 

530 1.50 0.0076 0.0070 8.9 

530 2.00 0.0088 0.0083 5.8 

I(UV, λ=365nm) =1mW/cm2

Figure S4. Comparison between measured and calculated %Treq=cT,eq/cT,0 as a function of R=I2/I1 data. 

Surfactant concentration is set to 1 mM and temprature is set to 20 °C.  
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Table S5. Values for Figure S4: wavelength λ of second light, ratio of both light intensities R=I2/I1, equilibrium 

ratio from trans isomer concentration cT,eq/cT,0 (theoretical and measured), deviation of theoretical and measured 

value. 

λ R 𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

Theo/measured 𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

Theo/measured 

theoretical measured 

separated 

separated measured 

simultaneously 

simultaneously 

nm % % 

490 0.00 0.0379 0.0379 0.0 0.0379 0.0 

490 0.25 0.0672 0.0578 16.2 0.0577 16.4 

490 0.50 0.0943 0.0827 14.1 0.0856 10.2 

490 1.00 0.1431 0.1389 3.0 0.1610 11.1 

490 1.50 0.1857 0.2095 11.4 0.2025 8.3 

490 2.00 0.2231 0.2537 12.0 0.2637 15.4 

Intensity of first wavelength (UV, λ = 365 nm) I =1mW/cm2 

5 Spacer length 

Figure S5. (a) Trans isomer concentration as a function of the time for surfactant of different spacer lengths. 

(b) Adsorption spectra.
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Table 4. Fitting values for figure 7: tail length m, spacer length n equilibrium ratio from trans isomer 

concentration cT,eq/cT,0, decay time τ, equilibrium ratio X, rate constant of forward and reverse reaction 

kTC and kCT  

m n 𝒄𝐓,𝐞𝐪

𝒄𝐓,𝟎

τ X kTC kCT

min cm2/(mW∙s) cm2/(mW∙s) 

1 6 0.62 0.59 1.64 7.14∙10-3 1.17∙10-2 

3 6 0.60 0.58 1.48 7.76∙10-3 1.15∙10-2 

3 8 0.61 0.59 1.57 7.36∙10-3 1.15∙10-2 

3 10 0.62 0.59 1.64 7.14∙10-3 1.17∙10-2 

I =1mW/cm2 

6 Photo-isomerization and thermal relaxation 

Figure S6. (a) Absorbance (at λ=376nm) as a function of time for m=3 and n=6 initially in cis state.  To 

minimize the influence of the monitoring beam, it is switched on for only 2 seconds every 5 minutes. To obtain 

the information about concentration of trans isomer, the lower border (red line) in (a) is processed by an 

envelope procedure. (b) Fitting the data with a simple exponential decay yields the relaxation time τ.  

Thermal relaxation 

The rate law of thermal relaxation is per definition a first order reaction: 

𝑑𝑐T

𝑑𝑡
= −

𝑑𝑐C

𝑑𝑡
= 𝑘T‧𝑐C, (S31) 
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where cT and cC are the concentrations of trans and cis isomers and kT the rate constant for the thermal 

relaxation. The integration of Eq. S26 leads to the simple expression for the cis concentration: 

𝑐C = 𝑐C,0‧ exp(−𝑘T‧𝑡), and 𝑘T =
1

𝜏
(11) 

where τ is the decay time. The decay time τ and corresponding kT are measured for a total temperature range 

from 20 till 50°C. 

Photo-isomerization and thermal relaxation 

To include now the thermal relaxation kT in Eq. 5 is now not to be assumed as zero. The generation 

of trans isomers includes now the rate constant of photo induced trans-cis and cis-trans isomerization. 

Under same assumption as discussed in Section 1 the integration of Eq. 5 is reported in the literature 

in detailed fashion57 and leads to the expression of: 

𝑐T = 𝑐0 ∙
𝑘CT∙𝐼+𝑘T+𝑘TC∙𝐼∙exp(−[𝑘TC∙𝐼+𝑘CT∙𝐼+𝑘T]∙𝑡)

𝑘CT∙𝐼+𝑘T+𝑘TC∙𝐼
(S32) 

𝑐T = 𝑐0 ∙
𝑘CT∙𝐼+𝑘T+𝑘TC∙𝐼∙exp(−[(𝑘TC+𝑘CT)∙𝐼+𝑘T]∙𝑡)

(𝑘CT+𝑘TC)∙𝐼+𝑘T
(12) 

Relation between kTC and kCT+kT

At equilibrium the concentration change per time of dcT/dt and dcC/dt isomers, Eq. S10, is equal: 

𝑘TC ∙ 𝐼 ∙ 𝑐T,eq = (𝑘CT ∙ 𝐼 + 𝑘T) ∙ 𝑐C,eq          (S33)

Using  𝑐T,eq + 𝑐C,eq = 𝑐T,0 , Eq. S33 can be written in simplified form as : 

𝑘TC ∙ 𝐼 ∙ 𝑐T,eq = (𝑘CT ∙ 𝐼 + 𝑘T) ∙ (𝑐T,0 + 𝑐T,eq) (S34) 

𝑘TC ∙ 𝐼 ∙
𝑐T,eq

𝑐T,0
/ (1 −

𝑐T,eq

𝑐T,0
) = (𝑘CT ∙ 𝐼 + 𝑘T) (S35) 

Substituting the term in left from Eq. S12 into Eq. S35 yields: 

𝑘TC ∙ 𝐼 ∙ 𝑋 = 𝑘CT ∙ 𝐼 + 𝑘T (S36) 

𝑘TC ∙ 𝐼 ∙ 𝑋 − 𝑘T = 𝑘CT ∙ 𝐼 (S37) 

For a surfactant concentration of 0.1 mM and blue light (λ = 455 nm) the ratio 
𝑐T,eq

𝑐T,0
= 0.6 and X = 

1.5. 

Only consideration of the exponential decay from Eq. 12: 

exp(−[𝑘TC ∙ 𝐼 + 𝑘CT ∙ 𝐼 + 𝑘T] ∙ 𝑡) (S38) 

now substituting kCT‧I with Eq. S37: 
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exp(−[𝑘TC ∙ 𝐼 + 𝑘TC ∙ 𝐼 ∙ 𝑋 − 𝑘T + 𝑘T] ∙ 𝑡)        (S39)

exp(−[(𝑘TC + 𝑘TC ∙ 𝑋) ∙ 𝐼] ∙ 𝑡)         (S40)

Eq. S40 leads to same expression in the exponential term as presented in Eq. S15.  

The relation between reaction constants of the slowed forward reaction kTC‧I from thermal relaxation 

kT and cis to trans isomerization kCT‧Φ can be calculated via: 

𝑘TC ∙ 𝐼 ∙ 𝑋 − 𝑘T = 𝑘CT ∙ 𝐼 (S41) 

𝑘TC ∙ 𝑋 −
𝑘T

𝐼
= 𝑘CT (S42) 

𝑋 = 1.5  for blue of λ = 455 nm 

7 Calculation of the minimal light intensity to equalize the rate of thermal relaxation 

To get the minimal light concentration, where trans to cis isomerization will be equalized by the 

thermal relaxation will be obtained if the rate of trans to cis isomerization from photoisomerization is 

equal to that of the thermal relaxation in equilibrium. 

𝑘TC ∙ 𝐼 ∙ 𝑐T = 𝑘T ∙ 𝑐C           (S43) 

Inserting for the cT and cC concentration the expression in S9 and S10 for the equilibrium 

concentration as a function of initial concentration, one get: 

𝑘TC ∙ 𝐼 ∙
𝑐T,eq

𝑐T,0
= 𝑘T ∙ (1 −

𝑐T,eq

𝑐T,0
) (S44) 

𝑘TC ∙ 𝐼 ∙
𝑐T,eq

𝑐T,0
/ (1 −

𝑐T,eq

𝑐T,0
) = 𝑘T (S45) 

Substituting the left term with Eq. S12: 

𝑘TC ∙ 𝐼 ∙ 𝑋 = 𝑘T  (S46) 

𝐼 =
𝑘T

𝑘TC∙𝑋
 , (S47) 

or with the relation from Eq. S13: 

𝐼 =
𝑘T

𝑘CT
(S48) 

The same relation presented in Eq. S48 will be obtained if the thermal relaxation is equal probable to 

the photo induce cis to trans isomerization: 

𝑘CT ∙ 𝐼 ∙ 𝑐C = 𝑘T ∙ 𝐼           (S49) 
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ABSTRACT: The repulsive surface forces, such as electrostatic or steric,
acting between particles explain why they remain well separated in aqueous
electrolyte solutions and are responsible for the stability of colloidal
dispersions. However, the effective range of these interactions is always well
below hundreds of nanometers and typically can be controlled by advanced
manipulations such as tuning the electrolyte concentration or modifying the
particle surface or, in some more specific cases, via subjecting the suspension
to an external electric or magnetic field. Here we employ solutions with
small additives of a photosensitive ionic surfactant to investigate if a
repulsive interaction of microsized particles sedimented at the solid surface
can be remotely controlled simply by illuminating it with an appropriate
wavelength. We show that interactions of conventional impermeable particles remain practically unaffected by light, but, in contrast,
for porous particles, we observe a long-range repulsion, several orders of magnitude longer than any conceivable equilibrium surface
force. This repulsion emerges due to the diffusio-osmotic flow generated near the porous particles that in this scenario are playing a
role of micropumps. The diffusio-osmotic repulsion of porous particles can be used for a remote control of their two-dimensional
assemblies at the solid wall, and in particular, we demonstrate that by simply using two different illumination wavelengths it is
possible to reversibly switch the state of porous particle dispersion from densely packed surface aggregates to a periodic lattice of
particles separated by distances on the order of tens of micrometers.

■ INTRODUCTION

Understanding the mutual interaction of colloidal particles is
the key issue controlling a broad spectrum of scientific,
technological, and industrial processes related to biological
fluids, applications in the chemical and pharmaceutical fields,
products of food industry, paintings, and coatings.1−3 Beyond
the wide range of product-related applications, quasi two-
dimensional ensembles of colloids are probably the most
important model systems to study and understand a plethora
of phenomena in biology, physical chemistry, and statistical
physics such as collective motion and swarming of micro-
swimmers, motion in crowded environments, or the novel
nonequilibrium phase separation behavior of ensembles of self-
propelled particles.4−11 Boiled down to quasi two-dimensional
systems, colloidal ensembles are both, convenient to handle in
theoretical or computational investigations, and relatively
simple to study in experiments with optical microscopy
especially when adhering to solid−liquid interfaces. However,
whereas in the numerical modeling the interparticle
interactions can be adjusted easily,12 in the experiment the
mutual interactions are difficult to modify on demand as this
usually involves irreversible changes of the system mediated via
salt concentration, polymers, surfactants, or other agents.13

Here we report an approach allowing one to induce extremely

long-range interactions in an ensemble of colloids. The
strength and possibly the sign of the interaction can be
tuned dynamically and reversibly by applying simple optical
stimuli.
To achieve this, we exploit a physical mechanism related to

the recently introduced phenomenon of light driven diffusio-
osmosis (LDDO): local flows can be generated at a solid liquid
interface by irradiation with a weak focused laser beam if the
liquid phase consists of a suitable azobenzene-containing
surfactant solution.14 Under irradiation a spatial gradient of
trans and cis species of the surfactant is generated, which, in
turn, leads to a flow that is strong enough to push away
colloids in the vicinity of the spot area (Figure 1a). Similar
phenomena could also be induced by an individual porous
particle illuminated with homogeneous irradiation. In this case,
the radial concentration gradient would be generated by the
particle itself. As a consequence, nearby colloids will interact
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through the diffusio-osmotic flows induced by themselves,
leading to an effective long-range repulsive force. In the
following, we shall first review the mechanism of LDDO
generated flow and then explain in detail how single colloids
are able to mimic this phenomenology. One remarkable feature
is that the strength of repulsion can be tuned almost arbitrarily
and on demand, i.e. on and off with high spatiotemporal
precision by simple control of illumination parameters. It
might thus be considered as a variable component in the
interaction of colloids where the attractive part is fixed. Before
presenting our results on ensembles, we shall first review the
generation of LDDO driven flows in some detail.
LDDO: From an Optical Sweep to Interparticle

Interactions. LDDO becomes possible due to a photo-
sensitive surfactant bearing an azobenzene group in its
hydrophobic tail.15,16 The azobenzene group undergoes a
reversible photoisomerization reaction from a more stable trans
to a metastable cis conformation during irradiation with light of
different wavelengths.17 Photoisomerization toggled by alter-
nating illumination with UV and blue/green light can thus alter
the hydrophobicity/hydrophilicity of the surfactant as a whole
and hence its solubility, the critical micelle concentration
(CMC), the interfacial energy, and strength of interaction with
other substances.18,19 For instance, since the trans state of the
surfactant molecule is more hydrophobic than the cis state, the
CMC of the surfactant may rise by an order of magnitude
when going from trans to cis.20 When irradiation with a focused
UV laser beam is applied at a solid/liquid interface, it triggers a
photoisomerization of the surfactant molecules from trans to
cis, generating a majority of cis isomers in the vicinity of the
irradiated area and near the surface (Figure 1a).14 The
attractive interaction potential of the more hydrophilic cis
isomers with the charged glass surface generates a local excess
concentration of the cis isomers near the surface at the
irradiated area, leading to an increase in osmotic pressure
developing in normal direction within the range of the
interaction potential between surfactant and solid/liquid
interface. The lateral gradient in cis concentration generated
during illumination (Figure 1a) induces a corresponding

osmotic pressure gradient, leading to a lateral diffusio-osmotic
flow directed outward with characteristic velocity of the order
of several micrometers per second. When colloidal particles are
trapped at the surface within the irradiated region, the local
light driven diffusio-osmotic (LDDO) flow drives them along
leaving behind a clean surface (Figure 1b). The direction of the
flow can be adjusted by the irradiation wavelength. This is
achieved by first bringing all surfactants in a cis state by global
irradiation with UV light and then illuminating locally with
green light that triggers the return to trans state resulting in the
generation of reversed concentration gradients. This leads to a
correspondingly reversed LDDO flow in the direction toward
the irradiation spot and consequent gathering of the particles
(Figure 1c).14

As discussed above, a local fluid flow is generated by
illumination with focused laser light, capable of either
removing or gathering particles from or within the illuminated
area, i.e. all particles trapped at the irradiated solid/liquid
interface are moved passively within the local LDDO flow. The
natural question is whether the colloids could become the
source of the flow, thus essentially playing the part of a
micropump.
In the present work, we employ the light driven diffusio-

osmosis (LDDO) to create a local flow around individual
colloids that repel neighboring particles.
To achieve this we utilize particles having a large surface

area, i.e. porous colloids. When these particles are immersed in
water solution containing surfactants in the trans state, the
surfactant molecules are absorbed by the particles. Under
irradiation with UV light that promotes trans−cis isomer-
ization, the more hydrophilic cis isomers are expelled from the
particles leading to an effective out-flow. The emergence of a
laterally inhomogeneous excess of cis species around the
particle close to the solid−liquid interface leads to a local
generation of LDDO flow effectively resulting in a micropump
state. Since cis species are leaving the particles, the flow is
directed away from them and leads to an effective repulsion of
particles. Strength and duration of the process strongly
depends on the irradiation wavelength (at fixed intensity).

Figure 1. (a) Schematic representation of generation of light-driven diffusio-osmotic (LDDO) flow. (below) Schematic streamlines of bulk liquid
flow (far from the surface) as calculated in ref 11. (b) Optical micrographs of the motion of colloids (d = 2 μm) under irradiation with UV light (λ
= 355 nm, P = 1.5 μW). (c) Particle displacement under irradiation with green light (λ = 532 nm, P = 30 μW). The particles are dispersed in
aqueous solution containing photosensitive surfactant (cazo = 1 mM, the chemical structure is shown in Figure 2b).
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When studying an ensemble of such particles at a solid surface,
the local repulsion generated around each colloid (of 5 μm in
diameter) results in 2-dimensional crystalline arrangement of
particles with equalized interparticle distances varying between
7 and 85 μm depending on the particle surface density. A
subsequent change to nonisomerizing red light eliminates local
LDDO flow restoring the particle aggregates. The separation/
aggregation process can be repeated indefinitely by periodically
changing the wavelength of the applied irradiation. We note
that particle separation is a result of a light driven diffusio-
osmotic flow (LDDO) generated by every single particle on its
own. The key to understanding the relevant processes is
related to the role played by the pore walls, providing a large
area to which surfactant molecules can adsorb. Effectively,
porous particles act as sources and sinks of surfactants
depending on the illumination wavelength, and this results in

a concentration gradient of surfactants inside and outside of
the particles. This technique’s forte ́ lies in the fact that long-
range repulsion can be established and tuned in a
spatiotemporal way.

■ EXPERIMENTAL SECTION
Materials. Nanoporous silica microspheres of d = 5 μm in

diameter are purchased from Micromod (Sicastar, prod. nr. 43-00-
503, Germany). The particles have a porosity of 850 m2/g (the
diameter of the pores is ca. 6 nm) and are otherwise unmodified. The
porous particles are dispersed in an aqueous solution at different
concentrations ranging between 0.005 and 0.5 mg/mL. The
nonporous particles of 1.5 μm in diameter are purchased from
Micromod (Sicastar, Germany).

The azobenzene containing trimethylammonium bromide surfac-
tant (C4-Azo-OC6TMAB) is synthesized as described before.21 The
surfactant (Figure 2b) consists of a spacer of 6 methylene groups

Figure 2. (a) SEM image and scheme of the porous particle of 5 μm in diameter and pore size of 6 nm. (b) Chemical structure of the azobenzene
containing cationic surfactant (C4-azo-OC6TMAB). Shown below is a scheme of azobenzene photoisomerization. (c) UV−vis spectra of C4-azo-
OC6TMAB in different photostationary states: dark (black line), after irradiation with UV light of λ = 375 nm (green dashed line), and blue light of
λ = 445 nm (red dash-dotted line).

Figure 3. Optical micrographs of porous silica particles (d = 5 μm) trapped at a glass surface and immersed into aqueous solution of azobenzene
containing surfactant (cazo = 1 mM). (a) Before irradiation particles aggregate, (b) after switching on irradiation with blue light (λ = 450 nm, I = 1.5
mW/cm2), the particles move apart and reach a stable state with a narrow, unimodal distribution of interparticle distances (c). The isolated
particles (marked in yellow in all micrographs) do not move at the beginning of irradiation. (d−e) After switching off illumination, the particles
reaggregate within minutes. (f) Nearest particle distance (NPD) distribution calculated from part c. In Figure S1 (Supporting Information) the
corresponding video is provided.
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between the positively charged trimethylammonium bromide head-
group and the azobenzene unit with a bythyl tail attached. The
surfactant is dissolved in Milli-Q water and diluted to the required
concentrations ranging from 0.1 to 2 mM.
The aqueous dispersion of the silica particles is mixed with

surfactant solution at different concentrations and kept at least 2 h for
equilibration. A closed chamber (Gene Frames of size 1.5 × 1.5 cm2

and height at 250 μm) with a volume of 65 μL is used in order to
provide a closed environment, i.e. eliminate water/air interface. All
samples are kept in the dark or in red light to prevent unwanted
photoisomerization.
The photoisomerization behavior of the surfactant is described in

detail in the previous publication.22 The trans isomer has a
characteristic absorption band (π−π* transition) with a maximum
at 351 nm (Figure 2c). The spectrum of the cis isomer is characterized
by two absorption bands with maxima at 313 nm (π−π* transition)
and at 437 nm (n−π* transition). The lifetime of the cis isomer in the
dark or under illumination with red light of λ = 600 nm is 48 h, while
the photoisomerization from a cis to a trans state under irradiation
with blue light (λ = 450 nm, I = 1.5 mW/cm2) takes place within a
few seconds, approaching a photostationary state after 10 min of
irradiation at which a fraction of trans isomers of 66% is achieved.
Under UV illumination (λ = 375 nm) at the photostationary state, the
surfactant molecules are predominantly in a cis state with a fraction of
90%.
Methods. An inverted Olympus IX71 equipped with a tunable

monochromatic light source (Polychrome V, FEI Munich GmbH)
acts as illumination and lighting source. The illumination intensity is
measured by an optical power meter 1918-R with sensor 918D-UV-
OD3R (Newport Corporation, Irvine, CA, USA). Images are acquired
with an Olympus XM10 monochrome camera at a speed of maximal
14 frames per second or a Hamamatsu Orca Flash 4.0 at 100fps. The
setup is kept in dark to prevent uncontrolled isomerization. Motion of

silica particles on a glass substrate is studied under illumination from
the top with a monochromatic light of λ = 450 nm (blue, I = 1.5 mW/
cm2) and λ = 600 nm (red, I = 2 mW/cm2) wavelengths. The
intensity of irradiation is kept constant over the whole imaging area.

Particle motion is tracked using the Mosaic Single Particle Tracking
plugin for ImageJ (Rasband, W.S., ImageJ, U.S. National Institutes of
Health, Bethesda, Maryland, USA). The tracking algorithm is
described by Koumoutsakos.23 Motion analysis and calculation has
been implemented in Matlab.

UV−vis spectroscopy (Cary 5000 UV-vis-NIR spectrophotometer,
Agilent Technologies, USA) is used to measure the amount of
surfactant absorbed by porous colloids.

A scanning electron microscope (Ultraplus 4061, Zeiss, Germany)
is utilized to characterize colloidal particles.

■ RESULTS

The porous particles (d = 5 μm, pore size = 6 nm, Figure 2a)
are dispersed in aqueous solution of photosensitive surfactants
(cazo = 1 mM) (Figure 2b) and their dispersion is placed in a
closed chamber placed in the optical microscope as described
in the Experimental Section.
Without illumination (the imaging is performed under red

light which does not result in surfactant photoisomerization)
the porous particles sediment to a solid surface (glass) and
form different aggregates (Figure 3a). The image acquisition is
performed under illumination with red light of λ = 600 nm, at
which no photoisomerization of the azobenzene takes place.
When blue light (λ = 450 nm) is switched on, the particles
start to move, repel each other, and form a stable grid with a
rather narrow distribution of interparticle distances (Figures

Figure 4. (a) Dependence of the nearest particle distance (NPD) on irradiation wavelength and time. Time t = 0 corresponds to the particle
ensemble forming a periodic grid under irradiation with an average NPD of 17 μm. (b−f) Optical micrographs taken at irradiation steps marked in
a: (b) at the end of particle aggregation under red illumination, (c) beginning of particle separation (second cycle) under blue light, (d) stable
particle pattern under blue irradiation, (e) aggregated state, (f) separated particles during the third irradiation cycle. Single colored colloids (red,
green, blue, and yellow) have been tracked to illustrate the extent of particle motion in the micrograph area. The corresponding video is provided in
Figure S2, Supporting Information.
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3b, c). For this particular example, the distance between the
particles is measured to be of ca. 15 μm (Figure 3f).
The periodic lattice of distant particles is maintained

throughout the whole irradiation time (at least during several
hours). In this time scale, the particles are essentially trapped at
the positions of lattice sites, with some fluctuations due to
Brownian motion (see video in Figure S1, Supporting
Information). As will be interpreted below, the long-range
repulsion arises since porous particles become micropumps
generating liquid flows. Isolated particles (for example the
particles marked yellow in Figure 3) do not show displacement
at the beginning of irradiation. But they start to repel strongly
if they are initially located in the vicinity of each other. After

switching off the external light source, the long-range repulsion
ceases and the particles reaggregate within a few minutes
(Figures 3d, e). This separation/aggregation cycle can be
conducted many times just by applying the irradiation protocol
repetitively with two different wavelengths, blue light
(separation) and red light (aggregation) (Figure 4, and video
in Figure S2, Supporting Information). To characterize the
particle distribution, we introduce the so-called nearest particle
distance (NPD) parameter, which is defined as the smallest
average distance to a neighboring particle.
Figure 4a shows the dependence of the NPD on irradiation

time and wavelength for the particle ensemble subjected to
blue light (λ = 450 nm). The particles are separated every time

Figure 5. Optical micrographs of porous silica particles (d = 5 μm) in 1 mM azobenzene containing surfactant aqueous solution under blue
illumination at different particle surface densities (PSD): (a) 0.8 × 102, (b) 3.4 × 102, (c) 5.5 × 102, (d) 1.6 × 103, and (e) 104 mm−2. (f) Nearest
particle distance (NPD) shown as a function of the particle surface density for surfactant concentration of 1 mM. The black line represents the
exponential fit of the data.

Figure 6. (a) Averaged nearest particle distance (NPD) as a function of surfactant concentration at fixed particle concentration (PSD = 3 × 103

mm−2). The dashed gray line indicates the particle distance in the aggregated state. (b) Particle velocities as a function of time: red curve depicts
the velocity variation of the outer particle (1), while the black line corresponds to the particle (2) in the center of the aggregate. The trajectories of
the particles are marked by white lines on the inserted micrographs.
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when the blue light is switched on forming a pattern/grid with
a well-defined NPD of 17 μm (Figures 4d, f). The separation
takes place within the first seconds of irradiation (Figure 6b).
When the blue light is switched off the NPD decreases down
to 5 μm revealing ongoing aggregation and saturates after ca. 5
min (Figure 4a).
It was found that the greatest achievable distance between

particles depends on their number density per unit area (at
fixed surfactant concentration and irradiation intensity), i.e. the
particle surface density (PSD). Figure 5 shows the dependence
of this distance on the PSD during irradiation with blue light.
ca. 85 μm (PSD of 80 particles/mm2) (Figure 5a). Note that
this is currently the minimum density detectable within our
experimental setup, and it is likely that the repulsion can be
observed at larger distances. With increasing the particle
concentration, the distance between the particles decreases as
shown in Figure 5f. The smallest measured NPD is about 7 μm
for a PSD of ∼104 particles/mm2 (Figure 5e). At large surface
densities, switching on blue light at the beginning of the
particle separation process some of them “jump” off the surface
followed by readsorption as soon as free areas are generated by
repulsion (see videos in Figure S3, Supporting Information).
The extent of particle separation also depends on the

surfactant concentration. With increasing surfactant concen-
tration, the repulsive strength increases resulting in a larger
NPD at fixed surface particle density (Figure 6a). Starting from
ca. 0.5 mM (critical micelle concentration) the NPD saturates.
The particle velocity during the separation process is shown in
Figure 6b. Following particle trajectories recorded during the
transition from the aggregated to the well-separated state
reveals that most particles move away from the center of a
cluster in radial direction except particles initially located at the
center of the aggregate (Figure 6b, inset). These particles
remain at their initial positions implying that the forces on
these particles are balanced. The particles at the periphery of
the aggregate lack neighbors; therefore, an effective force drives
those outward. This observation would, for example, be
consistent with a repulsive interaction between particles. The
velocity of the particles under illumination with blue light
increases to a maximal value within the first 0.5 s of irradiation
and then slowly drops to zero within 10 s: the time it takes to
reach the stationary lattice (Figure 6b shows a velocity of
particles marked by 1 and 2). A similar trend in the variation in

particle velocity is observed for all surfactant concentrations in
the range between 0.2 and 2 mM. The absolute value of the
maximum velocities, however, depends on many parameters
such as surfactant concentration, particle surface density, and
the position within the particle aggregate.
Particle repulsion is suppressed by increasing the ionic

strength of the surfactant solution. Adding NaBr results in a
decrease of the maximum particle velocity showing complete
suppression of particle motion at 10 mM NaBr (Figure 7a).
Furthermore, this effect can be observed analyzing the NPD as
a function of salt concentration (Figure 7b). The difference in
NPD in the dark and after 10 s of illumination with blue light
decreases with salt concentration. In Figure S4 one can see the
process of particle repulsion under blue light recorded for
several salt concentrations. Up to 2 mM NaBr when the Debye
length drops down to ca. 6 nm, the particle repulsion is still
pronounced, while from 5 mM NaBr on, particle motion is
suppressed.
Based on the results described above we can propose the

following mechanism of the light-driven reversible particle
repulsion/aggregation process. An explanation for an emerging
flow can be obtained if we invoke LDDO. This diffusio-
osmotic flow originates due to gradients of trans and cis isomer
concentrations in the lateral direction induced by illumination,
being driven by an electrostatic diffuse layer (EDL) of
thickness of the order of Debye length of electrolyte solution,
λD:
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where kBT is the thermal energy, η is the dynamic viscosity of
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,
are the characteristic adsorptions of trans

and cis isomers to the surface, ∇ct,c are gradients of the
concentrations of corresponding isomers, and ct,c are
concentrations of trans and cis isomers in the vicinity of the
porous particle.
According to 1, the LDDO flow is generated due to the

excess concentration of surfactant near the porous particle,
which in turn causes the local excess near the surface and a
large gradient of osmotic pressure. For this effect to occur, it is
necessary to have a certain asymmetry in the system, otherwise

Figure 7. (a) Maximal velocity averaged over many particles 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 irradiation. Particle motion is completely
suppressed at a concentration of 10 mM. Surfactant concentration is fixed to 1 mM and the PSD is 35 × 102/mm2 for all measurements. The red
points indicate NPD during blue irradiation, while the gray triangles depict it under red light. Corresponding videos of particle repulsion are
presented in Figure S4 in the Supporting Information.
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the opposing gradients of the two surfactant isomers will cancel
each other. In our previous work14 such an asymmetry emerges
due to focused illumination (creating two distinct zones: inside
and outside of the laser beam), different CMCs for trans and
cis isomers (in our case CMCs for trans and cis differ
significantly24 (CMC for the cis isomer in our case is 8 times
higher) and stronger interaction of the cis isomer with the
surface. In this way one generates a stronger concentration
gradient near the surface for the cis form. In the current work
the illumination is global, but trans and cis forms have different
absorption affinity into the porous particles.
Electrochemical potentials of trans and cis isomers follow the

usual distribution that depends on their concentrations:

μ μ= + + Φk T c zelnc t c t t c, 0 , B , (2)

where μ0 is defined far from the particles, and c (surfactant
concentration) and Φ (electrostatic potential) vary in inner
and outer regions of the porous particle. This expression holds
below the CMC for each type of isomer. However, for trans
isomers, which are capable of forming aggregates both inside
and outside the particle, we have to take those surfactant
aggregates into account, so in equilibrium the chemical
potentials outside and inside the particles yield:

= +
−
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where c0 t,s is the bulk concentration of the trans-/cis-
surfactants, CMCt is the critical micelle concentration of the
trans-isomer, N is the packing factor, that stands for the
number of surfactant molecules per aggregate and can differ in
the outside region (where aggregates are micelles) and inside
the pores, and Ct is the total concentration of trans-isomers
inside the porous particle. Assuming that CMCt inside the
pores is vanishing,25 eq 3 reduces to
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Note that here Φ is a function of Ct, since the charge inside the
pores is screened stronger for larger surfactant concentrations.
For cis isomers, however, which have a substantially higher
CMC, and thus are incapable of forming aggregates inside the
pores, the equilibrium concentrations should follow a
Boltzmann distribution:
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Experimental results support this model. Indeed, without
irradiation, the surfactant molecules are mostly in their stable
trans isomer and are absorbed in the particle pores. Due to
high particle porosity, the amount of the absorbed surfactant is
quite high and increases with surfactant concentration. For
instance, at c0 = 1 mM of initial surfactant concentration, only
0.3 mM is left in solution after dispersion of porous particles
(Table S1, Supporting Information). It is plausible that such an
efficient sorption of surfactants is due to a gain in free energy
upon micellization in the particle interior.25 This scenario is
also supported by UV−vis absorption measurements where the
hypsochromic shift from 353 to 348 nm is visible indicating
formation of aggregates within the particles.16 The absorption
of the surfactant molecules results in a change of the ζ-

potential of the particles from −20 ± 5 mV (without
surfactant) to +26 ± 9, +33 ± 3, and +39 ± 5 mV for
surfactant concentrations 0.3, 1, and 2 mM, respectively.
Having now analyzed the distribution of isomers in- and
outside of the porous particles in the dark, let us consider
further the situation under illumination.
What happens, then, when the blue light is switched on?

Since the porous particles are transparent to wavelengths of
450 nm, upon irradiation with blue light the photoisomeriza-
tion of the surfactant takes place not only in solution but also
within the particles. Trans isomers are converted to cis and,
therefore, break the aggregates inside the pores, which leads to
a drastic increase of inner surfactant concentration, exceeding
the value given by eq 5 and prompting the accelerated escape
of excess cis molecules. The excess inner concentration of cis
isomer can be estimated from eqs 4−5:
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where N can be found from the equilibrium measurements of
surfactant uptake by porous particles (Table S1, Supporting
Information): N ∼ 5−10.
As soon as the illumination is turned on, there appears a

nonequilibrium concentration distribution of cis molecules in
the vicinity of a single porous particle. In other words, the
trans−cis photoisomerization should result in a release of the
cis isomer out of the pores (Figure 8). The release of the cis

isomers is governed by two factors, an increased osmotic
pressure within the particles (since the micelles formed within
the particles by trans isomers are destroyed during photo-
isomerization), and the effect of the increased hydrophilicity of
the cis isomer.19 As a result, a concentration gradient of the
isomers around the single particle is generated inducing a
diffusio-osmotic flow pointing away of the particles (red arrows
in Figure 8).
This indicates that the particles act as an effective source of

cis-isomers released out of the interior during irradiation. In
this way, each single porous particle generates its own local
radial flow, acting as a micropump. When two or more

Figure 8. Scheme of light driven diffusio-osmotic 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. The
blue arrows indicate schematically the local distribution of osmotic
pressure. The red arrows depict the direction of hydrodynamic flow
pattern at the particle level.
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particles are close to each other, these flows lead to a diffusio-
osmotic repulsion resulting in a separation of particles.
In order to estimate the magnitude of the flow, we only take

into account the gradient of the cis surfactant from eq 1:

η
λ

= −
∂ Γ

∂
∇v

k T
c

c
( )c

c
c

LDDO B EDL D

(7)

Approximating the surface excess of cis isomers in the EDL
near the wall,
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where c0 is the combined bulk concentration of the surfactant,
c± are the concentrations of ions (both salt and surfactant)
within EDL, ϕ̃0 = eΦ/kBT is the dimensionless electrostatic
potential of the wall, and the concentration gradient is

∇ ≃ Δc c
D / 2

c , where D is the diameter of the particles and Δcc
is local excess of cis isomer concentration near the particle, we
can estimate the speed of the diffusio-osmotic flow:
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where lB is the Bjerrum length and I is the ionic strength in the
bulk.
According to eq 8, the initial velocity close to the particle

can be rather high, up to hundreds of micrometers per second

but depends strongly on the relative excess concentration Δc
I

c

and dimensionless electrostatic potential of the wall ϕ̃0. The
values of Δc

I
c and ϕ̃0 can be found from the experimental data.

For the simplest case of ϕ̃0 ≃ 1 we can estimate Δc
I

c , knowing

that ≃ μv 30 m/smax
LDDO is 0.15. The disappearance of motion

with increasing NaBr concentration (Figure 7a) can be
explained by a decrease in Debye length.14

To explore a generated flow in more detail, we visualized the
repulsion zone between particles by adding small nonporous
colloids to the solution. A mixture of porous and nonporous
silica particles of size 5 and 1.5 μm, respectively, is dispersed in
1 mM surfactant solution. The particles are initially distributed
on the surface as shown in Figure 9a: porous and nonporous
particles form small aggregates as well as single objects and
undergo thermal motion near the glass surface. Under
illumination with blue light, the porous particles start to
repel and form a grid with average particle distance of ca. 14
μm (Figure 9b). At the same time, the small particles are
pushed away from the porous colloids and are aligned at the
stagnation zones of the local diffusio-osmotic flows (Figures
9b, d−f). This is a strong indication of the radial flows
generated by each porous particle under illumination. Switch-
ing back to red light leads to vanishing of repulsive
interactions, since the local flow around each porous particle
stops (Figure 9c).
The wavelength of irradiation plays a key role in the long

time stability of particle repulsion and separation. Indeed, a
stationary state is attained under irradiation with blue light
when the fraction of trans and cis surfactant molecules in
solution shifts to 66% and 34%, respectively (Figure 2c),
implying a continuous, steady state trans−cis and cis−trans
isomerization processes: photogenerated trans isomers can
continuously diffuse into the porous particle thereby
replenishing its stock of cis species. Particle repulsion
disappears completely when the light is switched off. The
surfactant molecules in trans state diffuse into the pores of the
particles, form aggregates inside and the system equilibrates. In

Figure 9. Optical micrographs showing the motion of porous (d = 5 μm) and nonporous (1.5 μm) silica particles dispersed in 1 mM surfactant
solution and exposed to illumination with (a) red light, (b) blue light (450 nm), and subsequently (c) red light. (d−f) Enlargements of the selected
areas in b. The corresponding movie is provided in Figure S5, Supporting Information.
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contrast, when irradiation is conducted with UV light, after 10
min of irradiation ca. 90% are switched to cis exhausting the
amount of trans isomers, and the LDDO driven flow ceases, i.e.
the time for which effective particle repulsion can be observed
is much smaller (ca. 10 min). The weakening of repulsion can
be observed by a more pronounced Brownian motion of the
particles at the spots where they are trapped (Figure S6,
Supporting Information).
The generation of the stationary flow under irradiation with

blue light generated around the particle is supported by an
additional independent experiment. Figure 10 shows the
increase of the “cleaned area” around porous particle as a
function of irradiation time. Here a single porous particle of 20
μm in diameter is attached to a surface and surrounded by
many small nonporous silica colloids (1.5 μm in diameter).
During the irradiation with blue light the locally generated
LDDO flow around the porous micropump repels the passive
small colloids. The cleaned area increases with time and
saturates after ca. 10 min of irradiation (Figure 10b). The area
stays free of small particles during further irradiation. We can

evaluate the velocity of the flow at a given radial distance, r,
from the particle of diameter D: ≤v r v( ) D

r
LDDO

0
LDDO

2
, which is

valid for a stationary flow. Now, in order to estimate how the
area of a cleaned spot around the porous particle grows with
time, we will consider the radius of the spot r, which satisfies

the differential condition: = ≃r v t vd d D t
r

LDDO
0
LDDO d

2
. After

integrating, we get r2(t) ≃ v0
LDDODt or, for the area A(t) ≃

πv0
LDDODt. This analysis, therefore, implies that a linear

dependence of A on time might indicate the stationary DO
flow at the surface of the porous particle, which, in turn,
indicates a steady generation of the cis surfactant.

■ CONCLUSIONS
We report extremely long-range repulsion of porous micro-
particles induced by LDDO flow, with each particle serving as
a micropump that efficiently pushes its neighbors away. We
unraveled the mechanism responsible for this phenomenon to
be comprised of several equally crucial factors. First, the
micropumps are triggered by the conformational change in

Figure 10. (a−c) Optical micrographs show the motion of small silica particles of 1.5 μm in diameter in the vicinity of a porous silica particle (d =
20 μm). The particles are immersed in aqueous solution of azobenzene containing surfactant (c = 1 mM). Before irradiation, the small particles
move randomly and distribute randomly on the surface (see the video in Figure S7, Supporting Information). Under irradiation with blue light (λ =
455 nm, homogeneous intensity distribution), the local LDDO flow around the porous particle repels the small particles (b). Under continuous
irradiation the “cleaned area” increases (c). (d) Particle-free area A as a function of irradiation time. The inset shows a scheme depicting the circular
parameters. The black line depicts a fit of the data.
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photosensitive surfactant due to a trans−cis isomerization of
the incorporated azobenzene group in its hydrophobic tail.
Second, these surfactant molecules are absorbed in the pores of
the microparticles due to the aggregates formed by surfactant
molecules in trans conformation. We prove this to be an
important step, since nonporous particles do not demonstrate
the repulsive behavior. Third, after irradiation the newly
formed cis molecules leave the pores, thus generating a
significant excess concentration near the colloids’ surfaces.
This transition leads to the generation of an LDDO flow,
rendered possible by the fourth factor: the presence of a
charged wall, on which the colloids are sitting.
This combination of four factors was studied in detail, and

the dependence of particle separation, initial drift velocity,
meta-2D-crystallic state stability on factors such as particle,
surfactant, and salt concentration, and irradiation wavelength is
reported. We have also demonstrated how our system can be
tuned in order to facilitate fast aggregation/separation of
colloidal suspension with optical irradiation. This route opens
a vast spectrum of possibilities for simplified particle
manipulation, including but not limited to delicate surface
cleaning, microfluidics and “lab-on-a-chip” applications, precise
structures and pattern formations in colloid suspensions, and
others.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.9b03270.

Supplementary Videos Figure S1, Figure S2, Figure S3
(includes 5 videos), Figure S4 (includes 6 videos),
Figure S5, Figure S6, and Figure S7 provide movies of
particle motion under blue and UV irradiation (ZIP)
Supplementary Table S1 represents the amount of
surfactant molecules absorbed in porous particles as a
function of bulk surfactant concentration (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Svetlana A. Santer − Institute of Physics and Astronomy,
University of Potsdam, 14476 Potsdam, Germany;
orcid.org/0000-0002-5041-3650; Email: santer@uni-

potsdam.de
Olga I. Vinogradova − A.N. Frumkin Institute of Physical
Chemistry and Electrochemistry, Russian Academy of Sciences,
119071 Moscow, Russia; DWI-Leibniz Institute for Interactive
Materials, RWTH Aachen, 52056 Aachen, Germany;
orcid.org/0000-0002-3327-162X; Email: oivinograd@

yahoo.com

Authors
David Feldmann − Institute of Physics and Astronomy,
University of Potsdam, 14476 Potsdam, Germany

Pooja Arya − Institute of Physics and Astronomy, University of
Potsdam, 14476 Potsdam, Germany

Taras Y. Molotilin − A.N. Frumkin Institute of Physical
Chemistry and Electrochemistry, Russian Academy of Sciences,
119071 Moscow, Russia

Nino Lomadze − Institute of Physics and Astronomy, University
of Potsdam, 14476 Potsdam, Germany

Alexey Kopyshev − Institute of Physics and Astronomy,
University of Potsdam, 14476 Potsdam, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.9b03270

Author Contributions
S.A.S. and O.I.V. designed and supervised the project and
wrote the manuscript. D.F., P.A., and A.K. performed the
device fabrication, measurements, and analysis of the
experimental data. N.L synthesized the photosensitive
surfactant. T.Y.M. and O.I.V. developed the theory. All authors
contributed to the final version of manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research is supported by the Priority Program 1726
“Microswimmers-From Single Particle Motion to Collective
Behaviour”, Germany; DFG (SA1657/9-2 and VI 243/4-2),
Helmholtz Graduate School on Macromolecular Bioscience
(Teltow, Germany), and the Russian Ministry of Education
and Science. We thank C. Beta (University of Potsdam) for
technical support during measurements with optical micros-
copy and fruitful discussions.

■ REFERENCES
(1) Li, B.; Zhou, D.; Han, Y. Assembly and phase transitions of
colloidal crystals. Nat. Rev. Mater. 2016, 1, 15011.
(2) Wagner, N. J.; Brady, J. F. Shear thickening in colloidal
dispersions. Phys. Today 2009, 62, 27−32.
(3) Liang, Y.; Hilal, N.; Langston, P.; Starov, V. Interaction forces
between colloidal particles in liquid: Theory and experiment. Adv.
Colloid Interface Sci. 2007, 134−135, 151−166.
(4) Anderson, V. J.; Lekkerkerker, H. N. W. Insights into phase
transition kinetics from colloid science. Nature 2002, 416, 811−815.
(5) Padding, J. T.; Louis, A. A. Hydrodynamic interactions and
Brownian forces in colloidal suspensions: Coarse-graining over time
and length scales. Phys. Rev. E 2006, 74, 031402.
(6) Soyka, F.; Zvyagolskaya, O.; Hertlein, C.; Helden, L.; Bechinger,
C. Critical Casimir Forces in Colloidal Suspensions on Chemically
Patterned Surfaces. Phys. Rev. Lett. 2008, 101, 208301.
(7) Martínez-Pedrero, F.; Tierno, P. Advances in colloidal
manipulation and transport via hydrodynamic interactions. J. Colloid
Interface Sci. 2018, 519, 296−311.
(8) Schlesener, F.; Hanke, A.; Dietrich, S. Critical Casimir Forces in
Colloidal Suspensions. J. Stat. Phys. 2003, 110, 981−1013.
(9) Poulin, P.; Cabuil, V.; Weitz, D. A. Direct Measurement of
Colloidal Forces in an Anisotropic Solvent. Phys. Rev. Lett. 1997, 79,
4862−4865.
(10) Berner, J.; Müller, B.; Gomez-Solano, J. R.; Krüger, M.;
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Table S1: Dependence of the amount of adsorbed surfactant within the porous particles on bulk

surfactant concentration. Amount of surfactant adsorbed per mg (second 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 Cresidual is in the last column. 

The adsorption is given in various units. 

Cazo/mM Cazo (µmol/mg) Molecule/nm2* (Molecule/Particle)** Cresidual/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 

* Adsorbed density of the surfactant in units of molecules per nm2

** Number of surfactant molecules absorbed by one particle 
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ABSTRACT 

In this paper we introduce the phenomenon of light driven diffusioosmotic long-range attraction 

and repulsion of porous particles under irradiation with UV light. The change in the inter-particle 

interaction potential is governed by flow patterns generated around single colloids and results in 

reversible aggregation or separation of the mesoporous silica particles that are trapped at a solid 

surface. The range of the interaction potential extends to several times the diameter of the particle 

and can be adjusted by varying the light intensity. The “fuel” of the process is a photosensitive 

surfactant undergoing photo-isomerization from a more hydrophobic trans- to a rather hydrophilic 

cis-state. The surfactant has different adsorption affinities to the particles depending on the 

isomerization state. The trans-isomer for example tends to accumulate in the negatively charged 

pores of the particles while the cis-isomer prefers to remain in solution. This implies that when 

under UV irradiation cis-isomers are being formed within the pores they tend to diffuse out readily 

and generate an excess concentration near the colloids outer surface, ultimately resulting in the 

initiation of diffusioosmotic flow. The direction of the flow depends strongly on the dynamic 

redistribution of the fraction of trans- and cis-isomers near the colloids due to different kinetics of 

photo-isomerization within the pores as compared to the bulk. The unique feature of the 

mechanism discussed in the paper is that the long range mutual repulsion but also the attraction 

can be tuned by convenient external optical stimuli such as intensity so that a broad variety of 

experimental situations for manipulation of a particle ensemble can be realized. 

Introduction 

For manipulation of a colloidal ensemble at a solid-liquid interface, the diffusioosmosis 

phenomenon has recently attracted much attention.1,2 The central point in this remarkable 

membrane-free osmotic transport approach is the generation of fluid flow close to a solid surface 

where the colloids are trapped. The colloids can then be moved either passively following the 

diffusioosmotic (DO) flow pattern or even undergo self-propelled (diffusiophoretic) motion in case 

the flow results from an asymmetrically shaped particle.3,4,5,6,7 The DO flow is driven by an 

osmotic pressure gradient resulting from a gradient of a solute close to the solid surface.8,9,10,11,12,13 

The osmotic pressure squeezes the fluid against the wall, its lateral gradient generates fluid flow 

along the interface. The direction of the DO flow generated within the diffuse layer defined by the 
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range of solute/surface interactions (typically within the first few nanometers) can point towards 

or out the area of maximum solute concentration depending on the interaction potential of the 

solute with the surface and the differential solvent−solute near-wall mobility.14 It is reported that 

in a simple case of non-ionic interactions, the attractive potential results in the solvent flow towards 

the area of low concentration, while repulsive interactions might result in a DO flow towards the 

larger concentration of the solute.1 Experimental observations of diffusioosmotic flow have been 

reported for several systems subjected to a gradient of solutes such as salt, ethanol-water mixtures 

or neutral polymers.15,16,17,18 The challenging task of establishing gradients of solutes that are 

strong enough to drive a measurable DO flow is managed by constructing a line of microfluidic 

channels connected to pressurizing reservoirs containing solute, solvent and tracer particles.19 The 

construction of such devices requires elaborate knowledge of microfabrication techniques and is a 

science of its own. Therefore, the key task of using DO flow as reliable and convenient tool for 

particle manipulation is the ability to generate solute concentration gradients with spatio-temporal 

control, in a reversible manner and at an arbitrary surface.  

Recently we have introduced the phenomenology of light driven diffusioosmotic (LDDO) flow, 

where photo-sensitive surfactant molecules are used to generate solute gradients.20 The cationic 

surfactant contains an azobenzene group integrated in a hydrophobic tail.21 Under photo-

isomerization, the azobenzene switches from a trans to a cis state differing significantly in polarity, 

where the cis-conformation is the more polar one.22 The decoration of the surfactant with this photo-

responsive group allows for reversible switching of the hydrophobicity of the whole molecule upon 

illumination with light of appropriate wavelength.23 For instance, the exposure to UV-light results in 

generation of a majority of cis-population in solution, while illumination with longer wavelength (blue 

and green light) results in larger amounts of trans-isomers (more hydrophobic).24  As a result, one can 

easily change the solubility, the critical micelle concentration (CMC), the interfacial energy, and 

the strength of interaction with other substances just by applying light. 20,25  We have found that 

when the surfactant solution is irradiated with focused light, an osmotic pressure gradient is developed 

at the solid/liquid interface near the laser spot resulting in a light driven diffusioosmotic (LDDO) flow 

along the solid surface.20 Depending on the irradiation wavelength one can establish the radially directed 

DO flow pointing either out of or into the area of the laser spot. Under exposure to focused UV light, 

the attractive interaction potential of the cis-isomers with the charged glass surface generates a 

local excess concentration near the surface at the UV irradiated area. This, in turn, causes the 
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osmotic pressure at the irradiated area to increase and together with the lateral gradient in cis- 

concentration a corresponding osmotic pressure gradient develops, leading to a lateral LDDO flow 

directed outwards. Irradiation with a longer wavelength generates LDDO flow directed inwards, 

i.e. towards the laser spot. Here, first all surfactants are converted to the cis state by global

irradiation with UV light and subsequent illumination with focused green light triggers local photo-

isomerization to the trans-state resulting in the generation of reversed concentration and osmotic 

pressure gradients and thus a reversed LDDO flow.20 This flow is capable of either removing or 

gathering colloids from or within the illuminated area, where the particles passively follow the 

local streamlines. Utilizing a similar mechanism, one can also generate LDDO flow at single 

porous particles, while globally irradiating with non-focused light. 26 The driving force behind this 

effect is based on a reversible accumulation of cationic surfactant within the negatively charged 

pores of the colloids,27,28,29 where the trans-isomer preferentially stays within the pores, while the 

more hydrophilic cis-isomer seek the bulk solution. This allows the porous particles to act as a 

“micro-pump” generating a diffusion of cis-isomers out and trans-isomers into the particle when 

exposed to light.30 The direction, strength and the duration of the flow depends on the wavelength 

of the applied irradiation, since it defines the ratio of trans- and cis-isomers (given an overall 

absolute surfactant concentration). For instance, when a porous particle immersed in a solution of 

cis-isomers is illuminated with green light (converting from cis- to trans), the diffusion of trans-

isomers into the particles generates a depletion zone near the colloid surface  resulting in 

aggregation of colloids due to attractive diffusioosmotic interactions.30 On the other hand, under 

irradiation with blue light, a steady state DO flow is established around the particles leading to 

stable long-time repulsive DO interactions.26 The generation of the different DO flows at the 

porous particles renders them active in the sense that the inter-particle interactions can be adjusted. 

In this paper we show that under irradiation with UV light, the direction and the strength of the 

local light driven diffusioosmotic (l-LDDO) flow changes spontaneously enforcing either long 

range attraction or repulsion. We explain this by the dynamic redistribution of the fraction of trans- 

and cis-isomers near the colloids, induced by the difference in pore and bulkkinetics of photo-

isomerization.  

Experimental Setup 

Materials 
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Mesoporous silica microspheres of 5 µm in diameter with BET (specific surface area) value of 

850m2/g and pore diameter of 6 nm are purchased from Micromod (Sicastar, Prod. Nr. 43-00-503, 

Germany).  

Azobenzene containing trimethyl-ammonium bromide surfactant (C4-Azo-OC6TMAB) is 

synthesized as described elsewhere.31 The surfactant is dissolved in milli-Q water and diluted to 

the required concentrations ranging from 0.1 mM to 2 mM. The CMC of surfactant in trans state 

is 0.5 mM.23 

The aqueous dispersion of the silica particles is mixed with surfactant solution so that the particle 

concentration is 0.1mg/ml, while the surfactant concentration is adjusted on demand. The 

dispersion is kept for equilibration at least 1 hour. A sealed chamber of 920 µm in height and a 

sample volume of 40 µl is used to exclude effects originating from a water/air interface (marangoni 

flows). All samples are kept in the dark or in red light to prevent unwanted photo-isomerization.  

Photo-isomerization of azobenzene surfactant. The molecules undergo photo-isomerization from 

the trans- to the cis-state under irradiation with UV light (λ = 365 nm).24 The photo-stationary 

state with 90% of cis isomers is achieved within several minutes (intensity dependent) of 

irradiation. UV-Vis absorption spectra recorded in dark (trans state) and during UV illumination 

at the photo-stationary state (cis isomers) are presented in Figure 1f. Under illumination with 

longer wavelengths, the photo-isomerization from the cis- to the trans- state takes place within 

seconds, while thermal back relaxation in the dark takes more than 48 hours.24 The red light (λ = 

625 nm) illumination does not affect photo-isomerization of the surfactant. 

Methods 

An inverted microscope Olympus IX73 equipped with a light source of different wavelengths is 

used for all measurements. A UV LED (M365L2-C1) purchased from Thorlabs Gmbh (Lübeck, 

Germany) is used to achieve a homogeneous, global irradiation (guaranteeing a constant intensity 

all across the sample). The illumination power is measured by an optical power meter PM100D 

with sensor S170C (Thorlabs Gmbh, Germany). Micrographs are acquired with a Hamamatsu 

ORCA-Flash4.0 LT (C11440) at rate of 1 frame per sec. The setup is kept in the dark to prevent 

the uncontrolled isomerization. When required, red light (M625L1- C1, Thorlabs Gmbh) is used 
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for imaging in dark as it does not affect the photo-isomerization, i.e. the azobenzene molecules do 

not change their isomerization state. The motion of particles under UV light irradiation is studied 

for different surfactant concentration and intensity of UV light ranging from 42 µW/cm2 to 1.8 

mW/cm2. 

Particle trajectories are acquired using the Mosaic Single Particle Tracking plugin for ImageJ 

(Rasband, W.S., ImageJ, U. S. NIH, Bethesda, Maryland, USA). The tracking algorithm is 

described by Koumoutsakos.32 Motion analysis and calculation are done using a custom  Matlab 

script. 

UV-Vis spectroscopy (Cary 5000 UV-Vis-NIR spectrophotometer, Agilent Technologies, USA) 

is used to measure the kinetics of trans-cis photo-isomerization at different surfactant 

concentrations and UV light intensities. The amount of surfactant adsorbed by the porous colloids 

is calculated exploiting the UV-Vis spectroscopy data.  

Results 

Generation of local-light driven diffusioosmotic flow (l-LDDO) under irradiation with UV light. 

Mesoporous silica particles (d = 5 µm, pore size ~ 6 nm) are dispersed in 1 mM aqueous solution 

of photosensitive surfactant and placed on a glass substrate in a sealed chamber of 0.92 mm in 

height and 40 µl in volume as described in the Experimental Part. After sedimentation, particles 

are randomly distributed on the surface and undergo thermal motion (Figure 1a). The analysis of 

the mean square displacement (MSD) as a function of time is shown in Figure S1 (Supplementary 

Material). Under red light irradiation (for imaging), the surfactant molecules, being in trans-state, 

diffuse into the pores and are deposited within the particles. The amount of absorbed surfactant is 

measured with UV-Vis spectrometry by determining the surfactant concentration in solution with 

and without particles. For a particle and surfactant concentration of 0.1 mg/ml and 1 mM, 

respectively, a total amount of 10% is removed from solution due to the adsorption within the 

particles. When UV light (= 365 nm, I = 1.8 mW/cm2) is switched on, the particles start repelling 

each other (Figures 1b, c). This process takes place within the first seconds of irradiation followed 

by a formation of a regularly spaced grid with colloids trapped by their nearest neighbors at 
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constant separation of 20 m (4x particle diameter). The velocity distribution of the particles as a 

function of irradiation time is shown in Figure S2 (Supplementary Material). The distance 

between the colloids under separation is mainly determined by the particle concentration, and can 

be tuned from small (1 m) to separations exceeding the particle diameter by a factor of 5 (Figure 

S3, Supplementary Material). After a while, the repulsion strength decreases again and colloids 

resume purely thermal motion (Figure 1d).  

Figure 1. (a-d) Optical micrographs of mesoporous silica particles (d = 5µm) at a glass surface 

immersed in aqueous solution of 1mM surfactant under UV irradiation (λ = 365 nm, I= 

1.8mW/cm2) at different irradiation time: (a) before irradiation, (b) 1 min, (c) 3 min, and (d) 15 

min. (e) Scheme of the local-light driven diffusioosmotic flow (l-LDDO) generated at each single 

colloid. “P” indicates osmotic pressure, the surfactant is shown in yellow and red, the white dashed 

line depicts concentration gradients of cis-isomers around the colloid, white arrows show the 

direction of the l-LDDO flow. (f) UV-Vis absorption spectra of the surfactant in trans state (red 

curve) and after UV irradiation (black curve). The inset depicts the chemical structure of the 

surfactant molecule, below a scheme of azobenzene photo-isomerization is shown.  

The process of particle repulsion under exposure to UV-Vis light is attributed to local light driven 

diffusioosmotic flow (l-LDDO) around each colloid.20,30 The photo-isomerization from trans- to 

cis- takes place not only in solution, but also within the particle pores as the silica particles are 
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transparent for the wavelength used in this work. During photo-isomerization of the trans- 

isomers stored in the colloid, the generated cis-molecules diffuse out of the pores forming 

an excess concentration of cis-isomers, [c]p, in the vicinity of the particle leading to a 

concentration gradient (see scheme in Figure 1e), inducing a local gradient in osmotic 

pressure. Consequently, a diffusioosmotic flow pointing radially away from the particle is 

generated. Nearby situated particles experience diffusioosmotic repulsion, which can extend 

over large distances (in this work distances as large as 25 m have been observed, i.e. 5 times 

larger than the particle diameter, Figure S3, Supplementary Material). Following the 

initially strong particle repulsion, the l-LDDO flow eventually decays because under UV light 

the amount of surfactant molecules in the particle decreases during continuous irradiation. In the 

photo-stationary state achieved after ca. 2 minutes at an intensity of 1.8 mW/cm2 almost all 

surfactant molecules have been switched to the cis-state implying molecular depletion within the 

particles. As a result, the almost empty porous particles move now thermally in the aqueous 

solution containing mostly surfactant molecules in their cis-state (see Figure S4, 

Supplementary Material).  

However, the particle motion strongly depends on the wavelength of applied light. Under 

irradiation with blue light (= 455 nm), for instance, mutual particle repulsion is sustained as 

irradiation goes on continuously by far exceeding the time needed to reach a photo-

stationary state.26 The reason for this continuous flow is that under irradiation with blue light 

at a photo-stationary state there are both isomers present in solution, i.e. 28% of cis- and 

72% of trans- (Figure S5, Supplementary Material). This means that when a cis molecule 

diffuses out of the particle, a trans- molecule present in solution can enter the pore, occupying 

its space. Thus, a continuous diffusion of cis isomers out of and trans isomers into the particles 

can be established. In fact, under blue light, continuous supply of the “fuel” for the l-LDDO flow 

takes place, which is not the case for UV light irradiation.30 

With these two examples of dependence of l-LDDO flow on different wavelength, we 

demonstrate that the relative fraction of the trans and cis isomers at a photo-stationary state is 

an important parameter governing the extent of local diffusioosmotic flow. In the following, we 

show that under irradiation with only one wavelength, i.e. UV light, one can trigger the 

strength and even the direction of the l-LDDO flow and enforce either long range DO repulsion 

or attraction.  
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Dependence of the l-LDDO on intensity of UV light 

Let’s first consider how the generation of l-LDDO flow depends on irradiation intensity with 

remaining parameters kept fixed, i.e. = 365 nm, cparticles  = 0.1 mg/ml and cazo = 1 mM. When the 

irradiation intensity is low (I = 163 W/cm2), particle motion exhibits a rather complex behavior. 

During the first two minutes of irradiation, the colloids appear unaffected and move freely; during 

the following 3 minutes they start aggregating moving with a maximum velocity of about 1 µm/s, 

exhibiting pronounced attractive interactions (Figure 2b).  

Figure 2. Optical micrographs of an ensemble of porous colloids immersed into an aqueous 

solution of surfactant (cazo = 1 mM) and exposed to irradiation with UV light (λ = 365 nm, I = 163 

µW/cm2) for different irradiation times: (a) t = 0 min, just before UV irradiation starts; (b) t = 5 

min exhibiting maximum aggregation; (c) t = 11 min, maximum separation and (d) t = 21 min, 

thermal motion.  

Only after 11 minutes of irradiation the particles are completely separated (Figure 2c) due to l-

LDDO repulsion as described above (see Figure 1). Repulsion settles only after ca. 21min of 

exposure to UV light (Figure 2d).  

The intensity of the UV irradiation is varied within a broad range, from 42 W/cm2 to 1.8 mW/cm2 

and yet a common behavior emerges: for lower intensities particles tend to aggregate initially and 

disperse in the long run. To characterize the particle distribution, we track the average nearest 

particle distance (NPD), which is defined as the ensemble average over the particle centered 

distances of nearest neighbors. Figure 3g shows the dependence of the NPD on UV irradiation 

intensities. For the lowest intensity of 42 µW/cm2, aggregation starts only after 4 minutes with an 

initial maximum velocity of 1 µm/s and saturates only after 8 min (Figure 3b). The inter-colloid 

distance decreases by approximately 90 m in average corresponding to ca. 18 times their 

diameter. As a follow up, diffusioosmotic repulsion sets in for about 8.5 minutes (black curve in 

Figure 3g). The time spend in between aggregation and separation decreases with increasing 
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irradiation intensity (Figure 3h). For the highest intensity used in our work, 1.8 mW/cm2 (pink 

line in Figure 3g), only particle separation without initial aggregation has been observed.  

Figure 3. Optical micrographs of an ensemble of porous colloids subjected to UV irradiation (λ = 

365 nm) at different intensities. (a) The micrograph represents the typical particle distribution 

before irradiation (t = 0 min). (b-e) Optical micrographs recorded at the time of maximum 

aggregation under irradiation with light of different intensities: (b) 42 µW/cm2, (c) 128 µW/cm2, 

(d) 163 µW/cm2, (e) 573 µW/cm2. (f) Direct separation of particles recorded after t = 30 s of

irradiation at maximal intensity of I = 1.8 mW/cm2. (g) NPD as a function of time at different
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intensities. (h) Dependence of aggregation and separation time with respect to intensity (inset 

shows the difference of aggregation and separation time). The surfactant concentration is 1 mM 

for all samples. The corresponding videos are provided in Integral Multimedia.  

The process described above is directly related to the kinetics of photo-isomerization of the 

surfactant molecules. Figure 4 shows the comparison of the NPD (black line) and the 

isomerization kinetics (red line) at 5 different intensities of UV exposure (42 µW/cm2, 128 

µW/cm2, 573 µW/cm2, 1.4 mW/cm2 and 1.8 mW/cm2).  

Figure 4. Nearest particle distance (NPD) (black line) and isomerization kinetic expressed as a 

time dependent function of trans-isomer concentration (red line) for different intensities of UV 

light: (a) 42 µW/cm2, (b) 128 µW/cm2, (c) 573 µW/cm2, (d) 1.4 mW/cm2 (black line with empty 

circles) and 1.8 mW/cm2 (black line). The dashed black lines mark the onset of particle aggregation 

and corresponding concentration of trans-isomer in solution. The blue dashed lines indicate the 

onset of particle separation.  

From the plots one may infer that particle aggregation starts when ca. 25 % of the isomerization is 

completed (see black dashed lines), i.e. the concentration of trans molecules in the bulk reduces 
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from 1 mM to 0.75 mM. The separation process starts when more than 50 % of isomerization is 

finished (blue dashed lines). At this point the bulk concentration of trans-isomers is smaller than 

0.5 mM, which means that there are no micelles present in solution (CMC = 0.5 mM).  

Mechanism of long range LDDO attraction and repulsion. 

To understand the particle aggregation and separation processes under constant irradiation 

conditions, we should recall the mechanism of light driven diffusioosmosis (LDDO) (Figure 5). 

Here, the direction of diffusioosmotic (DO) flow is determined by the concentration gradient of 

cis-isomers, i.e. the flow points away from areas of high cis concentration.20 This statement is 

supported by experiments where the irradiation is applied with focused UV light and the flow is 

generated out of the irradiated area where a majority of surfactant molecules is in the cis-state 

(Figure 5a).20  On the other hand, when we invert the concentration gradient, i.e. all surfactant 

molecules are first converted to cis-state and irradiation with focused green light (generating trans-

isomers) is applied, the flow is directed towards the laser spot, where cis-isomers are depleted 

(Figure 5b). It means that the particles move to each other experiencing diffusioosmotic attraction, 

when the concentration of cis-isomers in the bulk, [c]B, is larger than near the particles (Figure 

5d), while the DO repulsion sets on when an excess of cis-isomers expelled out of the particle, 

[c]p, is generated with the time (Figure 5c). The inversion of the cis-isomer gradient at other fixed

parameters, i.e. irradiation intensity, wavelength, surfactant concentration, could appear when the 

photo-isomerization kinetics of the surfactant is slower in the particle than in the bulk, so deferring 

the increase in cis-isomer concentration in the particle vicinity. Indeed, we have recently shown 

that the photo-isomerization rate depends on surfactant concentration above the CMC being slower 

at larger concentrations due to steric hindrances, and thus in micelles it is ca. 80% slower than in 

the case of single molecules.24 Since the surfactant molecules readily adsorb in and on the particles, 

one can consider the particles’ surface area as being enriched with surfactant. Therefore, one can 

postulate that the photo-isomerization kinetics of surfactant in the particles is slower than in the 

bulk. It means, when we apply irradiation with UV light, at a certain initial time of irradiation the 

amount of cis-isomers converted from trans-state in the bulk is larger than near the particle ([c]B 

> [c]p). This generates the depletion zone of cis-isomers near the particles and thus DO flow

pointing towards the colloids establishing the DO attraction (Figure 5d). With increasing 

irradiation time, the amount of cis-isomers within the particle increases as well, they diffuse out 
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of the pores and generate an excess of cis-isomer concentration around each single particle, and 

thus, l-LDDO flow results pointing out of the particle (DO repulsion) ([c]B < [c]p) (Figure 5c).  

Figure 5. (a) Scheme of the l-LDDO flow pointing away of the largest concentration of cis-isomers 

(shown as red bent sticks). The local increase in cis-isomer concentration is generated under 

irradiation with focused UV light. Black line indicates concentration gradient of cis-isomers. 

White horizontal arrows show the direction of the diffusioosmotic flow. White vertical arrows with 

letter “P” mark a distribution of the osmotic pressure. (b) The LDDO flow points towards area of 

depleted cis-isomer concentration, generated during irradiation with focused green light. (c, d) 

Scheme of local-LDDO flow generated around porous particles under irradiation with global UV 

light. The inserts depict 2D distribution of colloids experiencing either (c) long range DO repulsion 

(the LDDO flow points out of the particles) or (d) DO attraction (the LDDO flow points towards 

the particles). [c]B and [c]p are concentration of cis-isomers in the bulk and in the vicinity of the 

particles, respectively.  

We trace the direction of l-LDDO flow with non-active small particles, i.e. non-porous silica 

colloids of 1.5 m in diameter (Figure 6). Non-active means that the particles do not have pores 

and thus cannot absorb a large amount of surfactant molecules. The particles are added to the 

surfactant solution containing porous active particles and their displacement is analyzed as a 

function of time under irradiation with UV light (Figure 6d).  
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Figure 6. (a-b) Optical micrographs represent an ensemble of small non-active (1.5 µm in 

diameter) and active (5 µm in diameter) particles at different irradiation times under exposure to 

UV light (= 365 nm, I = 130 µW/cm2): (a) before irradiation, (b) 240 s, (c) 500 s. The particles 

are immersed in surfactant solution of 1 mM concentration. (d) Analysis of position (relative to 

the center of coordinate marked by red cross in the lower right angle of (a, b and c)) of three non-

active particles (marked in red, green and blue) and one active particle (marked in yellow) is 

presented as a function of time. The black line marks the displacement of active particle, while 

red, green and blue curves depict position corresponding non-active colloids. The corresponding 

video is available in Integral Multimedia.  

As one can see from Figure 6, the tracer particles and the active porous particles exhibit similar 

motion, i.e. when UV light is switched on the particles initially undergo just simple thermal 

motion, but after ca. 200 s they start to aggregate, followed by separation (Figure 6d). In Figure 

6d the positions of 3 non-active particles (marked by circles of different color (green, red and 

blue)) and one active (marked in yellow) are presented as a function of time relative to the fixed 

reference point (marked by red cross, lower right angle). Irrespective of size and activity, the 

particles move with similar velocities relative to the fixed reference point. This is supportive of 

the notion that the initial diffusioosmotic flow directed towards the particle is generated by the 

global gradient of cis-isomers. After aggregation, the active, porous particles start to separate due 

to formation of l-LDDO flow, while the expanding motion of the tracer particles is driven by the 

local radially directed flow generated around each active particle, as evidenced from the repulsion 

of the non-active particle displacement starting from 300 seconds of irradiation (Figure 6d).  

Additionally, the time needed for achieving a photo-stationary state depends also on irradiation 

intensity and decreases as the intensity raises. For instance, for the light intensities used in this 

study of 42 W/cm2, 128 W/cm2, 163 W/cm2, and 573 W/cm2 the photo-isomerization time 

constant is 714 s, 417 s, 390 s and 56 s, respectively (Figure S6, Supplementary Material). Thus, 

the onset of DO attraction and repulsion shifts towards smaller irradiation times with increasing 
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intensity. At 1.8 mW/cm2 the time to isomerize to 50 % of cis-isomers is only a few seconds, which 

is not enough to establish particle aggregation and only results in particles repulsion. 

The system is, of course, more complex, i.e. one should take into account the different diffusion 

coefficients of trans- and cis-isomers in bulk and within the pores, as well as a different adsorption 

and desorption kinetics of the surfactant at the interface. However, the characteristic time scale for 

these processes is much smaller than the time needed for establishing LDDO flow. Indeed, the 

reported diffusion coefficients of azobenzene are ca. 2.4.102 µm2/s and 4.2 µm2/s in the bulk and 

in porous glass, respectively.33 Although the diffusion time within pores is almost 70 times longer 

than in the bulk, that is, to overcome a length of 2.5m (the radius of the porous particle) the 

surfactant needs 0.7s and 0.01s, respectively, it is still much faster than the characteristic time of 

the DO process. The same applies to the difference in adsorption/desorption time for trans- and 

cis- isomers, which is of the order of milliseconds as reported for the air/water interface.34 In 

general, the combination of different processes such as dissimilar photo-isomerization, diffusion 

and adsorption/desorption kinetics of trans- and cis- isomers results in the temporal variation of 

the concentration gradient, which in turn is responsible for the dynamic change in the direction of 

DO flow and thus attractive or repulsive interactions.  

Concluding, we also show that one can establish a time dependent change in concentration gradient 

at constant irradiation intensity by varying the surfactant concentration. For instance, we fix the 

intensity of UV light at 1.4 mW/cm2 and change the surfactant concentration in a broad range 

starting from values as low as 0.2 mM and increase up to 2 mM (Figure 7). The initial (before 

irradiation) distribution of the particles differs with concentration, i.e. at small concentrations 

particles tend to aggregate (Figure 7a) due to vanishing surface charge, while at larger surfactant 

concentrations they are well separated as can be explained by large Z-potential and thus string 

electrostatic repulsion.20 For surfactant concentrations below the CMC (0.5 mM), immediate 

separation between particles takes place with a maximum velocity of 1µm /s (Figures 7a and 7d). 

Beginning with concentrations above the CMC, the delay in the separation of the particles becomes 

apparent, i.e. after switching on irradiation with UV light the system requires a certain time to 

establish a concentration gradient needed for generation of outward-directed flow (DO repulsion). 

With even larger surfactant concentration, one also obtains DO attraction, i.e. flow directed 

towards the particles (Figures 7b, 7c, and 7e). We should emphasize that this behavior can be 
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repeated indefinitely within the same experiment, apart from the behavior dictated by the initial 

state of the system (see Figure S7, Supplementary Material, where the dependence of the NPD 

on irradiation is shown for two cycles).  

Figure 7. Optical micrographs of porous silica particles (d = 5µm) in an aqueous solution of 

azobenzene containing surfactant of different concentrations: (a) cazo = 0.5 mM, (b) cazo = 1mM, 

(c) cazo = 2mM. The samples are exposed to irradiation with UV light of constant intensity (λ =
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365 nm, I = 1.4 mW/cm2). The snapshots at different irradiation times are shown. The scale bar is 

30 µm. (d-e) Nearest particle distance (NPD) as a function of irradiation time for surfactant 

concentrations below the CMC (d) and above (e). The corresponding videos are presented in 

Integral Multimedia.  

Conclusion 

In this paper we discuss the mechanism of local light driven diffusioosmotic flow generated with 

porous colloids under irradiation with UV light. The particles are dispersed in aqueous solution 

containing photosensitive surfactant. The surfactant integrates an azobenzene group, which 

triggers the hydrophobicity of the whole molecule during photo-isomerization from the trans- to 

the cis-state. Depending on the isomer, the surfactant molecules either diffuse into the negatively 

charged pores (preferred by the hydrophobic trans-state) or out of them (the hydrophilic cis-state 

seeking the bulk). Under UV irradiation the cis-isomers generated within the pores diffuse out of 

the particles and generate an excess concentration near the colloids outer surface and develop 

diffusioosmotic flow pointing outside and thus causing DO repulsion. However, the direction of 

the flow depends strongly on the dynamic redistribution of the fraction of trans- and cis-isomers 

near the colloids, since the photo-isomerization kinetics in bulk as compared to within the pores is 

different, the latter is expected to be considerably slower. Thus just by changing the intensity of 

the UV light (with all other parameters fixed) one can generate either a pure repulsive effective 

inter-particle potential (high intensity) or at lower intensities first introduce aggregation of the 

mesoporous silica particles followed by strong separation; note that all phenomena occur within 

the same unchanged system. The range of DO interactions (repulsion/aggregation) extends over 

several times the particle’s diameter (5 µm) being up to 18 times. The extremely long-range 

diffusioosmotic interaction potential can be switched on or off on demand and adjusted either for 

triggering aggregation or separation by convenient external stimuli such as mere changes in light 

intensity. The phenomenology described opens up many intriguing avenues: from manipulating 

particle ensembles to single colloid manipulation, fine-tuning competing inter-colloidal forces or 

the conception of novel types of active particles and microswimmers.35   
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Supplementary Material 

Figure S1 depicts MSD plot of porous silica particles; Figure S2 shows velocity of particles as a 

function of irradiation time; Figure S3 and S4 show the dependence of the NPD on PSD and 

irradiation time, respectively; Figure S5 contains information on particle motion under irradiation 

with blue light; Figure S6 presents information on photo-isomerization kinetic of azobenzene as a 

function of light intensity and surfactant concentration; Figure S7 illustrates the dependence of the 

NPD on irradiation time during exposure to two different wavelengths UV and blue. 
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Figure S1. MSD plot of porous silica particles at a glass surface dispersed in aqueous solution 

containing photosensitive surfactant (cazo=1mM). The slope of the MSD is ~1 showing that the 

particles without irradiation undergo Brwonian motion.  

94

4. Reprints



Figure S2. Velocity of particles as a function of irradiation time under exposure to UV light (= 365 

nm, I = 1.8 mW/cm2). The initial averaged (over particle ensemble) velocity is 1.2 m/s.  

Figure S3. Optical micrographs of an ensemble of 5 µm silica porous particle at a glass surface in 1 

mM surfactant solution at different particle surface density (PSD): (a) 15x102 mm-2; (b) 39x102 mm-2. 

(c) Nearest particle distance (NPD) as a function of PSD.
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Figure S4. Dependence of NPD on irradiation time for two different irradiation scenarios: the 

irradiation with UV light is switched on at t = 0, the NPD increases due to DO repulsion between the 

particles, afterwards in one case the UV light is kept on (blue curve), while in the second scenario the 

UV light is switched off after 5 min (red curve). In both cases the NPD decreases with time similarly 

indicating the absence of diffusioosmotic flow. The colloids are depleted of cis-isomers and move 

thermally in the cis- enriched surfactant solution. The surfactant concentration is 1mM, the irradiation 

intensity is 1.3 mW/cm2. 
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Figure S5. (a) UV-vis absorption spectra of surfactant in dark (trans state), under blue (λ = 455 nm) 

and UV (λ = 365 nm) irradiation. Inset shows the fraction of trans and cis molecules at the photo 

stationary states. (b) Scheme of l-LDDO flow generated under irradiation with blue light. (c-d) Optical 

micrographs of mesoporous silica particles at a glass surface under blue light before irradiation (t = 0 

s) and after 45 s of light exposure. (e) Average nearest particle distance (NPD) as a function of time

during irradiation with UV (black curve) and blue light (blue curve).
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Figure S6. Time constant () of photo-isomerization kinetic of surfactant molecules: (a) for different 

UV irradiation intensity and constant surfactant concentration of 1 mM, (b) at different surfactant 

concentration and fixed intensity I = 1.4 mW/cm2.  is the decay time of trans-cis photo-isomerization. 

Figure S7. Dependence of NPD on irradiation time during exposure to two different wavelengths 

(UV, = 365 nm, I = 1.3 mW/cm2, and green, = 532 nm, I = 0.25 mW/cm2) recorded for two cycles. 

Black line indicates the NPD under UV irradiation during (I) the first cycle (time range from 0 to 20 

minutes) and (II) the second cycle (time range from 107 to 160 minutes). Irradiation with green light 

is performed between 20 and 107 minutes. In both cycles similar behavior of the colloids is observed: 

when UV is switched on, at first the colloids aggregate during 3 min, which is followed by a separation 

in 4 min reaching the photo-stationary state, and finishes when the LDDO flow decays. The irradiation 

with green light is applied after the first cycle in order to convert surfactant to the trans-state until 

equilibration. The intensity of the green light is chosen smaller to assure a slower   photo-isomerization 

and, thus, to allow for trans-isomers diffuse into the colloids, ruling out fast micelle formation at the 

colloidal surface and thus blocking of trans-isomer penetration.   
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We report on guided and self-organized motion of ensembles of mesoporous colloidal particles that

can undergo dynamic aggregation or separation upon exposure to light. The forces on particles involve

the phenomenon of light-driven diffusioosmosis (LDDO) and are hydrodynamic in nature. They can be

made to act passively on the ensemble as a whole but also used to establish a mutual interaction

between particles. The latter scenario requires a porous colloid morphology such that the particle can

act as a source or sink of a photosensitive surfactant, which drives the LDDO process. The interplay

between the two modes of operation leads to fascinating possibilities of dynamical organization and

manipulation of colloidal ensembles adsorbed at solid–liquid interfaces. While the passive mode can be

thought of to allow for a coarse structuring of a cloud of colloids, the inter-particle mode may be used

to impose a fine structure on a 2D particle grid. Local flow is used to impose and tailor interparticle

interactions allowing for much larger interaction distances that can be achieved with, e.g., DLVO type of

forces, and is much more versatile.

Introduction

Understanding and controlling the pattern formation of large
groups of artificial micro-swimmers is currently an active topic in
various fields of science.1–8 The interest comes from questions in
both fundamental and applied research. On the one hand, it
could help to understand the mechanisms directing the consis-
tent motion of active micro-swimmers as observed in different
biological systems.9–16 On the other hand, some interesting
applications of self-propelled particles have been reported where
different functional tasks are performed such as micro-pumps or
micro-motors.17–19 This could help to tackle many challenges in
biology and medicine, such as the use of micro-motors in drug
delivery aiming at controlled and localized release of biochem-
icals that colloids are loaded with.20–23

Collective behavior in ensembles of artificial swimmers
has been reported by different researchers who used electric
fields,24 magnetic fields25 or light26–28 as external stimuli in
order to generate particle propulsion. In most cases, the driven
swimmers are asymmetric particles commonly known as Janus
particles, which show self-propulsion due to generation of
chemical or thermal gradients around the particles.29 Recently

our group has introduced the mechanism of light driven
diffusioosmosis (LDDO) where motion of micro-particles is
established in the presence of a photo-responsive surfactant
that is sensitive to light of different wavelengths.30 The photo-
sensitive surfactant consists of a charged head group and
a hydrophobic tail into which the azobenzene moiety is
incorporated.31 The azobenzene undergoes reversible photo-
isomerization from a trans to a cis state upon irradiation
accompanied by a significant change in molecular properties.
For instance, the cis-isomer typically possesses a larger dipole
moment as compared to the trans state.32 Azobenzene incorporated
into the hydrophobic tail of a cationic surfactant thus toggles the
hydrophobicity of the whole surfactant as it switches between both
isomers upon illumination with UV or blue light, respectively (more
hydrophobic (trans-) and rather hydrophilic (cis-) isomer).31 When
the solution containing such a surfactant is irradiated with focused
light an osmotic pressure gradient is created at the solid/liquid
interface near the laser spot resulting in a so-called diffusioosmotic
flow along the solid surface in response to the lateral pressure
gradient. The flow pattern is radial and points outwards when UV
light is used, and inwards upon illumination with blue light.

Utilizing the same photo-responsive surfactant it has been
reported that the size of mesoporous microgels can be controlled
remotely by irradiation with blue light.33,34 The mechanism is
based on a reversible accumulation within and expulsion of
surfactant out of the pores of the particles depending on the
state of (photo-) isomerization.35–37 Recently it has been demon-
strated that when a rigid porous particle such as porous silica
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colloid is considered the two-way diffusion of surfactant results 
in the generation of a local light driven diffusioosmotic flow 
(l-LDDO),38 that is, each single porous particle becomes a source 
of the LDDO flow that can be sustained over the whole irradiation 
time (so far tested for time periods up to several hours).

In this article we investigate an ensemble of mesoporous 
colloidal particles undergoing reversible aggregation and separation 
when exposed to light of different wavelengths. Particles are first 
trapped within a confined area by light induced global diffusio-
osmotic flow generated by illumination with UV from above and 
blue light from below the interface. The colloidal ensemble first 
exhibits aggregation followed by separation and finally evolves 
into a grid with approximately uniform interparticle distance. The 
porosity of the particles and the relative fraction of trans and cis 
isomers under irradiation with different wavelength are the two 
key parameters governing this peculiar collective phenomenon.

Experimental part
Materials

Mesoporous silica microspheres of 5 mm in diameter are 
purchased from Micromod (Sicastar, Prod. No. 43-00-503, Germany). 
The particles with pore diameter of 6 nm have a specific surface area 
(BET) of 850 m2 g�1 as provided by Sicastar. The porous particles are 
dispersed in aqueous solution at different concentrations ranging 
between 0.05 mg ml�1 and 0.5 mg ml�1.

The azobenzene containing trimethyl-ammonium bromide 
surfactant (C4-Azo-OC6TMAB) is synthesized as described else-
where.39 The surfactant molecule consists of a positively charged 
trimethylammonium bromide head group, the spacer of 6 methy-
lene groups connecting to the azobenzene unit with a butyl tail 
attached (Fig. 1a). The surfactant is dissolved in Milli-Q water and 
diluted to the required concentrations ranging from 0.1 to 2 mM. 
The critical micelle concentration of trans-isomers, CMCtrans, is
0.5 mM.

Azobenzene surfactant undergoes photo-isomerization from 
trans to cis state under irradiation with UV light and back from 
cis to trans upon exposure to light of longer wavelength as

This journal is © The Royal Society of Chemistry 2020

described elsewhere.40 The trans isomer has a characteristic
absorption band (p–p* transition) with a maximum at 351 nm,
while the spectrum of the cis isomer is characterized by two
absorption bands with maxima at 313 nm (p–p* transition) and
at 437 nm (n–p* transition) (Fig. 1b). The lifetime of the cis
isomer in dark or under illumination with red light of l = 600 nm
is 48 hours.40 In a photo-stationary state under irradiation with
different wavelengths the amount of trans and cis isomers in
solution differs (Fig. 1c). Under UV (l = 365 nm) illumination
at the photo-stationary state, the surfactant molecules are pre-
dominantly in the cis state (90%), while under irradiation with
blue light (l = 455 nm) there are 27% of cis and 73% of trans
isomers in solution.

Sample preparation. The aqueous dispersion of silica particles
is mixed with surfactant solution of different concentrations and
kept at least for 1 hour for equilibration. The sample is inserted
in a closed chamber of height 920 mm with a sample volume of
40 ml. All samples are kept in the dark or in red light to prevent
premature photo-isomerization.

Methods

An inverted Olympus IX71 microscope equipped with two different
wavelength of light source is used for measurements. UV LED
(M365L2-C1) and Blue LED (M490L4 and M455L3) purchased from
Thorlabs Gmbh (Lübeck, Germany) are used for sample irradiation
from above. A monochromatic blue laser (l = 491 nm, LAS/491/50,
Olympus) is utilized as a focused light source. The laser spot size is
adjusted through external iris integrated in the microscope. The
laser beam is focused through the objective of the microscope to
the solid–liquid interface, where the particles are adsorbed. An
inverted microscope is equipped with UV light and blue laser so
that both light sources can be used simultaneously during the
experiment. The illumination power is measured by an optical
power meter 1918-R with sensor 918D-UV-OD3R (Newport
Corporation, Irvine, CA, USA). Most of the images are acquired
with a Hamamatsu Orca ER (C4742-80) at a rate of 1 frame per sec.
The setup is kept in dark to prevent the uncontrolled isomerization.
When required red light (M625L1-C1, Thorlabs Gmbh) is used
for imaging as it does not affect the photo-stationary state of the

Fig. 1 (a) Chemical structure of azobenzene containing cationic surfactant (C4-azo-OC6TMAB), shown below is a scheme of azobenzene photo-
isomerization. (b) UV-Vis absorption spectra of the surfactant at different photo-stationary states during irradiation with UV light (l = 365 nm) (violet
curve), blue light (l = 455 nm) (blue curve) and 490 nm (black curve). Red curve depicts the initial state after several days of equilibration in dark. The
inserted table shows the percentage of trans and cis isomers in the photo-stationary state. (c) Percentage of trans and cis isomers as a function of
irradiation wavelength at the corresponding photo-stationary state.
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surfactant. The intensity of irradiation for all light source is kept
constant over the whole imaging area.

Particle motion is tracked using the Mosaic Single Particle
Tracking plugin for ImageJ (Rasband, W.S., ImageJ, U. S. NIH,
Bethesda, Maryland, USA). The tracking algorithm is described
by Koumoutsakos.41 The analysis of the particle motion is
performed using Matlab script.

UV-Vis absorption spectroscopy (Cary 5000 UV-Vis-NIR spec-
trophotometer, Agilent Technologies, USA) is used to measure
the amount of surfactant absorb by porous colloids.

Scanning electron microscope (SEM; Ultraplus 4061, Zeiss,
Germany) is utilized to characterize colloidal particles.

Results
Global LDDO flow

When aqueous solution of azobenzene containing surfactant is
irradiated with a focused laser beam, there is a generation of light
driven diffusioosmotic flow (LDDO) at the solid–liquid interface
(see schemes in Fig. 2).30 The direction of radially centered flow
depends on the wavelength of applied irradiation: there is outward
flow under UV-light, and inward flow during exposure to green
light. In the latter case the sample is first irradiated with UV light
in order to convert all surfactant molecules in to the cis-state. The
particles trapped at a solid–liquid interface are moved passively
within the LDDO flow as shown in Fig. 2 and Fig. S1 (ESI,† where
the corresponding Videos are provided). The motion does not
depend on particle shape (spherical, rod-like, etc.) and size (tested
for particle dimensions between 500 nm and 50 mm).30

Local LDDO flow: long range repulsive or attractive interactions

Colloids with complex surfaces such as porous silica particles
(d = 1–20 mm) follow the LDDO flow as well, i.e. they are

removed out of the irradiated area under focused UV light,
and gathered under irradiation with light of longer wavelength
(blue or green). Additionally, because of the high surface to
volume ratio of the porous particles, there is a generation of
local light driven diffusioosmotic (l-LDDO) flow around each
single colloid, even if the irradiation is not focused and rather
homogeneously applied to the sample. To illustrate this point,
we have studied the motion of porous particles of 5 mm in
diameter under irradiation with global (non-focused) light of
l = 455 nm (blue light) and l = 365 nm (UV light). The particles
are dispersed in aqueous solution containing photosensitive
surfactant at cazo = 1 mM and trapped on a glass surface (Fig. 3).
Before irradiation the particles undergo thermal Brownian motion
and randomly distribute across the surface (see Fig. 3a and b
t = 0 s). When blue light is switched on, there is a generation of
local-LDDO flow around each single colloid, resulting in a long
range mutual repulsion between porous particles. This repulsion
is exclusively due to diffusioosmotic flow and will be referred to
as diffusioosmotic repulsion in what follows. As can be inferred
from the Videos in Fig. S2 (ESI†) and the time dependent series
of optical micrographs in Fig. 3a (t = 45 s, 375 s, 30 min),
the particles start to move, repel each other and form two-
dimensional regularly spaced grids. The flow induced particle
repulsion is sustained during the whole process of irradiation,
verified for up to 9 hours of light exposure. The reason of such
long-term stability can be explained as follows. Porous particles
dispersed in surfactant solution absorb molecules in trans-state,
such that the surfactant is stored within in the particle (for cazo =
1 mM and cparticle = 0.1 mg, 10% of surfactant is in the particles).
When the light is switched on, photo-isomerization from trans-
to cis-state occurs not only in solution, but also in the particles
since the silica colloids are transparent in the visible range. The
more hydrophilic cis-isomers formed within the particle are
expelled from the pores resulting in generation of a local excess

Fig. 2 Schemes (above) and optical micrographs (below) of silica non-porous particles (d = 5 mm) at a glass surface immersed into azobenzene
containing surfactant solution (cazo = 1 mM). (a) Under irradiation with focused UV laser light (l = 355 nm, P = 1.5 mW), the colloids are moved out of the
laser spot in radial direction (indicated by grey arrows in optical micrographs), after 5 minutes of irradiation, a circular area around the laser spot is
effectively cleaned from particles. (b) The direction of particle motion is reversed under irradiation with focused green light (l = 532 nm). The particles are
gathered towards the laser spot. The sample is first irradiated with UV light for 10 minutes in order to promote the majority of surfactant molecules to the
cis-state. Corresponding Videos of particle motion are provided in Fig. S1 (ESI†).
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concentration of cis-isomers in the vicinity of the colloid, inducing
a local osmotic pressure gradient and corresponding local LDDO
flow. The flow points radially away from the particle and extends
over distances as large as several times the particle diameter and
beyond. One can state that the porous particle acts as a micro
pump. Its continuous operation, however, requires the irradiation
wavelength to be well-chosen. Indeed, when UV light is applied,
after the initially strong particle repulsion (Fig. 3b, t = 45 s), the
l-LDDO flow decays as irradiation goes on and ultimately the
particles start to move randomly (see Fig. 3b, t = 30 min and
Fig. 3c, black curve). The particles effectively use up all of the
surfactant molecules stored as ‘‘fuel’’ in the interior within several
minutes of irradiation (Fig. 3c) and since in solution under UV
irradiation there is only a small amount of trans-isomers left, there
is no chance for a ‘‘free refill’’. In contrast, under blue light in a
photo-stationary state, there are 73% of trans- and 27% of cis-
molecules, meaning that when cis-isomer leaves the pore it
makes room for trans- present in solution to enter the colloid.
In this way a steady state flow of cis- and trans-isomers out of
and into the particle can be maintained indefinitely under
exposure to blue light. To characterize the particle ensemble,
average nearest particle distance (NPD) is plotted as a function
of irradiation time for both wavelengths, blue and UV (Fig. 3c).
Under blue light (blue curve) the NPD is constant over the whole
irradiation time, while under UV light (black curve) the NPD

starts decreasing after 150 s due to exhaustion of cis-isomers
flowing out of the particles.

An interesting question is, given suitable experimental con-
ditions, can we also induce mutually attractive particle inter-
actions? Indeed, we observe that when irradiation with blue
light, is switched off, the particles appear to gather with initial
velocity of single particles of ca. 0.4 mm s�1 (Fig. 4d) resulting in
formation of tight aggregates (Fig. 4b, c and red curve in Fig. 4d
showing the analysis of NPD as a function of time) (see Video in
Fig. S3, ESI†). The gathering is actually due to mutual attractive
interactions (and not because of a residual global flow patterns)
and of diffusioosmotic nature. These interactions can be explained
by the generation of depletion zones of trans-isomers around
neighboring particles. When the blue light is switched off,
the production of trans-isomers stops, but in the vicinity of
the colloids the trans-molecules still diffuse into the pores
decreasing the local concentration of trans-isomers around
the colloids. This in turn results in generation of local osmotic
pressure gradients and establishes local flows pointing towards
the neighboring particles and small aggregates. The strength
of attraction decays as soon as the pores are saturated with
trans-isomers. On switching irradiation with blue light on
again, the l-LDDO flow results in renewed particle repulsion.
Summarizing this part, one can conclude that in our system we
can tune the sign of the long range interaction potential

Fig. 4 Optical micrographs of the ensemble of porous colloids (a) under irradiation with blue light, and after switching off the light (i.e. using only red
light for imaging) after: (b) t = 2 min, (c) t = 5 min. (d) Analysis of the average particle velocity (black dots) and average NPD (red curve) as a function of time
after switching off the irradiation with blue light. Fig. S3 (ESI†) depicts corresponding Video.

Fig. 3 Optical micrographs of porous silica particles (d = 5 mm) trapped at a glass surface and immersed in aqueous solution of photo-sensitive surfactant
(cazo = 1 mM). (a) Under exposure to blue light (l = 455 nm, I = 1.3 mW cm�2) for different irradiation time: t = 0 s, 45 s, 275 s and 30 min. (b) Under UV light
(l = 365 nm, I = 1.35 mW cm�2) irradiation t = 0 s, 45 s, 275 s and 30 min. (c) average nearest particle distance (NPD) is shown as a function of irradiation
time for blue (blue curve) and UV (black curve) light. Videos of particle motion under irradiation with blue and UV light are provided in Fig. S2 (ESI†).
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Fig. 5 Scheme of the setup equipped with UV and blue light source. Illumination with UV light (l = 365 nm, P = 1.05 mW) is from below and covers the
whole sample area, while the blue light (l = 491 nm, P = 190 mW, laser diameter = 325 mm) is focused on a much smaller circular area of the solid-(glass)
liquid (aqueous solution) interface. The colloids are shown schematically as white spheres. The sample is placed in a closed chamber preventing exposure
to ambient air. (b) Top view of the process: white and black arrows show the direction of the flow due to global LDDO and local-LDDO flow, respectively.

Fig. 6 Optical microscope images of porous silica particles (d = 5 mm) of concentration 0.2 mg ml�1 in 1 mM azobenzene containing surfactant. (a) The
photo-stationary state is achieved after 10 min of global UV irradiation; (b) after switching on irradiation with focused blue laser light (l = 491 nm, Dlaser =
325 mm, P = 190 mW), the particles move to the light spot and aggregate; (c) aggregated particles in the center of the laser spot start separating; (d) in
ca. 10 min particles are completely separated and stay trapped at the irradiated area; (e) 15 seconds after switching off irradiation with blue light. Particles
aggregate first towards the center and subsequently are pushed out of the center within a few seconds (f and g); (h and i) the blue laser is switched on
again. The corresponding Videos are provided in Fig. S4 (ESI†).

Soft Matter Paper

104

https://doi.org/10.1039/c9sm02068c


This journal is©The Royal Society of Chemistry 2020 Soft Matter, 2020, 16, 1148--1155 | 1153

between the colloids from repulsive (under blue light) to
attractive (first minutes when blue light is switched off).

Combination of global and local LDDO flow

Both processes of LDDO flow generation by irradiation with
focused light and formation of local flow around each colloid
can be induced simultaneously in one system by combining
illumination with two different wavelength UV and blue. The
scheme of the experiment is shown in Fig. 5. The setup with its
solid–liquid interface is globally and homogeneously exposed to
UV light allowing for continuous trans to cis photo-isomerization.
The blue laser light is focused through the microscope objective
and reaches the interface from below.

After initial irradiation with UV light for 10 min, the colloids
undergo thermal motion in the solution with about 90% of
surfactant molecules in their cis-state (Fig. 6a). When the blue
light focused on a circular area of about 325 mm in diameter is
switched on, the particles exhibit a combination of LDDO and
l-LDDO motion (Fig. 6a–d), i.e. they move towards the irradiated
area with a maximal particle velocity of 5 mm s�1 as shown in
Fig. S4 (ESI†), but within the confined area a regular 2D particle
grid emerges (Fig. 6d) gradually over time, with a uniform
interparticle spacing. At the beginning of the irradiation one
observes a transient state where small aggregates consisting of
several colloids are formed first at the irradiated area (Fig. 6b).
This is explained by the fact that the trans-molecules formed
enter the empty pores of the particles generating a depletion zone of
trans-isomers around each particle. Overlapping depletion
zones of neighboring particles lead to their mutual attraction
and aggregation, since the LDDO flow crucially depends on the
spatial distribution of the trans- and cis-isomers relative to each
colloid. With ongoing irradiation, however, (Fig. 6c), the particles
start to repel each other because a steady state gradient of relative
trans–cis concentration has been established, and the flow
generated is now directed radially outwards and finally form a
well-separated confined ensemble (Fig. 6d). At this point the

terminology ‘‘radially outward directed flow’’ should be made
more precise. Of course, the particle does neither act as a source
or sink of liquid flow itself, only absorbs or replenishes surfactant
molecules in their cis form. The flow is generated outside the
particle through the local gradients of cis/trans concentration,
leading to lateral pressure gradients. These gradients actually
set in motion a three-dimensional convective flow cell with a
stagnation point centered at the particle position. When we say
that ‘‘outward directed radial flow’’ leads to mutual particle
repulsion, we actually mean that the three dimensional, cylindrical
convection zones are interacting accordingly.

The separation process sets in first within the center of
irradiation spot where the illumination intensity is at maximum.
After ca. 10 minutes of irradiation, the colloidal ensemble forms a
well separated, regularly spaced grid (Fig. 6d). This phase is
stable as long as the irradiation with both UV and blue light
is kept constant. The NPD, as the distribution of inter-particle
distances measured between colloid midpoints peaks at 7 mm,
implying a separation of 2 mm from surface to surface.

The inter-particle distance is defined by the number of
confined particles with all other parameters fixed. Fig. 7a shows
a well separated 2D arrangement of colloidal particles confined
by the laser spot (with a NPD of 10 mm implying a surface-to-
surface distance of 5 mm). In this case, the concentration of
colloids is two times smaller (0.1 mg ml�1). In contrast, when
non-porous particles are irradiated under similar conditions, they
are gathered towards the center of the laser spot and form a grid
with a NPD of 5 mm, i.e. a densely packed monolayer (Fig. 7b).

As soon as the irradiation with blue light is switched off but
retaining global UV illumination, particles start to move towards
the center forming a densely packed cluster within the first
15 seconds (Fig. 6e) (after irradiation with blue light has been
halted) followed by subsequent strong separation (Fig. 6e–g) as
in the case of irradiation with global UV light described in
Fig. 3b. The aggregation of the particles (Fig. 6e) can be
explained by the combination of two effects. On the one hand,

Fig. 7 Comparison of porous and non-porous particles (cp = 0.1 mg ml�1, cazo = 1 mM) under simultaneous blue (l = 491 nm, beam diameter = 325 mm)
and UV (l = 365 nm, global) irradiation. (a) Porous particles: (i) photo stationary state achieved after 10 min of global UV irradiation, (ii) 7 min after
switching on irradiation with the focused blue laser. (b) Non-porous particles: (i) photo stationary state achieved after 10 min of global UV irradiation,
(ii) 7 min after irradiation with the focused blue laser, (c) Nearest particle distance for porous (average: 10 mm) and non-porous (average: 5 mm) colloids.
The corresponding Video is provided in Fig. S5 (ESI†).
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in the absence of blue light a depletion zone of trans isomers
around the particles is formed causing strong mutual attraction
of colloids in immediate proximity, similar to situation describe
in Fig. 6b. Additionally, LDDO flow gathers particles more tightly
due to the decrease of repulsion, since the local flow around each
colloids decays. As soon as the blue light is turned on, the process
starts over (Fig. 6h and i). The aggregation/separation process can
be repeated many times (see Video in Fig. S6, ESI†).

Conclusions

We demonstrate and explain guided and self-organized motion
of an ensemble of mesoporous colloidal particles that under-
goes dynamic aggregation or separation when exposed to light
of different wavelengths. At the heart of the phenomenology
described here is a photo-switchable azobenzene containing
cationic surfactant which undergoes a reversible trans–cis photo-
isomerization from a more hydrophobic to a more hydrophilic
state upon illumination with light of different wavelengths. The
wavelength can be tuned to achieve different ratios of cis–trans
isomers in solution at the photo-stationary state. Under exposure
to UV light almost all surfactant molecules are converted to cis-
state, while under illumination with blue light 3/4(73%) of trans
and 1/4(27%) of cis-isomers are present. Using the isomerization
property of photo-active surfactant molecule under illumination
with focused UV or blue light, we can generate at the solid/liquid
interface a light driven diffusioosmotic (LDDO) flow dragging
colloidal particles passively across the surface. Additionally,
porous particles may also act as a source of radially directed
local LDDO (l-LDDO). With the porous particle representing a
stagnation point, a cylindrical three dimensional convection zone
is created that in the vicinity of the solid liquid interfaced is
perceived as a radially directed outward flow that under steady-
state conditions with illumination with blue light leads to an
effective and persistent inter-particle repulsion. l-LDDO flow
can however also cause attraction between particles. When in
the stationary state the blue light source is switched off, in the
following first few minutes the particles attract each other due
to the generation of depletion zones of trans-isomers because
they enter the pores poor of trans species until saturation is
achieved. We have demonstrated especially mutual particle
repulsion facilitates the creation of 2D regularly spaced grids
of mesoporous particles trapped within a confined area by
LDDO flow due to the simultaneous irradiation with global
UV light. The processes involved are quasi-stationary and may
be operated indefinitely.
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and T. Palberg, Phys. Chem. Chem. Phys., 2017, 19, 3104–3114.
20 B. Khezri, S. M. B. Mousavi, L. Krejčová, Z. Heger, Z. Sofer
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ABSTRACT

We introduce a versatile mechanism of light-driven self-propelled motion applied to porous Janus-type particles. The mechanism is based on
the generation of local light-driven diffusio-osmotic (l-LDDO) flow around each single porous particle subjected to suitable irradiation
conditions. The photosensitivity is introduced by a cationic azobenzene containing surfactant, which undergoes a photoisomerization
reaction from a more hydrophobic trans-state to a rather hydrophilic cis-state under illumination with light. The negatively charged porous
silica particles are dispersed in a corresponding aqueous solution and absorb molecules in their trans-state but expel them in their cis-state.
During illumination with blue light triggering both trans-cis and cis-trans isomerization at the same time, the colloids start to move due to
the generation of a steady-state diffusive flow of cis-isomers out of and trans-isomers into the particle. This is because a hemi-spherical metal
cap partially sealing the colloid breaks the symmetry of the otherwise radially directed local flow around the particle, leading to self-propelled
motion. Janus particles exhibit superdiffusive motion with a velocity of �0.5 lm/s and a persistence length of ca. 50lm, confined to micro-
channels the direction can be maintained up to 300lm before rotational diffusion reverts it. Particles forming dimers of different shapes can
be made to travel along circular trajectories. The unique feature of this mechanism is that the strength of self-propulsion can be tuned by
convenient external optical stimuli (intensity and irradiation wavelength) such that a broad variety of experimental situations can be realized
in a spatiotemporal way and in situ.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129238

One of the most exciting recent inventions in microfluidics and
micro/nanotechnology is artificial active particles that consume energy
stored in their environment in order to initiate self-propulsion.1,2 The
study of these systems, originally motivated by the modeling swarm
behavior of living organisms,3 has triggered further developments in
diverse fields such as soft matter, statistical physics, or micro- and
nanorobotics. The design of self-organizing microrobots or smart
multifunctional materials is a crucial aspect for advanced concepts of
sensing and delivering chemicals in complex environments or for
environmental applications.4–9 To date, active particles are usually fab-
ricated as small micrometer-sized colloids rendered asymmetric, e.g.,
as Janus particles with two faces bearing distinct physicochemical
properties.10,11 This polar nature is employed to generate local gra-
dients around the particle, for instance, by catalytic reactions on one
side of the particle.12–23 In most cases, there is only a start-stop control
over self-propulsion, with no intermediate gears. For instance, in
hydrogen peroxide solution hosting platinum or titanium dioxide
based Janus particles, the catalytic activity of the noble metal produces

a continuous displacement of the particle; tuning the velocity, for
instance, requires changing the system altogether (composition of the
solvent, size, and shape of particles). More control over active particles
can be gained by utilizing external stimuli such as electrical, magnetic,
or optical fields to initiate or stop self-propulsion.24–27 Specifically
interesting is light as the external means for steering and guiding of
active colloids, since it is contactless, has a high spatiotemporal selec-
tivity, and does not require modification with magnetic material. By
applying light, one either induces temperature changes resulting in
thermophoresis or controls the catalytic reaction of hydrogen peroxide
decomposition.28–34

Here, we propose another mechanism of light-induced self-
propelled motion of Janus particles, which involves neither heating
of the environment nor catalytic reactions. The physical origin is
based on the phenomenon of light driven diffusioosmosis
(LDDO).35 The LDDO flow is generated at the solid/liquid interface
in a solution containing photoswitchable molecules under irradia-
tion with focused light: a gradient of isomer concentration develops,
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resulting in an osmotic pressure gradient driving a local solvent flow
at the irradiated area near a solid surface. The colloids are passively
moved by this LDDO flow. The photoswitchable group comprises
azobenzene having two distinct states: trans and cis, which can be
isomerized reversibly by applying irradiation with UV light (trans-
to-cis) and blue or green light (cis-to-trans). The azobenzene group
is incorporated into a hydrophobic tail of surfactant altering the physi-
cal properties of the whole molecule between more hydrophobic
(trans-isomer) and more hydrophilic (cis-isomer) states [Fig. 1(a)].36–40

The LDDO-flow can also be utilized in order to establish active
particle motion. We have recently reported on the light-induced
reversible repulsion and aggregation of porous silica particles dispersed
in a solution of azobenzene containing surfactant.41 The correspond-
ing mechanism may be coined “local” LDDO-flow (l-LDDO) because
it originates from a formation of local flow around each single porous
particle. The cationic surfactant molecules in their trans-state prefer to
be absorbed by the negatively charged pore surfaces inside the colloids.
Under irradiation with blue light, there is a photoisomerization from
trans to cis in solution and within the particles as the silica colloids are
transparent in the visible range. The hydrophilic cis-isomers formed
within the pores are expelled from the colloids, resulting in a concen-
tration gradient around each single particle. This leads to an osmotic
pressure difference in the electrostatic diffuse layer on the substrate
surface. Similar to LDDO, this osmotic pressure difference is compen-
sated by a liquid radial flow away from the particle: local-LDDO [Fig.
1(b)]. In this way, two neighboring particles experience a repulsive
interaction that may notably be felt over distances exceeding several
times the particle diameter. The l-LDDO flow generated under irradia-
tion with blue light (k ¼ 455nm) is sustained over the whole irradia-
tion time (up to several hours). The reason for this is that in the
photostationary state under blue light conditions, both isomers are
present in solution, roughly 73% of trans- and 27% of cis-molecules.

Thus, cis-isomers leaving the pores make room for trans-molecules to
absorb. In this way, a continuous diffusion of cis-molecules out of and
trans-molecules into the particle can be maintained.

In this Letter, we report on how to utilize this mechanism to
establish the self-propelled motion of single porous colloids. To
achieve this, we have rendered porous particles Janus-like by sealing
half of the colloid with a metal cap. This breaks the radial symmetry of
l-LDDO flow, thus allowing for superdiffusive motion.

When porous silica particles are immersed into an aqueous solu-
tion containing photosensitive surfactant, irradiation with blue light
leads to the generation of local flow around each single particle
(Fig. 1). The local flow profile is radially symmetric and extends over
distances of up to several diameters of the porous particles. The
interaction of flow patterns of nearby particles leads to mutual
repulsion [Fig. 1(d)]. The maximal velocity of the particles under-
going mutual repulsion increases with irradiation intensity and
can be adjusted between 0.2 lm/s and 1.4 lm/s by varying the
intensity from 0.01mW/cm2 to 8mW/cm2.

When the colloid is capped with a gold layer (thickness of
40 nm; for details, see Fig. S1, supplementary material), a Janus-
type particle is formed and the symmetry of the flow profile is
broken: the pores across the capped side are sealed and the surfac-
tant molecules leave and enter solely at the open hemisphere of the
colloid (Fig. 2, Multimedia view). Similarly, to many other Janus-
type particles, the broken symmetry initiates self-propulsion,1

which, however, is turned on only with blue light. Under these
conditions, the generated cis-isomers leave the pores of the par-
ticles, while trans-isomers enter, resulting in a steady state flow in
and out of the particle (Fig. 2).

FIG. 1. (a) Chemical structure of the azobenzene containing surfactant and scheme
of azobenzene photoisomerization. (b) Formation of l-LDDO flow and mutual
repulsion of particles. (c) Optical micrograph of porous particles immersed in an
aqueous solution containing photosensitive surfactant (cazo ¼ 1mM). (d) Under
irradiation with blue light (k ¼ 455 nm), the particles repel each other and form an
ordered grid.

FIG. 2. (a) Scheme of light-driven self-propelled motion of a Janus-type particle.
The diffusioosmotic flow near the particle is generated by a lateral gradient in
osmotic pressure, P, at the open half, pushing it forward to the direction of the gold
cap. The inset shows an SEM picture of the Janus particle. (b)–(d) Examples of
self-propelled trajectories under irradiation with blue light t¼ 15 min. The insets
depict thermal motion without irradiation. Multimedia view: https://doi.org/10.1063/
1.5129238.1

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 263701 (2019); doi: 10.1063/1.5129238 115, 263701-2

Published under license by AIP Publishing

110

https://doi.org/10.1063/1.5129238#suppl
https://doi.org/10.1063/1.5129238.1
https://doi.org/10.1063/1.5129238.1
https://scitation.org/journal/apl


Self-propulsion can be easily recognized by comparing trajecto-
ries recorded with and without irradiation [Figs. 2(b)–2(d)]. Before
irradiation, i.e., under illumination with red light (k ¼ 600nm),
the motion is Brownian, governed by thermal fluctuations. Under
irradiation with blue light, the majority of the single particles exhibit
active motion and particles forming a dimer show rotational motion
[Fig. 2(d)].

The quantitative analysis is performed utilizing the data acquired
with several particles during continuous irradiation with blue light
over 45min [Fig. 3(a), Multimedia view]. The pathways are character-
ized by directed motion maintained over a typical time scale sR; after
which the direction of motion is randomized by rotational diffusion
leading to the well-known expression sR ¼ 8pgR3=kBT , where R is
the radius of the particle, kB is the Boltzmann constant, T is the tem-
perature, and g ¼ 1:002mPa is the viscosity of water. The viscosity of
the solution with 1mM surfactant concentration is only slightly
enhanced; the relative change in viscosity of a dilute surfactant solu-
tion is rather small and does not significantly impact motion of
the colloids. For 5lm sized particles, the rotational diffusion time is
sR � 96 s. Within this time, the particle’s direction is approximately
preserved, implying an equivalent persistence length L ¼ vsR
¼ 48lm, where v is the propulsion velocity. v is calculated from the
analysis of the mean square displacement (MSD) of the single particle
using the following equation:42

MSD ¼ hðD~rÞ2i ¼ 4DTransDtþ
v2s2R
2

2Dt
sR
þ e�

2Dt
sR � 1

� �
; (1)

where DTrans ¼ kBT
6pgR is the translational diffusion coefficient, Dt is the

time interval, v is the particle velocity, and sR is the rotational diffusion
time. For times shorter than the rotational diffusion time, this equation
reduces to

MSD ¼ hðD~rÞ2i ¼ 4DTransDtþ v2Dt2: (2)

For this time range (sR ¼ 96s), a propulsion speed of v ¼ (0.5
6 0.1) lm/s can be derived from parabolic fits of the MSD. Analyzing
the plot in Fig. 3(a), one observes that Janus particles show superdiffusive

behavior (slope: 1.65) under blue irradiation and slightly subdiffu-
sive behavior under red illumination, i.e., in the dark (slope: 0.92)
[Fig. 3(a) inset]. One curve is obtained from the average data from 4
independent trajectories [Fig. 3(b)]. Over longer time, the orienta-
tion and direction of motion of the particle are randomized by its
rotational diffusion, and as expected, the MSD assumes a linear
behavior. The persistence length of 48 micrometers is around 10
times larger than the diameter of the particle. Correspondingly, the
effective diffusion coefficient, Deff ¼ DTrans þ 1

4 v
2sR � 6lm2s�1,

increases by a factor of nearly 70 compared to the purely Brownian
value DTrans ¼ 0:09lm2s�1.

The propulsion speed depends on the surfactant concentration
for a fixed irradiation intensity (k ¼ 455nm, I¼ 1.5 mW/cm2),
although a detailed quantitative relationship still needs to be worked
out. For instance, for the trajectories (cazo ¼ 1mM) shown in Fig. 3,
we find a maximal propulsion speed of 0.5lm/s, while for surfactant
concentrations of 0.5 and 2mM, the velocity is 0.15lm/s and
0.55lm/s, respectively, summarized in Fig. S2, supplementary
material. A systematic investigation of how the propulsion velocity
depends on irradiation conditions (pore size, surfactant concentration,
surfactant hydrophobicity, etc.) will be presented elsewhere.

The propulsion of active particles along a straight line at a dis-
tance smaller than the persistence length is only possible when the
Janus particle has approximately cylinder symmetry (with respect to
pore distribution and capping); asymmetric particles may lead to
active net rotation around some axis. The impact of asymmetry is par-
ticularly pronounced when the colloids form dimers or other multi-
meric objects, e.g., formed when their metal covers are connected via
necks. The resulting aggregates are usually byproducts of the prepara-
tion process of Janus particles, that is, when two or more colloids form
aggregates due to imperfections in the formation of a dilute colloidal
monolayer. The anisotropy leads to a total nonvanishing torque; the
net motion is a superposition of translation and rotation.43 In our
case, we have also observed that particles forming dimers or trimers
can spiral along circular paths during self-propelled motion (Fig. 4,
Multimedia view). In fact, dimer particles can also have different types
of trajectories depending on the relative alignment of constituents.44

Direction, radius, and angular velocity are determined by the specific
particle shape as illustrated in Fig. 4. In the extreme case of antiparallel
alignment of single particle velocities (gold caps point to opposite
directions), the trajectory of the dimer motion is almost circular with a
radius of ca. 12lm and an angular velocity of x ¼ 0.03 rad/s (200s for
one rotation), which corresponds to a linear velocity of 0.5lm/s
[Fig. 4(b)]. In the case of parallel alignment, i.e., gold caps point
to the same direction, the motion is a combination of rotational
(x¼ 0.0226 0.006 rad/s) and translation displacement [Fig. 4(c)]. In
the other extreme, one of the dimer particles is fixed to the surface
forming a center of rotation [Fig. 4(a)]. In this case, the dimer needs
roughly 145s6 26s (x ¼ 0.0416 0.006 rad/s) for one turn, resulting
in a linear velocity of 0.3lm/s. In all cases, persistent circular orbits
are observed over several hours.

Janus particles can be made to maintain their direction of motion
over large distances (several hundreds of micrometers) when placed in
suitably shaped microchannels (Fig. 5, Multimedia view). The direc-
tion of particle motion is rectified by the channel walls until a suffi-
ciently large jump in particle orientation due to rotational diffusion
occurs to change the direction.45 The profile and size of the

FIG. 3. (a) MSD as a function of time, comparing the motion of Janus particles
under blue (black curve) and red light (red curve). Inset: log-log plot of the MSD
with linear fits (of the time range marked by a dashed rectangle), at which the slope
of the curve is shown. (b) Trajectories of self-propelled particles in blue light.
Multimedia views: https://doi.org/10.1063/1.5129238.2; https://doi.org/10.1063/
1.5129238.3; https://doi.org/10.1063/1.5129238.4
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microchannels are shown in Fig. 5(a), and the corresponding width
and depth are 4lm and 1lm, respectively.

In the absence of light, thermal motion prevails and the particle
barely moves into any direction along the channel [Fig. 5(b)]. Under
irradiation with blue light, the particle starts moving in a “run and
tumble” manner: the translational motion of active particles is super-
imposed with rotational diffusion. The restricted geometry only per-
mits a quite slow reorientation of the particle because a large
(and therefore rare) fluctuation in orientation must occur. For the case

shown in Fig. 5(b), during the first 35min of irradiation, the particle
moves to the top over a distance of ca. 120lm and then turns to travel
in the opposite direction for another 300lm [Fig. 5(b)]. The average
speed of the particle in both directions is v � 0.15lm/s, which is
smaller than on a flat, unstructured surface and related to the influence
of the channel geometry. The dimer particle trapped within the micro-
channel similarly shows directed motion with an average speed of
0.3lm/s over 400lm. When the blue light is switched off (23min),
the dimer stops and does not change its location significantly within
the next few minutes [Fig. 5(c)].

In conclusion, we have introduced a mechanism of self-
propulsion of Janus-type particles based on the generation of l-LDDO
flow by a single porous particle under irradiation with blue light (k ¼
455 nm). The colloids exhibit self-propulsion motion, v � 0.5lm/s,
and a persistence length of ca. 50lm. When it is subjected to a micro-
channel, the particle motion can be guided along a straight line over
distances exceeding up to 60 times its own diameter before the direc-
tion of motion is flipped by rotational diffusion.

See the supplementary material for detailed descriptions of azoben-
zene containing surfactant, Janus-particle preparation, imaging analysis,
and videos of particle motion (Fig. S1); and the dependence of Janus-
particle velocity on the surfactant concentration (Fig. S2).
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Materials and Methods.  

Materials  

Azobenzene containing cationic surfactant with a spacer of six methylene groups between the 

positively charged trimethylammonium bromide head group and the azobenzene unit is synthesized 

as described elsewhere.1 The surfactant is dissolved in Milli-Q water.  

The photo-isomerization behavior of the surfactant has been described in detail in our previous 

publication.2 In short, the trans- state of the surfactant is characterized by an absorption band with a 

maximum at 353 nm, the cis-isomer by two absorption bands with maxima at 313 nm and at 437 nm. 

The band with a maximum at ~240 nm present in both isomers corresponds to the absorption of -

conjugated benzene rings. The lifetime of the cis isomer in dark is 48 hours, while the photo-

isomerization from cis- to trans-state under irradiation with blue light (=455nm, P=30W) takes 

place within a few seconds, approaching a photo-stationary state (with 73% of trans and 27% of cis-

isomers) after 10 minutes of irradiation. 

The dispersion of Janus particles of 5m in diameter in a surfactant solution of 1mM concentration 

(cCMC=0.5mM) is introduced into a closed chamber of height 920 µm with a volume of 40 µl. Before 

measurement, the samples are kept in the dark for several minutes until the particles sediment to the 

bottom of the substrate. 

Janus particle preparation. A dilute monolayer of silica porous particles (mean diameter: 5µm, 

Micromod GmbH, Germany) is prepared by spin coating of an aqueous particle dispersion (5mg/ml, 

200µl) on a 2cm x 2cm glass substrate. The glass surface is cleaned prior to deposition during 15 

minutes of sonication in a 2% Hellmanex solution followed by rinsing and 15 min sonication in Milli-

Q water. Using an evaporation chamber (Leybold Oerlikon Univex 350), a 2nm chromium and a 40nm 

gold layer are deposited on the colloidal monolayer. The resulting Janus particles are taken off the 

substrate by carefully sliding a water-soaked lens -cleaning tissue acting as a blade over the surface.3 

During exposure of the tissue to distilled water (18.2 MΩcm-1, Milli-Q), single Janus particles are re-

1 D. Dumont, T. Galstian, S. Senkow and A. Ritcey, Mol. Cryst. Liq. Cryst. 375, 341 (2002). 

2 Y. Zakrevskyy, P. Cywinski, M. Cywinska, J. Paasche, N. Lomadze, O. Reich, H.-G. 

Löhmannsröben, and S. Santer, J. Chem. Phys. 140, 044907 (2014). 

3 A. Campbell, R. Archer, and S. Ebbens, J. Vis. Exp. (113), e54247, doi:10.3791/54247 (2016) 
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suspended. The aqueous surfactant solution is added to get the defined concentration of cazo=1mM. 

Methods 

Optical microscopy imaging. An inverted Olympus IX71 is equipped with a tunable monochromatic 

light source (Polychrome V, FEI Munich GmbH) which acts as continuous illumination and lighting 

source at wavelengths of =455nm (blue, I=1.5mW/cm2) and =600nm (red, I=2mW/cm2). The 

illumination intensity is measured at the solid/liquid interface with an optical power meter 1918-R 

with the sensor 918D-UV-OD3R (Newport Corporation, Irvine, CA, USA). Additionally, the setup is 

kept in the dark to prevent uncontrolled isomerization.  

Tracking and data analysis. Particles are tracked using the Mosaic Single Particle Tracking plugin for 

ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/, 1997-2015). The tracking algorithm is described by Koumoutsakos.4 The 

particle trajectories are analyzed using a Matlab script developed in our laboratory.  

Figure S1. Left: dependence of MSD on time for 5µm Janus particle dispersed in aqueous solution of 

different surfactant concentrations: 0.5mM (black curve), 1mM (blue curve), 2mM (red curve). Right: 

the self-propelled velocity of the Janus particle a function of surfactant concentration. The self-

propelled motion was induced under irradiation with blue light (=455nm, I=1.5mW/cm2). 

4 I. F. Sbalzarini, and P. Koumoutsakos, J. Struct. Biology 151(2), 182 (2005). 

117

4.5. Supporting information



118



5. Discussion and conclusion

In this thesis we investigate a local light driven diffusioosmotic flow (l-LDDO), which induces active 

motion of porous particles when exposed to irradiation with light of appropriate wavelength. Effect 

of different parameters such as wavelength and intensity of light, concentration of particles and 

surfactant, and type of particles (porous, non-porous or Janus) on motion is discussed in detail. The 

effect of wavelength on collective motion of particles is significant and reported in Papers 2, 3, and 4.  

The main ingredient of LDDO flow is azobenzene containing surfactant (ACS) which undergoes 

photo-isomerization from stable trans to metastable cis state under appropriate wavelength of light. 

We observed that the fraction of trans and cis molecules at photo stationary state depends upon the 

wavelength of light. Under UV (λ = 365 nm) irradiation, almost all trans molecules are isomerized to 

cis isomers. For longer wavelength, fraction of trans and cis molecules are in certain ratio, for 

instance, in case of 1mM surfactant concentration, at λ = 455 nm trans and cis fraction is 72 % and 

28 %, respectively, and for λ = 490 nm it becomes 84 % trans and 16 % cis molecules at a photo 

stationary state.

To characterize the photo switching behavior of ACSs, time resolved UV-Vis absorption 

spectroscopy is used, where sample is irradiated with desired wavelength and intensity of light with 

simultaneous recording of absorbance. A kinetic model of photo isomerization is presented in 

Publication 1 where isomerization reaction is assumed as pseudo first order reaction.  

The effect of global blue light irradiation on a system of 5 µm silica porous particles in aqueous 

solution of azobenzene containing surfactant is discussed in Publication 2, while motion of particles 

under exposure to UV light is discussed in Publication 3. Under blue light irradiation, a continuous l-

LDDO flow pointing radially outwards is induced around each particle which results in a 2D stable

grid of well separated particles. It is presented that in case of UV irradiation, induced flow is not long 

lasting and hence the separated particles come closer due to thermal motion. Time resolved 

aggregation followed by separation is reported for lower intensities of UV irradiation whereas direct 
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separation is observed on increasing intensity to a maximum of 1.8 mW/cm2. The induced LDDO 

flow by porous particle is visualized using non-porous silica particles. 

In Publication 4 we have reported the effect on collective motion of mesoporous silica particles 

under simultaneous irradiation with light of two wavelengths, blue and UV of different spot sizes: 

focused blue and global UV. Both local LDDO flow around each particle and global LDDO flow 

due to focused irradiation spot are induced resulting in dynamic aggregation or separation of 

particles in a confinement. We have clearly demonstrated that the active flow (l-LDDO flow) is 

absent in case of non-porous silica particles and they form a densely packed monolayer inside the 

confinement. We have shown that the effect is reproducible when blue light is switched on again. 

Many intriguing dynamic patterns can be formed by altering one of the parameters. For instance, 

when focused blue light is irradiated in pulse with different frequencies, a mechanical effect 

like heart beating is established. The detailed analysis of this process is explained in the Appendix 

B.5.  This system is studied further in detail with respect to different parameters like surfactant

concentration, spot size, and particle concentration and reported in Appendix B. 

Figure 5.1 demonstrates the summary of possible combinations of blue and UV irradiation which 

affects the collective motion of particles on a glass surface where particles can act as either passive 

which moves with the flow or active, which generates the flow, depending upon the applied 

wavelength of irradiation.    

It is also possible to induce self-propelled motion using the above system (Publication 5). It is 

shown that when pores of one side of porous particles are blocked with gold layer of thickness 50 nm 

(Janus particle is formed), the local LDDO flow is generated on the other half of particles which 

propelled it in forward direction towards the cap under global blue irradiation. The generated motion 

falls under the category of super diffusion which is shown using mean square displacement (MSD) 

curve plotted with respect to time. MSD ˃ 1, confirms the super diffusion or self-propelled motion of 

porous Janus particles. We have also shown that particles forming dimers or trimers can spiral along 

circular path during self-propelled motion where the trajectory of circular motion depends upon the 

alignment of gold cap in case of dimer particles. It is reported that using substrate with micro 

channels (like Surface relief gratings), directed self-propelled motion can be induced.
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Figure 5.1. Scheme of different collective behavior of particle ensemble as a function of irradiation 

process. (a) Equilibrium state (stable l-LDDO flow) achieved under global blue (λ = 455 nm) light 

irradiation. (b) Focused UV irradiation generates outwards LDDO flow which carries particles away 

from the irradiation spot. (c) Focused green light irradiation resulting in inwards LDDO flow causing 

gathering of particles at the irradiation spot. Sample was initially exposed to global UV irradiation 

for 10 minutes. (d) Non stable separation under global UV irradiation. (e) collective behavior of 

mesoporous silica particles when two light sources (focused UV and global blue light) are applied 

simultaneously. (f) 2D disk of well separated particles is formed under simultaneous irradiation of 

focused blue and global UV light.  
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Appendices 

Appendix A. Passive motion of colloidal particles under focused UV  irradiation: 

dependecy upon spot size, intensity and concentration of surfactant 

concentartion. 

When focused UV light of diameter 20 µm (too small) is applied to a monolayer of  silica porous 

/non-porous particles, diffusioosmotic flows are generated at the liquid/solid interface. The flow 

direction is pointing away from the irradiation spot  which carries all the particles sedimentation at

the substrate and hence leaves behind particle free  surface. Basic principle of LDDO flow and

its dependency on other parameters like surfactant or particle concentrations and for different 

surfactant group is reported in previous publication and is also discussed briefly  in Section 2.4. In 

this part  we report on further findings of this system like  range of the flow, dependency on spot 

diameter and intensity of irradiation. 

In order to analyzed the range of LDDO flow, long term measurements under constant irradiation

were performed at different surfactant concentrations keeping other parameters fixed (spot

diameter = 20 µm, power = 1.5 µW)). One can say that saturation of clean area can give an 

estimation of the range of the LDDO. The optical image of cleaned area at t = 2 hour for different 

surfactant concentrations 0.5 mM, 1 mM and 2 mM is shown in Figure A.1. It is observed that the 

flow range increases upon increasing surfactant concentration and attains a maximum value of 1 

mm at CAzo = 1 mM within 3 hours of irradiation (red line in plot of Figure A.1d).  

The effect of spot size on LDDO flow is further studied in detail. It has been observed that for larger 

spot size (more than 10 times than previous) the generated LDDO flow shows special effects inside 

as well as outside the irradiations spot depending upon the intensity of applied light. For lower 

intensities, particles which are outside the irradiation area moves immediately with the flow similar 
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Figure A.1. Optical micrographs of monolayer of 4 µm non-porous silica particles under focused UV 

irradiation (red spot) for different surfactant concentration at t = 2 hours (dashed line in plot in d). (a) 

CAzo = 0.5 mM, (b) CAzo = 1 mM, and (c) CAzo = 2 mM. (d) Radius of cleaned area vs time plot for 

different concentrations of surfactant. 

to smaller spot size. The particles which were inside the laser spot moves slowly and reach to the 

of the laser spot. Particles achieve their maximum velocity at the boundary and the moves 

away from spot area. However, for intensity > 14 mW/cm2, particles which are already inside 

the spot, are trapped within the irradiation area. As an illustration Figure A.2 represents optical 

micrographs for two extreme cases with fixed spot diameter (d = 480 µm)  and 1 mM 

surfactant concentration, one for lower intensity of 1.2 mW/cm2 (Figure A.2a-c)  and other for 

highest chosen intensity of  36 mW/cm2 (Figure A.2d-e). This dependency upon intensities is 

characterized by calculating the distance traveled by the particles with respect to center of spot as 

a function of time. If there is no significant change is distance this means  particles are trapped. 
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Figure A.2. Effect of intensity of focused UV irradiation (λ = 365 nm, diameter = 480 µm) upon 

motion of non-porous silica particles in 1 mM Azo-C6. Optical micrographs are representing the 

statistic images at different time zone for two different intensities; (a-c) for I = 1.2 mW/cm2 at t= 0 

min, 5 min and 45 min.; (d-f) for I = 36 mW/cm2 at t= 0 min, 5 min and 30 min.; (g) Corresponding 

distance vs time plot: different colored lines (dashed and solid) represent the average distance 

calculated in each rings (thickness of each ring is 40 µm). For instance, black line is average distance 

traveled by the particles presented between 0-40 micrometer from the spot center. And furthermore,

red line is the average distance for particles between 40 µm-80 µm…so on (h) Plot for particle 

concentration inside the irradiation spot as a function of time for different intensities ranging 

between 1.2 to 36 mW/cm2. Supporting videos can be found in Figure SA.2 in Appendix D.
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Figure A.2g shows the distance vs time plot for the lowest (dashed lines) and the highest (solid

line) measured intensities for spot diameter 480 µm. Different colored lines denote the average 

distance calculated for particles presented in each ring of thickness 40 µm. What we get from this 

plot is that for lower intensities (dashed lines) particles which were inside the spot also crosses 

the boundary (horizontal black dashed line), whereas for larger intensity particles inside the spot are 

trapped within the boundary and do not go outside the spot. The number of particles inside the spot 

as a function of time is also calculated for different intensities and shown in Figure A.2h. For 

lower intensities (red and black line) the particle number decreases to minimum indicating the 

movement of particle outside the area, however, for higher intensities colloids are not allowed to 

leave the boundary and stays within the irradiation spot. Only particles which are few micrometers 

nearby boundary moves out.   

Figure A.3. (a) Velocity of particles vs time plot when monolayer of nonporous silica particles is 

exposed to focused UV light with intensity of 21.5 mW/cm2 (λ=365 nm, radius = 240 nm). Each color 

represents average distance of the particles in each ring of 40 µm thickness. Boundary of irradiation 

spot is 240 micrometers away from the center. (b) Maximum velocities in each ring vs distance for 

different intensities of UV irradiation at fixed spot size (radius = 240 µm). (c)Maximum velocity 

attained at laser boundary as a function of intensity for three spot sizes (radius = 140 µm, 240 µm, 

and 400 µm).  

The velocity profile measured in each ring (shown in different colors) at  intensity of 21.5  mW/cm2 

and spot diameter of  480 µm is shown in Figure A.3a. Particles which are at the boundary shows

maximum velocity ( at 240 µm-280 µm, cyan line in the Figure A.3a). Maximum velocities in each 

rings as a function of distance for different intensities  are shown in Figure A.3b. It has been  observed 

that particle velocity is proportional to intensity of UV irradiation but is independent of spot size 

(Figure A.3c). 
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The mechanism behind this process is under investigation. From the basic theory of LDDO flow, it 

is known that concentration gradient of cis molecules is maximum at the boundary which also implies 

that pressure gradient will be maximum at the boundary which generates the LDDO flow pointing 

away from the spot carrying the particles passively along it. Particles inside the spot also moves away 

with some time lag. It is possible that for intermediate intensities forces generated due to gradient of 

light intensity along the light direction (i.e. in bulk as UV photons are observed by Azo-C6) also 

plays an important role which results in trapping of the particles in exposed region.141 For lower 

intensities gradient forces is smaller as compared to osmotic forces which drives the particles slowly 

towards the boundary and at the boundary the flow velocity accelerates carry the particles away from 

the spot. The packing fraction,  which is the ratio of occupied area of particles inside the irradiation 

area to the total area spot  is shown in Figure A.4a-c for different intensities and spot size. When the 

decrease in packing fraction is less than 20% and saturated, we can say that particles are trapped 

inside the spot. From the plots this behavior is observed at higher intensities. 

Figure A.4. Packing fraction vs time plot for various intensities and spot sizes. (a) Diameter = 280 

µm, (b) D = 480 µm, (c) D = 800 µm. Packing fraction is calculated as ratio between total occupied 

area by particles to total area of the irradiation spot.  

It has been observed that the magnitude of velocity and range of the flow depends upon the initial 

fraction of trans and cis molecules before applying focused UV irradiation. The flow strength is 

proportional to amount of trans molecules, which means reducing the fraction of trans at initial state 

(by applying global blue irradiation) will reduce the concentration gradient introduced by focused 

UV irradiation which decreases the radius/ range of the obtained maximum cleaned area. When global 

blue irradiation is applied simultaneously with focused UV laser, a continuous flow pointing away 

from the laser spot is observed. The cleaned area in this case is very small even though the intensity 
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of focused UV is very high (> 100 mW). This happens because global blue irradiation from the 

top, equilibrate the concentration gradient faster as it tries to maintain a certain fraction of trans 

and cis isomers. The LDDO flow generated in this case would be stable. This process is shown in 

Figure A.5a-d which represents the optical micrographs of a monolayer of porous silica particle 

dispersed in 1mM Azo-C6 at different irradiation time (at t = 0 s, 30 s, 12 min, and 30 min) of 

global blue (λ = 455 nm)   and focused UV ( λ = 353 nm, d = 20 µm) simultaneously. It has been  

Figure A.5. Simultaneous irradiation of focused UV and global blue light. Effect is shown for 

mesoporous silica particles (d= 5 µm) in 1 mM surfactant concentration. (a-d) Optical micrograph of 

the process at t = 0s, 30s, 12 min, and 30 min. (e) Average distance vs time plot for particles in 

individual rings of thickness of 30 µm. It is interpreted that the equilibrium is achieved after 10 

minutes of irradiation reaching the saturation of cleaning area. Video of the process is shown in 

Figure SA.5 in Appendix D. 

observed that  Saturation of cleaning area is achieved within 10 minutes of irradiation , which is very 

fast as compare to previous case (see plot in Figure A.5e). One can say that the range of the flow for

this particular case is ca 110 µm and can easily be manipulated by changing the parameters like 

surfactant concentration or intensities of both blue and UV irradiations. The porous particles outside 
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the cleaning area are well separated due to an additional flow (l-LDDO flow) introduced in this 

thesis. Each porous particle generated its own l-LDDO flow resulting in the state if separation. In 

case of non-porous particles this flow will be absent, therefore repulsion between particles will be 

absent and randomly distributed particles will be observed.
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Appendix B. Detailed investigation of light driven collective motion of 

mesoporous silica particles under focused blue and global UV 

irradiation  

In this section we would like to report on further analysis on light driven collective motion of 

mesoporous colloidal particles where ACS molecules interact with two light sources of different

wavelength , UV (λ = 365 nm) and blue (λ = 490 nm) simultaneously. The collective behavior of

particle motion  is discussed in Publication 4. We have reported that when global UV and focused

blue light is combined  together, it results in a 2D disk of well separated particles trapped inside the 

blue irradiation spot.  Complete process goes through three different mechanisms before reaching to 

equilibrium state : (i) passive motion of particle towards the blue irradiation area due to generation of

global LDDO flow pointing in the direction of blue irradiation spot , (ii) aggregation of porous 

particles in side the blue spot which is followed by (iii) separation of particles due to generation of 

local LDDO flow around each mesoporous silica particles forming a stable 2D crystalline disk

pattern. Here, we will discuss, how we can manipulate the physical variables like particle velocity, 

aggregation time, cluster size and separation time or total time to reach equilibrium by altering 

different parameters such as surfactant concentration, intensities of both global and focused

irradiation, diameter of laser spot, and  wavelength of light. We have observed that using appropriate 

parameters one can perform different tasks like transportation of 2D crystalline disk from one place to

another or sweeping large number of particles in relatively lesser time than previous systems.

B.1.  Dependency on surfactant concentration

We have observed that surfactant and particle concentration can strongly alter the collective 

behavior of particle motion. For example, the total time required for aggregation (second step)

followed by separation (third step) into the area irradiated with the blue light  decreases with 

increasing concentration. At lower concentration, tight clusters of particles are witnessed which

require longer time to separate while at higher surfactant concentration, immediate separation was

recorded as soon as particle enters the laser spot. Figure B.1.1 exemplifies dependency of surfactant 
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concentration on the above mentioned system and represents the optical micrograph for 0.5 mM, 

1mM and 1.5 mM at different irradiation time (t = 10 s, 60 s and 300 s). In case of  0.5 mM (CMC), no  

significant  motion towards the laser spot is observed (blue circle is laser boundary).  Particles which 

are already into the spot form clusters and initially perfom coarsening (i.e. moving from one cluster 

to another) which is then  followed by separation with very low rate (Figure B.1.1a). On the other 

hand , in case of Cs = 1 mM, with in 5 minutes of blue irradiation all the particles inside the ring are 

separated with nearest particle distance of 15 µm forming 2D disk pattern (See Figure B.1.1b). 

The step of aggregation of particle before separation disappears on increasing surfactant 

concentration further. This can be seen for Cazo = 1.5 mM ( static images are shown in  Figure B.1.1c).
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Figure B.1.1. Optical micrograph of the collective motion of mesoporous silica particles for different 

surfactant concentrations at time = 0s, 30s and 300s.  (a) for cazo =0.5 mM, (b) for cazo =1 mM; (c) for 

cazo =1.5 Mm. Supporting videos can be found in Figure SB.1.1 in Appendix D. 

To analyze the motion we traced the trajectories of each individual particles and compiled the 

resultant statistical data in order to calculate particle velocity and distance traveled by particles. The  

Figure B.1.2. (a) Particles distributed on the glass surface after sedimentation, 20 µm thick rings are 

drawn around the center of laser spot in which particles are grouped to calculate (b) average velocity 

with respect to distance for whole irradiation time. (c) maximum velocity in each ring plotted for 

different surfactant concentration. (d) Average distance travelled by particles situated at the laser 

boundary for cazo = 0.5 mM, 1mM and 1.5 mM.
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particles were grouped in 20 µm rings depending upon their distance from the center of the laser spot 

(see Figure B.1.2a). Average velocities and distances of all the particles in each ring is calculated as a 

function of time for each 20 µm thick ring which are at certain distance from the center of spot , i.e. 

20 to 40 µm, 40 µm to 60 µm, and so on. Figure B.1.2b displays the velocity as a function of time in 

each ring for surfactant concentration of 1mM. Maximum velocities achieved in each ring are 

calculated and shown for different surfactant concentrations in  Figure B.1.2c. Once again from the 

analysis we can comment that particles which were initially at the boundary achieve the maximum 

velocity of 2.5 µm/s, 2.25 µm/s, and 1 µm/s for 1.5 mM, 1mM, and 0.5 mM respectively. 

Displacement of particles at the  spot boundary (i.e. : 140-160 µm) is shown in Figure B.1.2d. 

Decrease in distance is referring to the movement of particles  towards the center of the spot. The 

lower value of distance traveled in case of 0.5 mM signifies that the strength of LDDO flow is weaker 

at this concentration which is not enough to drive the particles towards the irradiation area.

This  dependency upon surfactant concentration can be explained as follows: In the beginning due to 

initial global irradiation of  UV light , ca. 90% trans- molecules were isomerized into cis- state. This 

means only 10% trans molecules are available for particles. Using absorption spectroscopy technique 

we can approximate that 0.1mg particles ab/desorb  total of 0.1 mM of trans molecules. This is shown 

in   Figure B.1.3a, where absorption spectra for  three samples with different particle concentration in 

1 mM Azo-C6 were recorded.   The amount of available trans molecules (black square) and how 

much is required (red line) for 0.1 mg/ml  porous silica particles  is shown in Figure B.1.3b. From the 

plot it is clear that the fraction of  trans molecules for  concentrations lower than 1 mM (10 % of Cs 

under UV light), is not sufficient  to completely fill the pores of all the particles. When focused blue 

light irradiation is switched on (global UV is also on) , empty particles passively enter the area 

enriched of trans molecules (84% trans and 16 % cis) where trans molecules diffuse into the pores 

creating a situation of aggregation (explained in publication 4). Whereas, for concentration above 1 

mM (cazo > 1 mM), more than required trans molecules are presented in the system due to which 

when particles enter into the blue irradiation spot it was already full with fuel restricting the diffusion 

of trans inside the pores resulting in direct separation forming the 2D stable grid.  

To support this explanation, we have performed experiments under global UV and blue light 

separately (In previous case both global  UV and focused blue used simultaneously). Initially sample 

was exposed to UV irradiation which  induces localized LDDO flow  radially away from each 

particle resulting in repulsion between the colloids. After 10 min irradiation, UV light was switched
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off, and global blue light was switched on. Due to shifting of wavelength  the fraction of trans 

molecules at  photo stationary state shifts from 10 % to 70% trans from UV light to blue light 

respectively (see Figure B.1.3c).  Similar to the case of (combined UV and blue light), when blue 

light is on an immediate  aggregation is observed for lower concentrations which is followed by 

separation later. While direct separation was witnessed for concentrations above 1 mM (see the NPD 

plot in Figure B.1.3d).   

Figure B.1.3. (a) UV-Vis absorption spectra for solution containing 1mM Azo-c6 with different 

particle concentrations as 0.1 mg/ml, 0.2 mg/ml, and 0.3 mg/ml. Inset shows the value of 

concentration left in the bulk solution corresponding to each curve. (b) Fraction of trans molecules 
presented after UV irradiation and required to fill the particles with concentration of 0.1mg/ml 

plotted against surfactant concentrations. (c) Photo-stationary state achieved after UV and blue 

irradiation for Cs = 1mM. (d) Average nearest particle distance vs time for different surfactant 
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concentrations. Firstly sample is exposed to UV irradiation for 10 min and later  only  blue light is 

switched on. 

Similar behavior is observed when particle concentration is altered keeping the surfactant 

concentration fix. Increasing the particle concentration means increasing the  minimum amount of 

trans molecules required for particles.  We can combine these dependencies in one common statement 

to comment  that the total time of aggregation and also the size of clusters forming before separation  

is proportional to particle concentration and inversely proportional to surfactant concentration. A 

phase diagram demonstrating this dependency of concentrations is shown in Figure B.1.4. When 

parameters on the left side of black line is taken,  direct separation of particle was observed, whereas 

for parameters on the right side aggregation followed by separation was witnessed. 

Figure B.1.4. Phase diagram depicting the dependency of particle and surfactant concentration upon 

particle aggregation (step 2) when Pre UV irradiated sample is exposed to focused blue laser 

(global UV irradiation is continuously on).
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B.2.  Generation of two flows of opposite directions

We have mentioned in previous section  that porous silica particles move passively towards the blue

irradiation  area  and are trapped inside the spot forming well separated 2D crystalline pattern when

sample is exposed to focused blue and global UV irradiation simultaneously. However when we look 

the process in larger area (observing and analysis area is larger as compare to previous), certain

distance from the boundary an additional flow pointing radially outwards is witnessed. Figure B.2.1 

reveals complete picture of the process at different time scale. When  blue laser of (diameter = 144 

µm , power = 35 µW) was added on a UV  irradiated ensemble of porous silica particles,  local and 

global light driven diffusioosmotic flow is induced due to generation of cis concenatrtion gradient. 
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Figure B.2.1. Optical micrograph representing complete picture of the process when focused blue 

and global UV light is exposed to a monolayer of porous silica particle in 1 mM AzoC6. (a) at t= 0s, 

(b) t= 60s, (c) t = 600s (d) Enlargement of the selected area in c. The white solid line is the boundary 
of the irradiation spot. White dashed line denotes the imaginary boundary. Two arrow are showing 
the direction of the flow. Corresponding video can be found in Figure SB.2.1 in Appendix D.

Initially the flow direction is towards the irradiated area which carries the particles (which are with 

in certain distance from the boundary ) passively into the spot (discussed in publication 4). In few 

minutes an additional flow in the opposite direction from the spot  is also witnessed in the 

experiments which drives the particles away from the spot. These observations clearly states the 

occurrence of two flows in opposite direction taking place at the same time: One is cleaning the 

surface after certain distance from  blue spot boundary  and other one is sweeping the particles 

towards the irradiated area to form a 2-D stable grid. From now on we will name the boundary 

where the second  flow is originated as imaginary boundary which is at distance DImg from the 

center of blue spot (marked in dashed white line in Figure B.2.1. According to our analysis this 

distance, DImg is independent of surfactant concentration and blue light intensity and  varies   upon 

changing the other parameters like spot size and intensity of global UV irradiation. We will discuss 

about this external flow in detail in next sections. 

B.3.  Dependency on spot size of focused blue irradiation

To check the effect of diameter of focused blue laser upon velocity or separation distance of the 

particles in the irradiation spot, we varied the diameter of focus blue laser ranging between 140 µm 

to 470 µm. The monolayer of particles were divided in to 20 µm rings and the maximum velocities 

of particles calculated in each rings is plotted as a function of distance from the center of the 

spot. Figure B.3.1a shows the graph of average maximum velocity of particles in each ring plotted 

for 5 different laser spot size. The maximum velocity of particle calculated as ca. 3µm/s (constant 

intensity) and is independent of spot size and is always found at the boundary of the laser spot as 

shown in the plot. The distance between the particles (NPD) at the time of complete separation is 

independent of laser spot size (black solid line) and the number of particles (blue dashed line) in the 

exposed area is linearly proportional to radius of spot (see Figure B.3.1b). It has been observed that 

the particles inside the irradiated area is confined to an area which is smaller than the area of 

irradiation spot. Increasing the spot sizes also increases this confined area (i.e. Dc increases, black
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line in Figure B.3.1d). The distance of imaginary boundary (DImg)  from the spot center also

increase with spot size (red line in Figure B.3.1d). It is witnessed that time taken to induce the 

outer flow decreases with increase in laser diameter.

Figure B.3.1. (a) Maximum velocity of particles in each divided sections (20 µm thick rings) for 

different laser spot. The maximum velocity of ca. 3 µm/s is achieved at the boundary and is

independent of laser spot size.(b)NPD (black line) and number of particles inside the the irradiation 

area plotted as a function of spot size. (c) optical micrograph representing the outer boundary where

flow starts in opposite direction. Dc, Dlaser, Dimg are distance of the confined boundary, laser 

boundary  and imaginary boundary respectively  from the center of the spot. (d) Distance vs laser 

radius plot for Dc, Dlaser, Dimg. Supporting videos for different laser sizes can be found in Figure 

SB.3.1 in Appendix D. 

One of the interesting applications of combination of UV and blue light is that, the process is extremely

fast to assemble large number of particles in shorter time with more precise and accurate way for 

desired area. It has been observed that it is approximately 10 times faster as compare to the case of 
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only one focused irradiation and also requires less intensity. Figure B.3.2 exemplifies the 

comparison of cluster  formation between two systems : (i) focused green irradiation  (Diameter = 

20µm)  and (ii) a system with global UV and focused blue (diameter = 150 µm).  The latter system  

is very flexible and can be used according to the requirement,  changing other parameters. It is also 

possible to speed up the process of gathering particles even more  by  changing continuously the 

spot size from higher diameter  to lowest desired diameter. If the area of spot is very small as 

compared to total occupied area of the particles than the additional layer of particles is formed.

Figure B.3.2.  Micrograph showing the static image after 10 minutes for ensemble of non-porous 

silica particle in 1mM Azo-C6 in two different systems:(a) Focused green laser with laser diameter 

of ca, 20 µm. (b) Focused blue light and global UV irradiation with laser spot size as 150 µm .red 

dashed line represent the laser boundary. Supporting video can be found in Figure SB.3.2 in 

Appendix D.

B.4.  Effect of intensity of irradiation wavelengths

In this section, we will discuss the effect of intensities  of UV and blue irradiation on collective 

motion of porous silica particles in 1mM surfactant solution. The dependency is observed  The 

motion of particles towards the irradiated area is faster for higher intensities of blue light. Figure 

B.4.1a shows maximum velocities achieved in each rings for fixed irradiation diameter (d =380 

µm) and  different powers of  laser spot ranging from  7.5 µW, 28 µW, 57 µW, and 132 µW. The 

intensity of global UV irradiation is kept constant in all the  experiments mentioned above as 1.4 

mW/cm2.  The nearest particle distance (NPD)  after the separation of particles is analyzed and is 

140

Appendix B



independent of the intensities but the time to achieve the state of this separation is reducing with 

increasing power (see plot shown in Figure B.4.1b). From the above results we can conclude that 

the the ratio of intensities of focused blue  to global  UV light is an important factor for generation 

of LDDO flow. The flow will induce when ratio is greater than 4. For instance, when blue laser 

with  power 7.5 µW is applied, the ratio is lower than 4 and hence LDDO flow is not that evident. 

Figure B.4.1. Velocity vs distance plot for different intensities of focused blue irradiation keeping 

other parameter constant (cazo = 1mM, laser radius = 190 µm, Intensity of UV light = 1.4 mW/cm2). 

(b) NPD plot as a function of time for different intensities. Graph shows that NPD is independent of 
intensity of irradiation. Corresponding videos for different intensity of blue laser can be found in 
Figure SB.4.1 in Appendix D.

Varying the intensities of global UV irradiation affect the system differently (keeping all other 

parameters fix).  The major changes are observed in confined area (area of trapped particles, Dc) or in 

distance of imaginary boundary (DImg). For lower intensities it has been observed that particles are 

also collected  outside the  laser boundary forming a ring like cover of randomly distributed particles 

to 2D separated disk where distance between the particle is independent of the intensity of light 

(Figure B.4.2a). This area of confined particle decreases with increase in the intensity as shown in  

Figure B.4.2b. The analysis of distance and velocity profile for I = 128µW/cm2  (lowest) and I = 1.4 

mW/cm2  (highest) is represented in Figure B.4.2(c-f). 

It has been observed that the imaginary boundary  (from where the additional flow starts) also changes 

with intensity of UV light (see red dashed line in Figure B.4.2c and d). It comes closer to laser 
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boundary for higher intensities. This means that the inward flow drives less particle towards the 

irradiation area which reduces the confined area in order to maintained the constant separation 

distance (Figure B.4.2g). Number of particles inside and outside the laser boundary after 20 min of 

irradiation is shown in Figure B.4.2h. 

Figure B.4.2. Effect of intensity of global UV irradiation keeping other parameters fixed. Static 

images of the process after 20 min of irradiation for two UV intensities  as (a) 128 µW/cm2 and and 

(b) 1.4 mW/cm2. (c,d) corresponding distance vs time plot for intensities mentioned in a and b. 

dashed black line represents the laser boundary. Solid black line and dashed red line denotes the 

boundary of confined area and imaginary boundary respectively. Increase in distance means the 

particles are going away from the spot center. (e, f) Corresponding velocity profile. Maximum 

velocities of particle towards the irradiation spot  is similar  for both the cases. However for larger 

Intensities the velocity of outward flow is also higher as compare to lower intensities. (g) NPD vs 

Intensity plot. NPD is independent of intensities. (h) Graph showing analysis of number of particles 
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trapped inside andoutside the irradiation spot with respect to intensities. For higher intensities,

particles are only inside the spot. Videos for dependency of UV intensities can be found in Figure 

SB.4.2 in Appendix D. 

When global UV irradiation is switched off completely (only focused blue irradiation ), two flows

of opposite direction towards the laser boundary are witnessed: First, from the center of irradiation 

spot to the direction of its boundary and  second, from outside the spot to inward direction towards

the boundary. Time scale optical micrograph of this effect is shown in Figure B.4.3 (a-c). When 

UV light is again switched on, first flow vanishes and second flow with higher strength drives the

particle into the irradiation area (Figure B.4.3d and e). Once again switching off the UV irradiation 

induces two flows and particles starts gathering again at the boundary of the spot forming  a 

ring pattern (Figure B.4.3(f-h)).  

Figure B.4.3. Statistic images of the motion of mesoporous silica particles dispersed in 1mM Azo-

C6 on a glass surface under continuous irradiation of focused blue light combined with 

momentary irradiation of global UV additionally. (a) optical micrograph after 10 minutes of

UV irradiation.  (b,c) Static images after 200s and 570 s when UV is switched off at t= 0, and

focused blue irradiation is applied. Particles are gathering at the boundary. White arrow denotes

the direction of particle motion. (d, e) Static images at  635s and 1120 s when UV light is also 

switched on along focused blue irradiation. Strong flow towards the center of spot is observed

which carries particles into the blue irradiation spot. (f,g,h) micrograph after UV is switched off.

Two flow pointing towards the boundary of the spot is witnessed and shown by white arrow in the 

images. Corresponding video can be found in Figure SB.4.3 in Appendix D.
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The origin of two opposite direction flows towards the boundary can be explained by the principle of 

light driven diffusioosmotic flow and is completely independent of  porosity of particles. Initially all 

the molecules in the system are in cis state due to global UV irradiation. When global UV is turned 

off and focused blue is switched on, interaction potential at the interface of exposed area changes due 

to isomerization of cis to trans molecules. This induces the LDDO flow towards the boundary due to 

pressure gradient (more cis- to less cis- molecules) which moves the particle along. When spot size 

is very small only one flow towards the spot is visible, however, upon increasing the spot size an 

additional flow from center of spot to the boundary is witnessed .i.e.. particles inside the spot move

towards  the boundary. When particle are porous,  local-light driven diffusioosmotic flow is

also generated  which maintained the repulsion between the particles inside the blue zone 

which disappears when particles go out of the boundary. 

When UV light is again switched on, the trans molecules which were diffused out of the irradiated

area, isomerizes back to cis state, which again generates the flow pointing in the direction of

blue irradiation area. 

B.5.  Rveresible swarming and separation of  mesoprous silica particles under focused blue

irradiation: Living clusters 

The mechanism of LDDO flow is unique, flexible and reproducible. It  can be expanded to various 

different forms of collective motions of non-living as well as living organisms upon irradiation of 

different wavelength of light. When two wavelengths are combined together one can manipulate or 

change the interactions between colloids by triggering one of the wavelength. 

In this section we will talk about how system interacts on pulse irradiation of focused blue light when 

global UV light is switched on continuously throughout the experiments. Figure B.5.1 shows the 

optical micrographs recorded for one minute pulse irradiation on a system consisting of an ensemble of 

0.1mg/ml particle concentration and of 1.5 mM surfactant concentration. The size and power of focused 

blue spot is maintained constant at 420 µm in diameter , and 300 µW in power. Initially (first time), 

blue light is switched on for  longer time  such that stable well separated 2D grid pattern in 

confinement forms (see Figure B.5.1b). After 12 min, pulse irradiation of focused blue light 

with frequency of 1 min-1 is started. Schooling behavior of micro motors is observed when blue 

light is off and separation between particles take place when blue light is switched on again. One
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can explain it as follows:  When blue light is off, strength of the LDDO flow towards the center of 

the spot increases for short time which results in tight cluster (see Figure B.5.1c). As soon as blue

light is switched on particles repel each other and once again forms the crystalline pattern  (Figure

Figure B.5.1. Optical micrograph showing the static images of the process under 1 minute of pulse 

irradiation in 1.5 mM Azo-C6. (a) initial image at t= 0, just before blue laser is applied (b) 12 min 

after the focused blue light  is switched ( forming 2D patterned disk). (c, e) when blue light is

switched off for 1 minutes. (d,f) when blue light is on. Remember global UV light is switched on

through out the experiment. (g) Nearest particle distance (NPD) vs time plot under pulse 

irradiation. Corresponding video can be found in Figure SB.5.1 in Appendix D.  
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31d). The process is repeated with  each successive on and off of blue light (Figure B.5.1d-f).

One can compare the resultant response with the beating of heart.  Heartbeats because of electrical

signals which results in contraction and relaxation, similarly in our case light signal is inducing a 

flow which result in compaction and expansion of 2D cluster or lets call it as a living cluster of

particles. one can characterize the response of  motion by calculating average nearest particle 

distance between particles. In case of compaction, NPD decrease, and when cluster is expanded

NPD starts increasing to a constant value (Figure B.5.1g). The velocity of particle in the starting of 

each step is higher and decreases with time. 

When frequency of pulse irradiation is reduced to 0.5 min-1 and 0.1 min-1 similar effect is observed. 

But decrease in NPD with each successive period is noticed for lower frequencies (NPD plots

are shown in Figure B.5.2). we can interpret  two statements here : first, the response of the 

particles motion is very fast in accordance with the applied irradiation and the flow induced by light 

exposure. This means the the reaction of trans and cis molecules to its surroundings changes

spontaneously according to exposed wavelength of light. Secondly, this overall decrease in NPD

could be related to reproducibility to initial state. For higher frequencies the probability of getting 

back to initial (coming to same fraction of trans and cis molecules after each cycle) state is less,

may be due to few seconds delay in response of particle motion. More detailed studies and 

experiments to support and to understand the observations are still undergoing. 

Figure B.5.2. NPD vs time plot for particle motion in 1.5 mM in Azo-C6  under focused blue light 

irradiation with different frequencies.  (a) 1 min-1 , (b) 0.5 min-1 and (c) 0.1min-1. 

When 10 s pulse irradiation was applied from the beginning of the process only ( in the previous case

first particles were trapped in to the confinement and then pulse irradiation was applied) we

have observed value of NPD is drifted to lower value with  fluctuations due to pulse irradiation 
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(Figure B.5.3a). Also when the sample  is exposed  for 10 sec only in starting,  particle aggregates till

100 seconds before repulsion due to continuous global UV irradiation from the top (Figure B.5.3b).

Figure B.5.3. (a) Optical micrographs at when pulse irradiation of 10 s is applied from the initial 

stage until the particles are trapped into the spot. (b) Optical micro-graphs representing the 
motion when focused blue light is applied once in the starting for 10s. Initial aggregation 

followed by separation is witnessed. (time of i,ii,iii are denoted in respective plots of a and b). 

Corresponding video can be found in Figure SB.5.3 in Appendix D. 

For a surfactant concentration of 0.5 mM, under blue irradiation, particle undergoes coarsening i.e.

one particle moves from one cluster to another (also shown in Section B.1). Upon switching off the

blue light, instead of aggregation, the repulsion between particle is observed which was not similar 

to the the case of 1mM and 1.5 mM AZO-C6. Switching on the blue irradiation, brings the particle 

more closer than before and with each successive period of irradiation, particles come more closer 

to form tight clusters (the effect is shown in Figure B.5.4). The reason for this could be that 

under UV light particles are not completely filled with trans molecules (only 0.05 mM trans 

molecules are present), so whenever blue light is applied more trans molecules are created which

diffuses into the particle to form aggregates. With each successive irradiation the particle comes 

closer resulting in a further decrease in NPD.
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Figure B.5.4. (a) Optical micrograph representing the static images of mesoporous silica particles 

in 0.5 mM-Azo-C6 on glass substrate under pulse irradiation of focused UV irradiation ( position of 

i, ii, iii and iv is shown in plot of b ). (b) corresponding NPD vs time plot. Corresponding video can 

be found in Figure SB.5.4 in Appendix D. 

B.6.  Tranportation of 2D crystalline disk

Once the particles are trapped into confined geometry induced by light driven diffusioosmotic flow 

using global UV and focused blue irradiation, The resulting pattern of so called micromotors can be 

moved in a controlled manner by moving the applied focused laser or microscope table. Shifting 

laser spot induces a new LDDO flow at a new position which  drives the particles towards it and 

creating a similar 2D separated crystal pattern around the center of irradiation spot without 

losing its originality.    

Figure B.6.1. Transportation of well separated cluster  of mesoporous silica particles presented in 1 

mM-Azo-C6 on glass surface. (a) initial state (b) t = 0, when microscope table is moved 150 µm 

away from the laser center(white spot). Blue outline is laser boundary.(c) average displacement 
of the particles with respect to time. Inset shows the velocity profile. (d) final state at t= 580s. 

Corresponding video can be found in Figure SB.6.1 in Appendix D.    
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Figure B.6.1 illustrates such a controlled and reversible movement of  mesoporous swarms 

between two positions by shifting the microscope table to 150 µm (red mark)  away from its initial 

position (white mark). The laser spot is still at the same place represented as a blue circle in the 

figure.  Notice that the separation between the particle after shifting does not change. The 

new  LDDO flow corresponding to irradiated area carries all the particles towards the spot. It 

has been analyzed that each particles travel approx. Similar distance which is equal to applied shift. 

The average distance of the particles with respect to time is shown in Figure B.6.1c. This  

capability to switch the swarm location without losing its original form could be an important 

feature for multiple applications in medicine or cargo transport. For instance, firstly collecting the 

required micro-motors from the desired area using global UV and focused irradiation and then 

translocating them to the targeted region by moving the focused blue light and finally releasing the 

particles by applying global blue light to perform the desire function.  

Figure B.6.2. Optical micrograph representing the static images of the process of transportation of 

cluster of mesoporous silica particles in 1 mM –Azo-C6 on glass surface at different time scale. (a) 

initial state, (b) at t=0, when microscope stable is moved to left. dashed circular lines denotes the 

laser boundary (in black) and so called imaginary boundary (in white).(c) at t = 60s, (d) 220s, (e) 

460s, and (f) 860s. Particle outside imaginary boundary moves away where as which are inside 

the boundary moves towards the irradiation center. Black arrow and white arrow shows the 

direction of the motion. Corresponding video can be found in Figure SB.6.2 in Appendix D.     
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Upon shifting the laser spot, the second flow, which moves the particle away from the imaginary 

boundary also shifts but the distance between laser boundary and imaginary boundary remains 

constant. This means the maximum shifting distance of  laser spot is equal to distance between 

imaginary boundary and laser boundary. Moving laser spot to larger distance (i.e. larger than  DImg - 

Dlaser) will result in loosing particle which are outside DImg. To exemplifying it optical micrograph 

showing motion of 2D pattern cluster at different time is presented in Figure B.6.2 where distance 

moved is greater than DImg - Dlaser. Initially pattern is formed applying simultaneous irradiation of 

global UV and focused blue light. Laser boundary and Imaginary boundary is marked in black 

dashed line and white dashed line respectively. Small cluster marked in red got trapped at origin (at 

imaginary boundary)  of two opposite flows. In the video provided its very nicely visible that 

particles inside the boundary are going towards the irradiated area and particles on the other side of 

it are moving away from it.  Now when laser spot is moved with distance d ˃ DImg - Dlaser, particle 

which are with in the approach or which are inside the imaginary boundary are again trapped in to 

laser spot where as particles which were outside moves in other direction away from it leaving 

behind the cluster. The understanding of these two outer flows is still under investigation but one 

can say already that the above mentioned feature of the  process could show many practical 

applications. For instance, the whole  system acts  like a giant ball which allows only certain things 

to enter and cleans away all the unwanted region which is outside the boundary. All the required 

videos representing this application is provided in Figure SB.6.2 in Appendix D.  

B.7.  Effect of spacer height

In previous experiments, we have always used a closed chamber with a spacer height of   920 µm. 

In this section, we will  discuss about the dependency of chamber thickness on the generated 

LDDO flow. So far we know that when we apply global UV light and focused blue irradiation 

simultaneously, two flows in opposite direction generates. One flow drives the particle towards the 

irradiated area and the other moves particles away from it and originates from the imaginary 

boundary stated in previous sections. 

We have observed that decreasing the spacer height to 500 µm, or to 320 µm, or to 250 µm strongly 

alters the range of outer flow ( flow away from the boundary). In case of  lower spacer height, 

the outer flow will stop after a certain distance of the imaginary boundary. Whereas in case of larger
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height of 920 µm, this saturation of the flow is not observed (atleast with in our filed of view). 

Figure B.7.1a-c show the optical micrographs for three samples consist of mesoporous silica 

particles and 1mM Azo-C6 on a glass surface with  different spacer height  after 47 min of exposure.

Figure B.7.1. Static images after 48 minutes’ irradiation of global UV light and focused blue light 

for different spacer height. (a) h= 250 µm, (b) h= 320 µm, (c) h= 500 µm. The white circular line is 

representing the so called imaginary boundary formed in the process. Black dashed circle is denoting 

the boundary of the saturation area.  Arrow is the distance between two boundaries. (d) distance is 

shown against time for different spacer height. Corresponding videos can be found in Figure 
SB.7.1 in Appendix D.

(250 µm, 320 µm, and 500 µm). Each static image is correspondence to t = 48 min of irradiation.

White circle represents the so-called imaginary boundary from where particles start moving away.

Black dashed circle represents boundary of the saturation area. Cleaning area increases with 

increasing spacer height.  Distance of  boundary of saturation area to imaginary boundary is plotted
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against time and shown in Figure B.7.1d. The inner flow where particles move towards the spot 

shows no significant change. Corresponding videos are provided in Figure SB.7.1.

The understanding of this effect is still under consideration. One possibility for this dependence 

could be that the flow introduced on the top slide (coverslip) also interacts with the flow induced 

at the bottom surface and this becomes stronger when spacer height is less.

B.8.  Visualization of LDDO flow

One of the possibilities to visualize the local light driven diffusioosmotic flow is to see the flow using 

an appropriate dye. An anionic dye which can form complexes with our cationic surfactant 

molecules is the most promising candidate for our system. Using such dyes can help us in

understanding the diffusion of surfactant molecules (trans conformers) inside or outside the pores. 

In first go, we tried to perform some measurements using fluorescein dye as it is very commonly 

used and easily available dye in laboratories. It has an absorption maximum at 494 nm and an 

emission maximum of 512 nm in water. It also has a small capacity to absorb UV light. The 

structure of fluorescein and its absorption spectra is shown in Figure B.8.1.  

Figure B.8.1. (a) Chemical structure of fluorescein molecule. (b) Emission and excitation spectra of 

fluorescein in water. The excitation peak is at λ = 491nm and the emission peak is at λ = 512nm.

When fluorescein is added to the cationic surfactant solution, it forms a complex with the

surfactant molecules. A bathochromic shift (red shift) of absorption maximum was observed with 

increase in the concentration of surfactant molecules which becomes constant after critical micelle
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concentration is reached (0.5mM). Absorption spectra of Azo-C6 solution for different surfactant

concentration with 0.05 mM concentration of fluorescein is represented in Figure B.8.2. 

Figure B.8.2. UV-Vis absorption spectra of surfactant-dye solution at different concentration of Azo-

C6 and fixed concentration of fluorescein. Inset shows the zoom in plot in the wavelength range of 

440 nm to 560 nm. Maximum peak shifts to right with an increase in surfactant concentration.

According to our model of local LDDO flow, we know that when surfactant molecules are in trans

states it diffuses into the pores of mesoporous silica particles, while in the cis state, it is expelled out

of the particles. This means when porous particles are dispersed into a solution of surfactant 

and fluorescein, one can assume that the complex of trans molecules with fluorescein dye can 

also diffuses into the pores of the particle which when exposed to blue light show emission in green 

range and particle will glow due to presence of dye into it (see Figure B.8.3b). We have checked it  

that porous particle will not show any such emission without surfactant molecules (Figure B.8.3a). 

We tried to measure the diffusion time of trans molecules going into the particle by correlating 

it to an increase in the intensity of shiny particle. To do so, at first, porous particle was sticked on

the glass surface. Then, a fresh solution containing 1 mM surfactant and 0.2 µM of fluorescein

was added to the sample. Once added immediately the blue light was switched on. At t=0, the 

particle was not glowing, but with time the intensity inside the particle increases, indicating that the

dye complex is slowly entering into the pores. Static images at t= 0 s, 5 min, 15 min, 30 min, and 40 

min are shown in Figure B.8.3c.
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Figure B.8.3.  (a)  Porous silica particle (d = 5 µm) in fluorescein solution. (b) in solution of 1mM 

Azo-C6 and 0.2 µM of fluorescein. Particle glows in the latter case. (c) optical images of porous

silica particles in a solution of 1mM Azo-C6 and fluorescein under blue (λ = 491 nm) irradiation at

different time scale: 0 s, 300 s, 900 s, 1800 s, and 2400 s. The plot represents the change in intensity 

with respect to time under blue light irradiation. Corresponding video can be found in Figure 

SB.8.3 in Appendix D. 

When the colloidal particles are non-porous, it is not possible for surfactant molecules to enter inside 

its volume and hence non-porous particles do not glow. This means, adding dye molecules also helps 

in studying the system consisting of porous and non-porous silica particles together. Upon blue 

irradiation, porous particles will glow whereas non-porous particles appear darker. One example of

such a system is shown in Figure B.8.4, where a mixture of 5 µm porous silica particles and 5 µm 

non-porous silica particles were dispersed in 1 mM Azo-c6 and 0.2 µM fluorescein solution. The 

sample was exposed to global UV irradiation from the top and with a focused blue laser (491 nm)

from the objective. The optical micrograph of the process at different time scale is shown in

Figure B.8.4. Porous particles which are already inside the irradiation spot and which are entering 

into this area glow immediately upon switching on blue light. And there is no change in the 

appearance of non-porous particles. It has been observed that the intensity of porous particles 

reduces with time (see Figure B.8.4c). One reason of reducing intensity is bleaching of fluorescein 

dye. This is well known that fluorescein bleaches faster than other dyes [refer]. In addition to 

bleaching, we should also consider the effect of induced LDDO flow. 
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Figure B.8.4. Optical micrograph representing the monolayer of mixture of porous and non-porous 

silica particles dispersed in a solution of 1mM Azo-C6 and fluorescein dye. The sample is exposed 

to focused blue and global UV light. Static images of the motion is shown at different time scale, 

(a) at t= 0 s, (b) at t= 1000 s and (c) at t= 3600 s. Inside the irradiation spot, porous particle

appears brighter whereas non-porous particles are in dark colour. Intensity of porous particle is

fading down with time. Corresponding video can be found in Figure SB.8.4 in Appendix D.

To understand this effect, we have studied the variation in intensity profile for different surfactant 

concentrations on a glass substrate without dispersing any particles. A Fixed amount of fluorescein

was added in to different surfactant concentrations ranging from 0.1 mM to 1.5 mM. The 

Sample was irradiated to focused blue light of diameter 350 µm from the objective (shape of the laser

beam is hexagon (see Figure B.8.5i). Without surfactant, the intensity of emitted wavelength

decreases due to photobleaching behaviour of fluorescein142,143 (See Figure B.8.5a). For 

concentrations of 0.1 mM and 0.2 mM, initial increase in intensity is observed for few seconds,

after that intensity drops to 60 percent for 0.1 mM. Whereas for 0.3 mM and 0.5 mM (CMC), it 

increases with time with different rates. On the other hand, for concentrations above CMC like 

0.75 mM, 1mM, and 1.2 mM initial decrease and later increase in intensity is witnessed. The

intensity vs time plot for different concentrations are shown in Figure B.8.5(b-h).

Before analysing the data, it is very much important to remember few points in addition to photo 

bleaching: firstly, here we used blue light, under which surfactant molecules undergoes continuous 

reversible isomerization of trans and cis isomers. At the same time, we are using this to excite 

fluorescein. which emits photon of green light. Secondly, emitted green light can also be absorbed 

by cis-isomers which could be responsible for decrease in intensity. Thirdly, due to LDDO flow

cis molecules diffuses outside and trans molecules enter into the irradiation spot which makes
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the interpretation of the results more difficult. All these three points are important to understand

the calculated data which makes the analysis very much complex and is under investigations.

Figure B.8.5. Normalized intensity vs time plot for a fluorescein-surfactant solution with different 

surfactant concentration under the irradiation of focused blue light (λ= 491nm). (a)  in water (b) Cs = 

0.1 mM, (c) cazo= 0.2 mM, (d) cazo = 0.3mM, (e) cazo= 0.5 mM, (f) cazo = 0.75 mM, (g) cazo = 1 mM, 

(h) cazo = 1.2 mM. (i) image of irradiation spot.

In order to avoid the effect of photo isomerization we started working with another dye, (purchased 

from dyomic gmbh, Germany as Dy-731) which contains two sulphuric group and CN bonds. These 

dyes are common substituent for various systems.144,145  For us, the positive point of this particular 

dye is that it excites and emit in the range of 625 nm to 680 nm.  In this range our surfactant molecules 

are not affected which makes it best suitable dye for our visualization experiments. The chemical 

structure  and corresponding absorption and emission spectra of the dye is shown in Figure B.8.6. 

The absorption and emission peak of the dye is in red range, where our surfactant molecules are 
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not affected. This means, with this dye only the effect of diffusion of trans and cis molecules

will be recorded.  

Figure B.8.6. (a) Chemical structure of sulphuric dye. (b) Excitation and emission spectra of the dye. 

Excitation peak is at λ = 623 nm and emission peak is at λ = 656 nm. (The figure a is taken from the 

Dyomics GmbH) 
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Appendix C.  Self-propelled Motion: Transportation of cargo 

We have recently reported the self-propelled motion of Porous-Janus particles under global blue light 

irradiation (Publication 5). The principle mechanism of LDDO flow was utilized in order to drive 

gold-capped porous particle. l-LDDO flow induced at the naked side of the particle, when

particle is dispersed in the solution of azo-C6, and exposed to blue light pushes the particle in the

forward direction. 

In this section, we will present some preliminary results on transportation of non-porous rods

(acting as a cargo) in the presence of porous silica particle on solid/liquid interface. Equal ratio of 5

µm porous silica particles and non-porous silica rods (length = 10 to 30 µm, width = 3 µm) are 

mixed into 1 mM surfactant solution. The sample is exposed to the global soft irradiation of blue

light. Porous particles which are attached to rods perform self-propelled translational or rotational 

motion depending upon the position of the spherical particle to the rod particle. Figure C.1a

shows the static images of one such sample which is exposed to blue light. Motion of three spherod

(porous sphere attached to non-porous rod) particles (marked in red, green and blue) is recorded 

after blue light is switched on. It is observed that motion is highly dependent upon the position of 

the sphere with respect to the rod particle. The trajectories of the motion of particles after 30 min of

irradiation is shown in Figure C.1b. The corresponding displacement vs time plot is shown in

Figure C.1c.  In this system of spherod particles, porous particle plays the role of a driver

who utilized the fuel of photoactive surfactant molecule in order to generate l-LDDO flow 

radially outwards. The symmetry of the flow breaks due to the presence of rod particles itself 

which pushes the non-porous rods forward.  

Figure C.1. (a) Optical image of the sample consist of porous and non-porous particles in 1 mM 

surfactant concentration. Some non-porous and porous particle fused together to form single entity 

(marked in red, green and blue circles). (b) Trajectories of the motion of marked particles after 30 
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minutes of global blue irradiation.  (c) displacement vs time plot of marked particles. T=0 is 

considered as initial position of particle. Corresponding video can be found in Figure SC.1 in 

Appendix D 

When the porous sphere is attached at the extreme end of rod particle (as shown in Figure C.2a), 

motion is super diffusive in the direction of the loose end of the rod. The trajectory of the motion

after 20 minutes of irradiation is shown in Figure C.2b. MSD plot indicates the super diffusive 

nature of the motion shown in Figure C.2c. The motion of spherod particle is similar to the

motion of Porous-Janus particle reported in Publication 5. Before we covered the half hemisphere 

from gold metal layer to block the pores, whereas now non-porous particle attached to porous 

colloid is doing this job of  blocking the pores from one side.   

Figure C.2. (a) Optical image of spherod (porous sphere +non-porous rod) particle. (b) trajectory of 

particle under 20 minutes of blue light irradiation. (c) Corresponding mean square displacement 

(MSD) plot of the motion. Corresponding video can be found in Figure SC.2 in Appendix D. 

In the case where, sphere is connected almost at the middle of the rod (see Figure C.3a), l-LDDO

flow is induced at one side of the sphere which exerts a net force at the center of mass of the rod 

driving it forward (scheme in Figure C.3b). The optical micrographs of one such motion at 

different time  scale: t = 0 min, 4 min, 10 min, and 16 min is shown in Figure C.3c. It is noticed 

that another  sphere marked in red and our spherod particle follows the same trajectory until t = 10 

min. Afterwards, red sphere stays behind and another similar sphere join the race (shown in 

green circles). It is  possible that two individual flows produced by two spheres (sphere on 

the rod, and red marked sphere) couples together in order to move together but get disturbed due  

to rotation and induces again when another sphere ties up a similar condition like at t=0.
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Figure C.3. (a) Optical image of Spherod particle. Porous sphere is attached at the centre of the rod. 

(b) Scheme of the porous-rod particle. Under blue irradiation l-LDDO flow is generated at the open

side of particle which pushes the particle in the direction of rod. (c) Optical images of the motion of

particle under soft blue irradiation at different time scale: o min, 4min, 10 min, and 16 min.

Corresponding video can be found in Figure SC.3 in Appendix D.

Both rotational and translational motion have been witnessed when the position of the sphere is

shifted from the center of the rod particle. The translational and rotational velocity depends upon the

distance of the position of net force from the center of mass. For instance, in Figure C.4a, sphere is

joined 6 µm way from the center of mass of the rod, this exert a force which applies torque resulting

in a rotational motion with an angular velocity of 0.5 rounds per minute. The corresponding dis-

placement and MSD plot of the motion with respect to the initial position is also shown in Figure

C.4ii and iii.
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Figure C.4. Trajectory of motion, displacement and MSD plot of different type of spherod particle. 

(a) when porous particle attached towards the end of the rod. (b) When three particles attached at the 
end. (c) when ratio of particle size and length of rod is smaller (20 µm porous particle is taken). 
Corresponding video can be found in Figure SC.4 in Appendix D.

When two or more particles are attached to the rod, the net total force from spheres will decide the 

direction of the motion. One such illustration is shown in Figure C.4b; where two more spheres are 

attached to the rod. In this case, the spheres attached to the top of the rod, therefore, do not contribute

to the net force acting on the rod. It means only the force excreted by a single sphere on the 

surface moves the rod forwards. We can see this from figure Figure C.4b, that even though the  

number of particles attached to the rod is different there is no significant difference in the motion, 

only the angular frequency reduces to 0.4 rpm. In case of the smaller aspect ratio of the rod as 

compared to the particle, the translational motion becomes stronger and 2 dimensional helical 

trajectories with the time period of 400 s is witnessed (Figure C.4c).
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Figure C.5. (a) Displacement vs time plot. Intensity of blue light irradiation is increased in every 10 

min. larger intensity has darker color.  (b) The time period against of motion against intensity. Time 

period is time taken to complete one rotation. 

The time period of circular motion as a function of intensity is calculated and shown in Figure 

C.5b for spherod particle of 5 µm sphere attached to the  end of the rod of length 10 µm. It is

observed that the time time required for one complete rotation decreases with increasing intensity.

Displacement vs time plot is shown in Figure C.5a. for different intensities of blue light , 

which is increasing after every 10 min to larger. When intensity of blue light is reduced back to 

initial (from 18 mW to 2.9 mW), the time period for one rotation increases. This time period is 

smaller as compared to the one at the starting of the experiment. We have to keep in mind that the 

intensities are varied in the same experiments. This means that the previous history of the system 

plays an important part in the motion of particle. Further investigations are under process in order 

to understand the above mentioned behavior.   

Figure C.6. Ensemble of porous and non-porous particles just after blue light is switched off. (a) at 

t= 0s. (b-d) optical image in different times. Particle marked in red is spherod particle. The 
orresponding video can be found in Figure SC.6 in Appendix D. 
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When the blue light is switched off, porous particle tends to aggregate. The inward flow also carries

non-porous rods in the aggregates. These clusters disaggregate with time and  all particles continue

doing random Brownian motion. Figure C.6 represents static images of this effect for different

times when blue light is switched off at t = 0 in Figure C.6a.  

Figure C.7. Ensemble of porous and non-porous silica particles in 1 mM Azo-C6. Trajectories of 

motion of Porous-non-porous particles (marked in red, black and white circles) are shown through 

white and black lines at different time scale: (a) t= 0min, (b) 20 min, (c) 30 min, and (d) 45 min. 

Corresponding video can be found in Figure SC.7 in Appendix D. 

When a non-porous sphere is used instead of a rod particle, similar behavior i.e. self-propelled 

motion of the particle is witnessed. Figure C.7 shows the static images of the motion at different 

times (0 min, 20 min, 30 min, and 45 min) of global blue irradiation. Porous particles appear 

darker than non-porous particles due to the presence of surfactant molecules into the pores. Porous 

particles which are not attached to non-porous spheres are well separated in the system due to 

generation of l-LDDO flow in each particle. Whereas non-porous particles (lighter one) are 

randomly distributed. Particle marked in white has two non-porous particles attached to one 

porous particle. Two sphere are flexible in movement and look as if it is a flagellum of a bacteria 

(video is provided in supporting information).  

Fluorescein dyes are used in order to differentiate between porous and non-porous particles. Only 

porous particle will glow under blue laser. One such illustration with fluorescein dye is shown in 

Figure C.8. Due to focused blue irradiation, global LDDO flow generates which moves the 

particles which are inside the spot to outside its boundary (flow direction is marked by grey arrow). 

Indeed, this is the case for all the particles shown in Figure C.8 except the particles marked in 

white, black and red circles (porous-non-porous particle). The marked particles in fact stay in the 

blue irradiated area and perform self-propelled motion against the flow. The trajectories of the 
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motion of these three particles are shown by black and white for the different time scale of blue light

irradiation (0min, 10 min, 20 min and 30min). 

Figure C.8. Ensemble of porous and non-porous silica particles in 1 mM Azo-C6 and 0.2 µM 

fluorescein solution under focused irradiation of blue laser. Trajectories of motion of Porous-non-

porous particles (marked in red, black and white circles) are shown through white and black lines 

at different time scale: (a) t= 0min, (b) 10 min, (c) 20 min, and (d) 30 min. The gray arrow shows

the direction of LDDO flow which drives particle along except the marked particle. 

Corresponding video can be found in Figure SC.8 in Appendix D.   
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Appendix D.  Supporting Videos 

Chapter 2: Theoretical and experimental basis 

Figure S2.9. Videos representing the motion of 5 µm non porous silica particles under focused 

irradiation of: (a) focused UV laser (diameter = 20 µm), (b) focused green laser (diameter = 20 µm), 

sample was initially exposed to global UV irradiation for 5 min. 

Publication 2 

Figure S1. Motion of mesoporous silica particles under global blue and red irradiation. Red light is 

used to see the effect in dark.  

Figure S2. Aggregation and separation of 5 µm porous silica particles.  When blue light is on, 

particles separate. Whereas upon switching of irradiation particles tend to aggregate. 

Figure S3. Video representing the motion of mesoporous silica particles (d = 5 µm) in 

1mM surfactant concentration under blue light irradiation for   different particle concentration. (a) 

0.005 mg/ml, (b) 0.01 mg/ml, (c) 0.05 mg/ml, (d) 0.1mg/ml (e) 0.5 mg/ml 

Figure S4. Effect of ionic strength upon l-LDDO flow. Video representing the motion of 

mesoporous silica particles ( d = 5 µm) in 1 mM surfactant concentration under irradiation of 

blue light for  different salt (NaBr) concentration. (a) 0.1 mM NaBr, (b) 0.5 mM NaBr, (c) 1 mM 

NaBr, (d) 2 mM NaBr (e) 5 mM NaBr (f) 10 mM NaBr 

Figure S5. Video showing the binary mixture of porous (5 µm) and non-porous (500 nm) 

silica particles under blue and red light irradiation. Non-porous particles were used as a tracer 

particle representing the generated l-LDDO flow when blue light is switched on. 

Figure S6. Effect of wavelength of light. Video showing the motion of mesoporous silica particles 

under exposure to UV light. In UV light l-LDDO flow generated is disappearing after photo 

stationary state is reached. Hence the separation of particle is not stable and particles come closer 

due to thermal motion.  

Figure S7. Range of l-LDDO flow. Video showing the binary mixture of porous silica particle 

surrounded by non-porous silica particles in 1mM surfactant concentration.  Under blue 

light irradiation porous particle induces l-LDDO flow and non-porous silica particles moves 

passively with the flow radially away from particles. Saturation of cleaning area is the indication of 

the maximum range of the flow. 

Publication 3 

(All the videos are presented in Appendix D-Supporting videos. pptx )
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Figure S3. Videos representing the motion of mesoporous silica particles (d = 5 µm) in 1mM 

surfactant concentration under different intensities of UV light irradiation (fixed particle 

concentration). (b) 42 µW/cm2, (c) 128 µW/cm2, (d) 163 µW/cm2, (e) 573 µW/cm2 (f) 1.8 mW/cm2 

Figure S6. Video representing the motion of an ensemble of non-active (d= 1.5 µm) and active 

particles (d = 5 µm) in 1mM surfactant concentration under global UV light irradiation (I = 130 

µW/cm2). 

Figure S7. Dependence on surfactant concentration. Video representing the motion of an ensemble 

of porous colloids (d = 5 µm) under global UV light irradiation (I = 1.4 mW/cm2) for different 

surfactant concentrations: (a) 0.5 mM, (b) 1mM, (c) 2mM 

Publication 4 

Figure S2. Videos representing the motion of 5 µm non porous silica particles under focused 

irradiation of: (a) UV laser (diameter = 20 µm), (b) green laser (diameter = 20 µm), sample was 

initially exposed to global UV irradiation. 

Figure S3. Videos representing the motion of 5 µm porous silica particles in 1mM surfactant 

concentration under continuous exposure of two different wavelengths: (a) global blue irradiation, 

Separation between particle is stable (b) global UV irradiation, separation between particles is 

unstable.  

Figure S4. Videos representing aggregation of porous silica particle after blue irradiation is switched 

off.  

Figure S6. (a-d) Motion of mesoporous silica particles under simultaneous irradiation of global UV 

irradiation and focused blue irradiation.  (e-i) Focused blue light is switched off (UV is continuously 

on) and switched on after 115 s.  

Figure S6 (cont.). Video representing oscillations of collective motions under pulse irradiation of 

focused blue light and continuous irradiation of global UV light.  

Figure S7. Video representing the difference in collective motion for porous (active) and non-porous 

(non-active) particles: (a) Motion of “mesoporous” silica particles under simultaneous irradiation of 

global UV irradiation and focused blue irradiation.  (b) Motion of “non-porous” silica particles under 

simultaneous irradiation of global UV irradiation and focused blue irradiation 

Publication 5 

Figure S2. Video representing the motion of Porous-Janus particles under red light irradiation (left 

side) and under blue light irradiation (right side)  

Figure S3. Videos represent the motion of different Porous Janus particles whose trajectories are 

mentioned in Figure 3 in the paper.  
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Figure S4. Videos show the motion of dimer Porous-Janus particles with different orientation of 

metal layer. (a) one particle completely covered with gold and other is half covered (particle is fixed 

on the surface), (b) Gold cap of two Janus particles are pointing in opposite directions, (c) gold cap 

of two particles are in parallel alignment 

Figure S5. Video of self-propelled motion of single Porous-Janus particle on surface relief grating 

of height 1 µm and periodicity of 4 µm (b) Motion of dimer particle 

Appendix A 

Figure SA.2. Motion of non-porous silica particle under focused UV irradiation with fixed spot size 

(radius = 240 µm) and different intensities; for I = 1.2 mW/cm2 (left video) and I = 36mW/cm2 (right 

video) 

Figure SA.5. Effect of continuous irradiation of focused UV (diameter = 20 µm) and global blue 

light upon an ensemble of porous silica particle in 1 mM Azo-C6.  

Appendix B 

Figure SB.1.1.  Video representing motion of mesoporous silica particles under simultaneous 

irradiation of global UV and focused blue irradiation for different surfactant concentrations: (a) for 

0.5 mM, (b) 1 mM, (c) 1.5 mM. 

Figure SB.2.1.  Video showing complete picture of particle motion under simultaneous irradiation 

of global UV and focused blue light. Two flows in opposite direction is witnessed. Thin white line 

represent the laser boundary and thick white line represents the imaginary boundary.  

Figure SB.3.1.  Video showing motion of mesoporous silica particles under simultaneous irradiation 

of global UV and focused blue light for different laser size. (a) for laser radius: 70 µm, (b) for 125 

µm, (c) for 150 µm, and (d) for 230 µm. The intensities of both UV and blue irradiation is kept 

constant for all the measurements.  

Figure SB.3.2.  Videos showing difference between two systems. (a) focused green irradiation (b) 

simultaneous irradiation between global UV and focused blue light. Latter system is approx. 4 time 

faster and selective as compare to first one.  

Figure SB.4.1.  Videos representing motion of porous silica particles on glass surface in 1mM Azo-

C6 under simultaneous irradiation of global UV (intensity = 1.4 mW/cm2) and different intensities of   

focused blue (radius = 190 µm) irradiation: (a) for power = 7.5 µW, (b) 28 µW, (c) 57 µW and, (d) 

132 µW 

Figure SB.4.2. Effect of intensity of UV light. Videos representing motion of porous silica particles 

on glass surface in 1mM Azo-C6 under simultaneous irradiation of focused blue (radius = 110 µm 

and power = 80 µW) and global UV with varying intensities: (a) 42 µW/cm2, (b) 128 µW/cm2, (c) 

163 µW/cm2 and, (d) 1.8 µW/cm2 

169

D. Supporting Videos



Figure SB.4.3. Video shows the motion of mesoporous silica particles presented in 1mM Azo-C6 on 

a glass surface under continuous irradiation of focused blue light combined with momentary 

irradiation of global UV additionally. Initially sample was exposed to global UV light for 10 min. 

Afterward at t= 0, focused blue light is switched on resulting in a formation of ring of particles around 

the boundary. When global UV is again switched on at approx. 5min, all particle moves into the blue 

irradiation spot. Once again switching off the UV light generate motion towards laser boundary 

forming ring structure.    

Figure SB.5.1. Reversible swarming and separation of porous colloids. Video represents the motion 

of mesoporous silica particles presented in 1.5 mM Azo-C6 on a glass surface under 1 min pulse 

irradiation focused blue light. Global UV irradiation is continuously switched on. 

Figure SB.5.3b. Video showing effect of short term irradiation of focused blue light. Blue laser is 

switched on for initial 10 secs later switched off.  

Figure SB.5.4. Video showing effect of 1 min pulse irradiation of focused blue light for mesoporous 

silica particles dispersed in 0.5 mM surfactant concentration. 

Figure SB.6.1. Videos showing an example of translocation of well separated cluster of mesoporous 

silica particles presented in 1 mM-Azo-C6 on glass surface without losing its originality. 

Figure SB.6.2. Videos representing the significance of imaginary boundary. Particle cluster trapped 

at the imaginary boundary shows very clearly that within this cluster particle which are at the 

boundary moves inside the spot and rest which are outside are moving away from the boundary. 

Moving the laser spot or table greater than the difference between laser boundary and imaginary 

boundary tends to lose the particles. 

Figure SB.6.3. Videos showing motion of a stable cluster of particle from once place to another. 

Particles which lying within the imaginary boundary goes into the irradiation center whereas particles 

which are outside it are thrown away from the surroundings. 

Figure SB.7.1. Effect of spacer height. For lower spacer heights (i.e. thickness of the chamber). (a) 

for spacer height of 250 µm, (b) space height of 320 µm.    

Figure SB.8.3. Visualization of LDDO flow using fluorescein. Video shows 20 µm porous silica 

particle stacked to glass surface. Surfactant solution with dye is added and recorded immediately 

under blue irradiation 

Figure SB.8.4. video showing motion of porous and non-porous particles in 1mM Azo-C6 and 0.2 

µM fluorescein solution under focused blue and global UV irradiation. Porous particle glows due to 

diffusion of dye complex in pores of particle, while nonporous particle appears darker.  

Appendix C 

Figure SC.1.  Self-propelled motion of Spherod (porous sphere and non-porous rod) particles marked 

in red, green and blue circles  
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Figure SC.2.  Self-propelled motion of spherod particle where sphere is attached at the one end of 

nonporous rod.  

Figure SC.3.  Self-propelled motion of spherod particle where sphere is attached at centre of 

nonporous rod. Another porous sphere (marked in red) couples with the spherod particle and shows 

directed motion also. 

Figure SC.4.  Self-propelled motion of different type of spherod particle (a) when porous particle 

attached towards the end of the rod. (b) When three particles are attached at the end. (c) when ratio 

of particle size and length of rod is smaller  

Figure SC.6. Video showing motion just after blue light is switched off for an eensemble of porous 

sphere and non-porous rods 

Figure SC.7. Video showing self-propelled motion of Porous-non-porous dimer particles. 

Trajectories of motion is shown using white and black lines  

Figure SC.8. Video showing Ensemble of porous and non-porous silica particles in 1 mM Azo-C6 

and 0.2 µM fluorescein solution. Only blue laser is applied through the objective. Trajectories of self-

propelled motion of Porous-non-porous particles (marked in red, black and white circles) are shown 

through white and black lines  
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