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Abstract

In this work we describe the development of new types of materials by means of colloidal

self-assembly within aqueous suspension droplets deposited on superhydrophobic (SH)

surfaces. Thereby, these droplets serve as template geometry, leading to collectable

supraparticles upon drying. In two separate projects we were investigating possible ways

of targeted structure manipulation towards the formation of anisometric supraparticles

and the use of supraparticles as self-propelling devices.

For the preparation of anisometric supraparticles, we employ fumed silica (FS) as

structrual guiding agent. By varying the ionic strength (I, NaCl) of the suspension,

containing various amounts of FS, a precise control over the degree of the final

anisometry (A) is granted, by means of the elliptical principal axis length ratio of the

dried supraparticles. A mechanism is proposed, based on shell induced droplet

deformation, arising from a diffusion controlled process. This is leading to interfacial

collection of FS due to liquid evaporation increasing local viscosity depending on I, which

is confirmed by confocal microscopy (CLSM) and rheology measurements. Analyzing the

kinetics of this deformation process, an empiric formula is derived, allowing for the

prediction of A as a function of initial droplet ingredient concentration (FS, NaCl).

Furthermore, the procedure of anisometric particle synthesis is optimized using bent

SH-surfaces, which allows for process acceleration as well as prediction of the spatial

orientation of A, thereby, enabling the creation of anisometrically patched particles via

addition of magnetic Fe3O4 nanoparticles. We also incorporate other particles, such as

polystyrene (PS), within the droplets to investigate the robustness of this procedure and

validate its applicability towards the formation of functional, anisometric hybrid

materials.

Using the method of droplet templating, self-propelling particles, spatially moving in

3D are obtained from drying suspensions containing monodisperse silica microspheres as

well as magnetic catalyst particles. This magnetic Fe3O4@Pt catalyst is utilized for the

decomposition of hydrogen peroxide (H2O2), employed as chemical fuel, in order to

produce oxygen in the guise of surface attached bubbles that can be released at the

liquid-air interface. Periodically generating buoyant force, the self-propelled motion takes

xiii



place in a very regular and vertical oscillating way, thus resembling elevators. In order to

characterize this type of movement, we analyze the oscillation Frequency in terms of its

dependence on fuel concentration as well as supraparticle density using additionally

contained PS-latex microspheres, which is subsequently described in a kinetic model.

Illustrating possible applications, we show trapping of the elevator supraparticles on a

predefined circuit, rendered possible by external magnetic fields. Furthermore as a model

chemical reaction, we employ the common blue starch-iodine complex. Using surface

bound α-amylase, these supraparticles show movement parallel decomposition of the

complex on a short time scale, approving the concept of prospectively using such

self-propelled vehicles as smart catalysts.
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Zusammenfassung

In der vorliegenden Arbeit wird die Entwicklung neuer Materialien durch die

Selbstaggregation von Kolloiden in wässrigen Suspensionstropfen auf superhydrophoben

(SH) Oberflächen beschrieben. Durch Eintrocknung, diese Tropfen als Templat nutzend,

können Suprapartikel hergestellt werden, welche sich von der Oberfläche isolieren lassen.

In zwei getrennten Projekten wurde die gezielte Strukturmanipulation hinsichtlich der

Herstellung anisometrischer Suprapartikel, sowie die Verwendung von Suprapartikeln als

selbstbewegende Teilchen untersucht.

Zur Herstellung anisometrischer Suprapartikel wird Fumed Silica (FS) als

Strukturbildner verwendet. Durch Variation der Ionenstärke (I, NaCl) der Suspension,

welche verschiedene Mengen an FS enthielt, konnte das resultierende Ausmaß der

Anisometrie (A) in definierter Art und Weise kontrolliert werden, wobei A das Verhältnis

der elliptischen Hauptachsenlängen beschreibt. Als Mechanismus wird eine

hülleninduzierte Tropfendeformation vorgeschlagen, welche auf einem

diffusionskontrollierten Prozess beruht. Hierbei werden aufgrund des

Verdunstungsprozesses FS-Partikel an der Tropfengrenzfläche angereichert, was lokal die

Viskosität in Abhängigkeit von I erhöht. Dies wird auch durch Experimente am

Konfokalmikroskop (CLSM) und durch rheologische Untersuchungen bestätigt. Durch

kinetische Untersuchung des Deformationsprozesses wird eine empirische Formel zur

Vorhersage von A hergeleitet, basierend auf den Anfangskonzentrationen (FS, NaCl). Es

erfolgt eine Optimierung der Herstellungsprozedur durch die Verwendung gebogener

SH-Oberflächen, was den Eintrocknungsprozess beschleunigt und die räumliche

Orientierung von A festlegt. Dies ermöglicht der Herstellung von anisometrischen patchy

particles durch Verwendung von zusätzlichen magnetischen Fe3O4 Nanopartikeln.

Letztlich werden auch andere Kolloidmaterialen hinzugefügt, wie z.B. Polystyrolpartikel,

um die Anwendbarkeit und Robustheit der Prozedur hinsichtlich neuer funktionaler

anisometrischer Materialien zu demonstrieren.

Mittels selbiger Herstellungsprozedur, werden selbstbewegende Suprapartikel

hergestellt, welche sich im dreidimensionalen Raum bewegen. Hierzu werden

Suspensionen monodisperser Silica Mikro-, sowie magnetischer
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Fe3O4@Pt-Katalysatorpartikel eingesetzt. Der Katalysator zersetzt das als chemischen

Treibstoff verwendete Wasserstoffperoxid (H2O2) und formt Sauerstoffbläschen auf der

Suprapartikeloberfläche, welche an der Luft-Wasser-Grenzfläche abgegeben werden

können. Dies führt zu einer periodischen Erzeugung von Auftrieb, was zu einer sehr

regelmäßigen, autonomen oszillierenden Bewegung, in vertikaler Ausrichtung, ähnlich der

eines Aufzugs führt. Dieser Prozess wird hinsichtlich des Einflusses der

Treibstoffkonzentration, sowie der Suprapartikeldichte untersucht, wobei letzteres durch

das Hinzufügen von PS-latex Mikropartikeln erfolgt. Es erfolgt anschließend eine

theoretische Beschreibung basierend auf einem reaktionskinetischem Model und eine

Präsentation möglicher Anwendungen. Es wird gezeigt, wie durch Nutzung externer

Magnetfelder die Trajektorie der Aufzugpartikel festgelegt werden kann. Zudem werden

die Suprapartikel mit dem Enzym α-Amylase oberflächenfunktionalisiert, was zu einer

effektiven katalytischen Zersetzung des Iod-Stärke-Komplexes parallel zur autonomen

Bewegung führt. Dies dient als Beweis zur perspektivischen Nutzung dieser Suprapartikel

als intelligente Katalysatoren.
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Symbol Index

A : Anisometry by means of Dl : Dw ratio

Alv : Interfacial area between l: liquid and v: vapor phase in [m2]

a : Acceleration in [m/s2]

ȧ : Time derivative of acceleration in [m/s3]

ai,j : Background-normalized and refractive index corrected brightness values,

0 < i, j < l, c (image resolution: l × c)

αk : Incremental (k: increment) tangential angle at droplet interface in [◦]

αT : Surface tilting angle in [◦]

Bl×c : Background signal matrix, from confocal microscopic image (image

resolution: l × c)

bi,j : Pixel brightness values of background, 0 < i, j < l, c

(image resolution: l × c)

β : Coefficient of pores filled with air, 1 equals fully filled

C : Capacitance in cgs-units of [m]

c : Concentration in miscellaneous units

cl : Speed of light in vacuum with 3 · 108 m/s

cvol : Volumetric concentration in [ml/ml]

γ : Surface bending angle in [◦] and surface tension in [N/m]

γsv,sl,lv : sv: solid/vapor, sl: solid/liquid, lv: liquid/vapor interfacial tension in

[N/m]

γ̇ : Shear rate in [s−1]

D : Diffusion Coefficient in [m2/s]

Dl : Longitudinal diameter of ellipse in [m]

Dw : Latitudinal diameter of ellipse in [m]
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d : Diameter in [m]

ḋ : Diameter decrease rate in [m/s]

dl : Lattice spacing (crystal) in [m]

δ : Angle of incidence in [◦]

e : Elementary charge of 1.60218 · 10−19 A · s

F : Force in [N]

Fl×c : Fluorescence signal matrix, from confocal microscopic image (image

resolution: l × c)

F BG
l×c : Background-normalized signal matrix (image resolution: l × c)

F BG,Idx
l×c : Background-normalized and refractive index corrected signal matrix

(image resolution: l × c)

f : Frequency in [s−1]

fi,j : Pixel brightness values of fluorescence,0 < i, j < l, c

(image resolution: l × c)
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General Introduction

1.1. Colloidal Self–assembly

The self-assembly of micro- or nanometer sized colloidal particles into larger confined

geometries provides a versatile bottom-up technique for the creation of functional

materials with distinct properties [1–3]. These properties can be of potential use for

applications in several fields, such as electronics [4] or sensing [5, 6], along with others,

which will be discussed later on in this chapter. Basically, there are two aspects, which

can be adressed for the design and functionality determined preparation of such

assemblies. Firstly, the choice of applied technique plays an important and expedient

role, such as sedimentation [7–9], or adsorption, for example on oppositely charged

polyelectrolytes [10–13]. But also external force fields, e.g. electric [14–24] or

magnetic [25–28], evaporation driven assembly using capillary and convection

forces [29–36], as well as the employment confined geometries via surface, particle or

droplet templating can be used to guide the assembly process [37, 38]. Secondly, the

intrinsic colloid properties can be tuned to achieve the desired result, for example by

using biospecific interaction [5, 39–44] or distinct particle shapes [45, 46]. Important

aspects for the proper choice of the applied technique may be factors such as accessible

dimensionality of the restulting assembly, scalability, complexity and cost [1]. While the

aggregation of polydispersed particles from solution probably represents the most

convenient technique, as it provides one of the cheapest and simplest approaches,

especially the assembly of monodispersed particles has moved into the focus of today’s

research. Resulting in structures also named colloidal crystals [47], these assembled in

arrays with long-ranged ordering show light-diffracting properties due to the periodicity

within the crystal lattice, which is defined by Bragg’s law of diffraction [48] (Eq. 1.1, n:

integer value, λ: wavelength, dl: lattice spacing, δ: angle of incidence), being of potential

use for photonics [49]. Moreover, they provide controlled porosity and surface to volume

ratio, given by the packing density, being of value for catalytic applications [50, 51],
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lithography [52] or microfluidics [53, 54]. Hence, having a precise control over the

assembly process is vital for the fabrication of interesting new functional materials [2].

nλ = 2dl · sin δ (1.1)

Numerous efforts have been made to develop different techniques to construct colloidal

crystals in a systematic fashion while possibly also giving the opportunity to influence the

particle aggregation behavior. A simple approach is the use of sedimentation, either in

gravitational field [7–9], via centrifugation [55, 56] or electrophoretic collection [57]. In

general the resulting assemblies are of three dimensional shape, low cost and the process

can be scaled [1].

Another convenient, cost-efficient and scalable [1] way is the adsorption of colloids,

either positively or negatively charged, onto layers of polyelectrolytes of opposite charge

rendering these layers sticky to the colloids. There are different methods to apply such

polyelectrolyte layers onto solid surfaces, through covalent bonding [10] or adsorption [11],

but also oppositely charged colloidal layers may be used instead [58]. In this fashion the

resulting patterns will usually resemble two dimensional shape, while via repetition of

fabrication steps, i.e. consecutive layer-by-layer adsorption [12, 13], also three dimensional

aggregates can be achieved. Such successively assembled structures have found applications

for the preparation of anti-reflective surfaces [59] or solar cells [60].

Using external forces, e.g. created by electric fields, it is possible to densely pack

colloids into chain- or sheet-like arrays, thereby covering one [14] and two dimensional

shape [15], but also can this type of guided assembly occur in three dimensions [16]. This

was for example shown by using direct current (DC) and alternating current (AC)

fields [17]. Against the expectations, equally charged gold nanoparticles are driven to

each other under DC- and lower frequent AC-field due to electrohydrodynamic flows

arising from pressure gradients by means of ion accumulation near the surface of the

electrodes [18, 19]. It has been found that, while the threshold AC frequency scales with

the ion diffusion time in the double layer of the particles being polarized, brownian

motion acts as a couterpart against the electrochemical driven attraction of particles,

which results in the electric field strength required for ordering being inverse proportional

to the particle diameter [20, 21]. In recent studies, also non-isotropic particles have been

subjected to exposition in AC electric fields. for metallo-dielectric microparticles, it was

found that for lower frequencies the particles began to self-propel due to induced charge

electrophoresis [22]. For higher frequencies, however, similar particles aligned by their

metal hemispheres while maximizing the individual distances between the dielectric

ones [23]. Interestingly enough, not only have particles been ordered in similar fashion,

but also living cells [24]. Using magnetic field also has led to similar chain or sheet
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structures, either by use of diamagnetic colloids in a magnetic liquid [25] or (partially)

magnetic patchy particles in a non-magnetic liquid [26]. Futhermore, by mixing of para-

with diamagnetic particles dispersed in a ferrofluid, depending on their relative

magentization compared to the medium, different ring-like assemblies were produced [27].

Precisely controlling the inter-particle distances of magnetic magnetite particles and

thereby controlling the spacing within the resulting colloidal crystal lattice, also led to

interesting materials for photonic application [28].

Assembling particles from drying suspensions typically leads to two or three

dimensional arrays of well-ordered particles [29]. Microscopic experiments with

micron-sized monodispersed polystyrene latex particles dried on a glass slide from

suspension revealed that the ordering process is driven by the vanishing liquid and

predominantly taking part, when the height of the liquid equals the particle diameter.

The reason for this is the attraction of particles due to capillary forces arising from

menisci due to the liquid bridging them [30, 31]. Furthermore, controlling the rate of

evaporation, the resulting assemblies can be tuned from homogeneous monolayers to

multilayered domains. Similarly, the use of vertical surface deposition during evaporation

was also reported [32]. Recently, the method of convective assembly via evaporation was

improved adding AC electric field during the process, rendering it up to five times faster

than compared to the absence of the AC-field [33]. However, not necessarily must the

liquid interface be moved only as a consequence of evaporation. Instead, while vertically

immersing the surface, the controlled withdrawal of the colloid containing medium can

also serve as a useful approach [34, 35]. Yet, a similar, but more sophisticated way to

create well defined large-area assemblies, either for mono- or differently sized

microparticles, multilayers can be achieved using a Langmuir trough. Thereby the

smaller particles build the top layer filling the indented locations provided by the first

layer of closely packed bigger particles. Briefly, particles located at a liquid-air interface

are compressed to a dense layer and adsorbed to a solid surface immersed within the

solution at a defined angle, while gentle withdrawal of the liquid phase [36].

So far, different techniques were discussed, mostly applied to solutions containing

spherical, isotropic and not particularly functionalized colloids, with the aim to perform

the assembly in a defined fashion. Obviously, also the design of the utilized colloids may

play a predominant role towards the resulting assembled structures. Accordingly, one

approach, which may to date be situated among the most precise, but also most

expensive ones, uses biospecific recognition to achieve the desired interaction between the

colloids during the assembly process. This recognition can be accomplished using

complementary single-stranded DNA (ssDNA) taking advantage of the specific

nucleobase pairing adenine-thymine (AT) or adenine-uracil (AU) for RNAs and

guanine-cytosine (GC), due to hydrogen bonding [39]. Carefully adjusting the particle

3



size ratios of DNA-capped gold nanoparticles even gave rise to the control of symmetry

and coordination number within the resulting colloid crystal [40]. Another advantage of

the DNA interaction is that it allows for reversibility due to the chain melting point,

strongly enhancing the quality of colloidal arrangement, which could also be controlled

via the length of the nucleotide chains grafted on the particles [41]. Of course the

interaction can be also fine tuned by slightly mismatching the complementary chains [42].

Antibodies interact strongly with the corresponding antigen, also being a key step within

the immune response system of higher developed organisms [61]. Equipping gold and

silver nanoparticles with IgE and IgG antibodies, respectively, led to controlled formation

of bimetallic crystals with an alternatingly allocated lattice of silver and gold

nanoparticles [43]. This is due to the fact that IgE is specifically targeted for the

interaction with 2,4-dinitrophenyl and IgG for that with biotin, respectively. By addition

to a mixture containing bivalent antigens (Janus), i.e. which contain heterogeneous

functionality with one active binding site being dinitrophenyl and the other biotin, this

promotes alternate particle binding. Similarly, micro-bioassays have been developed,

where the strong interactions of antibody labelled polystyrene latex micro- and gold

nanoparticles due to increasingly higher contained droplet concentrations of the referring

antigen led to much denser packing of the particles after drying the suspension droplets

on a superhydrophobic surface. In conclusion by naked eye detection of the resulting

dried supraparticle assemblies, the approximate amount of present antigen could be

derived [5]. There are multiple known specific interactions utilizing biochemical

compounds, such as streptavidin and biotin [44] and in general, they offer a large

potential towards the targeted assembly of colloids in up to three dimensions into

preprogrammed structures due to the extraordinary high specificity, which can be related

to the famous Fischer principle [62]. However, the relatively high cost and poor

scalability remains challenging considering further application [1].

Besides (anisotropic) functionalization of the particle surface, also alternating particle

composition or shape are able to serve as a assembly guiding factor. A famous example

for this resemble the so called Janus particles composed of two separate hemispheres with

different properties [63]. Of course this heterogeneity is not limited to equally sized

compartments and can be extended by the field of patchy particles [64]. In a recent work,

magnetic Janus particles were assembled into staggered chains by means of an external

magnetic field, building frozen structures ready to be reconfigured via remote

demagnetization [65]. Employing zwitterionic Janus particles, in theoretical and practical

experiments, it could be shown that these coordinate into defined shaped clusters, due to

their oppositely charged hemispheres [66] and even can form bicontinuous gel-structures

with multiple yield stresses and defined conductivity [67]. Patchy particles also have been

modeled considering the expected phase regimes of cluster formation depending on patch

size, where with increasing patch size, the definition of the resulting patterns decreases
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due to higher flexibility of coordination [68]. In addition, due to the advances in particle

fabrication, also variously shaped colloidal building blocks have been systematically

analyzed by a newly invented set of parameters. These parameters or anisotropic

dimensions were suggested owing to classify anisotropy attributes of particles in a

potentially standardized manner, covering properties such as patchiness, aspect ratio,

faceting, pattern quantization, branching, chemical ordering, shape gradient and

roughness [69]. Concluding, this high variety of applicable colloidal material opens the

perspective towards humongous amounts of new materials being of interest to many

specific areas of application.

1.2. Droplet Templating Methods

The techniques so far relied on the manipulation of colloids, able to move mostly free in

the solution. However, the application of geometrical restrictions is yet another

interesting approach. This can either be achieved by patterning of surface substrates for

particle deposition [37, 38] or by limiting, respectively shaping, the available volume

suspended particles are able to access. For the latter case it is possible to use droplets or

solid particles as template geometries. Thereby this method provides relatively mild cost

as well as potential scalability [1]. Usually the resulting assemblies are supraparticular

colloidal clusters of various geometries. It was shown that by using polystyrene latex

particles as initial templates, with subsequent polymer grafting including decoration with

silica, after final calcination and therefore removal of the initial template objects, hollow

silica-polymer spheres could be generated [70]. Aside from taht, in an emulsion system

containing polystyrene latex particles, the particles could be tuned hydrophilic or

hydrophobic, respectively, allowing adsorption into or onto the emulsion oil droplets

resulting in shell-, ball-like or composite supraparticles [71, 72]. Going from micrometer

to millimeter size scale, immersing microliter aqueous suspension droplets into fluorinated

oil led to the formation of opal-like supraparticles after the evaporation of water [73].

Thereby, the shape of these supraparticles could be altered from spherical over dimpled

to doughnut-like particles using surfactant. Similarly, such immersed droplets could even

be controlled in terms of local entrapment using an on-chip electrode array [74]. The

shell-like supraparticles were also termed colloidosomes due to their hollow spherical

structure in analogy to cells, and have been tuned considering the mechanical properties,

permeability and even using rod-like particles [75, 76]. One major drawback of the

utilization of liquid mixtures for the particle synthesis is the purification, i.e. removal of

liquid, mostly oil phases. A quite elegant solution to this is accordingly, the complete

avoidance of an additional second phase. Naturally seeming, the deposition of liquid

droplets onto solid surfaces with subsequent removal of the solvent, e.g. via evaporation,

is a reasonable approach. Especially when using super-repellant surfaces (see
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chapter 3, [77]), their high contact angle for the liquid being deposited (> 150 ◦) provides

almost spherical initial conditions considering the shape of the suspension sessile droplet.

Nevertheless, not necessarily must the resulting supraparticle structure resemble

spherical, isometric geometry. Moreover it was shown, that also patchy, doughnut-like

supraparticles are accessible via the control of droplet ingredients [78, 79]. It may be

noted here that also the influence of surface properties with regards to contact angle and

hysteresis (difference between advancing and receeding contact angle, see section 3.1.3)

have been discussed [80]. In addition, due to the low surface energy of super-repellant

surfaces, the dried colloidal supraparticles can easily be harvested after the assembly

process.

1.2.1. Drying Kinetics - Sessile Droplets on a Solid Surface

The evaporation rate of a sessile droplet, deposited on a solid surface is based on its contact

angle θ, and on surrounding vapor concentration of the corresponding liquid substance.

Picknett & Bexon demonstrated an empiric approach to explain the rate of evaporation

observed for the drying process of sessile droplets on non-absorbing surfaces [81]. The main

difference between these droplets and those floating in free space is the spatial hindrance

of evaporation at the solid impermeable surface site by prohibiting diffusive flux within

the vapor phase. Thus, the wetting properties of the surface with respect to the deposited

liquid are determining the size of this hindering solid barrier, resembling the interfacial

contact area, and thereby the evaporation rate. In line with this, one has to distinguish

between two different modes of drying, one being in the constant contact radius (CCR),

the other being the constant contact angle (CCA) mode. While for the latter CCA-mode

the contact angle stays constant under co-occurring shrinkage of contact radius R, for the

CCR-mode the inverted scenario is the case showing a decrease in θ during evaporation

induced shrinkage of the droplet.

The general approach to handle liquid evaporation from a surface can be done taking

into account diffusive flux of the vapor within the surrounding, usually air, and radial

distance r, according to Eq. 1.2, with m being the mass and V the volume of the evaporating

substance.

dm

dt
= ρl

dV

dt
= AlvD

dcv

dr
(1.2)

In Eq. 1.2 D represents the diffusion coefficient of the vapor in air, ρl the liquid’s density

and cv the vapor concentration. For an overall spherical geometry for the liquid as well as

the environment, with Alv being the corresponding interfacial area, via integration from

the droplet surface to infinite distance, this leads to Maxwell’s equation for the rate of
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evaporation for a spherical interface (Eq. 1.3). Thereby rd is the droplet radius, cs the

vapor concentration close and c∞ that far away from the surface.

dV

dt
= −4π

ρl

Drd (cs − c∞) (1.3)

In order to introduce θ to this equation, it is useful to look at the geometry of a sessile

droplet on a solid surface (Fig. 1.1).

Fig. 1.1: Geometric correlation of contact radius R, droplet radius
rd, droplet height h and contact angle θ of a sessile droplet on a solid
surface.

Using simple geometric calculation and addition theorems for the trigonometric

functions, yields the direct correlation of the contact angle θ with contact radius R,

droplet radius and droplet height h (Eq. 1.4a, 1.4b).

R = rd sin θ (1.4a)

h = rd (1 − cos θ) (1.4b)

The volume of a spherical cap shaped droplet can be derived by rotational integration

within the corresponding interval, which is in this case the height of the droplet (Eq. 1.5).

V = π
∫ rd

rd−h

(

r2
d − x2

)

dx =
πh2

3
(3rd − h) (1.5)

If combining Eq. 1.5 with 1.4a and 1.4b, it is possible to derive an expression for the

sessile droplet volume depending on its radius and contact angle (Eq. 1.6).

V =
πr3

d

3
(1 − cos θ)2 (2 + cos θ) (1.6)

7



Now one can rearrange Eq. 1.6 to get the equivalent expression for rd, shown in Eq. 1.7a.

rd =
(

3V

πκ

)1/3

(1.7a)

κ = (1 − cos θ)2 (2 + cos θ) (1.7b)

In order to implement the effect of evaporation inhibition by the solid surface, Picknett

& Bexon suggested to introduce a factor, f (θ), according to Eq. 1.8.

dV

dt
= −4π

ρl

Drd (cs − c∞) f (θ) (1.8)

According to Maxwell’s analogy between electrostatic potential and diffusive flux [82],

the evaporation rate of a body of arbitrary shape can be calculated by multiplying

electrostatic capacitance C with the vapor diffusion coefficient D and the difference in

vapor concentration ∆cv = (cs − c∞) (Eq. 1.9a).

dV

dt
= −4π

ρl

DC (cs − c∞) (1.9a)

C = f (θ) · rd (1.9b)

The calculation of the capacitance C for an equiconvex lens, resembling the sessile

droplet and its image in the surface, was achieved using Snow’s series [83]. Picknett

& Bexon then approximated the resulting values for 10 ◦ ≤ θ ≤ 180 ◦ with a 4th grade

polynomial function, f (θ), given in Eq. 1.10a, 1.10b for θ in [rad] and [◦], respectively.

f (θ) = 0.00008957 + 0.6333θ + 0.1160θ2 − 0.08878θ3 + 0.01033θ4 (1.10a)

f (θ) = 0.00008957 + 0.011053θ + 0.000035θ2 − 4.7 · 10−7θ3 + 9.6 · 10−11θ4 (1.10b)

Going back to Eq. 1.8, one may now in combination with Eq. 1.7a replace rd leading

to Eq. 1.11.

V (−1/3) dV = −4π

ρl

D (cs − c∞) f (θ)
(

3

πκ

)1/3

dt (1.11)

For the case of CCR-mode, it is vital to know the θ (t)-function. However, this is not

the case for a drop in CCA-mode as θ stays constant. By solving the differential equation

shown in Eq. 1.11 and integrating from initial volume V0, to total drying, a simple V (t)-
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function can be derived (Eq. 1.12a), which for the case of spherical-like droplets can be

rewritten as r(t)-function (Eq. 1.12b).

V (t) = V0

(

1 − t

ttotal

)3/2

(1.12a)

r (t) = r0

(

1 − t

ttotal

)1/2

(1.12b)

ttotal =

(

3V0

√
κ

π

)2/3
ρl

8f (θ) D (cs − c∞)
(1.12c)

Concludingly, Eq. 1.12a-1.12b describe the drying process of a spherically shaped

liquid sessile droplet, in CCA-mode, where with Eq. 1.12c, the overall drying time can be

calculated from CA and vapor concentrations by taking into account initial droplet

volume.

1.3. Self-propulsion

Self-propulsion is a nature derived phenomenon, observed in various kinds of biological

systems. Bacteria, such as Salmonella enterica serovar Typhimurium, use rotary

proton-driven flagella to propel along gradients, e.g. pH [84]. Another example of cargo

carrying motors can be found within eukaryotic cells, where the active movement of

myosin and kinesin or dynein motors along protein poymers, in this case actin and

microtubules, respectively, allows for transportation of vesicles or organelles along

cytoskeletal tracks [85, 86]. Thereby these allosteric motor proteins use the conversion of

adenosine triphosphate (ATP) to adeonsine diphosphate (ADP) to generate movement.

For the case of myosin this can be found for example in muscles, where the movement

along actin filaments produces their contraction [85]. recovering ATP from ADP,

F0F1-ATPase itself represents a class of proteins, capable of acting as a motor. Included

within a membrane, ATPase uses electrochemical trans-membrane gradient inducing

proton flow for rotational conformation change. Combined with bacterhodopsin, (BR),

representing the class of light-driven proton pumps, the proton flow can be continued

through a vesicle membrane, subsequently turning F0F1-ATPase into a permanent

rotational motor, using light as energy source [87].

Apart from the state of art that nature gives us, scientists have been inspired by the

vision of using autonomous vehicles within a living organism for the task of exploration

and medical or bio-chemical treatment [88], but also other applications may be

envisioned, such as environmental [89] or sensing ones [90], or one may be interested in

the collective properties [91, 92]. Hence, numerous efforts have been undergone to

develop artificial devices, capable of autonomous navigation [93, 94]. There exist multiple
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ways to achieve such motion, where the two main classes usually can be divided in fueled

and non-fueled propulsion mechanisms [88]. The latter class is especially of interest for

medical applications, as the requirement of a chemical fuel may not come in very handy,

considering an application in a living organism and the concomitant restrictions regarding

medium conditions. Devices of this class use external stimuli to achieve propulsion, such

as (rotating) magnetic or electric fields [95, 96] or ultrasound [97, 98]. External stimuli

may as well serve to accomplish controlled motion, which is vital for the fulfillment of

defined tasks, e.g. in a biochemical environment [99]. The devices representing the class

of fueled propulsion usually convert chemical energy to movement via multiple

mechanisms, where up to date a commonly used principle is the catalytic decomposition

of H2O2. These movements, thereby include bubble propulsion, interfacial tension

gradient, Brownian ratchet, elektrokinetics and gravitational force mechanism [100–104].

This quickly evolving field of research has already brought forth many different types

of artificial nano- and micro-devices performing autonomous movement using various

mechanisms. However, still a lot of work needs to be done towards advanced applications,

such as medical treatment [88]. But besides medical tasks, these devices may also be of

value for environmental treatment [89], thus giving a bright perspective for scientists

towards future research.

1.4. Motivation and Aim of This Work

Using self-assembled colloidal materials for the creation of new types of µm- to

mm-scaled materials shows a promising perspective in terms of applicability and

flexibility considering the various types of materials. Hence, also the functionality of the

resulting composites may concern a wide field of applications, such as catalysis,

photonics, sensing or microfluidics. Thereby, these particle assemblies may be bound to a

carrier object or surface, but also they may be formed into supraparticles, where their

structuring in a defined fashion represents a major task being of importance for any of

these fields. Especially considering supraparticles, not only the internal structure, but

also their overall shape may have a huge impact on their final application. One of these

applications may also be found in the creation of self-propelling particles, which have

attracted large interest in modern research. This class of bio-mimetic materials represent

a type of smart materials able to perform several tasks, such as following a trajectory by

magnetic field or gradient guiding. Moreover they may perform simultaneous catalytic

reactions in an autonomous way without the need of additional agitation.

The aim of this work is the creation of new types of supraparticular materials made

from colloidal aqueous suspensions. This shall be done by drying sessile droplets on a

superhydrophobic surface resembling an easily applicable and feasible tool, that could

also potentially be scaled up with regards to the production process. Employing different
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colloidal ingredients, such as silica or metal(-oxide) micro- or nanoparticles, via screening

of several parameters, a distinct influence on the formation process as well as structural

shape and functionality of the resulting supraparticles shall be granted. The parameters

thereby can be applied externally by control of humidity, surface geometry or external

magnetic field, but also internally by adjusting the ionic strength or use of specific

particle functionality. These effects and properties are instrumentally characterized using

several techniques, like light, confocal laser scanning and transmission/scanning electron

microscopy, rheology, UV-VIS spectroscopy or light-scattering. Moreover, besides the

observation and characterization of the effects on the preparation process as well as

functionality, also theoretical backgrounds based on simple chemical, physical and

mathematical concepts are addressed in order to explain the observed phenomena and

enhance the fineness of the obtained results. The results presented here, should serve as a

fundament for future research in this field and open up the perspective towards the

creation of newly functional and highly specialized supraparticles with customized

structure and shape. Furthermore, the technical and conceptional approaches developed

along with this piece of work, with the purpose of preparation, characterization and

targeted manipulation may inspire future scientists and allowing them to create lots of

new materials with various interesting properties for many different applications.
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2

Instrumentation Techniques

The following chapter will give a short basic description of some selected instrumentation

techniques among the ones, mainly applied during the presented studies. In order to gain a

more detailed overview on different microscopic techniques, the interested reader is kindly

invited and encouraged to further reading at “Confocal Scanning Optical Microscopy and

Related Imaging Systems” by Kino & Corle for the optical microscopic techniques, including

confocal microscopy [105] and at “Electron Microscopy: Principles and Fundamentals” by

Amelinckx, van Dyck, van Landuyt & van Tendeloo considering transmission and scanning

electron microscopy [106]. These sources also served as general basis for the following

sections in this chapter.

2.1. Standard Optical Microscopy

Optical microscopy provides a powerful tool for the investigation of various types of

systems. Such systems may include material fabrics, biological systems and many more.

Several techniques have been developed for imaging these systems. Those techniques may

rely on different illumination principles, like bright- and darkfield microscopy, or use

specific properties of the sample as fluorescent or structural ones, the latter applicable for

polarization microscopy, but also other principles have been invented, phase and

differential interference contrast imaging to be mentioned.

Fig. 2.1, a schematic illustration of the typical built-up of a standard optical microscope

is given. In this instrument the sample is usually illuminated by an incoherent light source,

such as a filament or mercury vapor lamp. The sample image gets inverted resulting in

an intermediate image situated at the tube length distance to the back focal plane of the

objective. This inverted image is projected through the eyepiece towards the detector,

potentially being a human eye. Thereby the overall magnification is composed of the

objective’s and eyepiece’s individual magnification (M×). The illumination, or light, source

can be an incoherent or coherent one, which mostly depends on the purpose of application.

In a standard setup, generally two types of illumination systems can be employed, the

critical and Köhler illumination. The main difference between those is that the Köhler
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Fig. 2.1: Schematic illustration of the basic optical
microscope built-up, adapted from [105]. The box inset
at the lower right shows the definition of the numerical
aperture (Nap) of an objective.

illumination accomplishes more uniformity throughout the sample area, which made it to

be the most employed standard today.

M×,T = − lim
lobj

(2.1a)

M×,L = − (M×,T )2 (2.1b)

The transverse magnification M×,T in Eq. 2.1a is determined by the ratio of the image

distance lim, equal to the tube length, to the object distance lobj, where the negative sign

arises from image inversion. Therefore, the higher the image distance along with shorter

object distance, the higher the potential transverse magnification. It may be noted here

that for significant lower object distances, while at the same time keeping the same object

excerpt visible, high numerical apertures will be necessary.

M×,tot = M×,T · M×,ep (2.2a)

M×,ep =
lview

lf
(2.2b)

The magnification in longitudinal direction is given by Eg. 2.1b and the overall

magnification, M×,tot is calculated by the product of M×,T and M×,ep according to

Eq. 2.2a, where M×,ep is the magnification associated with the eyepiece. Thereby, M×,ep

can be calculated knowing the viewing distance lview and focal length lf , shown in

Eq. 2.2b. As a second important measure of an objective, the numercial aperture Nap,

also contributes to the resolution of the microscope. Briefly, as shown in the box in
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Fig. 2.1, it is calculated from the refractive index nr of the medium situated within the

free space between objective and sample and the angle δ being the half-angle of the lens

and its focus. Higher angles δ will also result in higher capability to collect light through

the lens, which leads to improvement in resolution as well as resulting image brightness.

Accordingly, objectives using immersion fluids such as water or oil instead of air (dry

objective) filling the intermediate space until sample will, due to the higher refractive

index accomplish higher apertures with more ease, than dry objectives. In general it is

most preferential to use as high numerical apertures as possible at the desired

magnification in order to maximize image quality, which was also described by

Eq. 2.3 [107].

I ∝ (Nap)4

(M×,tot)
2 (2.3)

It is clearly seen from the proportionality in Eq. 2.3 that changes in the numerical

aperture Nap will contribute with the power of 4 to the resulting image intensity I. When

it comes to resolution, one important parameter of measure is the minimal distance of two

distinguishable points of equal brightness. This distance lR,S can be derived from Eq. 2.4,

with ω being a numerical factor and λ being the wavelength(s) of illumination.

lR,S =
ω · λ

Nap

(2.4)

Briefly, there exist two criteria, one of which is named the Rayleigh, the other the

Sparrow criterion. The Rayleigh criterion states two points of equal brightness being

distinguishable, if the maximum intensity of one point overlaps with the first minimum in

the diffraction pattern of the other and vice versa. This results in ω being equal to 0.61.

Differently, the Sparrow criterion solely requires the existence of an intensity minimum

in the combined intensity function in-between the two points in order to render them

distinguishable. This slightly alters ω to 0.51.

2.2. Confocal Laser Scanning Microscopy (CLSM)

The main novelty, compared to the conventional microscopic setup described in

section 2.1 is the usual employment of a laser illumination source and a pinhole in front

of the detector. A schematic illustration of a typical confocal setup is given in Fig. 2.2.

The term confocal, thereby describes the fact, that the signal at the pinhole has the same

focus as the illuminated region within the sample. Additionally, as consequence of the

small focus, the sample is scanned incrementally in the horizontal (xy) planar dimension,

15



yielding a composed image. If the sample is mounted onto a holder, which is vertically

(z) adjustable, e.g. by a piezo electronic element, also 3D-scans can be accomplished

after successive xy-scans by means of moving the focal plane iteratively along the

z-direction. The emitted fluorescent light is usually filtered from the reflected exciting

one using a beam splitter, however this reflection can also be detected if needed.

Fig. 2.2: Schematic illustration of the confocal
laser scanning microscope built-up, adapted
from [105]. The box inset at the lower
right shows the difference in focal planes
and the corresponding blue/red lines represent
the resulting emission light paths from the
below/above focal plane leading to exclusion of
the corresponding signal from the detector due to
the pinhole width.

The big advantage arising from the pinhole in front of the detector is that back- and

foreground emission from the sample, either by reflection or fluorescence, is extinguished,

hence drastically enhancing planar resolution. This is also indicated by the blue and red

light paths in Fig. 2.2. By approximation, the axial resolution in focus direction (lz) is

given by Eq. 2.5a [108], while along the transverse planar (lxy), it can be assumed with

Eq. 2.5b [105] (Nap: Numerical aperture).

lz =
0.89 · λ

(Nap)2 (2.5a)

lxy =
0.37 · λ

Nap

(2.5b)

2.2.1. Temperature & humidity Control

The control of ambient temperature and humidity is a crucial aspect for the experimental

investigation of the droplet drying process as well as the absence of any air flux. In order

to fulfill the requirements, a chamber for the utilized CLSM (type Leica SP5 II-DMI6000

B) setup was constructed according to the technical illustration in Fig. 2.3, where a 3D

sketch is also given in Fig. 2.4.
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Fig. 2.3: Technical drawing of humidity & temperature (H,T -) control
Chamber for Leica SP5 II-DMI6000 B confocal microscope, showing
(I) Side-view dimensions: (A) Inner diameter, (B) border of inner
reservoir, (C) diameter for microscopic observation through the bottom
glass, (D) holding device diameter for round shaped cover glass, (E)&(H)
diameter of round sample holder and chamber opening, respectively
(sample holder and chamber are connected via flexible foil), (F) thickness
of sample holder for application to the microscopic table, (G) inner height,
(I)&(J) total space tolerance of the instrumental environment; (II) top-
view dimensions with indicated foil in light blue: S1 H,T -sensor for
temperature and humidity monitoring, S2 PT100 temperature control
unit. As humidity control agents, salt solutions, soaked into cotton wool,
or desiccants can be applied. Numbers correspond to a measure in mm.a

aConstructional drawing made by Rolf Kuhnert (TU Berlin)
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In order to precisely control temperature, the body of the chamber is made of stainless

steel to provide robustness against chemical influence by saturated salt solutions used for

humidity adjustment and good heat conductivity. Heating is achieved via a temperature

control unit (Peltier element PT100, Fig. 2.3 II S2) connected to heat sticks that are

plugged into the chamber walls (see Fig. 2.4 I). This avoids the use of a water cooling

system having potential instrumental hazard upon leakage. The humidity and temperature

inside the chamber is monitored via a USB H,T -sensor (type: silicon labs cp210x USB to

UART bridge) connected to a PC, which is splinted inside a Teflon pipe connected to the

chamber via winding (Fig. 2.3 II S1). The chamber is sealed via stainless steel cover using

O-ring gasket, where the cover provides a glass slide opening in the center to allow for top

illumination (Fig. 2.4 I). Humidity control can be achieved by using saturated aqueous salt

solutions that depending on temperature provide a defined humid equilibrium with the

ambient atmosphere [109, 110]. For example at 20 ◦C saturated solutions of LiBr provide

an ambient humidity of approximately 6 %, K2CO3 43 % and NaCl 75 %. This equilibrium

can however take a long time, if the conditions inside the laboratory are different than the

desired experimental conditions. In order to overcome this fact, gas flux openings have

been applied to the chamber (Fig. 2.4 I) allowing for fast adjustment of humidity by using

wet and dry nitrogen prior to the experiment. Additionally, by soaking of the salt solutions

into cotton wool, the surface area may be enlarged accelerating the equilibration process.

Typically in a confocal microscope, plane scanning can be performed by precise

piezoeletric local adjustment of the instrument’s sample table. This table however can

only take very little weight (approximately 100 g for the instrument used in this work),

which is a challenging task for a complete chamber device. As a consequence the chamber

was divided in two separate parts, one being the body, which is loaded on the outside of

the piezoelectric sample table, and the second being a plastic sample holder ( 2.4 II)

connected with a thin flexible foil to the body (blue segment in Fig. 2.3 II). This flexible

construction reduces the weight for the piezoelectric table of the microscope while

maintaining free movement for scanning purposes. In addition the cover glass

implemented into the sample holder can be easily exchanged, which allows for facile

application of various types of (transparent) surfaces.

Overall this device described here shows full compatibility with the Leica SP5

II-DMI6000 B confocal microscope setup and offers good control of ambient humidity

and temperature for a high variety of experiments.
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Fig. 2.4: (I): 3D drawing of H,T -control chamber for Leica SP5 II-

DMI6000 B confocal microscope; (II): Close view of sample holder
indicated above. Adapted from [111].a

aConstructional drawing made by Rolf Kuhnert (TU Berlin)

2.3. Electron Microscopy (SEM & TEM)

The main advantage of electron microscopy compared to (photon-) optical microscopy of

any kind is the enhanced resolution due to the low wavelengths, accessible with accelerated

electrons. The wavelength λ for electrons at a certain acceleration voltage Ue is given by the

deBroglie relation, shown in Eq. 2.6a, with ~ being Planck’s constant and me the electron

mass, or for high energy electrons by the relativistic relation in Eq. 2.6b, with cl being the

speed of light in vacuum.

λ =
π~

√

1
2
mee · Ue

(2.6a)

λ =
π~

√

1
2
mee · Ue

(

1 + eUe

2mec2
l

)

(2.6b)

The electrons for measurement are generated thermionically or via field emission.

Thermionically, electrons are generated from a v-shaped tungsten filament, mostly

decorated with a pointed tungsten wire or lanthanum hexaboride (LaB6) single crystal.

The latter offers lower working temperatures with a narrower thermal distribution.
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Fig. 2.5: Schematic description showing: (I): A scanning electron microcopy (SEM); (II):
a transmission electron microscopy (TEM) setup, both altered from [106].

Another way of generating electrons is by tunneling from a fine tip on the pointed

filament, which is exposed to an electric field of about ~1 MV/cm. This so-called field

emission technique offers even narrower thermal distribution of emitted electrons.

However, despite their brightness is also larger, the electron current is lower due to the

small emitting area. After generation, the electrons are accelerated through the Wehnelt

cylinder, followed by successive focusing of the electron beam by condensor lenses and

apertures. The result of this may be a parallel or convergent beam. It may be added

here, that electron microscopic measurements have to be done in high vacuum in order to

prevent energy loss of the beam due to the interaction with air molecules.

2.3.1. Scanning electron microscopy (SEM)

SEM is a scanning technique, whose setup is briefly described in Fig. 2.5 (I). The

electrons are accelerated typically at 0.5-30 kV, which corresponds to wavelengths of

~7-55 pm (Eq. 2.6a). The beam is converged to a small point, scanning the pixels of the

resulting composed image. Thereby, using the appropriate detection systems, different

information may be collected from different types of signals, emitted from the sample. In

order to properly scan the sample, scan coils take care for the proper guidance of the

incident electron beam. Basically, there exist three types of signals that are usually

referenced. The most common ones are secondary electrons (SE), emitted from the

topography of the sample, but also backscattered electrons (BSE) and elemental analysis

via energy dispersive X-ray spectroscopy (EDX) can be performed. SE have energies of

up to 50 eV and can be generated in two different ways. On one hand, they can be

generated directly from the point of beam incidence (SE1) or by backscattering from the

sample, if the direction of flight is similar as that for the SE1 (SE2). The latter can arise

from deeper regions in the sample and are causing a low-resolution background. One way

20



to reduce the occurrence of SE2 is the application of low acceleration energies, which

drastically increases the yield of SE1. For detection, two types of detector setups have

been employed, the Everhart-Thornley SE detector [112] or an Inlens detector situated

above the objective lens [113]. Electrons can also be scattered back (BSE), where the

yield is highly dependent on the atomic number. Therefore this method can be used in

order to perform atomic contrast imaging. In contrast to the SE, these electrons are

primary electrons with significant higher energies, between 50 eV and that of the incident

beam. These BSE can be detected with properly located detectors right above the

sample, where their working principle is based on that for the SE. Lastly, due to reaction

of the incoming electrons with the electron shell of the sample atoms, X-ray radiation

may occur, which can readily be detected allowing for local elemental analysis with

reference to the beam location.

In contrast to transmission electron microscopy (TEM), the resolution using SEM is

higher for lower energies of the primary beam. This is due to the fact that high energy

electrons are able to deeper penetrate the sample and therefore cause a much larger area of

possible emission for the secondary electrons, consequently smearing the obtained sample

features. Typical high resolution SEM setups therefore work at acceleration voltages below

5 kV, which is limited to instruments employing a field emission gun as electron source.

The resulting magnification is directly correlated with the scanned sample area, meaning

that smaller areas will result in higher magnifications.

2.3.2. Transmission electron microscopy (TEM)

TEM instruments work at accelerations between 100-1000 kV, which corresponds to

wavelengths of ~1-4 pm (Eq. 2.6b). As the resolution is inversely proportional to the

wavelength, this significantly lowers the resolvable minimal distances between two points,

even below 1 nm. The beam at the sample is thereby shaped parallel, so that the sample

is evenly illuminated. A brief illustration of a basic TEM setup is given in Fig. 2.5 (II).

Depending on the interactions, transmitting electrons are scattered as discovered earlier

for α and β particles by Rutherford [114]. The extent of these interactions is directly

proportional to the atomic number of the investigated elements contained by the sample.

Considering the magnification, this can be tuned within the lens arrangement of the

TEM, where the recorded sample gets (electron-) optically magnified.

In addition, multiple diffraction events can be observed obeying Bragg’s law of

diffraction [48]. As the electron wavelength is very low, also the incident angle δ ,

fulfilling Bragg’s condition is quite low. Hence, one may replace sin δ with δ leading to

Eq. 2.7, with dl being the crystal lattice spacing and n an integer value.

δ =
nλ

2dl

(2.7)
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This means that by slightly tilting the sample detailed analysis of the crystal structure

is possible, by means of the resulting diffraction patterns. The resulting image is finally

created by projection of the scattered electrons onto a CCD-screen detector, where the

contrast is proportional to the local interaction potential of the sample as highly scattering

areas will appear dark compared to lower scattering ones.
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3

Super-repellant Surfaces

This chapter is mainly based on the review of Feng & Jiang [77] and will focus on the

presentation of super-repellant surfaces, as a nature derived phenomenon that has been

studied for technical application. Apart from biological examples, different preparation

methods of artificial imitations will be discussed, followed by a brief introduction to the

theory of static and dynamic wetting on this special type of surface. Finally we present

two preparation methods that were frequently used throughout the projects, described in

chapters 4 & 5.

3.1. Introduction

Super-repellant surfaces, especially superhydrophobic ones, represent a class of

bio-mimetic, nano-structured materials [77, 115, 116]. In general nano-structuring can

have a high impact on surface properties in terms of wettability, adhesion and color

appearance [117]. A nice example from nature for the latter case can be found within the

blue wings of butterflies from Morpho peleides species [118], whose surface shows an

intense blue color, which is not related to any contained dye. Instead the reason for this

intense coloring is found within the surface structuring promoting reflection of specific

colors from the lattice-like structure due to Bragg’s law. This lattice thereby consists of

ridges in a 1.7-1.8 µm distance with periodically arranged shelves forming cross ribs of

variable density depending on the type of scale (ground or cover) of the wing. Another

example can be found within the fruits of a tropical African plant, Pollia

condensata [119]. Those fruits show an intense blue/purple color of pixelated appearance

originating from curved multilayered cell wall structures each reflecting a specific color.

While for animals such structure coloring is commonly known for signaling, mating

purposes or mimicry [120], for plant fruits, the latter is thought to be the biggest

motivation [121, 122].

More important for the use of super-repellant surfaces as templates for the droplet

templating method (see section 1.2) are adhesion forces and wetting properties. There are

famous examples in nature, where special designed sticky surfaces are used to allow for
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extraordinary climbing skills, as shown by insects, spiders, lizards or geckos [123–125]. In

general the sticking for those cases is based on van der Waals interactions between filament

fibers of animal feet and the ground surface structure [126]. Thereby the nominal weight

from those animals can range from a few micrograms to about 100 grams. As van der

Waals interactions are considered to have low strength, it is necessary to maximize contact

area between the two adhering surfaces. For this purpose the animals mentioned earlier

have developed hairy structured feet, where geckos may represent the most extreme case

in terms of creating surface adhesion. On their feet they assemble arrays of about 5000

micro hairs per mm2. These setae show a thickness of 5-10 µm and a size about 100 µm

in length. The tip of each setae divides up into 100-1000 nanosized hairs, named spatulae,

with an approximate width of 50-100 nm [127]. With this structure of high surface area,

the gecko is able to penetrate the structure of rough as well as smooth materials, such as

glass, producing an adhesion force of approximately 100 mN/mm2 considering foot area. This

corresponds to a weight-bearing capacity of roughly 10 mg/mm2 with respect to gravity. A

small drawback of these strong adhering feet is that for disconnecting from the surface,

a special rolling technique is required. Studying such dry adhesive phenomena, like those

shown by geckos, nowadays inspires scientists to create analogous sticky materials taking

advantage of increased van der Waals intercation by maximization of contact area [128,

129].

When it comes to surface wetting, one representative may be found within the legs of

the water-strider insect, Gerris remigis. As shown by Gao & Jiang [130], the legs of

water-striders can be pushed against the water surface up to a depth of 4.38 mm before

percolating into the liquid, resembling a supporting force of up to 1.5 mN per leg, which

is equal to about 15 times the insect’s body weight. Contact angle measurements and

scanning electron microscopy measurements revealed similar concepts as those from a

gecko’s foot. It was found that the legs are covered with long needle-like hairs of varying

diameters in the sub-micrometer up to 3 µm range, creating a grooved surface entrapping

air and therefore preventing the leg from getting wetted by water. These remarkable

water-repellant properties have inspired researches for artificial creation of such

structures in order to achieve devices "walking" on the water surface, e.g. using a

templating method including polymeric electrospinning on copper wires [131]. Qin et al.

were able to create an artificial strider that, depending on presence of UV irradiation,

could float on the water surface or water-oil interface in a two-phase water/chloroform

system [132]. They created the legs via immobilization of titanium oxide (TiO2)

nanoparticles onto commercial copper foams, that were as well coated with

n-dodecanethiol. Due to the UV-sensitivity of the TiO2 nanoparticles, the wetting

properties of these legs could be switched from superhydrophobic to superoleophobic,

enabling the artificial strider to switch the interface to float on.

24



As probably the most prominent example when it comes to surface wetting, also giving

the name to the effect describing super-repellency while exhibiting low adhesion forces

promoting self-cleaning properties, the leaves of sacred lotus [133] may be mentioned. It

was found that the combination of surface roughness, water repellency and low adhesion is

the main key of self-cleaning properties, called lotus-effect, being of potential interest for

technical applications. Thereby surface roughness, created by trichomes, cuticular folds

and wax crystals, significantly decreases particle adhesion, enabling collection by spherical

water droplets, rolling over the surface. The efficiency of cleaning, hereby is better for

droplets with higher kinetic energy due to deeper penetration into the surface structure.

Barthlott & Neinhuis observed this phenomenon, when comparing fog or dew with rain on

the plant leaves. They also compared many leaves of different plant species in terms of

water contact angle and anti-adhesive properties [134].

3.1.1. Preparation Methods of Artificial Super-repellant Surfaces

In principle the major task, in order to fabricate super-repellant surfaces, is structuring

by means of introducing surface roughness on the micro- and even nanoscale. A general

overview about basic concepts to do this can be found within the work from Feng &

Jiang [77].

One commonly used method is the synthesis using a template of either artificial or

natural origin. Sun et al. used polydimethylsiloxane in two subsequent imprinting steps,

resembling negative and positive sample replica from a natural lotus leaf [135]. Using

polymers, such as polycarbonate on alumina templates have been reported to provide an

artificial alternative, even for large scale synthesis [136], but also the use of

polyacrylnitrile as widely pH tolerant solution has been published [137, 138]. Other

templates may be provided using self-assembled colloidal particles, such as silica,

polystyrene latex or calcium carbonate (CaCO3) by utilization of techniques, such as

lithography and plasma etching [139], dip-coating [140] or spin-coating [141].

Electrochemical methods for the creation of micro- and nanostructured rough

surfaces, while offering the advantage of easy large scale application, are represented by

elctrochemical deposition (ECD) and electrohydrodynamics/electrospinning [142]. The

latter relies on "jet-casting" of for example a polymer solution, ejected through a highly

charged nozzle towards a collector surface [143]. Thereby the solvent, after being ejected,

is evaporated creating highly structured patterns after collection. In a typical ECD

process, the structures are created via electrochemical reaction of mostly metals, where

by utilization of distinct cycles of applied voltage, the resulting hierarchical structures

can be controlled [144]. Also polyelectrolytes have been used in combination with this

method as surface pretreatment [145], as well as being the singular structuring

component itself [146].
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One of the last two approaches to be mentioned is represented by the phase

separation method [147], which is based on hardening processes of solid/solid or

solid/liquid systems. This can for example be done using a sol-gel process followed by

drying and heat treatment resulting in dried foams exhibiting high porosity [147]. The

second approach is the controlled crystallization from molten [148] or dissolved polymer

systems [149]. Adding defined small amounts of additional anti-solvents to the solution

may also guide nucleation into more porous structures as was shown for solutions of

high- [150] and low-density polyethylene [151] using xylene as solvent and ethanol,

cyclohexanone as anti-solvent, respectively. In general, using this last method, the control

of solvent evaporation, crystallization time and nucleation rate represent crucial factors

towards roughness and therefore the contact angle.

3.1.2. Tuning Properties of Super-Repellant Surfaces

Despite super-repellency itself is already a useful and remarkable feature, introducing

additional functionality, such as optical, conductive, adhesive, anisotropic or pH-tolerant

has been challenged in recent research.

If considering daily life’s objects, like eyeglasses or car windows, optical transparency is

a crucial property. Careful balancing of low scattering structures, while still having enough

surface roughness thereby is the main task to be fulfilled [152]. There are several methods

that have been employed to overcome this balance issue relying on techniques, such as sol-

gel processes [153–155], template synthesis [156] or chemical vapor deposition (CVD) [157,

158]. Besides, also anti-reflective [159, 160] or optical restrictive properties, with regards

to light transmission [161], have been developed for applications, such as eye-glasses, solar

cells or for utilization on skin, respectively.

It might be teasing to correlate superhydrophobicity with low adhesive forces, making

the droplet rolling immediately on slight tilting of the surface. Nevertheless also

superhydrophobic (SH) surfaces with high capillary forces have been synthesized, showing

water contact angles above 150 ◦, while still allowing high surface tilt up to turning it

upside down without losing the droplet location [162].

One other desirable function that might be likely to introduce is the capability of

switching the wetting behavior upon external sources, such as light, temperature, solvents

or electric field. However, not many works have been published achieving complete

transition from superhydrophilicity to superhydrophobicity in a reversible fashion. Using

thermal stimuli this has been achieved by Sun et al. using poly(N-isopropylacrylamide)

(PNIPAAm) modified roughended silicon wafers [163]. In another approach, Minko et al.

used pentafluorostryrene-carboxylic acid (PSF-COOH) and

poly(2-vinylpyrrolidone)-carboxylic acid (PVP-COOH) attached to functionalized

poly(tetrafluoroethylene) (PTFE) surfaces. When those surfaces were roughened before
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attachment, depending on exposure to toluene or acidic water (pH 3), the contact angle

of water could be tuned from 0-160 ◦ [164]. By utilization of UV-irradiation, Liu et al.

achieved switchable super-repellant surfaces based on zinc oxide (ZnO) films on saphire

substrates using CVD [165]. Last but not least, Krupenkin et al. used an electric field at

voltages from 0-22 V to switch the wetting behavior of a SH-surfaces by contacting the

droplet via a Pt wire [166].

3.1.3. Wetting Modes of Super-Repellant Surfaces

The ability of a liquid to wet a surface is given by the surface free energy, described

by Young’s equation, Eq. 3.1, where the contact angle (CA) depends on the interfacial

tension between solid/vapor (γsv), solid/liquid (γsl) and liquid/vapor (γlv), also illustrated

in Fig. 3.1.

Fig. 3.1: A droplet sitting on a flat surface with a certain contact angle
(CA), θ. Three different interfacial tension areas can be observed, with
γsv being at the solid/gas, γsl at the solid/liquid and γlv at the liquid/gas
interface.

From Young’s equation we may derive that for high interfacial tension at the solid/liquid

with respect to the solid/gas interface, higher CAs are achieved, i.e. 90 ◦ <CA≤ 180 ◦,

where for the opposite case they become lower with 0 ◦ ≤CA< 90 ◦.

cos θ =
γsv − γsl

γlv

(3.1)

If those interfacial tension values are equal, the CA becomes 90 ◦. For CA> 150 ◦ one

usually defines super-repellency.

Fig. 3.2: Illustration of wetting stages of a droplet sitting on a super-
repellant surface. A: Cassie-mode of wetting with droplet sitting on the
surface texture ensuring maximum air entrapment within the pockets; B:
Wenzel-mode of wetting with droplet wetting the surface and filling the
pockets and therefore no air entrapment; C: Intermediate state between
Cassie- and Wenzel-mode.
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Considering such super-repellant surfaces, they usually, apart from hydrophobicity,

provide a micro- or even nano-structuring, significantly enhancing surface roughness.

Hence, one can consider 3 modes of wetting that may occur if a non-compatible liquid

droplet is deposited, which will be discussed below.

Cassie-mode

Young’s equation takes into account interfacial tension at the different interfaces and

considers flat surfaces. However, for the case of super-repellant surfaces, roughness plays

a major role for the wetting properties. This leads to three basic wetting concepts for a

droplet sitting on a solid rough surface, illustrated in Fig. 3.2.

In Fig. 3.2A the droplet is situated on top of the surface texture allowing maximum

entrapment of air within the pockets below the liquid, created by the roughness. This mode

of wetting is known as the Cassie-mode [167]. The air entrapment into the surface structure

leads to a composite surface of a certain chemical heterogeneity, where its apparent CA is

expressed by θc (Eq. 3.2).

cos θc = fs cos θs + fv cos θv (3.2)

In Eq. 3.2, fs and fv are the surface area fractions of the solid and vapor phase,

respectively. This equation can be rewritten due to fs + fv = 1, θs being equal to the

CA (θ) provided by the solid surface and θv = 180◦, which gives Eq. 3.3.

cos θc = −1 + fs (cos θ + 1) (3.3)

This equation shows that surface roughness may increase the apparent CA due to

entrapment of air into the pockets as fs decreases by increasing roughness.

Wenzel-mode

In contrast to the Cassie-mode described in the last section, the droplet may also

completely fill the pockets within the surface structuring. This mode is known as the

Wenzel-mode [168] and is illustrated in Fig. 3.2B, where the according description can be

found in Eq. 3.4.

cos θw = ζ
γsv − γsl

γlv

(3.4)
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The factor ζ thereby is proportional to surface roughness. This equation can be

combined with Eq. 3.1, which results in Eq. 3.5.

cos θw = ζ cos θ (3.5)

In order to understand this result, one has to distinguish between θ-values below and

above 90 ◦, where θ is the corresponding CA for a smooth surface of similar type. If

those values are above 90 ◦, the apparent Wenzel-CA will be bigger, which can be found

in analogy for lower values. This is one major difference between the Cassie- and Wenzel-

mode of wetting. Where in the first one, the CA can generally be increased by introduction

of roughness, this is not the case for the latter mode.

Transition-mode

Straight forwardly thinking it may seem obvious that there must be a transition between

the Cassie- and Wenzel-mode of wetting [169–172], when the liquid begins to penetrate

the surface structure. This can be the case for droplets pressed physically against the

surface [173–175] or for evaporating droplets, when becoming small enough [176]. The

transition itself can be derived from Eq. 3.3, 3.5, which results in a transition CA θT

(Eq. 3.6).

cos θT =
fs − 1

ζ − fs

(3.6)

Depending on Young’s CA θ compared to θT , the droplet will preferentially wet the

surface in Wenzel- or Cassie-mode. In other words, only in the case of θ being significantly

larger than θT , the air within the surface structure stays trapped within the pockets.

Dynamic Wetting

Besides static wetting, the hysteresis plays an important role by means of the difference

between advancing (θA) and receding (θR) CA (Fig. 3.3). The lower this difference becomes,

the earlier the droplet will start to roll off when the surface gets tilted, i.e. the smaller the

value of the tilting angle αT (Eq. 3.7).

αT ∝ |θA − θR| (3.7)
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The driving force Fd needed to make the droplet begin to roll off the tilted surface

can be calculated taking into account the droplet’s mass md, its diameter d and gravity’s

constant g (Eq. 3.8)[177].

Fd =
md

d
g sin α = γlv (cos θR − cos θA) (3.8)

Usually surfaces that are wetted in Wenzel-mode show high hysteresis compared to

Cassie-mode, even though both may show high CA. It has also been shown that by

increasing surface roughness, equaling more entrapment of air, the wetting mode can be

switched from Wenzel to Cassie [178].

Fig. 3.3: CA hysteresis for a droplet sliding down a surface
tilted at an angle of αT ; θA and θR represent advancing and
receding CA, respectively.

3.2. Experimental Preparation of Super-repellant Surfaces

Super-repellant surfaces were employed in order to fabricate colloidal supraparticles via

drying from deposited sessile droplets as templates. The major advantage of using such

surfaces compared to immiscible second phase liquids is their much more feasible

application in terms of particle preparation and harvest as elaborating efforts for

separation are not required. Thereby it is also easy to apply additional devices such as

chambers or else for investigation and controlling purposes.

Herein two very versatile techniques for the fabrication of super-repellant solid surfaces

are presented. The CAs were measured at a Contact Angle System OCA15/20 via SCA20

software (both from dataPhysics) using 3 µl water droplets.

3.2.1. Fabrication of Cu-Ag Superhydrophobic Surface

A list for this procedure’s employed materials synthesis chemicals can be found in

Tab. 3.1.

Polished copper substrates (steel wool, sand paper) of various kind of shapes were

subjected to an ECD process according to the procedure reported earlier by Gu et al. [179].
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Tab. 3.1: Materials and synthesis chemicals for the preparation of Cu-Ag SH-surfaces.

Material/Chemical Specifications/grade Supplier

Copper plates (Cu) variable dimensions and
geoemetries

commercial

Steel wool – commercial

Sandpaper variable roughness commercial

Silver nitrate (AgNO3) ACS-grade, ≥ 99 % Sigma-Aldrich

1-Dodecanethiol ≥ 98 % Sigma-Aldrich

Ethanol – destilled

MilliQ-water ≥ 18 MΩ/cm –

Two different kinds of surface templates were employed, one being simply flat surfaces and

the other being bent copper sheets at different angles (60, 75, 90, 120 and 150 ◦), where

the bending was achieved mechanically using a bench vise. For the preparation on flat

substrates, the polished plates of Cu were immersed into a solution containing 0.01 M

AgNO3 for 25 min under moderate stirring at room temperature (RT). In the case of bent

surfaces, they were immersed without stirring. Hereby shortly after immersion a black

covering was observed arising from colloidal deposition of elemental Ag onto the Cu surface

via electron transfer due to the difference in nobility of the two metals. After deposition the

surfaces were carefully washed with milliQ-water and immersed in an ethanolic solution of

0.001 M 1-dodecanethiol for 20 h with subsequent drying at ambient conditions. For bent

surface substrates this procedure was kept similar but without any stirring.

Fig. 3.4: Side-view contrast image of a 3 µl water droplet,
deposited on a flat Cu-Ag SH-surface. The measured contact
angle was (164.3 ± 3.6) ◦.a

aImage taken by Vivian J. Spiering (TU Berlin)

The surfaces show superhydrophobicity with water contact angles greater than 150 ◦

(Fig. 3.4) and long-term stability as well as high reproducibility.

3.2.2. Fabrication of Super-repellant Transparent Silica Surfaces

A list for this procedure’s employed materials and synthesis chemicals can be found in

Tab. 3.2.

31



Tab. 3.2: Materials and synthesis chemicals for the preparation of transparent SH-surfaces via the
candle soot method.

Material/Chemical Specifications/grade Supplier

Cover glasses thickness (170 ± 5) µm
precision,
12 mm circular diameter

CarlRoth

Candle – commercial

Perfluoroalkoxy alkane (PFA)
chamber

120 ml volume, cylindrical CarlRoth

Ammonia (NH3) 25 % w/v, aqueous solution Sigma-Aldrich

Tetraethyl orthosilicate (TEOS) reagent-grade, ≥ 98 % Sigma-Aldrich

n-Octyldimethyl-chlorosilane – ABCR

In order to be able to investigate drying processes of deposited droplets via confocal

microscopy (inverse optical arrangement) a second technique was used reported by Deng

et al. [180] in a slightly modified version for the production of transparent, SH-surfaces.

Briefly, cover glass substrates are covered with a layer of soot by gently moving inside

the flame of a commercially available candle right above the luminous zone for a distinct

amount of time, typically 20 s. The resulting, black covered glass was subjected to a CVD

using aqueous ammonia solution and tetraethylorthosilicate (TEOS) in separate vials

(each 200 µl) within a sealed perfluoroalkoxy alkane (PFA, 120 ml) chamber for about 2 h

at 80-90 ◦C. The soot is afterwards removed by calcination at 550 ◦C for 3-4 h. This

results in a slightly whitish covered glass of translucent appearance. The as-calcinated

surfaces are functionalized using a low surface-energy aliphatic reactant, such as

chlorodimethyloctylsilane (Me2C8H17SiCl), using 100 µl at 80-90 ◦C for 3 h via CVD

inside a similar PFA chamber.

Fig. 3.5: Side-view contrast image of a 3 µl water droplet,
deposited on a superhydrophobic transparent cover glass
prepared by the candle soot method. The contact angle was
measured at (165.8 ± 2.7) ◦.

The as-prepared surfaces provide superhydrophobicity with water contact angles greater

than 150 ◦ with good reproducibility (Fig. 3.5).
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4

Anisometric Supraparticles

In the following sections we discuss the formation of mm-scaled anisometric

supraparticles via the droplet templating method on superhydrophobic (SH) surfaces

using aqueous suspension droplets containing fumed silica (FS) and ionic strength. After

a brief discussion on the preparation of the source materials used throughout this project

as well as experimental setups and evaluation methods, we present the results on

anisometric supraparticle formation. Representative example images are given as well as

a detailed mechanistic description of the deformation process leading to the observed

shapes. This mechanism is validated via kinetic investigation of the drying process (also

based on section 1.2.1) as well as using optical, confocal or electron microscopic

techniques. Adding other colloidal components, we show the general applicability of this

procedure, which in the last part of this chapter gets also optimized in terms of duration

and control of anisometric direction by altering surface geometry. The background of this

optimization is discussed and verified regarding its applicability towards the formation of

anisometric patchy supraparticles.

Major parts of this chapter are based on the following publications:

• M. Sperling, O. D. Velev, and M. Gradzielski: “Controlling the shape of

evaporating droplets by ionic strength: Formation of highly anisometric silica

supraparticles”, Angewandte Chemie, International Edition, 2014, 53,

586–590, Copyright: Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced

with permission, DOI 10.1002/anie.201307401.

• M. Sperling, O. D. Velev, and M. Gradzielski: “Kontrolle der Form

verdunstender Tropfen über die Ionenstärke: Bildung anisometrischer

SiO2-Suprapartikel”, Angewandte Chemie, 2014, 126, 597–601, Copyright:

Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission, DOI

10.1002/anie.201307401.
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• M. Sperling, O. D. Velev, and M. Gradzielski, “Formation of anisometric

fumed silica supraparticles mechanism and application potential”: Special

Issue: Self-Assembled Soft Matter Nano-Structures at Interfaces Dedicated to

Gerhard Findenegg on the occasion of his 75th birthday / Regine v. Klitzing,

Michael Gradzielski, in: Klaus Rademann (ed.), in: Zeitschrift für

Physikalische Chemie, 229/7-8, place: DE GRUYTER, 2015, pp. 1055–1074,

Fig. 2–10, DOI 10.1515/zpch-2014-0545.

• M. Sperling, P. Papadopoulos and M. Gradzielski: “Understanding the

Formation of Anisometric Supraparticles: A Mechanistic Look Inside Droplets

Drying on a Superhydrophobic Surface”, Langmuir, 2016, DOI

10.1021/acs.langmuir.6b01236. Copyright (2016) American Chemical Society.

Reprinted with permission.

• M. Sperling, V. J. Spiering, O. D. Velev and M. Gradzielski: “Controlled

Formation of Patchy Anisometric Fumed Silica Supraparticles in Droplets on

Bent Superhydrophobic Surfaces”, Particle & Particle Systems

Characterization, 2016, submitted for review, Copyright: Wiley-VCH Verlag

GmbH & Co. KGaA. Reproduced with permission.

4.1. Introduction

The formation of macroscopic particles with mesoscopic substructuring by self-assembling

processes has been the topic of many investigations in recent years and has shown to be a

promising emerging approach for fabricating new materials [1]. There exist multiple ways

to perform the synthesis of such colloidal assemblies, involving techniques such as

microfluidics [181–184], spray-drying [185, 186], or evaporation-induced self-assembly

(EISA) [187, 188], where the latter can for example be performed with the

droplet-templating method of particle-containing sessile droplets on solid surfaces [80]. In

the droplet-templating method it is possible, by careful adjustment of several parameters,

such as ambient conditions, amount and type of colloidal ingredients, to design structure

and functionality of colloidal assemblies in a defined manner. Such controlled

self-assembly of colloids into coagulated or precipitated superstructures [2] in confined

geometries (the evaporating drop) allows to fabricate well defined hierarchically ordered

superstructures [189]. Thereby offering compositional and structural variability they

represent a new type of functional and smart materials have high potential for use in

various applications in the fields of sensing [5], photonics [184–186, 190, 191],

catalysis [51], microfluidics [53, 54] or lithography [52].
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The droplet templating method of drying aqueous colloidal suspension droplets on

SH-surfaces [77] allows for the formation of highly structured 3D-assemblies leading to

colloidal supraparticles [78, 79, 192–194]. SH-surfaces provide a water contact angle (CA)

greater than 150 ◦ leading to almost spherical droplet deposits, which allow for symmetric

evaporation conditions at the liquid-air interface. Recently Rastogi et al. reported the

formation of highly light-diffracting supraparticles made from colloidal suspensions

containing gold nanoparticles and polystyrene latex microspheres resulting in the

formation of patchy particles [78]. The formation of patches of gold nanoparticles in this

system can be related to evaporation driven flux inside the drying droplet transporting

the smaller gold particles to the top surface of the droplet. Taking advantage of internal

droplet flux made it possible as well to change the 3D-structure of supraparticles. This

was done for example by the creation of doughnut-particles, achieved by using silica

microspheres at different concentrations [79]. Depending on the initial concentration of

silica particles it is possible to tune the hole size of the doughnut structure in a controlled

fashion, by means of increasing hole size with decreasing concentration. The formation of

such doughnut structures can be related to the origins of the coffee-ring effect [195]. In

the classical formation of a coffee-ring, which occurs at CAs below 90 ◦, the contact line

of the drying droplet is pinned to the surface providing CCR-mode (constant contact

radius) meniscus dynamics. During evaporation the droplet is trying to maintain a

spherical capped shape, which results in capillary flux from the center to the outside part

of the droplet. Colloids will therefore be transported to the outside and will form a ring

at the former contact line after drying. The formation of doughnut-particles on

SH-surfaces initially takes place at CCA-mode (constant contact angle), which implies a

constant reduction of contact radius upon droplet evaporation. During the drying

process, due to sedimentation, silica particles form a ring structure similar to that of a

coffee ring, simulating a pinned contact line inside the droplet surface. This so formed

ring is left behind after drying forming a doughnut supraparticle, where the addition of

gold nanoparticles led to patchy doughnuts similar to the particles prepared using

PS-latex. The formation of doughnut structure into supraparticles represents the

decrease of symmetry from spherical R3 to cylindrical D∞ symmetry. This may be of

potential use for catalytic applications due to the larger contact area.

In general, the advantages of having supraparticles of anisometric shape can be

considered in an analogous way as it has been done for the case of nanoparticles. For

instance, due to their directional anisometry they can become self-assembled along their

orientational axis [196]. In particular anisometric particles within flow fields become

oriented and this behavior has been reviewed recently [197]. In a related fashion

anisometric magnetic colloids have been employed to build up well-defined but complex

structures [198]. Accordingly, in general their anisometry can be used to direct the

self-assembly of nanoparticles and thereby create a further degree for structuring [3],
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where such assembly can occur in bulk but also at interfaces. Such ordering of

anisometric Au nanoparticles has for instance also been studied recently for the case of

drying droplets [199]. Overall, having particles of well controlled anisometry enables for

further options to manipulate such systems into more complex structures. Due to their

ability to become oriented, when applying external shear or magnetic/eletric field,

anisometric particles offer interesting properties for dynamic flow applications. This

could be of potential use in the field of self-propelling particles. One very common way to

achieve self-propulsion is by converting a chemical fuel, such as hydrogen peroxide via

chemical catalysis in directed motion due to gas production. This has been done using

bimetallic gold nanorods in the µm-range along the longitudinal axis, with Pt or Ni as

catalysts [100, 101], where the anisotropic structure of the rods led to stabilization of the

movement trajectory. By depositing titanium oxide (TiO2) onto silica microparticles

followed by asymmetric chemical vapor deposition (CVD) of Pt, it was possible to

fabricate microrotors that showed rotational movement due to their anisometric shape

similar to that of a rotor blade [200]. Using magnetic nanorods, nanomotors were

designed able to follow a predefined circuit [201] and via electrostatic or

streptavidin-biotin interaction, cargo carrying nanorods where synthesized, the cargo

being a µm-sized polystyrene particle [202]. By going to larger sizes, self-propelled

anisometric gel-based particles have been prepared in water, moved by the Marangoni

effect due to infusion with ethanol [203].
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4.2. Experimental Section

4.2.1. Materials & Chemicals

The list of employed materials and synthesis chemicals, used within the procedures

described in this section can be found in the following Tab. 4.1.

Tab. 4.1: Materials and synthesis chemicals used for the experiments on anisometric fumed silica
supraparticles.

Material/Chemical Specifications/grade Supplier

Fumed silica (FS) d = 7 nm primary particles,
(395 ± 25) m2/g surface area,
ρbulk = 0.037 g/ml bulk density

Sigma-Aldrich

Polystyrene (PS) latex
microspheres

d = 0.96 µm, ρsolid = 1.05 g/ml,
csolid = 10 % w/v

Bangs-Labs

Fluoresbrite R©-YG (Polystyrene
latex microspheres)

d = 1.07 µm, ρsolid = 1.05 g/ml,
csolid = 2 % w/v,
excitation λex

max = 441 nm,
emission λem

max = 486 nm

Polysciences

Alexa Fluor R©-488 excitation λex
max = 490 nm,

emission λem
max = 525 nm

ThermoFisher
Scientific

Rhodamine 6G excitation λex
max = 535 nm,

emission λem
max = 560 nm

Fluka

MilliQ-water ≥ 18 MΩ/cm –

Ethanol – destilled

Sodium chloride (NaCl) synthesis-grade, ≥ 99.9 % ChemSolute

Iron(II) chloride tetrahydrate
(FeCl2×4H2O)

≥ 98 % Sigma-Aldrich

Iron(III) chloride hexahydrate
(FeCl3×6H2O)

ACS-grade, ≥ 98 % Sigma-Aldrich

Hydrochloric acid (HCl) aqueous, 37 % w/w Merck

Sodium hydroxide (NaOH) ACS-grade, ≥ 98 %, pellets Fluka

Tetraethyl orthosilicate (TEOS) reagent-grade, ≥ 98 % Sigma-Aldrich

Ammonia (NH3) aqueous, 25 % w/v Sigma-Aldrich

4.2.2. Preparation of Colloidal Suspensions

Fumed Silica

We used commercial fumed silica (FS) with primary particle size of 7 nm diameter with a

surface area of (395 ± 25) m2/g, as given by the producer. However, due to the typical

production process, these primary particles are sintered to bigger agglomerates [204],
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resulting in a typical hydrodynamic radius of rh(FS) = 150 nm in aqueous dispersion as

confirmed with DLS. The measurement was performed at diluted conditions of

0.035 to 0.7 % w/v FS, each for NaCl concentrations of 0, 1, 10 and 100 mM (Fig. A2).

For purification, the particles were subjected to a procedure according to Sperling et

al. [193, 194]. Therefore, solid particles have been immersed in milliQ-water at a

concentration of 4 mg/ml under vigorous stirring for 3 h. The resulting milky suspension

was washed by centrifugation at 1600 g for 30 min. The supernatant was discarded and

replaced with water. This process was repeated twice followed by concentration of the

suspension to 2-3 % of initial volume. The concentrated suspension was then sonicated

for 45 min at room temperature and the final concentration was adjusted to 0.07 g/ml

(7 % w/v). The final viscous suspension was of milky appearance and showed a pH of 5.7.

Polystyrene Latex

Aqueous polystyrene (PS) latex microsphere dispersions were purchased from (d = 0.96 µm,

YG-fluorescent, d = 1.07 µm). The dispersions were pre-cleaned as described by Velev et

al. [79]. Briefly, a desired amount was centrifuged at 3000 g for 20 min and the supernatant

was discarded and refilled with milliQ-water. This process was repeated twice, where after

the third centrifugation the final concentration was set to c = 20 % v/v.

Fe3O4@SiO2-Particles

Magnetite particles were prepared via a co-precipitation of method according to a

procedure reported elsewhere [205]. Briefly, an aqueous solution of 1.24 M FeCl3 and

0.61 M FeCl2 in 0.4 M HCl was added dropwise to an aqueous solution of 1.5 M of NaOH

under vigorous stirring. The volumetric ratio of the solutions was 1:10 and the reaction

was performed at room temperature under N2-atmosphere using deoxygenated

milliQ-water (30 min of bubbling with N2). A black precipitate was immediately formed,

which was separated by application of a magnetic field using external magnets. This was

followed by decantation of the clear supernatant and refilling with milliQ-water, which,

including magnetic sedimentation, was repeated three times. Finally, the suspension was

concentrated to 0.5 % w/w determined via gravimetry. The particles were of 8-15 nm

diameter as measured by TEM (see Fig. A3).

The as-prepared Fe3O4 particles were subjected to covering with silica in order to

minimize surface effects during interaction with FS. Therefore 10 mg of the particles were

immersed in 15 ml of ethanol, followed by addition of 194 µl of tetraethyl orthosilicate.

After sonication for 15 min, 1 ml of aqueous ammonia solution (25 % w/v) was added and

the solution was shaken gently for 1 h using a vortex. The resulting suspension was cleaned

three times with desoxygenated milliQ-water using magnetic field sedimentation. The final

concentration was set to 2.6 % w/w at mass-ratio of silica to Fe3O4 of 7.7, determined via

gravimetry, which translates to an average silica shell of 9-17 nm.

38



4.2.3. Supraparticle Preparation

Pure Fumed Silica Suspensions

Droplets of distinct sizes between 1-5 µl and compositions were deposited on a Cu-Ag

SH-surface (see section 3.2.1 in chapter 3) [179] and enclosed in a glass chamber. The

relative humidtiy H was controlled by using satured salt solutions. LiBr, K2CO3 and NaCl

solutions were used to adjust H to 10, 43 and 75 %, respectively, where the deviation was

about 10 to 15 % during the drying process [109, 110]. The concentration of FS was set to

1.75, 3.5 and 5.25 % w/v, respectively, at different salt concentrations of NaCl ranging from

0 up to 100 mM.

In three different experiments we varied the concentration of FS, ambient humidity and

droplet size, where for the latter two the FS concentration was constantly set to 3.5 % w/v.

Polystyrene (PS) Latex Addition

FS and PS-latex microspheres (d = 0.96 µm) were mixed at a constant FS/latex mass-ratio

of 14.7 and applied to the initial droplets at a FS concentration of 1.75, 3.5 and 5.25 % w/v,

respectively, and different concentrations of NaCl ranging from 0 up to 100 mM.

In order to check for the maximum applicable amount of PS-latex while still retaining

anisometric supraparticles after drying, we varied the mass-ratio of PS-latex:FS from 0 to

3 at constant FS concentration of 3.5 % w/v and 25 mM NaCl.

The droplets were deposited on a Cu-Ag SH-surface (see section 3.2.1 in chapter 3) at

a constant volume of 3 µl and the ambient humidity H was set to ~43 % using a saturated

aqueous K2CO3 solution inside a glass chamber [109, 110].

4.2.4. Setup for Anisometry Analysis

Dried FS supraparticles were observed with through a Carl Zeiss JENAPOL optical

microscope using a Planchromat LD 4×/0.05 objective from Carl Zeiss and analyzed for

their anisometry A, measuring the principal axes length (length: Dl vs width: Dw) ratio

from top view (see Fig. A1 in appendix and Eq. 4.1). The images were recorded using a

USB camera type DFK 72AUC02 via IC-Capture, both from The Imaging Source, and

analyzed using Fiji/ImageJ editing software [206, 207].

A =
Dl

Dw

(4.1)

4.2.5. Setup for Drying Process Observation

The drying process was observed by enclosure of several droplets of 3 µl size (maximum of

10 at once), deposited on a Cu-Ag SH-surface (see section 3.2.1 in chapter 3), inside a glass

chamber at a humidity of H~ (43 ± 10) % using a saturated K2CO3 solution [109, 110]. The
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droplets were observed from top view using a USB camera type DFK 72AUC02 via IC-

Capture, both from The Imaging Source, with a mounted macro objective type TV LENS

C2514-M(KP) 25mm F/1.4 from PENTAX and images were taken in time intervals of each

3 s. The initial droplet fumed silica (FS) concentrations were varied between 1 and 5 % w/v

in increments of 1 % w/v as well as 1.75, 3.5 and 5.25 % w/v. Thereby the NaCl concentration

was kept constant at 25 mM.

The obtained image sequences were analyzed by means of determining the droplets’

anisometries (Dl:Dw-ratio) over time and extracting the critical time of beginning droplet

deformation (tcrit), equaling Dl:Dw-ratios consistently larger than 1.

4.2.6. SEM sample preparation

New silicon wafers were cleaned with the commonly known RCA-method. Briefly, the

wafers were immersed into a mixture of H2O:NH3:H2O2 (concentrated solutions of NH3

and H2O2) at a volumetric ratio of 5:1:1 at 70 ◦C for 20 min, afterwards rinsed with milliQ-

water and stored in absolute ethanol. In a final cleaning step they were transferred to a

plasma cleaner (O2-plasma, Femto from Diener electric) for 20 min.

For the coating process, the suspensions containing the desired concentrations of NaCl

and FS were spin-coated (model P6700 Series from SCS) at 2000 RPM over 2 min onto

the as-prepared wafers. The dried films were measured at a Zeiss DSM 982 GEMINI

HR-SEM instrument using the Digital Image Scanning System software (DISS) from Point

Electronic.

4.2.7. Pendant Drop Experiments

Droplets of 9 µl volume and containing 5 % w/v FS were deposited onto a Cu-Ag SH-

surface (see section 3.2.1 in chapter 3) and picked with an empty Teflon R©-capillary. The

hanging drop was then recorded in time intervals of 10 s each using a Contact Angle System

OCA15/20 via SCA20 software (both from dataPhysics). The ambient temperature was

of (21 ± 1) ◦C and the humidity of ~20 %, while throughout measuring several droplets,

we altered the ionic strength of the suspnesions to 0, 10, 25, 50, 100 mM, respectively, via

addition of NaCl.

4.2.8. Analysis Procedure for Controlled Deformation on Bent Surfaces

For anisometry analysis, 3 µl droplets containing different amounts of NaCl in the range

from 0.001 to 10 mM at a FS concentration of 3.5 % w/v were deposited on a bent Cu-

Ag SH-surface with a bending angle of γ = 90 ◦ (see section 3.2.1 in chapter 3). At

each NaCl concentration, 30 droplets were measured in order to compare the data to the

results obtained on flat Cu-Ag surfaces. The humidity was set between 0-25 % using drying

agent inside a chamber environment. Furthermore, we measured the anisometry values for
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similar amounts of 3 µl sized droplets at 5 mM NaCl, while varying the bending angle γ to

60, 75, 90, 120 and 150 ◦.

Fig. 4.1: Identification of length, Dl (red), and width diameter, Dw (cyan), with
respect to final particle orientation given by the angle ϕ. Red and cyan areas represent
Dl- and Dw-associated domains (pre-analysis) throughout the analysis of the drying
process in terms of angle of Dl (and subsequently Dw) to surface bending axis. The
latter during evaluation was set parallel to the image horizontal (image taken from
top-view, as shown in the inset). Altered from [208].

The drying process observation on bent surfaces monitoring single droplets from top

view was performed through a WILD M420 1.25×/1:5 macro-zoom macroscope setup

using a USB camera type DFK 72AUC02 via IC-Capture, both from The Imaging Source.

The droplet size was similarly set to 3 µl and the process was observed taking images in

intervals of 10 s each until total drying. The magnification was thereby set in order to

fit the initial droplet size. Afterwards, the image sequence was analyzed via ImageJ with

respect to droplet anisometry over time, yielding the corresponding A (t)-function. This

was done fixing the two diameters to their final orientation via pre-analysis of the final

particle shape and position, which allows for identification of Dl and Dw already at the

initial droplet stage, where no anisometry is present (see also Fig. 4.1). Their orientation

is introduced here by the angle ϕ evaluated using ImageJ by calculating the angle between

Dl to the overall image horizontal, which was set parallel to the surface’s bending channel.

Consequently, Dw can be found orthogonal to Dl. Allowing tolerance of ±45 ◦ with respect

to the very final orientation of Dl and Dw correlates both for each time interval during the

whole drying process. The analysis of the image stack data received from ImageJ was then

processed using Python programming software [209].

The CAs were measured for all bending angles at a Contact Angle System OCA15/20

via SCA20 software (both from dataPhysics) using 3 µl water droplets.
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4.2.9. CLSM Experiments

Labelled Fumed Silica

The fumed silica (FS) preparation was done similar to the previous experiments, but with

addition of Rhodamine 6G (absorption λex
max = 535 nm, emission λem

max = 560 nm) during

the dispersion process. Briefly, 0.07 g of FS was dispersed in 17.5 ml of water under vigorous

stirring. A stock solution of Rhodamine 6G in water was prepared at 1.2 mg/ml, which was

added in order to set the overall ratio of Rhodamine:FS to 0.28·10−3 within the suspension.

After further stirring for 3 h, the suspension containing clearly coloured particles was

subjected to cleaning process by centrifugation. The centrifugation was done each for

20 min at 3160 g, whereupon the supernatant was discarded and replaced with fresh milliQ-

water. It may be noted here that the supernatant was water-clear and did not show any

visible colour (see Fig. A7(a)). Repeating this process twice, the particles were afterwards

concentrated via a last centrifugation and their concentration was measured by drying.

The final FS concentration was set to 7 % w/v, similar to previous experiments. After

concentration, a little amount of Alexa Fluor R©-488 (< 10 µg/ml, λex
max = 490 nm, λem

max =

525 nm) was added to the suspension and dispersed.

The droplets for the CLSM experiments were adjusted to a concentration of 3.5 % w/v

FS (i.e. 9.6 µg/ml Rhodamine 6G) and 0 or 25 mM of NaCl, respectively.

CLSM Setup

In order to provide homogeneous conditions during the drying process, the experiments

were conducted in a custom-built chamber allowing for setting and control of humidity

and temperature. A detailed description of the construction plan is given in section 2.2.1

of chapter 2. Prior to the measurement, the chamber was applied to a confocal inverted

microscopy setup from Leica, type SP5 II-DMI6000 B and the temperature was

equilibrated at 25 ◦C. This was followed by dispensing droplets of 3 µl volume onto a

transparent SH-surface located inside the sample holder (see section 3.2.2 in chapter 3 for

preparation). It is worth to note here, that for sufficient translucency, the silica layer of

these surfaces should not exceed 30 µm. The chamber was properly closed after being

equipped with cotton balls inside, soaked with saturated K2CO3 solution, providing a

constant humidity of ~43 % [109, 110]. Overall the process of droplet application until

start of measurement took about 1 min, which was subsequently added to the image

sequence’s drying time.

The measurement was performed in vertical xz-plane scan in consecutive following

time intervals of each 10 s using the HCX PL APO 40.0×0.85 DRY ojective from Leica.

It may be noted here that due to the contained air cushion within the SH-silica surface

layer required the utilization of a dry objective as a water immersion objective, which

would fit the refractive index of the water droplet, would suffer from total reflection at
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Fig. 4.2: Typical experiment including the resulting output
image overlay of simultaneous detection of fluorescence
and reflection. The HeNe-laser at 633 nm was used for
detecting the reflection from the droplet interface and the
glass substrate with the SH-layer of silica. For detection
of the droplet’s interior we used 488 nm Ar-laser excitation
wavelength and the fluorescence detection of Alexa-488 at
about ~500 nm. Similarly, the fumed silica particles were
imaged using 514 nm Ar-laser for excitation and Rhodamin
emission detection at ~570 nm. Adapted from [111].

the glass-SH-silica layer interface. This inevitable discrepancy in refractive index can,

however, corrected via proper calculation, which will be described next in section 4.2.10.

The scan frequency was set to 100 Hz at a pinhole size of 100 µm. Thereby, the xz-plane

was carefully set to the droplet center at the three-phase contact line (TPCL, Fig. 4.2),

obtained from the circular droplet curvature obtained from xy-plane scan. The images

were recorded using the Leica application suite (LAS AF) software provided by Lecia.

During scanning, three photomultiplier (PMT) detector channels were used, one in

reflection and the two remaining in fluorescence mode. In order to observe the surface

and interfacial dropet contour line we used reflection from HeNe-laser at 633 nm, where

the PMT-detector was set to a range of 630-636 nm. For the two fluorescence channels,

two Ar-laser lines were used at 488 and 514 nm. The corresponding PMT-detector width

was set to 493-509 nm and 570-586 nm, respectively. This allowed to separate the

emission of Rhodamine originating from the FS particles from that of Alexa, which did

not absorb onto the particles, which was shown by the measurement data at 0 mM of

NaCl, revealing holes in the Alexa background fluorecence, where the FS fluorescence

showed bigger agglomerates. (see Fig. A6). Moreover UV-VIS experiments also confirmed

non-adsorption of Alexa compared to good Rhodamine uptake by the FS particles (see

Fig. A7(b)). Therefore we may use Alexa fluorescence as background, since at 25 mM it

showed homogeneous distribution (see Fig. 4.17). The graphical illustration for this

experiment can be found in Fig. 4.2 including an example output image overlay of the

three PMT detector channels.

4.2.10. CLSM Data Evaluation

In the calculations, all images were converted to 8 bit grayscale l × c-matrices of float-type

(pixel size, l,c = 512, l ∼= row, c ∼= column) using Python’s [209] PIL library [210] in
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combination with NumPy [211] and SciPy [212] modules [209]. The general evaluation

prcoedure is illustrated in Figure 4.3. The following procedure was repeated for all images

within the time sequence of the drying process.

Fig. 4.3: Process chart for the evaluation of image sequence measurement
channels (white: reflection, yellow-FS: FS particle fluorescence Rhodamine
6G, green-BG: background fluorescence Alexa-488) obtained from confocal
microscopy. Top to bottom: (a) incremental tangential fit of droplet
contour line in reflection image to obtain angle αk from its slope sk

(Eq. 4.2), (b) division of FS particle fluorescence by background, (c)
correction of refractive index for the droplet area (Eq. 4.5), (d) rotation
of the obtained image from (c) by αk with rotation axis located at
the interfacial tangential point, (e) vertical walk from contour point
and extraction of corresponding brightness values resembling effective
fluorescence intensity. All calculations are performed on 8 bit grayscale
converted images. Adapted from [111].

In order to determine the appropriate thickness it is vital to extract the intensity profile

by means of orthogonal distance to the droplet contour line. Accordingly, when rotating

the corresponding fluorescence image by the appropriate angle, the image vertical can be

overlaid with the referring contour line orthogonal. Therefore each angle αk was determined

via incremental (interval k) tangential fit along the droplet contour line obtained from
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reflection image as shown in Fig. 4.3(a). Extracting each individual slope sk, thereby

yields the respective αk value using Eq. 4.2.

αk = arctan (sk) (4.2)

Mathematically, the contour line was extracted determining max-values lmax, cmax along

each image vertical line and being situated above the surface, i.e. within each column

vector.

Regarding the experimental conditions one has to consider intensity and distance

aberrations arising from droplet curvature and change in refractive index, respectively.

These artificial distortions have to be extinguished prior to the intensity profile

evaluation. In order to correct for the intensity aberrations, the FS fluorescence matrix

Fl×c = (fi,j)i=1...l,j=1...c, was converted using the Alexa background matrix

Bl×c = (bi,j)i=1...l,j=1...c, by means of incremental division of brightness values, fi,j and bi,j

(matrices Fl×c & Bl×c are shown in Eq. 4.3).

Fl×c =

















f1,1 f1,2 · · · f1,c

f2,1 f2,2 · · · f2,c

...
...

. . .
...

fl,1 fl,2 · · · fl,c

















, Bl×c =

















b1,1 b1,2 · · · b1,c

b2,1 b2,2 · · · b2,c

...
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. . .
...

bl,1 bl,2 · · · bl,c

















(4.3)

This yielded F BG
l×c , as also shown from the example in Fig. 4.3(b) (yellow: FS and green:

background Alexa). For the case of occurring empty pixels, i.e. with values of bi,j = 0, the

corresponding value for
(

f
b

)

i,j
in F BG

l×c is set to 0 in order to avoid division artifacts and

just consider background corrected pixels (Eq. 4.4).
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with,
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f

b

)

i,j

:=























fi,j

bi,j
, ∀ i, j | 0 ≤ i, j ≤ l, c ∧ bi,j 6= 0

0 , ∀ i, j | 0 ≤ i, j ≤ l, c ∧ bi,j = 0

(4.4)
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In the next step, as mentioned above and described in Fig. 4.3(c), the distances observed

within the droplet have to be corrected within F BG
l×c . Due to the difference in refractive

index of the objective immersion medium (dry objective, nr,air = 1) and the water droplet

(nr,water = 1.33), the vertical distances within the latter appear shorter than compared

to reality. Generally spoken, these distances appear shorter or larger, respectively, if the

medium has a higher or lower refractive index than the objective, where the extent of this

effect is determined by the corresponding ratio. The resulting compression is proportional

to the distance of each pixel to the droplet interface (i > lmax) along the image vertical

line. For correction, this distance has to be stretched by the factor of nr,water, which

was done by re-locating each pixel within the droplet area to its corresponding proper

coordinate, yielding F BG,Idx
l×c = (ai,j)i=1...l,j=1...c (Eq. 4.5). It may be added here, that

the refractive index of the FS particles can be estimated at nr,F S ≈ 1.46 [213, 214], but

due to the relatively low bulk volume fraction of θv(FS) < 0.03 throughout the observed

experimental time span, it is sufficiently accurate to assume the droplet’s refractive index

being similar to that of water.

F BG,Idx
l×c =

















a1,1 a1,2 · · · a1,c

a2,1 a2,2 · · · a2,c

...
...

. . .
...

al,1 al,2 · · · al,c

















with,

ai,j :=



























(

f
b

)

lmax+(i−lmax)/nr,water,j
, ∀ i, j | lmax < i < l ∧ 0 ≤ j ≤ c

(

f
b

)

i,j
, ∀ i, j | 0 < i ≤ lmax ∧ 0 ≤ j ≤ c

(4.5)

After refractive index correction, following the droplet’s interface contour line in

incrementally constant steps k, the matrix F BG,Idx
l×c , obtained above, gets rotated by the

corresponding αk-value, each derived according to Fig. 4.3(a). Thereby, the rotation axis

is set to the respective interfacial tangential point from which αk was determined,

defining depth z = 0. This results in the parallel alignment of the image vertical axis

(coordinate z) with the droplet radius for each incremental location at the interfacial

boundary as shown in Fig. 4.3(d). For each incremental step k, the intensity profile along

the associated radius is then analyzed and extracted as a function of depth z according to

Fig. 4.3(e). Finally, each picture’s intensity profile is given by averaging over all

incremental steps k, where in a typical evaluation procedure, k was set to 10, equaling a

10 pixel interval.
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4.3. Results & Discussion

4.3.1. Fumed Silica Guided Anisometry

The process of supraparticle formation was characterized comprehensively for different

starting concentrations of FS and NaCl and the resulting anisometry of the particles was

analyzed in a quantitative manner by the ratio of the two principal axes of a rotational

ellipsoid that can be fitted into the shapes of the final particles (for details see Fig. A1).

Fig. 4.4: Degree of anisometry of the dried FS supraparticles: As a function
of (a) the initial NaCl concentration for three different initial amounts of FS:
5.25 (triangles), 3.50 (squares), and 1.75 % w/v (circles); (b) the FS concentration for four NaCl
concentrations (average of 30 particles per data point). Adapted from [193, 194].

In Fig. 4.4(a) we present the anisometry data as a function of the initial NaCl

concentration, obtained from analyzing the shape of 30 supraparticles after complete

drying (it might be noted that there is a substantial variance of the anisometry of

individual particles). Average anisometry values of up to A = 1.6 are reached, rising

linearly from 0.5 mM on a logarithmic concentration scale until a maximum anisometry is

achieved around 25 mM NaCl. For higher NaCl concentrations the degree of anisometry

remains unchanged or becomes even somewhat smaller. An initial concentration of

~0.5 mM NaCl apparently is a threshold value for achieving anisometry, depending

weakly on increasing FS concentration. Fig. 4.4(b) shows that, for a given initial NaCl

concentration, the anisometry decreases somewhat with increasing FS concentration (see

also Fig. 4.5). However, this effect is much weaker than that of the ionic strength.

Representative examples of supraparticles obtained by variation of the initial FS and

NaCl concentration are presented in Fig. 4.5. Particles with rotational symmetry (spherical

for high FS concentration and doughnut-shaped for lower FS concentration) are always

obtained for very low NaCl concentrations of less than 0.5 mM (Fig. 4.5A-C), whereas for

concentrations around 0.5 mM, the particles begin to show slight anisometry (Fig. 4.5D-F).
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In contrast, already for 5 mM NaCl a much different behavior is evident and doughnut-

like particles are observed for high initial FS content (Fig. 4.5I), which become increasingly

anisometric for lower FS concentration (Fig. 4.5G-H), thereby resembling “boats”, i.e., with

increasing NaCl/FS ratio the structures are more elongated. The anisometry of particle

shape is even more pronounced in droplets from solutions of 25 mM NaCl (Fig. 4.5J-L).

Fig. 4.5: Examples of different types of
supraparticles formed after completion of
the drying process as a function of FS
and electrolyte concentrations. From left
to right the initial droplet concentrations
are: 1.75, 3.5, 5.25 % w/v FS. From top to
bottom: 0.001, 0.5, 5, 25 mM NaCl. The
micrograph at bottom right shows side
view of a folded “boat-like” structure. The
scale bars are equal to 0.5 mm. Altered
from [193, 194].

In general, an increase of the FS concentration leads to larger particles and is

accompanied by a transition to less anisometric particle shapes. In either case, the

concentration of electrolyte is the predominant control parameter for the particle

anisometry, while the content of FS determines mainly the total particle volume. This

trend could be observed practically independent from droplet size, as shown by other

experiments using different doplet sizes between 1-5 µl (data not shown).

4.3.2. Mechanism

The ability to robustly control the anisometry by the salt concentration is an unexpected

and interesting finding especially as already relatively low concentrations of NaCl in the

mM range have very pronounced effects on the structural evolution of the drying

supraparticles and the question arises by which mechanism this formation of anisometric

particles proceeds. A sound hypothesis of the mechanism responsible for this shape

transition, based on the temporal evolution of the droplets, is proposed in Fig. 4.6. We

consider four key steps (A-D), in order to explain the development of anisometry during

the evaporation process.

Initially the suspension droplet deposited onto the substrate contains a homogeneous

dispersion of ingredients (Fig. 4.6A). During the evaporation of the liquid the

concentration of FS at the droplet’s surface increases (Fig. 4.6B), as the surface advances
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Fig. 4.6: Examples of microscopy images (left)
from the drying process (FS 3.5 % w/v, initial
5 mM NaCl) with the percentage (time) of the
evaporation process until reaching the dry solid
state. A: Homogeneous ingredient distribution;
B: evporation leads to shell formation at the
interface due to particle accumulation because of
too slow diffusion; C: shell forced deformation
as consequence of the incapability to further
isometrically adapt to the shrinking droplet; D:
shape retention until total drying, i.e. particle
crystallization. The scale bars in the micrographs
are 0.5 mm. Schematic mechanism (right) of
particle elongation during the evaporation process
on a Cu-Ag SH-surface. Altered from [193, 194].

towards the interior, counterbalanced by FS and electrolyte diffusion. In order to get a

first estimate of this diffusion balance, one may consider the critical point of droplet

deformation (tcrit) until which isometric droplet shrinkage occurs. The average rate, by

which the surface front advances during that interval can be evaluated by taking into

account the loss in droplet radius ∆r until deformation also described in Eq. 4.6a, with

µe being the average velocity of droplet shrinking due to evaporation during the early

process prior to deformation. This function has been measured (Fig. A4) and µe was

found to be 0.17-0.28 µm/s, depending on the humidity maintained in the chamber. This

must be compared to the movement due to diffusion. For the FS particles the diffusion

coefficient DF S is 1.45x10−8 cm2/s (DLS). Comparing the distance of the moving

evaporation front (Eq. 4.6a) to the average diffusion path of the individual components

(Eq. 4.6b), we find that after ~100 s the evaporation caused surface propagation towards

the interior becomes larger than the diffusion path of the FS particles (see Figure S4). In

contrast, the electrolyte concentration profile remains homogeneous all over the droplet

as the salt ions; with DNaCl for NaCl being 1.6x105 cm2/s [215] diffuse rapidly enough to

avoid gradients during the evaporation time until total drying of the droplet.

∆r = µe · tcrit (4.6a)

∆x =
√

2 · D∆t (4.6b)

From this estimate we conclude that FS particles will accumulate at the water-air

interface and form an increasingly thick shell, whose structure and rigidity depends on

the ionic strength, whereas the NaCl concentration profile remains homogeneous

throughout the evaporating droplet. An increasing ionic strength decreases the
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electrostatic repulsion between the FS particles and therefore leads to a higher tendency

for agglomeration and coagulation that affects the compactness and rigidity of the formed

surface silica shell. This is also evidenced by the viscosity increase of FS solutions with

increasing NaCl concentration (see rheology measurements in Fig. A5 in appendix).

Apparently, above a critical concentration of NaCl of ~1 mM, (corresponding to a Debye

screening length of ~10 nm) the shell becomes so rigid that upon further evaporation it

can no longer flexibly adapt to an increasingly more curved spherical shape. Accordingly,

a tension builds up (similarly to a deflating balloon with a stiff shell), which naturally

leads to folding and an anisometric deformation of the shell (Fig. 4.6C). At this point a

breaking of the symmetry occurs, which for the “doughnuts” is still relatively high

(D∞,h), and now for the boat-shaped particles is much lower (C2v). This break of

symmetry takes place in an erratic way along the direction where by chance the droplet

surface is weakest, which is supported by the experimental observation that for droplets

deposited on the same surface at the same time the elongation direction of the droplets is

randomly oriented. This anisometric shape then is retained until complete drying to yield

solid and collectable supraparticles (Fig. 4.6D). It might also be noted that the amount of

NaCl contained is usually rather small (e. g. 1.7 wt% for 3.5 % w/v FS, 10 mM NaCl).

In section 4.3.4, a more detailed description including more exact evaporation kinetics

will be given by analyzing the deformation point of the droplets depending on initially

applied FS concentration at the ionic strength of maximum anisometry, which has shown

to be the case for 25 mM NaCl.

4.3.3. Evidence of Shell Formation Mechanism

The type of shell formation described in the mechanism in section 4.3.2 is also true for

doughnut formation [79] reported earlier, but due to the amorphous structure of FS

particles, they are able to form a dense, network structure, which is not the case for

crystalline silica particles used by Rastogi et al.

As a comparison we characterized the structure of dried films of FS obtained at planar

surfaces and we present a SEM photograph of FS particle suspensions dried at 0 and

100 mM of NaCl onto a silicon wafer via spin-coating (Fig. 4.7). Here one observes a much

smoother, more homogeneous and denser silica layer for the salt containing FS sample than

for that without added NaCl.

In order to further study the effect of drying on the FS/water surface, experiments

were done with droplets hanging at the end of a Teflon capillary (Fig. 4.8). Using droplets

containing 5 % w/v FS at different amounts of NaCl, we find that, if the droplet dries without

salt addition, a spherical shape is observed. This indicates that the particle interaction

is not strong enough to cause irreversible shell formation and that particles can rearrange

inside of the droplet upon shrinking. In contrast, if the ionic strength is high enough, we
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Fig. 4.7: SEM images of: (a) 3.5 % w/v FS spin-coated onto Si-wafer
at 0 mM,(b): 100 mM of NaCl. The images were taken at 10000x
magnification, observation angle of 70◦ & 15 kV acceleration; Scale bars
equal 2 µm. FS films prepared on Si-wafers show denser packing at high
ionic strength. Altered from [216].a

aSEM images taken by Christoph Fahrenson (ZELMI-TU Berlin)

find deformed structures similar as for the case of the drying process of sessile droplets on

a SH-surface, presented earlier above in Fig. 4.5. This finding can similarly be attributed

to the proposed shell formation mechanism. Due to shell formation by FS particles, an

internal force builds up preventing the droplet from following gravity, which would result in

an isometrically shaped supraparticle structure. This force increases with stronger particle

interaction causing an enhanced shell rigidity. Upon further drying the shell is no longer

able to adapt to the symmetrical and homogeneously shrinking droplet geometry and

therefore forces droplet deformation leading to shapes presented in Fig. 4.8.

Fig. 4.8: Resulting shapes from droplets containing 5 % w/v FS
dried hanging from an empty teflon capillary at different initial NaCl
concentrations, given in [mM]. Initial droplet size was set to 10 µl. Particle
shapes observed at applied ionic strength reveal shell formation. Altered
from [216].

Another evidence for the mechanism of evaporation induced shell formation can be

found while varying the evaporation rate. In order to achieve this, we varied ambient

humidity conditions, while carrying out experiments similar to our previous report [193,
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194]. We applied different humidities (H) by using appropriate saturated salt solutions.

The results are illustrated in Fig. 4.9.

Fig. 4.9: Humidity variation for pure fumed silica (FS) suprapartice formation at
an initial FS concentration of 3.5 % w/v. Particle anisometry A is given by the ratio
of principal axis lengths (Dl/Dw, y-axis) over initial droplet concentration of NaCl
(x-axis). Compared to medium humidity conditions (33-53 %, sat. K2CO3),at dry
conditions (sat. 6-30 %, sat. LiBr) the particles show an earlier increase in anisometry
but leading to undefined structures above initial 1 mM NaCl, at high humidity (65-85 %,
sat. NaCl) a total absence of anisometry is observed. Altered from [216].

We find that for rapid evaporation at dry conditions (LiBr, H ~6 %) highly anisometric

structures are already present at lower initial concentrations of NaCl compared to medium

humidity (K2CO3, H ~43 %). At such humidity the drying process takes approximately

20-30 min, whereas for the medium conditions it takes about 40-55 min. In contrast, for

high humidities (NaCl, H ~75 %) and drying times distinctly larger than 1 h, anisometric

structures are completely suppressed. For higher drying rates, FS collection at the surface

occurs much faster resulting from a higher velocity of droplet surface propagation, which

leads to an earlier built-up of an FS shell rigid enough to achieve droplet deformation. In

consequence larger droplets potentially can, if having similar shell rigidities, lead to more

pronounced elongation due to the deformation process, mentioned earlier. If the ionic

strength is increased above 1 mM, however, one observes rather ill-defined shapes without

clear geometric (elliptic) appearance, i.e. here the evaporation is apparently too fast to

allow for a well-defined process taking place. For the higher humidity and low drying rate,

however, the droplet’s surface propagation is decreased far enough to avoid shell formation.

This prevents deformation due to fast enough FS particle diffusion.

4.3.4. Droplet Deformation Point Studies

In order to get a more detailed description of the formation process described in section 4.3.2

we performed time-resolved experiments observing droplets from the top throughout the

drying process until the beginning of the deformation. Especially we were interested in the
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critical point of droplet deformation by means of the critical droplet size assuming spherical

shape at the onset of the transition. The experiment was carried out at eight different initial

concentrations of FS, 1 to 5 including 1.75, 3.5 and 5.25 % w/v at constant initial amount

of sodium chloride being 25 mM at conditions similar to our previous experiments.

Fig. 4.10: (a): Ratio of critical deformation volume to initial droplet volume over initial fumed
silica (FS) concentration. The droplet diameter was measured at initial surface application
and at the onset of deformation while assuming spherical shape. Black line shows inverse
function fit of Eq. 4.10b to Vcrit/Vini. The free parameter was csurf,ex(FS) and gave a value of
~8.16 µg/mm2. (b): Critical time until droplet deformation of 3 µl droplets containing different
initial concentrations of FS. Inverse function fit of Eq. 4.12 to tcrit is illustrated as black line.
The surface excess concentration of FS, csurf,ex(FS), was set 8.22 µg/mm2 (average from fit in
(a) and Fig. 4.11(a)). The free parameter was ttot and gave a value of 4665 s, which is in good
agreement with the observed drying times. Altered from [216].

The ratio of the critical to initial volume at the point of droplet deformation is given

in Fig. 4.10(a) as well as in Fig. 4.10(b), the critical time until this point. It is found that

the critical time for the onset of droplet deformation decreases with increasing amount of

FS, while the critical volume successively increases equaling larger critical droplet sizes.

The geometric changes of the droplets can now be used to estimate the thickness of the

silica shell. Starting at a critical droplet volume Vcrit we may calculate the evaporated

volume, Vevap via Eq. 4.8a. Multiplying Vevap with the initial FS concentration, cini(FS)

and dividing by the critical spherical droplet surface, we can then calculate the excess

concentration, csurf,ex, of FS at the droplet interface due to FS particles being left behind

by liquid evaporation (Eq. 4.7b).

Vevap = Vini − Vcrit (4.7a)

csurf,ex(FS) =
cini(FS) · Vevap

4π · r2
crit

(4.7b)
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If one now considers spherical droplet shape during the time interval before droplet

deformation, by using Eq. 4.7a, 4.7b it is possible to derive an expression, correlating the

difference in radii, ∆r (Eq. 4.8a), with the initial concentration of FS (Eq. 4.8b).

∆r = rini − rcrit (4.8a)

cini(FS) =
3 · csurf,ex(FS) (rini − ∆r)2

r3
ini − (rini − ∆r)3 (4.8b)

In order to verify this dependence, in Fig. 4.11(a) we plotted ∆r over cini (FS) and

fitted Eq. 4.8b to the data inversely, inversion being done by switching x- and y-scale of

the data during fit and re-plotting the obtained curve to the original presentation. We

assumed according to our mechanism a certain critical surface excess concentration of FS.

Therefore, during the fit csurf,ex(FS) was the free parameter and rini was set to 0.895 mm,

which corresponds to the radius for a sphere with the size of 3 µl equaling the initial droplet

size used during experiments. The obtained value was compared with the experimental

results measured by size determination of droplets directly after application and just before

deformation (black line in Fig. 4.11(b)).

Fig. 4.11: (a): Difference ∆r in radius due to evaporation from initial to critical droplet size
and average diffusion length ∆x of FS particles considering critical time interval and average
diffusion coefficient D(FS) of 1.45 x 10−12 m2/s (Eq. 4.9a). The black curve represents the
inverse function fit of Eq. 4.8b with the critical surface excess concentration of FS, csurf,ex(FS),
as free parameter. (b): Critical surface excess concentration of FS calculated from evaporated
volume considering initial applied amount of FS and critical droplet surface. The black line
represents average csurf,ex(FS) obtained from fit in (a) and Fig. 4.10(a). An almost constant
surface excess concentration of FS is reached, when the droplets start to deform. Altered from
[216].

Comparing ∆r with the average diffusion length in radial direction ∆x (Eq. 4.9a)

based on FS particle diffusion for a hydrodynamic radius of rh(FS) = ~150 nm, D(FS) =

1.45x10−12 m2/s and ∆t equaling the corresponding value for tcrit, it can be found that

the diffusion length is far too small to compensate the covered distance of the droplet
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surface (∆r). Even for the highest FS concentration observed (5.25 % w/v), we find that

the smallest difference in path length is about 100 µm. This refers to roughly a factor of

~300 of FS particles’ diameter, which is again higher for lower FS concentrations. The

diffusion coefficient can be calculated from Stokes-Einstein equation [217] (Eq. 4.9b) with

kB the Boltzmann constant, T the absolute temperature, η being liquid’s viscosity in [Pa · s]

and rh(FS) the average hydrodynamic radius of FS particles.

∆x(FS) =
√

2 · D(FS)∆t (4.9a)

D(FS) =
kBT

6πηrh(FS)
(4.9b)

In Fig. 4.11(a) one can see that Eq. 4.8b nicely describes the data obtained and shows a

good relation for csurf,ex(FS) with the experimental data (Fig. 4.11(b)). If we take Eq. 4.7b,

via simple calculations using Eq. 4.10a , we can derive a relation between cini(FS) and

Vcrit/Vini (Eq. 4.10b).

rcrit =
(

3

4π
Vcrit

)1/3

(4.10a)

cini(FS) =
(

36π

Vini

)1/3 csurf,ex(FS)
(

Vcrit

Vini

)2/3

1 −
(

Vcrit

Vini

) (4.10b)

In the same fashion it is possible to derive a correlation between tcrit and cini(FS).

Referring to the experimental setup, the drying process of the droplets on the Cu-Ag SH-

surfaces takes place with low contact angle hysteresis. This implies the constant contact

angle drying mode (CCA), where the drying kinetics have been derived earlier by Picknett

& Bexon [81]. In this work it was shown that the evaporation rate of spherical(-cap) shaped

droplets occuring at CCA-mode deposited on solid surfaces obeys proportionality to the

droplet radius (see also section 1.2.1. Using simple calculations it is possible to derive a

formula for the V (t) function (Eq. 4.11, with ttot being the total drying time of the droplet).

r(t) = rini

√

1 − t

ttot

(4.11)
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For the case of deforming droplet we may define rcrit according to Eq. 4.11 by setting

t = tcrit and by transferring rcrit to Eq. 4.8b using Eq. 4.8a we find the corresponding

expression for cini(FS) as a function of tcrit (Eq. 4.12).

cini(FS) =
3 · csurf,ex(FS)

(

1 − tcrit

ttot

)

rini

[

1 −
(

1 − tcrit

ttot

)3/2
] (4.12)

We used Eq. 4.10b and 4.12 to inversely fit the data from Fig. 4.10 and the results are

presented in Fig. 4.10. Again we observe good correlation of the data with the fits and

obtain reasonable values for csurf,ex(FS), the average being 8.22 µg/mm2, and ttot, which are

in agreement with experimental observations, which showed values of (8.1 ± 1) µg/mm2. This

confirms solidly and in a self-consistent fashion our assumed mechanism that deformation

at the critical point is directly related to the formation of a FS shell of certain thickness. We

may now derive the resulting shell thickness by considering an effective density ρ(FS) and

simple multiplication with csurf,ex(FS). This density is somewhat difficult to determine,

but assuming a typical solid density of FS of about 2.2 g/ml one may estimate a minimum

shell thickness of about (3.7 ± 0.1) µm of solid packed FS at the droplet interface at the

point where deformation sets in.

4.3.5. Empiric Formula

So far we considered the initial concentration of NaCl as control parameter. However, for

the situation at the deformation process its relevant concentration is the one at that point

of time being the critical time where deformation sets in.

Accordingly, we performed a rescaling of our original anisometry data to the new

obtained critical concentration of NaCl (Eq. 4.13).

ccrit (NaCl) =
Vini

Vcrit

· cini (NaCl) (4.13)

This led to an overlap of the curves between 0.5 and 25 mM of initial NaCl, which was

in the linear regime of increasing anisometry on the logarithmic scaled sodium chloride

concentration.

ccrit(NaCl)

cini(NaCl)
=

ccrit(FS)

cini(FS)
(4.14)

As a result we obtain a master curve for the anisometry dependence on the critical

concentration of NaCl at the point of droplet deformation (Fig. 4.12), where the
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Fig. 4.12: A for pure FS containing droplets as a function of the NaCl concentration at
the critical point (cf. also Fig. 4.11A). We observe an overlap of anisometric values for
all initial FS concentrations in the range from beginning to maximum deformation
(0.5-25 mM initial NaCl) showing linear behavior on the logarithmic scaled NaCl
concentration, Slope: 0.25 mM, y-intercept: 1.06. For rescaling the values for Vcrit/Vini

have been determined numerical from Eq. 4.10b at the three given FS concentrations
of 1.75, 3.5 and 5.25 % w/v. Altered from [216].

proportionalities of critical concentrations with respect to the initial ones is given by

Eq. 4.14.

A = 0.25 · lg
[

ccrit(FS) · cini(NaCl)

c0 · cini(FS)

]

+ 1.06 (4.15)

This linear overlap can be fitted by using Eq. 4.14, to give an empirical expression to

predict the average anisometry A of droplets depending on the initial concentration of FS

and NaCl (Eq. 4.15).

Fig. 4.13: Graphical illustration of Eq. 4.15. The color chart on the right side
represents z-axis anisomtery A-values.

The average of the critical concentration of FS, ccrit(FS) was determined at

(6.7 ± 0.5) % w/v, which leads to Eq. 4.15, with c0 being the units of concentration of
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NaCl, which is in this case related to [mM]. The graphical illustration is given in

Fig. 4.13.

4.3.6. Mixed Fumed Silica Systems

The addition of FS to supraparticles containing other colloidal components, such as

nanoparticles, opens the perspective of combining the anisometric shape with other

properties, such as magnetic, electric, optical or catalytic ones.

Fig. 4.14: Plot of anisometry (prinicpal axis length ratio, Dl/Dw) of supraparticles
containing fumed silica (FS) and polystyrene (PS) latex microspheres over logarithmic
NaCl concentration at 14.7 FS/PS-latex mass-ratio. Hollow symbols represent previous
results for pure FS supraparticles from section 4.3.1 [193, 194]. Similar results are
observed proving the applicability of the procedure to mixed particle systems. FS
concentration was set to (a) 1.75 %, (b) 3.5 %, (c) 5.25 % in w/v. Altered from [216].
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An important issue to investigate is therefore the addition of other colloidal components

to the system and their influence on the formation process as well as on the final shapes

with respect to anisometry.

As an example, we employed a model system by using PS-latex microspheres (0.96 µm

diameter) as co-ingredient. This was done by varying the initial concentration of NaCl in

droplets containing FS at concentrations of 1.75, 3.5 and 5.25 % w/v, where the mass-ratio

of FS:PS-latex was fixed to 14.7 (Fig. 4.14). We observe similar results as compared to

the pure FS system (Fig. 4.14). It is interesting to note that in general the anisometry

A as a function of the initial salt concentration for both the latex containing and pure

FS solutions changes in a similar fashion. However, the values of A are always shifted to

higher salt concentrations for the case of latex addition, which can be explained such that

the latex particles disrupt the formation of the rigid FS shell required for the deformation.

Accordingly a higher driving force (as given by the salt concentration) for its formation is

required.

Fig. 4.15: Representative examples of dried supraparticles derived from
droplets containing fumed silica (FS) and polystyrene (PS) latex particles.
FS/PS-latex mass-ratio is set to 14.7. left to right: increasing FS; top
to bottom: increased ionic strength; Similar structures as compared to
pure FS supraparticles are observed, proving anisometric hybrid material.
Scale bars equal 500 µm. Altered from [216].

Representative microscope images of dried FS/PS-latex particles are shown Fig. 4.15.

For the same FS concentration an increase in ionic strength enhances the total anisometry

(Fig. 4.15A, D, G). Increasing the amount of FS (Fig. 4.15 A-C, D-F, G-I), as the major

difference an overall increase of particle size is observed, without having much impact on

the anisometry. In Fig. 4.15A, especially, one can clearly see the patterning resulting from

the PS-latex microspheres, which is indicated by the white traces on top of the surface and

was frequently observed throughout the experiments.
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Fig. 4.16: Plot for supraparticle anisometry at FS concentration of 3.5 % w/v at
different mass-ratios of polystyrene latex (PS) and NaCl concentration of 25 mM.
Almost no effect on particle anisometry is observed for ratios up to 0.5, where for
1 still anisometric structures are observed vanishing for greater ratios. Altered from
[216].

We were as well interested in the overall limit upon which the addition of the same

PS-latex microspheres does not affect the supraparticle anisometry. For this purpose we

added different amounts of these spheres to a constant amount of 3.5 % w/v FS at 25 mM

of NaCl, which has shown to provide the highest deformation potential in the previous

experiments (Fig. 4.16). Interestingly the limit seems to be around 0.5 overall PS-latex:FS

mass-ratio. This amount is remarkably high considering the size of microspheres with

0.96 µm diameter, which should substantially disrupt shell formation. Above this ratio,

however, the disruption of the FS shell formation is increasingly high until the FS particle

interaction is no longer capable to sufficiently deform the droplet, which would lead to

anisometric supraparticles.

4.3.7. Shell Quantification via CLSM

The distribution of FS particles in sessile drops in three dimensions was measured with

CLSM at the macroscopic three-phase contact line (TPCL). Vertical slicing provided by the

xz-scan mode proved that the drop is in the Cassie wetting state [167], as the SH-surface

is not penetrated. In addition, excellent water repellency is confirmed by the high static

macroscopic contact angle of 165.8 ◦ (see Fig. 3.5 in section 3.2.2). In Fig. 4.17 an image

sequence is given for a droplet of initial 3 µl volume, containing 3.5 % w/v FS and 25 mM

NaCl. In course of evaporation, the drop volume decreased and FS concentration increased.

For about t = 13 min the TPCL remained pinned and the contact angle decreased. When

the contact angle reached (159 ± 1) ◦, the TPCL depinned and started to recede.

In course of evaporation, starting with a homogeneous distribution at 2 min the drop

volume decreased and FS concentration increased, while the TPCL remained pinned for

about t = 13 min with subsequent depinning after the contact angle reached (159 ± 1) ◦.
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Fig. 4.17: Image Sequence of the drying process of a fumed silica (FS fluorescence
images upper row) containing a 3 µl droplet at 25 mM NaCl. The corresponding time
is given in [min]. In contrast to 0 mM NaCl shown in Fig. A6, Alexa-488 (background
fluorescence BG, images lower row) shows a homogeneous distribution, which can be
adressed to reduced Debye screening length. Adapted from [111].

Over time, the FS particles seem to accumulate near the droplet interface until 18 min,

which is close to the time of droplet deformation (see deformed interfacial contour line in

Fig. A6 at similar time resembling droplet solidification). Thereby, this increase in intensity

is not only caused by measurement artifacts, as the BG fluorescence channel does not show

such a high increase.

In order to extract the relative accumulation of FS particle fluorescence over time, after

all necessary image evaluation steps (see section 4.2.10), we divided all curves by the one

at t = 0, which in turn is proportional to the spatially resolved increase in concentration.

Moreover this procedure eliminates early sedimentation effects given that for agglomerates

of > 5 µm size, which are clearly visible in Fig. 4.17, the estimated sedimentation time

according to Stoke’s law is less than ~1 min for a travel distance equal to the typical

initial droplet height of less than 2 mm. As the application of the droplet until start of

measurement due to practical reasons already exceeds that time limit, we may conclude

that this early sedimentation has already reached equilibrium state within the first image

of the sequence, which is also optically supported by the image series in Fig. 4.17.

The final result of this procedure is shown in Fig. 4.18 as function of time and vertical

surface distance. Within a few minutes, we indeed observe an increase in intensity close to

the interface until depths of about z ≈ 22 µm.
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Fig. 4.18: (a) Observed average volume fractions over vertical distance from the
droplet contour towards the interior at different drying times for a droplet initial
concentration of 3.5 % w/v FS and 25 mM NaCl. The color chart on the right represents
the z-axis normalized intensity. (b) Excerpts for 2, 4 10 and 18 min, respectively from
(a). A clear increase in interfacial particle concentration up to a distance of 22 µm can
be observed reaching about 1.5 times the initial intensity. Moreover the decay area
gets narrower with time, as also shown by the fits (magenta) using Eq. 4.16. Adapted
from [111].
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Fig. 4.19: Evaluation results from Boltzmann fits for the time sequence at 25 mM
NaCl and 3.5 % w/v FS: (a) Position of inflection point by means of distance to the
droplet interface resembling shell thickness, (b) intensity step height between shell
and bulk and (c) width of inflection area, i.e. shell boundary. With increasing time
the point of inflection occurs at higher intensity while reaching a constant distance
with narrowing inflection area. This may be related to increasing compression of the
interfacial FS layer. Adapted from [111].a

aTime-resolved evaluation via smooth step function was performed by Dr. Periklis
Papadopoulos (UOI, Greece)

We were fitting intensity curves with the smooth step function shown in Eq. 4.16, where

z0 represents the inflection point, which we refer to as shell thickness value and w the step

width.

I(z) = I0 +
∆I

1 + exp((z − z0)/w)
(4.16)

According to this approach, I0 is the intensity at the drop interior, ∆I intensity increase

at the shell, i.e. intensity step, z0 the shell thickness and w the shell boundary width

(Fig. 4.18(b)). These values are summarized over time in Fig. 4.19. At short times a

shell with low density contrast from the rest of the drop forms. In course of evaporation

this shell becomes denser and somewhat thinner, reaching a constant thickness of about

22 µm after 5 min. In contrast, ∆I increases with time, showing that the shell becomes

increasingly dense compared with the bulk. The apparentdecrease after t = 18 min is an
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artifact caused by the saturation of intensity at the shell. Surprisingly, this shell has a

rather sharp boundary, with its transition width being no more than 2 µm at any time.

θv(FS) =
csurf,ex(FS)

z0ρF S

(4.17)

In section 4.3.4 the FS surface excess concentration, csurf,ex(FS), at the point of droplet

deformation was revealed at 8.22 µg/mm2. It was shown that this excess concentration builds

up due to evaporation at the droplet interface, leaving behind the contained FS particles

unable to diffuse fast enough. More precise, for the highest FS concentration, i.e. the

earliest deformation, the path length due to the shrinking droplet radius is already > 150 %

of the radial diffusion length of the FS particles (rh(FS) = 150 nm). This translates with

good approximation (Eq. 4.17, ρF S = 2.2 g/ml) into an excess volume fraction of about

~0.17. As a result, the viscosity within the interfacial region is significantly enhanced,

resembling a robust FS mantle, able to prevent further droplet shrinking, hence promoting

droplet deformation. These findings may serve as a quantifiable proof for the mechanism

hypothesis.

4.3.8. Controlling Anisometric Direction

Generally the formation of anisometric supraparticles can be attributed to a diffusion

controlled shell formation mechanism during the drying process illustrated in Fig. 4.20.

Compared to our previous experiments the droplets were applied to a bent SH-surface

with γ being its bending angle. This results in a sessile droplet sitting centered within

the bending legs of the surface (Fig. 4.20(a)). While evaporation can occur freely on the

free droplet sides, the sides on the droplet axis, perpendicular to the bending channel are

blocked by the solid surface, preventing free vapor diffusion (Fig. 4.20(b)). Accordingly,

at the free droplet sides, the droplet surface propagated much stronger towards the center,

leading to stronger FS particle collection as compared to the blocked sides.

This subsequently leads to a tension force Ft, not allowing the droplet to further shrink

along the axis parallel to the bending channel, necessary to keep spherical shape. As a

result, the droplet undergoes change of symmetry, elongating perpendicular to the bending

channel towards the soft ends (Fig. 4.20(c)). This anisometric shape is kept while the

droplet shrinks further until total drying (Fig. 4.20(d)).

We systematically altered the initially applied droplet ionic strength similar to

previous experiments for flat surfaces (γ = 180 ◦, section 4.3.1). The results are shown in

Fig. 4.21. It can be observed that for the introduction of lower bending angles it is

possible to significantly increase the resulting supraparticle anisometry. The anisometry

thereby is determined by the ratio of principal axis length with respect to the diameters

resulting from elliptical fit of the inidivdual microscopic supraparticle top-view.
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Fig. 4.20: Mechanism of anisometric evaporation on bent SH-surface from top
view and the referring side perspective at the bottom. Top-view real images for
various points in time are shown at the bottom. The scale bars correspond to
1 mm. A: The ingredient particles are homogeneously distributed throughout the
whole droplet, sitting centrally within the hollow of the bending; B: Anisometric
evaporation occurs due to blocking the droplet sides on the axis perpendicular to the
bending; C: Stronger FS particle collection on the droplet free sides of evaporation
causes shell induced tension promoting liquid flow, elongating the droplet onto the
surface walls; D: The shape is retained while further shrinking towards a final dried
FS supraparticle. Altered from [208].

Moreover, besides achieving more anisometric structures, also the standard deviation of

anisometry values observed for a given NaCl concentration decreases by about up to

~40 %, leading to more well-defined supraparticles. For the highest anisometry values

observed with surfaces providing a bending angle of 90 ◦ this results in a polydispersity,

i.e. relative standard deviation, of about 11 % for Amax = 1.76 compared to almost 19 %

for Amax = 1.55 (not shown in Fig. 4.21, see Fig. 4.4 in section 4.3.1), observed on flat

surfaces. However, in general this polydispersity increases with increasing anisometry.

We also comprehensively analyzed the dependence of observed anisometry values A as

well as particle orientation angles ϕ as a function of the different surface bending angles

γ. This was done at 5 mM of NaCl, 3.5 % w/v FS and 3 µl droplet size, where the results

are summarized in Table 4.2 and an overview image of dried supraparticles on γ = 90 ◦

surfaces is given in Fig. A8. One can see that a bending angle γ of 90 ◦ shows the highest

anistropy, while maintaining a much lower standard deviation of the values compared to

the flat case. This is important for further modification via external means concurrent to

the dyring process, e.g. patch formation, which will also be shown later-on in this section.

Experiments also revealed that for γ ≤ 90 ◦ the anisometric orientation was exclusively

observed being orthogonal to the bending channel, with the precision of orientation at
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Fig. 4.21: Anisometry of fumed silica (FS) supraparticles dried
from aqueous suspension droplets containing 3.5 % w/v FS. The
droplet were dried on Cu-Ag SH-surfaces with different bending
angles γ, where for values of γ smaller than 180◦ the humidity
was lowered using drying agent. The resulting anisometry values
are compared to our previous results from droplets drying on flat
surfaces (γ = 180◦) at medium humidity using saturated K2CO3

solution[193, 194]. Altered from [208].a

aSupraparticle synthesis was done by H. Esra Oguztürk (TU
Berlin, Germany)

its highest for 90 ◦ (Table 4.2). In contrast, for γ > 90 ◦ a significant loss in reliability

on the final particle orientation was observed. This clearly points at γ = 90 ◦ being the

optimum setup due to the combination of high supraparticle anisometry with predictable

final orientation. It may be noted here that for NaCl concentrations lower than 0.5 mM

this control of direction did not occur.

Tab. 4.2: Observed anisotropies A and orientation angles ϕ for different surface bending angles γ. The
corresponding experiments were carried out at 5 mM of NaCl and 3.5 % w/v FS. An overview of dried
supraparticles on a γ = 90 ◦ Cu-Ag SH-surface is given in Fig. A8. Taken from [208]

γ A ϕ

60 ◦a 1.38 ± 0.19 19.56

75 ◦a 1.45 ± 0.12 4.27

90 ◦b 1.76 ± 0.20 2.93

120 ◦a 1.59 ± 0.21 21.79

150 ◦a 1.60 ± 0.19 27.83

180 ◦ 1.39 ± 0.24 random

aSupraparticle synthesis and parts of the evaluation were done by Vivian J. Spiering (TU Berlin,
Germany)

bSupraparticle synthesis was done by H. Esra Oguztürk (TU Berlin, Germany)

Besides the observations given above, as well of importance, the overall drying process

is notably accelerated as the humidity can be set to lower values, where at low humidity

fast drying is observed. Note that for the case of flat surfaces, this leads to rather ill-defined

supraparticles, which did not allow anisometry analysis for concentrations of NaCl above
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1 mM (see Fig. 4.9 in section 4.3.3). However, for our apporach with bent surfaces, this

results in a reduction of drying time by about 15 min, which is an important advantage for

the practical formation of such supraparticles.

The control of anisometric direction resembles a major improvement. Having a

predictable the orientation of the anisometric supraparticle, via addition of other colloids,

such as magnetic Fe3O4, it is possible to fabricate anisometric patchy particles with

defined control of the patch location within the supraparticles.

Fig. 4.22: Example image sequences for drying droplets with applied magnetic field
containing 1.75 % w/v FS, 0.125 % w/v Fe3O4@SiO2 and 2.5 mM of NaCl. Images on the
right-hand side show magnified zoomed-in particles as indicated by the yellow markings
(0.5 mm scale bars). (a): A droplet is dried on a surface with γ = 90◦ and the magnet is
applied parallel to the bending channel; (b): Similar to (a) but with orthogonally applied
magnet; (c): Applied magnet for a droplet on a flat surface (γ = 180◦). A control on the
final patch position with respect to particle anisometry is granted due to prediction of its
direction at the end of the drying process. Other scale bars are 1 mm and the employed
NdFeB-magnets had a core strength of 1.02 T. Altered from [208].a

aExperiments performed by Vivian J. Spiering (TU Berlin, Germany)

As an example, this has been done by using magnetic Fe3O4@SiO2 nanoparticles

(diameter ~20-30 nm) and directing them to different spots of the supraparticles by an

external magnetic field (Figure 4.22). In Fig. 4.22(a) and (b) a 90 ◦ surface was employed

and a magnet was placed close to the droplet (a) wihtin the bending channel, i.e. parallel

and (b) perpendicular to it. As a result we find that the patch location in the drying

droplet and final anisometric supraparticle is situated along with the width (Dw) or

length diameter (Dl), respectively, as originally intended. However, for the case of a flat

surface, shown in Fig. 4.22(c), one does not find a specific controllable location of the

patch with respect to the supraparticle shape. Accordingly, with this modified method

for the formation of supraparticles, where the elongational direction is well-controlled and

predictable, one may form precisely defined anisometric patchy particles.
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In order to explain the controlled orientation of dried particles, one may take into

account the kinetics of sessile droplet evaporation. Picknett & Bexon [81] used an empiric

approach to determine evaporation rates of droplets sitting on a flat surface depending on

surface contact angle (CA) and drying mode, resulting in Eq. 4.18a & 4.18b. When it

comes to liquid evaporation from a surface, the rate of mass leaving the droplet must be

determined by the diffusion coefficient of the vapor component in air D, and the

concentration of the component at the interface compared to the surrounding

atmosphere. Note that for saturated humidity, without change of conditions water

droplets will not evaporate as the atmosphere is not able to take water molecules up

anymore. In order to introduce the influence of surface CA on the evaporation, Eq. 4.18a

was derived, with rd being the droplet’s radius of curvature, cs and c∞ the vapor

concentration close to the liquid-air interface and far from it, respectively, ρl the liquid

density, and f (θ) an empiric polynomial function depending on the surface CA θ

(0.175 ≤ θ ≤ π), described in Eq. 4.18b.

V̇ =
4πrd

ρl

D (cs − c∞) f (θ) (4.18a)

f (θ) = 0.00008957 + 0.6333θ + 0.1160θ2

− 0.08878θ3 + 0.01033θ4
(4.18b)

This empiric function f (θ) in Eq. 4.18b was derived from Snow’s series [83] using the

analogy of diffusive flux and electrostatic potential, derived earlier by Maxwell. Thereby,

Snow was calculating the electrostatic potentials, each of a given equi-convex lens after

shape variation, from which f could be gained by polynomial approximation.

Using bent surfaces, different evaporation rates are observed with respect to shrinking

droplet radius when comparing the droplet axis perpendicular and parallel to that of the

bending, hence yielding anisometric evaporation rates. In order to account for this, one may

be introduce an apparent CA θ′
b, resulting from the additional blocked droplet interface by

the upward directed surface ends as shown in Fig. 4.23. This apparent CA may be derived

using simple geometric relations, expressed in Eq. 4.19, where γ represents the bending

angle of the surface and θb the native surface CA, at the blocking sides.

θ′
b = θb − 180 − γ

2
(4.19)
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Fig. 4.23: Adapted geometry for a drying sessile droplet on a bent SH-surface with
bending angle γ. The bent surface structure leads to an apparent CA θ′

b that can
be expressed by θb and γ following Eq. 4.19. This results for the blocked sides in a
sessile droplet sitting on a flat hypothetical surface according to (a), indicated with the
dashed line. The corresponding hypothetical droplet height h calculated according to
Eq. 4.20b, where α gives the angle between the radius and the dashed surface, where
the relation to θ′

b is given by Eq. 4.20a. Altered from [208].

Thereby, if one defines α as the angle between the apparent flat surface creating θ′
b

(dashed black line in Fig. 4.23), it may then be described using Eq. 4.20a, where the

corresponding height of the unblocked droplet cap is expressed in Eq. 4.20b.

α = θ′
b − 90 (4.20a)

h = rd (1 + sin α) (4.20b)

Accordingly, if one now calculates the ratio of evaporation rates at the partially blocked

sides vs the free ones, using Eq. 4.18a, one finds that this ratio with respect to volume

just depends on the ratio of the corresponding values of f (θ′
b) and f (θf ) from Eq. 4.18b.

Thereby, θf represents the CA at the free droplet sides. Note that the droplet’s radius of

curvature is the same for both, θf and θ′
b.

Thereby, considering only SH-surfaces that provide a CA of greater than 150 ◦ for

aqueous droplets allows for assumption of spherical droplet geometry and replacing the

volumetric evaporation rate easily by the droplet diameter d.

V̇ (θ′
b)

V̇ (θf )
=

ḋ (θ′
b)

ḋ (θf )
=

f (θ′
b)

f (θf )
(4.21)

In Fig. 4.24(a), contrast side view images of water droplets sitting on each surface used

during this study and in Fig. 4.24(b), the experimentally observed ratio of evaporation rates

with respect to droplet diameter for different bending angles γ are shown. The latter were
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Fig. 4.24: (a): Example side view contrast images for six different γ-values. It
can be seen that for γ ≤ 90 ◦ along the free side, the droplet has no surface contact
in contrast to values of γ > 90 ◦. (b): Observed ratios of evaporation rates, with
reference to decrease in diameter, as a function of the surface bending angle, where
ḋ (θ′

b) is referring to the axis perpendicular (blocked) and ḋ (θf ) parallel (free) to
the surfaces bend, repectively. The experimental data sets were fitted (black line)
by Eq. 4.21 with θf and θb being the free parameters and using Eq. 4.19 for θ′

b.

The average θb,exp measured gave (171.2 ± 3.3)
◦

, which is in good agreement with
the fit-value for θb (169.4 ± 3.9)

◦

. The value for θf gave (176.2 ± 1.3)
◦

, which is

close to the expected average value θf = (174.7 ± 2.1)
◦

, assuming θf = 180 ◦ for
γ ≤ 90 ◦ and θf = θb for γ > 90 ◦. Altered from [208].a

aExperiments performed by Vivian J. Spiering (TU Berlin, Germany)
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taken until beginning droplet deformation during the formation of anisometric particles.

The droplets thereby were all of 3 µl volume For the observation of the drying process similar

sized, FS containing droplets (3.5 % w/v), with 5 mM the NaCl concentration were recorded

from top-view monitoring the diameter over time. The diameters were thereby related

to their final orientation in terms of assigning Dl and Dw for the whole drying process

according to their orientation within the supraparticle after drying (see also Fig. 4.1 in

section 4.2.8). The experimental values were fitted with Eq. 4.21, with the surface CA θ,

as free parameter. We were splitting θ into θf along the free sides and θb for the blocked

sides, as for γ ≤ 90 ◦ the droplets do not encounter contact with the surface at the free

side, resembling θf = 180 ◦, as shown by side view in Fig. 4.24(a). During this process,

Eq. 4.19 was used for the calculation of the corresponding value of θ′
b. A good correlation

is observed in Fig. 4.24(b) and the θb received from the fit yielded about (169.4 ± 3.9)◦,

which corresponds well to the average θb,exp determined experimentally at (171.2 ± 3.3)◦.

If assuming equal CA, i.e. θf = θb, for γ > 90 ◦, where the droplets do have surface contact,

in combination with the observations γ ≤ 90 ◦ mentioned above, the expected average of

θf reads (174.7 ± 2.1)◦, which fits nicely the obtained fit value for θf at (176.2 ± 1.3)◦.

Fig. 4.25: Full time record of droplet anisometry A (dashed black line) and the
corresponding droplet diameters (Dl: length - red curve, Dw: width - blue curve). Dl
and Dw were references to the final orientation of the elliptical particle. The droplet
diameters were normalized to the average initial diameter, D0. The bump within
the anisometry curve at t = 23 min is due to artifacts within the evaluation process,
causing measurement uncertainties due to almost perfectly translucence of the droplet
just before complete drying (crystallization). Altered from [208].

If one looks at the full time record of the drying process shown in Fig. 4.25, the initial

droplet diameters are not appearing to be equal. Instead the droplet is elongated slightly

along the bending axis of the surface (the droplet is elongating along with Dl). Also it

is noticeable that the droplet is not just shrinking faster along the Dw-axis, but also it is

increasing in diameter along with the Dl-axis. As a consequence of faster evaporation and

more solution along the Dw-axis, the FS particles get more accumulated along this direction
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upon evaporation resulting in the earlier formation of a thicker and stiff silica shell able

to prevent droplet elongation, which therefore forces controlled elongation along the Dl-

axis. This may also account for the achievement of supraparticles with more pronounced

anisometry, compared to the ones obtained on a flat surface at similar concentrations of

NaCl and FS. Thereby, anisometric wetting induced by the surface geometry as a factor on

its own, does not give sufficient explanation for this phenomenon, as for droplets having

a NaCl content lower than 0.1 mM no homogeneous elongation was observed. However,

slightly anisometric particles with A ≈ 1.1 were observed with random orientations. This,

again, demonstrates the importance of the presence of salt during the drying process.

Only at sufficiently high ionic strength it is possible to reduce the electrostatic interaction

between the FS particles strongly enough such that a dense layer of effectively fused FS

particles is formed that allows for the formation of a rather rigid surface layer. This layer

is then eventually capable of deforming the droplet leading to formation of anisometric

supraparticles.
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4.4. Summary & Conclusion

In this chapter a new technique for the preparation of anisometric, mm-sized

supraparticles using fumed silica (FS) as structure guiding agent in drying aqueous sessile

droplets on SH-surfaces was discussed. The mechanism is based on the formation of a

dense shell due to diffusion controlled collection of FS particles at the water-air interface

upon evaporation caused shrinkage of the droplet, thereby leading to its deformation.

This was confirmed by kinetic experiments aiming for the point of droplet deformation,

which clearly revealed a corresponding average surface excess concentration of

~(8.1 ± 1) µg/mm2 FS, being constant over the investigated FS concentration range.

Furthermore, from confocal microscopy experiments, the related layer thickness of

excessive FS particle accumulation can be estimated around ~22 µm, which translates

into a volume faction of ~0.17. Thereby, the resulting shell rigidity, synonymic to

interfacial viscosity, strongly depends on ionic strength, which is affecting the Debye

screening length and reducing repulsive particle interactions, also indicated by rheological

experiments. In combination with the amorphous structure, unlike crystalline spherical

silica, the FS particles are able to form a network exhibiting enough stability to deform

the droplet in consequence of the incapability of adapting to the shrinking geometry.

Fig. 4.26: Variation of the optical appearance
of the supraparticles. A: Nearly transparent
supraparticle obtained by immersing the dry FS
supraparticle into water; B: Sample shown in A
after drying again; C: Anisotropic particle with
added latex (white patterns, 0.96 µm PS-latex
microspheres); D: Similar to C but with 1.07 µm
fluorescent yellow/green PS-latex microspheres
(Scale bars are equal to 0.5 mm). Altered from
[193, 194].

This leads to the formation of anisometric

supraparticles, where the final degree of

anisometry being observed after drying is

proportional to the ionic strength. We could

show, that by using bent surfaces under

dry humidity condition, as a result not only

acceleration of the drying process is observed,

furthermore the direction of anisometry can

be predicted. This can lead to the formation

of anisometric patchy particles, with well-

controlled positioning of the patch with respect

to principal axes, when using additional

magnetic particle components under influence

of a magnetic field, which was illustrated for

the case of Fe3O4@SiO2 nanoparticles. Another

interesting aspect is the optical appearance of

the FS supraparticles. The closely packed nm-

sized silica is optically translucent and homogeneous. The translucency of the FS

supraparticles increases to a near transparent lens-like state when immersed in water

(Fig. 4.26A), which is fully reversible after re-drying (Fig. 4.26B), which also demonstrates

that these supraparticles possess long-time stability and offer re-usability when dispersed in
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water, arising from the irreversible aggregation of the FS aggregates. The properties of the

FS supraparticles can be modified further by using the same generic process to assemble

within the droplets other colloidal components, thereby yielding hybrid supraparticles.

This was demonstrated by assembling mixed systems where the initial suspension contained

in addition to the FS also other colloids. As an example, intransparent boat-like structures

were formed for the case of adding polystyrene (PS) latices. This is shown in Fig. 4.26C for

the case of normal PS latices and in Fig. 4.26D for the case of fluorescent PS latices, where

the fluorescence imparts additional functionality to the supraparticles, but it is obvious that

one could easily incorporate various types of additional colloids. This allows for targeted

design of the resulting functional properties, such as optical, electric, magnetic or catalytic,

while simultaneously the anisometric symmetry and shape is conducive to their alignment

in external fields (electric, magnetic, shear, etc.).
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5

Elevating Self-propelling Supraparticles

In the upcoming sections we will present the development of a new type of chemical fuel

driven, catalytic self-propelling supraparticles on the mm-scale, able to perform vertical

oscillating motion, hence being called elevators, with simultaneous response to external

magnetic field, grantig 3D access. After a quick presentation of preparation methods for

the utilized starting materials, the elevator supraparticles, experimental setup as well as

the evaluation procedure, we give an overview on the experimental results, obtained by

using optical particle tracking and statistical analysis. We derive a movement mechanism

leading to the observed self-propelled motion and characterize the dependency of

movement frequency on fuel concentration (H2O2) and supraparticle density via altering

the colloidal composition. This dependency gets further described by theoretical

modeling, considering reaction kinetics and applied components (supaparticle, fuel).

Finally, we show some examples for the potential applications of these devices using

magnetic manipulation of the movement circuit and the development of an enzymatic

catalytic model reaction, showing usage as smart catalysts.

Major parts of this chapter are based on the following publications:

• M. Sperling, H. -J. Kim, O. D. Velev and M. Gradzielski: “Active Steerable

Catalytic Supraparticles Shuttling on Preprogrammed Vertical Trajectories”,

Advanced Materials Interfaces, 2016, Copyright: Wiley-VCH Verlag GmbH &

Co. KGaA. Reproduced with permission, DOI 10.1002/admi.201600095.

5.1. Introduction

Self-propelling particles convert energy, such as chemical, thermal, or electrical, from

their environment into propulsion [218–220]. They have recently become the focus of

intense research activities as they pose a number of fundamental challenges regarding the

mechanism of motion, especially for small sized objects (“artificial swimmers”) [221–223],

and the interactions between particles and their environment [224–230]. Another very

interesting feature is the potential that they offer for constructing smart systems in which
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one can use the directed motion of these particles for performing certain tasks or

functions (“nanorobots”), such as for instance water purification [231]. They are also

fascinating as their individual and collective dynamics resemble the ones observed within

biological species [232–235].

The scales of self-propelling devices investigated in actual research, thereby, cover the

range from nano- to millimeter scale. However, to date the best known systems are

provided by the micrometer scale. As mentioned before, self-propelling particles in

general are based on creating a force for movement by consumption of a chemical fuel via

a usually anisometrically distributed catalyst [236], the most popular case being H2O2 as

chemical fuel and metals, such as Pt or Pd as catalyst [237]. Many particles of this kind

published in literature are of spherical shape [238, 239], but also rod-like particles have

been extensively studied and several modes of movement have been proposed. Those

particles mostly consist of two or three metals such as Au and Pt, Ni or Pd as

catalyst [90]. Those modes include bubble propulsion [100], gravitational [104] and

Brownian ratchet mechanism [102] as well as interfacial gradient [101] and electrokinetic

model [103, 240]. Also, the structure of self-propelling devices plays an important role

with respect to direction of movement, but also external forces, such as patterning [241],

chemical fuel gradient [226], or magnetic manipulation [242] offer attractive possibilities

to effectively influence particle trajectories. Sundararajan et al. reported Au-Pt

bimetallic nanorods of ∼ 1.5 µm length and ~0.4 µm diameter [202]. They were able to

use this device to transport polystyrene microspheres as small cargo, bound via

electrostatic or chemical interaction, along a concentration gradient of H2O2. Adding

magnetic Ni to the rods also showed stabilization of particle trajectory in terms of

orientation when exposed to external magnetic field. Similar ways of cargo transportation

were also reported by Burdick et al. using magnetic interaction for reversible

binding [201]. Using superhydrophobic surface coating, a micro-submarine was developed

able to collect oil droplets while navigating [243]. In general, controllable self-propelled

particles represent a key building block for constructing advanced functional

systems [244–247], but so far their development is still quite limited and substantial

further improvements are required to bring them closer to practical use [88]. In principle,

such particles could be promising candidates for applications such as active oil spill

remediation [203, 248]. This application, however is limited to collection of oil floating on

top of the water phase, while oil and other contaminants could also be dispersed within

the bulk phase. Therefore, small (mm-sized) particles with large surface area, capable of

moving both horizontally and vertically in a controlled fashion are desired through which

the entire 3D space of bulk systems can be explored. Recently, a vertical motion

performing cm-sized particle was reported [249], which used the chemical fuel (Mg) from

inside of particle instead of the external medium, the latter being the most commonly

employed method. Despite the importance of constructing new types of vertically moving
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self-propelling particles considering their potential use, so far only few studies have been

devoted to this topic. Janus silica particles partially covered with catalytically active Ag

nanoparticles have been investigated recently with respect to propulsion by gas bubbles

produced by the decomposition of hydrogen peroxide and the effect of surface

hydrophobicity on the catalytically driven propulsion. Thereby, the particle motion can

be influenced by changing the hydrophobicity of the substrate [250]. The release of gas

bubbles represents one potential mechanism for propulsion of particles in lateral direction

by the principle of recoil. In addition, bubbles can control the buoyancy of particles in an

aqueous medium. As an alternative way of inducing such motion, vertical oscillating

movement of mm-sized particles driven by bipolar electrochemistry has also been

reported [251].
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5.2. Experimental Section

5.2.1. Materials & Chemicals

The list of employed materials and synthesis chemicals, used within the procedures

described in this section can be found in the following Tab. 5.1.

Tab. 5.1: Materials and synthesis chemicals used for self-propelling elevator supraparticle experiments.

Material/Chemical Specifications/grade Supplier

Teflon R© tape – commercial

Plastic cuvettes rectangular, 10.1 × 10.1 mm2 Malvern

Glass chamber 100 ml, cylindrical Schott

Glass chamber 62 ml, cylindrical –

Silica microspheres d = 0.78 µm , ρsolid = 2.0 g/ml,
csolid = 10 % w/v

Bangs-Labs

Polystyrene (PS) latex
microspheres

d = 0.96 µm, ρsolid = 1.05 g/ml,
csolid = 10 % w/v

Bangs-Labs

MilliQ-water ≥ 18 MΩ/cm –

Hydrogen peroxide (H2O2) aqueous, 30 %, stabilized Sigma-Aldrich

Iron(II) chloride tetrahydrate
(FeCl2×4H2O)

≥ 98 % Sigma-Aldrich

Iron(III) chloride hexahydrate
(FeCl3×6H2O)

ACS-grade, ≥ 98 % Sigma-Aldrich

Hydrochloric acid (HCl) aqueous, 37 % w/w Merck

Sodium hydroxide (NaOH) ACS-grade, ≥ 98 %, pellets Fluka

Sodium borohydride (NaBH4) ≥ 96 % Sigma-Aldrich

Chloroplatinic acid hexahydrate
(H2PtCl6×6H2O)

ACS-grade, ≥ 37.5 % Pt Sigma-Aldrich

Sodium citrate dihydrate ACS-grade, ≥ 99 % Sigma-Adlrich

(Tichloro)methylsilane ≥ 98 % Sigma-Adlrich

(3-Aminopropyl)triethoxysilane
(APTS)

≥ 99 % Sigma-Aldrich

α-Amylase ≥ 1500 U/mg from Bacillus sp. Sigma-Aldrich

Glutaraldehyde 25 % w/v in H2O Sigma-Aldrich

Sodium acetate (NaOAc) ≥ 99 % Alfa Aesar

Calcium chloride (CaCl2) ≥ 99 % Sigma-Aldrich

Corn starch extracted hydrophlic part commercial

Sodium iodide (NaI) ACS-grade, ≥ 99.5 % Sigma-Aldrich
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5.2.2. Colloidal Suspension Preparation

Silica Microspheres

A colloidal silica microsphere suspension was purchased from Bangs-Labs (10 % w/v, d =

780 nm, ρsolid = 2 g/ml). The purification of the silica stock suspensions was performed

accoring to Velev et al. [79]. The particles were washed three times with milliQ-water

by means of centrifugal sedimentation at 1100 g with subsequent decanting. The final

concentration of the cleaned stock suspension was set to 20 % v/v.

Fe3O4@Pt–Catalyst

The catalyst promoting the decomposition of H2O2 was synthesized based on magnetite

particles being covered with platinum via chemical reduction in aqueous media. All water

used during reaction was desoxygenated by N2-bubbling under stirring for 30 min.

Magnetite particles were prepared by co-precipitation of FeCl2 and FeCl3, according to

Kang et al. [205]. An aqueous solution of 1.24 M FeCl3 and 0.61 M FeCl2 in 0.4 M HCl was

added dropwise to an aqueous solution of 1.5 M of NaOH under vigorous stirring. Thereby

the volumetric ratio of the two solutions was 1:10. The reaction was conducted at room

temperature and under N2-atmosphere. During this addition process a black precipitate

was formed, which was sedimented after complete addition via external magnetic field. The

precipitate was washed three times with milliQ-water via magnetic field sedimentation and

afterwards with a solution of 0.01 M HCl. The resulting solution was concentrated in a

final centrifugation step and yielded a concentrated magnetite hydrosol of 0.55-0.66 % w/w.

Platinum covered magnetite particles (Fe3O4@Pt) were prepared by dropwise addition

of an aqueous solution of 0.04 % w/w NaBH4 to a solution containing 0.02 % w/w magnetite

hydrosol and H2PtCl6 at a Pt:Fe3O4 mass-ratio of 1:10 followed by capping with sodium

citrate under vigorous stirring at room temperature. We used an Ultra-Turrax at

constant 24000 RPM in a ~10 min reaction protocol. From the as-prepared magnetite

suspension, an aliquot containing 20 mg Fe3O4 was diluted to 94 ml using desoxygentated

milliQ-water. This suspension was then stirred for 1 min, followed by quick addition of

200 µl of a 0.05 M aqueous solution of H2PtCl6 and subsequent homogenization for

additional 2 min. A 1.54 ml aqueous solution containing 0.01 M NaBH4 was added

dropwise at a speed of 1 ml/min using a syringe pump. After completing another

homogenization interval of 2 min, 1 ml of an aqueous 0.43 M sodium citrate was added

quickly followed by a final homogenization step of 3 min duration.

The resulting suspension was cleaned via centrifugation at 2300 g, with subsequent

decantation and refilling with water. This process was repeated twice and the solution was

finally concentrated to 0.4-0.5 % w/w at a mass-ratio of Fe3O4:Pt of ~7.

The concentration of each suspension was determined with ICP-OES (Agilent type SYS-

IO-715 ) by dissolving a small amount of sample in 8 ml of aqua regia at room temperature
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and atmospheric pressure for the case of pure magnetite and at 160 ◦C and 18 hPa using

microwave (Discover SPD from CEM ) for Fe3O4@Pt particle suspension.

A TEM image (JEOL JEM 2100 from JEOL, acceleration voltage of 200 kV.) of the

8-15 nm Fe3O4@Pt catalyst particles is shown in Fig. A9.

5.2.3. Elevator Supraparticle Preparation

In a typical experiment 3 µl droplets were dispensed onto a Cu-Ag superhydrophobic (SH)

surface (see section 3.2.1 in chapter 3) [179] containing 10 % v/v silica, 0.0155 % v/v magnetite

and 0.0037 % v/v of Pt by mixing of adequate amounts of prepared stock suspensions, from

section 5.2.2. The droplets were dried at room temperature inside a chamber containing

drying agent (humidity H < 30 %) and magnets were placed above at an approximate

distance of 0.5 mm to assemble the Fe3O4@Pt catalyst on the particle top side within the

drying process.

Fig. 5.1: Scheme of the process of preparing quasi-spherical patchy
particles on a SH-surface: (a) Initially dispensed droplet, (b) catalytic
nanoparticles gathering at the top of the supraparticles due to the
magnetic force and (c) final dried patchy particle. (d) Top view of an
elevator supraparticle (functionalized & heat treated) and (e) side view
of (d); Scale bars = 500 µm. (f) SEM image of closely packed silica
microspheres assembled as building blocks of the supraparticle body; scale
bar = 5 µm. Altered from [252].a

aSEM image taken by Dr. Hyung-Ju Kim at NCSU (USA)

This process is also illustrated in Fig. 5.1(a)-(c), where (d) and (e) present a typical

example of an elevator supraparticle with a diameter of 1 mm, taken with an EOS 5D

digital camera (Macro Lens EF 100mm 1:2.8 USM, both from Canon), and Fig. 5.1(f)

shows a scanning electron microscope (SEM, JEOL JSM-6400 ) image of the supraparticle

surface within the silica framework after sputtering with Au-Pd. The ordered lattice of the

monodisperse silica particles (~780 nm in size) is thereby similar throughout other sections

of the supraparticle. Similar typical surface structures of closely packed silica microspheres

within the elevator supraparticles can be found in Fig. A10, taken with a Hitachi S-2700

SEM.
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After complete drying the particles were harvested and hydrophobized via chemical

vapor deposition (CVD) using hydrophobization agent, typically 10 µl of

trichloromethylsilane per supraparticle, at room temperature in a 62 ml passivated glass

chamber (surface saturated with methyl groups). For the last step, the hydrophobized

particles were afterwards dried at 120 ◦C for 30 min.

5.2.4. Elevator Supraparticle Investigation

As fuel medium for the elevator experiment, aqueous hydrogen peroxide solutions were

prepared with concentrations ranging from 0.5 to 25 % w/w by diluting a 30 % w/w

hydrogen peroxide with DI-water. Both H2O2 and prepared particles were placed in the

plastic cuvette, while its top and bottom were blocked using a Teflon tape to avoid

particle sticking into the top meniscus and bottom of the cuvette, respectively, where

those tapes could also be replaced with superamphiphobic surfaces [180] (see chapter 3

section 3.2.2). Furthermore, the back and each side wall of the cuvette were blackened

with a permanent marker for contrast enhancement, hence facilitating digital image

analysis, and in order to quantify the motion, a scale was placed on the side. The movies

were taken at a rate of 25 frames/s using a DSC-V1 Cyber-Shot digital camera (SONY )

mounted on a microscope (OLYMPUS SZ61 ). Close-view recordings of the beginning

elevation process were recorded using the same setup.

5.2.5. Video Analysis

The particle movement was extracted in terms of determining particle position over time

from video using the ImageJ/Fiji software [206, 207]. The tracking was performed by

monitoring the accurate particle position (center of mass) via pixel brightness value.

Therefore, all videos were decompressed to raw video data files via FFmpeg [253] that

were afterwards treated as image stacks. The area of particle movement was extracted

and the stack was converted to 8-bit grayscale images. Using Fiji’s “Particle Analyzer”

tool every particle position was given by pixel brightness values, determining its center of

mass over time, where the time was extracted from image labels using the “Stack

measure” tool from ImageJ. Typically an 8 min video gave ≈ 13000 images per stack

(25 frames/s).

The tracking data images were sorted to delete artifact pixel values (by size exclusion)

and the extracted function of particle position (h(t)-function) was analyzed for points of

beginning of the downswing (tdown), end of the downswing (tdown,e), absolute oscillation

minimum (tmin), beginning of the upswing (tup) and end of the oscillation (tup,e). This

was done by consecutive data-point-walk (black arrow in Fig. 5.2) using Python [209]. In

order to identify tdown and tup, an individual slope threshold was set in first place giving

the time range from beginning downswing to beginning upswing. During that interval tmin
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Fig. 5.2: Illustration of the identification of significant parts of each
oscillation by consecutive datapoint walk indicated by the black and blue
arrows. Setting an appropriate absolute slope threshold value tdown and
tup are identified. The abolute minimum in this interval gave tmin, which
led to tup,e by searching the maximum slope beyond tup. After reversion
of the data point walk tdown,e was determined using the slope threshold
value, set before.

was identified by the absolute height minimum. Proceeding further past tup, the maximum

slope from tmin/hmin to the given point gave tup,e. The data-point-walk was reversed

(blue arrow in Fig. 5.2) to identify tdown,e in a similar fashion by the slope threshold

value used for tup. The graphical illustration of the values described above can be found

in Fig. 5.2. The obtained data was also subsequently used to determine the first and

second order derivative. For this purpose for each data point of the height function h(t), a

reasonable amount of surrounding points to each side was selected and fitted with a linear

function, yielding the slope with the corresponding data point resembling the first order

derivative velocity function v(t). This sequential fit procedure was then repeated for the

v(t)-function to obtain the acceleration function a(t). In order to determine the initial

change of acceleration after the begin of upward movement for each separate oscillation,

the slope of the a(t)-function was fitted linearly beginning at the corresponding value of

tup, thereby choosing the succeeding fit range that way, to achieve the maximum slope,

while using at least three data points, yielding ȧ(tup).

5.2.6. Immobilization of α-Amylase & Catalysis Experiment

In order to bind α-amylase to the supraparticle surface we used a method reported by Lim

et al. [254]. We subjected the as-prepared elevator supraparticles (see also supraparticle

preparation in section 5.2.3) to CVD in 100 ml glass chamber for 3 h at 100 ◦C, using 10 µl

(3-aminopropyl)triethoxysilane (APTS), per supraparticle to functionalize the remaining

amenable Si-OH surface with NH2-groups. The amino funtionalized supraparticles are

then immersed in a buffer solution containing 30 mg/ml α-amylase, 2.5 % w/v glutaraldehyde,
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20 mM sodium acetate and 5 mM calcium chloride at pH 7 for 1 h at room temperature

with gentle mixing. The solution was of turbid appearance and formed a gel after the

reaction. The particles were freed from the gel and thoroughly washed several times with

DI water and stored in water at 4 ◦C.

For the catalytic reaction, a 3 ml solution containing 0.5 mg/ml hydrophilic starch,

0.5 % w/w H2O2 and 5 mg/ml NaI was prepared, followed by application of 10

enzyme-functionalized elevator supraparticles. It has to be noted here, that in order to

prepare readily stable solutions of the starch complex, the iodine has to be added at the

end. Upon addition to the peroxide containing medium, iodine ions get oxidized to I−
3 ,

which is able to intercalate with the helical structures of starch, leading to an intense

blue-purple color. The reaction was monitored using EOS 5D digital camera (Macro Lens

EF 100mm 1:2.8 USM, both from Canon) taking images in intervals of 1 min, where we

also measured the VIS-absorption (V-550 UV/vis spectrophotmeter from JASCO) of the

medium at a λ = 602 nm wavelength in intervals of 15 min (see Fig. A11 for UV-VIS

spectrum data of the starch-iodine complex in aqueous solution and Fig. A12 for the

image sequence).

5.3. Results & Discussion

5.3.1. Characterization of Elevator Supraparticle Movement

We discovered a system that up to our knowledge has not been reported earlier in the form

of mm-scale self-assembled supraparticles performing simultaneous vertical and horizontal

motion. These supraparticles, prepared by a method described in section 5.2.3, consist of

a main framework provided by the silica microspheres and a catalytic patch, resembling

the active motor. Once immersed in an aqueous solution containing hydrogen peroxide

(H2O2), they start moving vertically in a periodic manner. Their upward motion is driven

by buoyancy from forming bubbles that adhere to their surface and lift the particle. Upon

reaching the liquid/gas interface, the air bubble is released, and then gravity descends the

particle down towards the bottom of the vessel. This process, also shown in Fig. 5.3(a), is

then continuously repeated further on and accordingly these particles can be described as

elevator particles performing oscillating motion.

In detail, the self-propelled movement is based on the production of oxygen by

peroxide decomposition induced by the Pt catalyst. This successively generates bubbles

that adhere to the particle surface rendered possible by hydrophobization due to

silylation. This continuously generates buoyant force, thus being the driving force for

particle elevation (Fig. 5.3(b)). Notably, no elevating motion of non-hydrophobized

particles with the same ingredients is observed, as apparently then the gas bubbles are

too easily detached from the hydrophilic particles before they can lift them. Moreover,
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Fig. 5.3: (a) Scheme of the mechanism of elevator particle operation: The particle
is lifted upon O2-bubble growth due to H2O2 decomposition and adhesion of the O2-
bubble to the hydrophobic particle surface. This bubble is released at the surface of the
liquid, which leads to the sinking of the particle to the bottom thereby completing one
oscillation cycle. (b)-(d) Optical micrographs of the particle movement in 0.5 % w/w

aqueous hydrogen peroxide solution (top), and corresponding schematic drawings
(bottom): (b) Initial bubble generation, gravity (Fg)> buoyancy (Fb), (c) further
bubble growth that leads to a tilt of the particle (around Fb = Fg) and (d) bubble is
lifting the particle due to Fb > Fg. Altered from [252].a

aClose-view images taken by Dr. Hyung-Ju Kim at NCSU (USA)

the hydrophilic particles are less capable of entrapping air within their porous inner

structure, consequently suffering from much higher densities. Finally, in some cases, they

also break into pieces due to the capillary pressure built up during gas accumulation

within. Concludingly, it may be stated here that surface hydrophobization poses a crucial

factor for mechanical stability and for ensuring self-propelled motion. The adhering

bubble grows further and once buoyancy becomes nearly equal to the gravitational force

(Fb ≈ Fg), the particle becomes tilted such that the particle side on which the bubble

grows becomes positioned in an upward direction (Fig. 5.3(c)). At the moment when

buoyancy overcomes gravity due to continued bubble growth (Fig. 2(d)), the particle gets

lifted and travels towards the interface between the aqueous solution and air, where the

bubble is released. Important to note here is that a thin air layer is present below the

hydrophobic Teflon surface on top. After bubble release, the particle sinks again to the

bottom due to gravity, restarting the cycle of elevator movement, as H2O2 decomposition

occurs continuously. This phenomenon of self-propelled vertical motion proceeds for a

long time in a highly periodic fashion (we observed activity for more than 48 h), which

makes the process very robust and reproducible.

The concentration of the hydrogen peroxide solution, used as chemical fuel, is directly

related to the rate of oxygen bubble formation, which in turn controls the frequency of

the elevation cycles. Fig. 5.4 shows representative tracking plots at 3, 10, and 20 % w/w

H2O2 aqueous solutions, respectively, obtained by monitoring the particle position

(location of particle’s center of mass) over time. Representative results for extended

concentrations of hydrogen peroxide are shown in Fig. A14-A22, illustrating nicely the
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Fig. 5.4: Results of tracking the motion of one typical self-propelling
particle in three solutions of different hydrogen peroxide concentrations:
(a) 3 % w/w H2O2, (b) 10 % w/w H2O2, and (c) 20 % w/w H2O2. Each
plot shows the height [mm] as a function of time [s] for an interval of 60
seconds with the corresponding tracking image overlay for that period on
the right side. This tracking image overlay was achieved by stack image
overlay of the corresponding video extract taken from front view (interval
= 0.4 s). The dashed blue line denotes the position of the bottom of the
container, notably the supraparticles in (c) begin ascending before ever
reaching the bottom. Altered from [252].
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increasing frequency of the process with rising H2O2 content. In addition, for higher

H2O2 concentration the evolution of small bubbles that move directly upwards, without

attaching to the supraparticles, can be seen. The velocity extracted by the slope of

successive sequential linear fits of the time-resolved height function can reach up to

~30 mm/s (for a detailed description of height and velocity data and analysis of various

particles including those from Fig. 5.4 see Fig. A14-A22). As seen in Fig. 5.4, the

frequency of the particle movement is very stable over a large number of repeating cycles,

which is also indicated in Fig. A25(b)-(c) by statistical analysis of observed frequencies

for 15 and 20 % w/w of H2O2, showing narrow distribution. The distributions are given for

all concentrations observed in Fig. A23-A25, however, due to the lower number of

oscillations that could be observed, their significance is reduced. The frequency rises with

increasing H2O2 concentration, while exhibiting a transition to non-stopping continuous

oscillating motion in 20 w/w H2O2 solution as shown in Fig. 5.4(c). Above this transition,

the descending elevator particles no longer reach the bottom of the cuvette, as sufficient

gas accumulation occurs already during the descent, providing buoyancy for reversing the

particle direction of motion. Images on the right side of Fig. 5.4 show the corresponding

traces of the particle movement indicated by the purple lines. This vertical oscillatory

motion could be useful for vertical mixing or separation applications between different

phases (for instance as a phase transfer particle transporting chemical cargo from one

phase to another). Long-term experiments showed that the oscillating elevator particle

movement could be maintained for up to 48 h in a very regular period that is controlled

precisely by the concentration of H2O2 (Fig. 5.5).

Fig. 5.5: Dependence of the oscillation frequency on the H2O2 concentration (red)
and corresponding average time between elevation cycles (blue). The supraparticles
are formed from droplets of 3 µl containing 10 % v/v of silica and 0.12 % v/v of catalyst.
Altered from [252].a

aExperiments partly performed by Dr. Hyung-Ju Kim at NCSU (USA)
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In order to correlate the regular movement with the fuel (H2O2) concentration we

determined the average time interval (∆t) between the points where the particles start

sinking from the surface to the bottom with subsequent return and calculated from these

data the oscillation frequency (f = 1/∆t) . The obtained average values for three particles

measured separately several times are shown in Fig. 5.5, where to a first approximation

the oscillation frequency increases linearly with the concentration of H2O2.

As an additional way of tuning the particle movement, we systematically altered the

particle density by incorporating polystyrene (PS) latex microspheres into the

supraparticles, as PS has a lower density (ρP S = 1.05 g/ml) than silica (ρP S = 2.0 g/ml).

The colloidal particle diameters were 0.78 µm for the silica particles and 0.96 µm for PS,

respectively. The resulting elevator particle radii rel are calculated assuming a random

closed packed (RCP) geometry with a packing factor of ξ = 0.64.

Fig. 5.6: Dependency of oscillation frequency on elevator particle density: (a) As a function
of ρel determined from Stokes relation in Eq. 5.1 and of (b) (Vel∆ρel)

−1 accounting for the
particle’s relative density compared to the solvent and particle volume, varied by addition of
PS-latex (see also Tab. A2). The volume Vel was calculated from the overall volume of contained
colloids (see text) assuming a spherical shape of the supraparticles and a random close packing
(RCP) density (ξ = 0.64 packing factor). All particles were measured in 5 % w/w H2O2. Altered
from [252].a

aExperiments partly performed by Dr. Hyung-Ju Kim at NCSU (USA)

The resulting elevator particle densities ρel were calculated from Stokes relation (Eq. 5.1,

determining the experimental initial sinking velocities vdown (see also Fig. 5.2), where the

solvent density ρsol was calculated from empiric formula derived by Easton et al. [255].

More detailed information on density calculation is given in section 7.3.6 and Tab. A2

in the appendix. The corresponding experimentally observed frequencies to the Stokes

derived elevator particle densities are shown in Fig. 5.6(a).

ρel =
9ηvdown

2gr2
el

+ ρsol (5.1)
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If one now wants to establish the connection between frequency and ρel, the difference

between buoyant and gravitational force as a function of time (∆Fb−g(t)) has to be

considered, which is composed of a constant term ∆Fb−g,0 for having no gas bubble

attached and a time-dependent part arising from oxygen production (∆Fox) (Eq. 5.2a).

This term should be linear in time as the production rate of oxygen (kox) follows a first

order kinetics of the catalytic decomposition of H2O2 at the surface of Pt [256] (Eq. 5.2b).

∆Fb−g(t) = ∆Fb−g,0 + ∆Fox (5.2a)

∆Fox = koxt (5.2b)

The resulting frequency can be calculated by setting ∆Fb−g(t) = 0 in Eq. 5.2a. It

depends on the constant kox in Eq. 5.2b and is inversely proportional to ∆Fb−g,0 (Eq. 5.3).

This means that it depends on the elevator particle volume Vel and the density difference

∆ρel (= ρsol − ρel) between the bare elevator particle and the solvent (water/H2O2). This

volume is again given by the sum of colloidal volumes and RCP packing factor ξ.

∆Fb−g,0 = gVel (ρsol − ρel) (5.3)

f ∝ kox

g
(Vel∆ρel)

−1 (5.4)

Based on the above model, when altering the elevator particle density, one expects a

linear increase of the frequency with the inverse of the excess mass not compensated by

buoyancy ((Vel∆ρel)−1). This relation (Eq. 5.4) is well matched by the experimental data

as shown in Fig. 5.6(b). However, the elevator particle densities evaluated from Stokes

relation in Eq. 5.1 deviate by about 0.2-0.6 g/ml from the ones obtained from pure RCP

packing, which indicates that the effective colloidal packing is somewhat less dense than

RCP would predict or that some amount of gas may be permanently captured in the

supraparticle.

5.3.2. Theoretic Description–Model

H2O2
P t−→ H2O +

1

2
O2 (5.5)

The description of the elevator particle movement, in terms of velocity, can be done

on the basis Eq. 5.6, by balancing the forces affecting it, with νi being the respective sign
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for the direction of effect and mel the particle mass. The forces Fi associated within this

process are in first assumption gravity (Fg), buoyancy (Fb) and friction (Ffr).

v̇ (t) =
∑

i

νi
Fi (t)

mel (t)
(5.6)

For the case of a gas producing and adsorbing particle in a denser liquid medium, e.g.

via catalytic decomposition of aqueous hydrogen peroxide as a chemical fuel, like in Eq. 5.5,

a dynamic force equilibrium builds up leading to oscillating motion.

Fig. 5.7: Full and semi oscillating motion; ∆trise

∆tel

converges towards 1 for long
oscillation intervals and 0.5 for shorter intervals.

This motion, depending on the geometry of the vessel may take place in two basic

modes, shown in Fig. 5.7. It is in general possible to identify its minimum with vel = 0 for

a full-oscillating motion. Considering semi-oscillating motion, however, that point is equal

to the force balance (∆Fel = 0) between Fg and Fb, described as differential by Eq. 5.7,

5.8, with respect to Eq. 5.9 giving Ffr = 0 for v = 0, due to Stokes’ Law of friction (rel:

Radius of spherical elevator particle, η: Liquid’s dynamic viscosity). Hereby ṅads,H2O2 is

the production rate of oxygen due to catalytic decomposition, Mox, ρox molar mass and

density of oxygen, respectively and ρsol the density of the medium. One has here as well

to consider that the minimum of a semi oscillating motion corresponds to the point just

before beginning elevation.

Ḟg = gMoxṅads,H2O2 (5.7)

Ḟb = g
ρsolMox

ρox

ṅads,H2O2 (5.8)

Ḟfr = 6πηrelv̇el (5.9)
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Hence, we may conclude that the total time for one oscillation, ∆tel is the sum of

the time needed for the way down (tdown), the resting time at the bottom (∆trest), mainly

determined by the height of the liquid column and the way up (tup), illustrated by Eq. 5.10a.

The sum of ∆tdown and ∆trest gives the time from beginning downswing to rising (∆trise)

as shown in Eq. 5.10b.

∆tel = ∆tdown + ∆trest + ∆tup (5.10a)

∆trest = ∆trise − ∆tdown (5.10b)

As shown in Eq. 5.7 and 5.8, gravity and buyoancy include a time independent

particle term (Fg,0, Fb,0), based on ingredients and porosity, and an additional time

dependent oxygen term, caused by catalytic decomposition of H2O2. The gravity term

may be constructed from Eq. 5.7 using the initial mass of the particle (m0,el) as

time-independent and the mass created by production of surface-adsorbed oxygen as

dependent part. From Eq. 5.5 it can be seen that the rate of mono-atomic oxygen

production is equivalent to the rate of the H2O2-consumption (ṅads,H2O2) leading to

surface adsorbed oxygen bubbles, expressed in Eq. 5.7. In analogy an expression for

buoyancy may be found using the molecular mass of oxygen Mox and densities ρsol for

solvent, ρox for oxygen, respectively, and the initial elevator particle volume V0,el to form

Eq. 5.8. Subtraction of those two forces leads to Eq. 5.11a, a time depending term

∆Fb−g(t) = Fb(t) − Fg(t), which is referring to one oscillation, consisting of a constant

difference term, ∆Fb−g,0 and a time dependent term based on the production of

surface-adsorbed oxygen.

d∆Fb−g

dt
= −gMoxχṅads,H2O2 (5.11a)

χ =

(

1 − ρsol

ρox

)

(5.11b)

As mentioned earlier, at the beginning of particle elevation towards the top,

∆Fb−g(∆trise,s) has to be 0, which gives the expression for ∆trise,s equaling the time until

rising point of the semi-oscillation with subsequent start of upward movement by the

elevator particle according to Eq. 5.12.

∆trise,s =
∆Fb−g,0

gMoxχṅads,H2O2

(5.12)

Integrating from Eq. 5.6 and using Eq. 5.11a and Eq. 5.9 gives with Eq. 5.13a via

integration over the vessel height ∆h a description for the upswing interval. Thereby we
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were again considering that ∆Fb−g(t) is 0 at t = 0, where t = 0 here is set right at the

beginning of the upward movement starting after ∆trise,s. Moreover, we were neglecting the

time-dependent contribution of oxygen to the particle’s mass, as even for similar volumes

the excess mass is less than ~0.1 % of the pure colloidal mass.

∆h
∫

0

dh =

∆tup
∫

0

[

gMoxχṅads,H2O2

κ

(

m0,el

κ
− t

)]

dt (5.13a)

κ = 6πηrel (5.13b)

Solving the above integral from Eq. 5.13a within the given limits and the resulting

grade-2 polynomial equation gives ∆tup, according to Eq. 5.14.

∆tup =
m0,el

κ
+

[

(

m0,el

κ

)2

− 2κ∆h

gMoxχṅads,H2O2

]1/2

(5.14)

As indicated before, for a full oscillation, illustrated by the blue curve in Fig. 5.7, one

has to calculate for v(∆trise,f ) = 0 after solving the differential equation given by Eq. 5.6

and subsequent integration within the corresponding limits, which yields ∆trise,f (Eq. 5.15).

∆trise,f =
κ∆Fb−g,0 + gMoxχṅads,H2O2m0,el

κgMoxχṅads,H2O2

(5.15)

Similar to previous calculations leading to Eq. 5.14 we may then conclude in Eq. 5.16

the hypothetical amplitude ∆hhyp from ∆trise,f .

∆hhyp = −∆trise,f ×
[

κ∆Fb−g,0 + gMoxχṅads,H2O2m0,el

2κ2

]

(5.16)

Now accessing ∆Fb−g,0, one may perform the calculation based on initial elevator

particle ingredients in terms of volume and material densities ρi. For the calculation of

the constant buoyancy, it is required to determine the volume of solvent, Vdepl, replaced

by the elevator particle. This volume may be related to applied ingredient’s

concentrations ci,vol and initial droplet volume Vstock during synthesis, and the volume of

constantly adsorbed oxygen onto the elevator supraparticle’s surface and into its

structure, Vads,ox. This assumption of a constant adsorbed amount of oxygen is described

by Eq. 5.17.

Vdepl = Vads,ox + Vstock

∑

i

ci,vol (5.17)
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If referring Vads,ox to the volume contributed by colloidal particle ingredients one

introduces a factor β, representing the ratio of permanently adsorbed oxygen to colloid

volume, represented in Eq. 5.18a.

Vtotal = (1 + β) Vstock

∑

i

ci,vol (5.18a)

β =
Vads,ox

Vstock
∑

i ci,vol

(5.18b)

Using Eq. 5.18a allows now in Eq. 5.19 for calculation of constant buoyancy term Fb,0

by multiplying Vstock with the gravitational constant g and density of the solvent ρsol.

Fb,0 = gρsol (1 + β) Vstock

∑

i

ci,vol (5.19)

To address constant gravity affecting the elevator particle, one has to address the

total mass applied by colloidal ingredients in Eq. 5.20 using the corresponding volumetric

concentration and density as well as the mass contributed by the constantly adsorbed

oxygen by using as well Eq. 5.18b.

m0,el =
∑

i

mi + Vads,oxρox = Vstock

∑

i

[ci,vol (ρi + βρox)] (5.20)

Multiplication of m0,el with the gravitational constant g gives the constant gravity term

Fg,0 according to Eq. 5.21.

Fg,0 = gVstock

∑

i

[ci,vol (ρi + βρox)] (5.21)

Taking the difference between constant buoyancy, Fb,0, and gravity, Fg,0 terms from

Eq. 5.19 and 5.21, ∆Fb−g,0 is given by Eq. 5.22, describing the constant force affecting

the elevator particle due to colloidal particle ingredients and permanently

incorporated/adsorbed oxygen.

∆Fb−g,0 = gVstock ×
∑

i

{ci,vol [ρsol (β + 1) − βρox − ρi]} (5.22)
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For the next step, we need to determine the production rate of adsorbed oxygen,

ṅH2O2,ads. A correlation may be found between ṅH2O2,ads and the change in particle

acceleration over time, ȧel like shown in Eq. 5.23.

ṅH2O2,ads ∝ ȧel (5.23)

If one now considers the interval at beginning particle elevation, i.e. the beginning

increase of buoyancy Fb over gravity Fg, the force balance equation can be deduced from

Eq. 5.11a and 5.9 resulting in Eq. 5.24.

Fel,up(t)
∫

0

dF = −
t
∫

0

gMoxχṅads,H2O2 dt −
vel(t)
∫

0

κ dv (5.24)

Important to note here is that at beginning particle elevation the Fel,up is slightly

bigger than ∆Fb−g,0 and vel (t) is close to 0, which lets us neglect the Stokes integral on

the righthand side in Eq. 5.24. This results in Eq. 5.25 giving that the effective force Fel,up

affecting the particle during the very initial elevating interval is directly proportional to

ṅH2O2,ads.

Fel,up(t) ≈ −χgMoxṅH2O2,ads · t (5.25)

Taking advantage of Newton’s second law, this directly converts into Eq. 5.26 being the

relation between effective elevator particle acceleration ael and rate of H2O2 consumption

ṅH2O2,ads.

ael (t) =
−χgMoxṅH2O2,ads · t

mel(t)
(5.26)

During the process of beginning elevation, the mass contributed by oxygen production

is negligibly small compared to particle mass, which gives after taking the time derivative

together with time constant production rate in good assumption a direct proportionality

according to Eq. 5.27, which will help us later to extract ṅH2O2,ads.

ȧel = −χgMoxṅH2O2,ads

m0,el

(5.27)

The catalytic decomposition of H2O2 is a well-known first order reaction with respect

to the concentration of hydrogen peroxide, which can be described according to Eq. 5.28
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[256]. In this reaction the disproportion of H2O2, Eq. 5.29, is promoted by electron transfer

via the catalyst, here Pt.

−dc(H2O2)

dt
= k′ · c(H2O2) (5.28)

2O− P t, e−-transfer−−−−−−−−→ O2− + O0 (5.29)

If choosing a rate constant k′ in appropriate units, it is possible to link the oxygen

production rate of the elevator particle to the kinetic equation. In addition it is reasonable

to refer to initial hydrogen peroxide concentration (c0) for particles showing comparable

oscillation frequencies over a larger time interval as the conversion is rather small compared

to the total amount of peroxide. This simple relation is shown in Eq. 5.30.

ṅH2O2,ads = k′ · c0 (5.30)

Transferring this dependence into Eq. 5.27 one finds a dependency between the rate

constant k′ and initial peroxide concentration c0(H2O2) according to Eq. 5.31, with ȧel,

being the inital increase in particle acceleration at the point of beginning upward movement.

k′ = − ȧelm0,el

χgMoxc0

(5.31)

The arbitrary velocity constant k′ is given in corresponding units to the peroxide

concentration, i.e. [l · s−1] for c0 in [mol · l−1].

5.3.3. Model Application to Experimental Data

In order to apply the described model to experimental data, an appropriate expression

for ρsol needs to be found. According to Easton et al., solvent density can simply be

extrapolated by using known data for H2O2 solutions depending on the concentration.

This may be done using the polynomial approximated density function Eq. 5.32 for aqueous

solutions of H2O2 at 25 ◦C, for c0 in [% w/w], ρsol in [kg/m3][255].

ρsol = 997.0 + 3.4672c0 + 0.6995 · 10−2c2
0 + 0.2885 · 10−4c3

0 (5.32)

The next dependency, which has to be evaluated is the evolvement of ȧel due to

increasing production of oxygen. From Eq. 5.27 we have shown that ȧel depends on

hydrogen peroxide concentration as well as on the solvent density ρsol, which is
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Fig. 5.8: Extraction of initial slopes ȧel according to Eq. 5.33a; k gives a value of
(1.63 ± 0.05) · 10−5 m/wt%s3.

subsequently also depending. If one now fuses Eq. 5.32 into 5.27 this forms into an

analytic function Eq. 5.33a, which we may fit to experimental data for ȧel(c0), shown in

Fig. 5.8.

ȧel (c0) = −χkc0 (5.33a)

k =
gMox

m0,el

k′ (5.33b)

Eq. 5.33b refers k′ to k, which can then be transferred to Eq. 5.31 and considering

again the density dependence of the aqueous hydrogen peroxide solution, we find an overall

expression for ∆tel,s according to Eq. 5.34, which can be fitted on experimental data that

was shown in section 5.3.1.

∆tel,s =
κ∆Fb−g,0 + m2

0,elχkc0 +
[

(

m2
0,elχkc0

)2 − 2κ3m0,elχkc0∆h
]1/2

κm0,elχkc0

(5.34)

For κ, we used the spherical Random-Closed-Packed geometry, yielding the

supraparticle radius rel with a packing factor of ξ = 0.64, as shown in Eq. 5.35.

rel =

(

3Vstock

4πξ

∑

i

ci,vol

)1/3

(5.35)

The fit of Eq. 5.34 is shown in Fig. 5.9. It is clearly visible that the model well describes

the oscillation time dependency up to 15 % w/w of H2O2. Above this concentration, however,

the model predicts a slightly lower oscillation time than observed in the experiments. This
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Fig. 5.9: Fit of experimental data for elevation time intervals ∆tel based on Eq. 5.34
over equally scaled initial concentration of H2O2; a good correlation is observed as
well as the description of non-linearly increasing frequencies due to density change
with increasing concentration of H2O2. The β-values show correlation indicating an
approximate constantly absorbed amount of oxygen equal to 95 to 97 % of the total
ingredients volume. The black, dashed curve shows hypothetical oscillation times for
a free particle oscillation without any limitation due to the vessel geometry. The inset
shows the expected amplitudes for the hypothetical oscillation between 5.75-14.75 % w/w

of H2O2.

may be related to transition in the reaction kinetics to near saturated conditions, which is

against the assumption made in Eq. 5.28. At this point the reaction converts into zero-order

kinetics, which subsequently leads to constant particle frequencies. Thereby the saturation

point is not only determined by the pure surface area of the Pt-catalyst, rather than the

wettability also plays an important role due to the hydrophobic supraparticle surface. In

addition it should be noted here that the amount of oxygen loss from the particle surface

significantly increases at such high concentrations of peroxide. This again results into

pseudo-zero-order kinetics as the ability of the hydrophobic surface to retain the produced

oxygen is limited. The model presented here, however, does not account for this limitation.

∆thyp = ∆trise,f + ∆tup (5.36)

Assuming the absence of any limiting vessel geometry, we were also adding the

hypothetical oscillation time ∆thyp from Eq. 5.36 within the black dashed curve to

Fig. 5.9, based on Eq. 5.16, 5.15 and 5.14. Clearly as a result, the expected elevation

times increase at lower peroxide concentrations as compared to the experimental values,

which can be referred to additional travel time of the elevator particle, arising from

increasing amplitude. The corresponding hypothetical amplitude ∆hhyp is given in the

inset of Fig. 5.9. From there one can see that at about ~5.75 % w/w of H2O2, the expected

amplitude reaches 27 mm, which equals the experimental liquid/vessel height. This

compares well to the experimental observation of almost no resting time ∆trest, equaling

the transition from semi- to full oscillation mode when approaching higher
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concentrations. However, the expected values for ∆thyp and ∆hhyp reach 0, when

surpassing ~14 % w/w. This refers to the produced oxygen, expected to be at full retention

by the supraparticle, being enough to prevent any sinking and therefore oscillation. The

reasons to explain this are similar to the ones mentioned above and can be again

attributed to lowering within the retention of oxygen with increasing concentration of

H2O2 associated with higher violent free bubble production, which can be observed

experimentally.

5.3.4. Applications of Elevator Particles

One of the most distinctive features of the supraparticles is that additional functionality

can be readily incorporated within the precursor droplets during the assembly process.

Fig. 5.10: Trajectory of magnetically steered
supraparticle movement in 5 % w/w aqueous
H2O2 solution (particle made from 9 µl of initial
droplet size, 10 % v/v silica, 0.12 % v/v catalyst;
final particle diameter 1.5 mm). The images
are overlaid from front view of the cuvette
container by taking maximum intensity in 0.08 s
increments for the way down and at 0.2 s image-
increment for the way up. The elevator particle
shows adjustable movement; (Scale bar: 1 cm).
Schematic inset shows the top-view of magnetic
field from each magnet. The figure illustrates
the ability to guide the particle motion along
a pre-programmed trajectory, which it follows
with high reproducibility over many cycles.
Altered from [252].

These may include properties, such as

magnetic responsiveness, fluorescence emission

or shape anisotropy (see chapter 4, [193,

194]). As we were using magnetic catalyst

core-shell (Fe3O4@Pt) nanoparticles, the whole

supraparticle is magnetic. Hence, in order to

steer the self-propelling particle along a defined

trajectory, two strong magnets (a magnetic

field of 4-5 mT at a distance of about 1 cm),

were placed outside of the cuvette as shown

in Fig. 5.10. The external magnetic field

introduces an additional lateral component to

the particle movement allowing for a precise

control due to the magnetic response of

the catalytic nanoparticles to the gradient

of the field, which drags the whole elevator

supraparticle magnetophoretically towards the

magnets. Thus, the particles now move

vertically as well as horizontally, and thereby are

directed to follow a pre-designed trajectory in all three spatial directions, which may access

the whole volume of the container. We placed the two magnets, one at the top left side, close

to the particle’s starting position, and one on the bottom right side. When the movement

cycle starts, the particle is falling down from its starting position, subsequently building

oxygen while lying at the bottom of the container. Upon rising again, the attraction by the

bottom magnet pulls the particle to the right resulting in its arrival on the right side at the

top. From there the particle gets pulled back to the top left starting position as the bubble

keeps it floating along with the meniscus. It may be mentioned here that the meniscus
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was of a convex shape by taking advantage of the cuvette surface’s hysteresis. Due to the

larger particle size, the velocity of elevation is reduced, because the heavier particle requires

more buoyancy to lift. The larger particle, obtained from 9 µl droplets during synthesis,

shows slower elevation velocity (~7-8 mm/s) compared to the 3 µl (~15-17 mm/s) particle. Such

magnetic control of the movement could also be accomplished in more complex external

field configurations to allow steering the movement of supraparticles anywhere within the

container. In addition, it is also possible to collect and entrap the particles by a sufficiently

strong magnetic field and thereby temporarily stop their motion.

Fig. 5.11: Catalytic decomposition of starch-iodine complex by 10
elevator supraparticles, functionalized with α-amylase (red curve) vs blank
sample (blue curve), where the blank had the identical composition of
starch, iodide and H2O2 except for the supraparticles. The catalytic
conversion was measured by absorption measurements at λ = 602 nm in
intervals of 15 min between each measurement. The particles are able
to perform catalytic reactions in combination with mixing due to self-
propelled motion. Altered from [252].a

aExperiment performed at NCSU (USA) assisted by Dr. Hyung-Ju
Kim

Further functionality can be introduced into the supraparticles by including other

functional additives such as enzymes, which then are able to perform highly specific

catalytic reactions. As an example we immobilized α-amylase onto the

supraparticles [254], designated for decomposition of starch (the immobilization protocol

is described in the experimental section 5.2.6). This process of decomposition was

monitored through the UV-VIS-absorption of the starch-I−
3 -complex, whose maximum

occurs at 602 nm and pH 7.5-8, which was maintained in the medium (see Fig. A11 for

spectrum data). The enzyme, α-amylase, cleaves the α-1,4-glycosidic bonding between

the glucose units, successively liberating units of maltose over time. This results over

time in an increasing loss of helical units, which disrupts the formation of starch-I−
3

complexes, which is in turn detected using UV-VIS adsorption. After immersion into the
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starch containing medium, the particles show self-propelled motion, while successively

reducing the color over time, as illustrated in Fig. 5.11. We observe total conversion

within 1 h, as indicated by obtaining a water-clear solution (see also Fig. A12). By

comparing with a control sample without any elevator particles having equal composition

in terms of starch, iodide and H2O2, we could exclude any loss in absorption due to

sample aging. Moreover, by adding the supernatant of the storing solution for the

amylase functionalized elevator supraparticles to a control vessel containing the blue

starch-I−
3 complex, the retention of color over several hours excluded any catalytic

reaction due to free enzyme. Accordingly this preliminary experiment proves the concept

of using elevator supraparticles as smart functional vehicles able to perform controllable

movement in 3D space.
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5.4. Summary & Conclusion

This chapter discussed the development of self-propelling supraparticles based on

catalytic consumption of a chemical fuel, in this case H2O2, to promote vertical, thus

elevator-like autonomous movement. The synthesis was done via the droplet templating

method, employing colloidal silica microspheres as main building block and catalytic

Fe3O4@Pt nanoparticles. The movement is based on a dynamic gravity/buoyancy

balancing mechanism arising from continuous oxygen production due to the Pt-catalyst.

The produced gas is adsorbed to the supraparticle surface, which was rendered

hydrophobic during the synthesis procedure, by means of small bubbles. Upon

production, the supraparticle being denser than the liquid medium, the buoyant force

overcomes gravity, causing rise of the supraparticle towards the top interface. The main

transporting oxygen bubble is then detached, restarting the overall movement cycle. This

was shown to take place in a very regular oscillating fashion for several days, where the

frequency of these oscillations scaled with increasing H2O2 concentration and catalyst

content (Fig. A13). Furthermore, due to the high versatility of the synthesis procedure,

the density of the particles can be easily tuned by incorporation of additional PS-latex

microspheres, which nicely scaled according to Stokes relation. A model, based on the

reaction kinetics could be developed, revealing that throughout the whole process, oxygen

is constantly adsorbed to the particle, significantly lowering its static density, near to the

liquid’s one. This corresponds for supraparticles solely consisting of silica within the main

building block, to an additional gaseous volume equal to that contributed by the

contained colloids. Apart from the possibility of adjusting movement performance, the

supraparticles also exhibit functional properties, such as magnetic, allowing for defined

manipulation of the particle’s course and entrapment in a predefined trajectory, in

consequence enabling 3D access. Moreover, via (bio-)chemical treatment, further

functionality can be introduced, as was shown for the catalytic model experiment using

α-amylase. It could be observed that via surface functionalization of the supraparticles

with the enzyme α-amylase using a standard protocol, the supraparticles were able to

perform the catalytic decomposition of the starch-I−
3 -complex during movement. In effect,

their movement can be referred to an implemented mixing process, strongly accelerating

the process, as compared to non-moving supraparticles. This model experiment shows

that this type of smart material can be used to perform chemical reactions in an easy

fashion, which can serve for different purposes in the fields of catalysis or sensing.
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7

Appendix

7.1. Utilized Software

Tab. A1: Utilized software tools for instrumentation, evaluation and illustration.

Software Version Instrument/Purpose

ALV-Correlator 3.0 DLS

BOHLIN rheometer
software

6.50.5.8 Rheometer

DISS 5.0 SEM

EM-Menu 4.0 TEM

IC-Capture 2.2/2.3 Microscopy

LAS AF/LAS AF Lite 4.2.1/3.1.0 CLSM

SCA20 3.4.6 Contact angle

FFmpega N-60959 Video editing

ImageJ/Fijib ImageJ-1.48r Image editing

Pythonc 2.7.5, NumPy-1.7.1d,
Matplotlib-1.3.0e,
PIL-1.1.7f, SciPy-0.12.0g

Scripting

GNUploth 4.6 Plotting & fitting

Inkscapei 0.48 Graphical illustrations

Blender j 2.7.4 3D Graphics & animations

a64-Bit video conversion software [253]
b32/64-Bit image editing software [206, 207]
cPython programming software [209]
dPython numerical computation library [211]
ePython plotting library [257]
fPython image processing library [210]
gPython scientific computing library [212]
hGNUplot graphing utility [258]
iInkscape vector graphic program [259]
jBlender animation software [260]

I



7.2. Supplementary for Anisometric Supraparticles

7.2.1. Measurement of Fumed Silica Supraparticle Anisometry

Fig. A1: Determination of fumed silica (FS)
supraparticle anisometry via elliptical fit (yellow line)
from top view; The anisometry is defined as the ratio of
long (Dl) to short (Dw) diameter; Background: Cu-Ag
superhydrophobic (SH) surface; Scale bar shows 500 µm.

7.2.2. Dynamic Light–Scattering Data of Fumed Silica Suspensions

Fig. A2: Normalized intensity correlation functions g(2)(τ) of DLS measurements of
differently concentrated FS suspensions (given in w/v), treated with definite amounts of
NaCl: (a) 0 mM, (b) 1 mM, (c) 10 mM, (d) 100 mM.

The measurement was performed at an ALV/CGS-3 Compact Goniometer System

using a laser wavelength of λ = 632.8 nm and 90 ◦ detector angle recorded via

ALV-Correlator software. The conditions were set to 25 ◦C with ~10 s sample vortexing

prior to measurement setting its to 20 s with 4 runs each.
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7.2.3. TEM of Fe3O4-Core Particles

Fig. A3: TEM for Fe3O4 particles before coating with TEOS; Scale bars
are 100 nm (left) and 50 nm (right), respectively. The particle show an
overall polydisperse size of 8-15 nm in diameter.a

aImages taken by Lucas Kuhrts (TU Berlin, Germany) at AG TEM
(HU Berlin, Germany)

For sample preparation, 5 µl of the corresponding sample solution were dropped on a

glow discharged TEM copper grid with carbon support film (200 mesh, from textitScience

Services) with subsequent removal of excess liquid after 1 min using filter paper. All images

were recorded digitally by a bottom-mounted 4k×4k CMOS camera system (TemCamF416

from TVIPS) and processed by the EM-Menu software program (TVIPS).
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7.2.4. Evaporation of Water Droplets

Fig. A4: Evaporation of water droplets by means of their r(t)-function at 3 different
humidities H. Each function represents the average of 3 measured droplets. The initial
average evaporation rate µe was determined by the slope of the linear fit of the first
1100 s of drying time (see Eq. 7.1a & 7.1b). A clear divergence from linear shape is
given for higher drying times, instead following the expectation from the drying kinetics
in CCA-mode (see Eq. 1.12b in section 1.2.1 in chapter 1).

rini(t) = r0 − µe · t (7.1a)

⇔ ∆rini(t) = µe · t (7.1b)

The function curves were recorded via image analysis using a Carl Zeiss JENAPOL

optical microscope using a Planchromat LD 4×/0.05 objective from Carl Zeiss equipped

with a USB camera type DFK 72AUC02 via IC-Capture, both from The Imaging Source.

The images were taken in intervals of 10 s and the droplet radius was measured by the

Fiji/ImageJ editing software [206, 207] utilizing elliptical fit. Thereby, as the droplets

resemble in good approximation spheres, the average of both principal axis lengths was

taken for the calculation of the droplet radius r.

7.2.5. Rheology of Fumed Silica Suspensions

The rheology data was generated at a Gemini 200 HR rheometer from Malvern instruments

using a cone plate geometry (CP 4/40) at 25 ◦C, where the data was recorded by BOHLIN

rheometer software. so. Prior to the measurment the sample was pre-sheared at a rate of

γ̇ = 5 s−1 for 30 s followed by an equilibration time of 60 s. The samples were immediately

applied after adding the appropriate amount of the correspondingly concentrated NaCl

solution to solid FS followed by intense mixing for ~20 s using a vortex.
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Fig. A5: Viscosity measurements for three different FS suspensions, (a) at 5, (b) at 7 % w/v

and (c) at 9 % w/v. The suspensions have been measured at different concentrations of NaCl
in the range from 1 to 100 mM based on the calculated critical concentration scale shown in
Fig. 4.12 in section 4.3.5 of chapter 4. The graphics on the right hand side show excerpt viscosity
over NaCl concentration data at 3 orders of magnitude of shear rate γ̇, 0.01 to 1.11 s−1, from the
corresponding left hand plot. In (d) the extracted data for the same three shear rates is given
as a function of FS concentration for the different NaCl concentrations. It can be seen, that
within the range of 0 to 25 mM, the observed viscosity increases, while beyond that a plateau is
reached. This may be related to supraparticles having higher anisometry values with increasing
ionic strength until the observed maximum is reached. Moreover, the increased viscosity at
higher FS concentration proves shell rigidity upon interfacial accumulation of FS.a

aData recorded by Vivian J. Spiering (TU Berlin, Germany)
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7.2.6. CLSM Proof of non-Adsorbtion of Alexa-488 onto Fumed Silica

Fig. A6: Image Sequence of the drying process of a fumed silica (FS) containing a
3 µl droplet at 0 mM NaCl. The corresponding time is given in [min]. One can clearly
observe that the agglomerates shown in the FS fluorescence channel (Rhodamine 6G,
upper row) are equal to the holes in the background fluorescence (BG, Alexa-488, lower
row). This proves the non-adsorbence of Alexa-488 on FS. Adapted from [111]

7.2.7. UV-VIS Proof of dye Adsorbtion onto Fumed Silica

For the experiment, tiny amounts of Alexa-488 and 9.6 µg/ml have been separately dissolved

in milliQ-water at their UV-VIS sepctra were recorded via a Cary 50 UV/VIS spectrometer

from Varian. Afterwards fumed silica (FS) was added in order to set its concentration to

3.5 % w/v each, with gentle mixing. The FS particles were sedimented via centrifugation and

the supernatant was again recorded for the corresponding UV-VIS spectrum followed by

redispersing the FS particles. This process was repeated after distinct time intervals. Due

to small FS particles being still present within the supernatant a base-line correction was

performed on each spectrum for better comparison. Note that due to needed redispersion of

the FS particles, centrifugation speeds cannot be raised too high in order to not irreversibly

aggregate. This may result in small particles being present within the supernatant, causing

a drift in the spectrum due to scattering effects.
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Fig. A7: UV-VIS spectra of: (a) Alexa-488 and (b) Rhodamine 6G onto fumed silica
(FS) for different mixing times. While Alexa does not adsorb at all (even after 96 h,
Rhodamine gets readily soaked up by the FS particles.a

aData recorded and partly evaluated by Vivian J. Spiering (TU Berlin, Germany)

7.2.8. Overview of controlled Elongation Direction

Fig. A8: Overview from the top after drying of droplets containing 3.5 % w/v and 5 mM
of NaCl on a 90 ◦ surface beding angle. The particles show nice alignment perpendicular
to the surface bending axis, which is emphasized by the zoomed-in red boxes.a

aSupraparticles synthesized by H. Esra Oguztürk (TU Berlin, Germany)
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7.3. Supplementary for Elevating Self-propelling Supraparticles

7.3.1. TEM of Fe3O4@Pt–Catalyst Particles

Fig. A9: TEM for catalyst Fe3O4@Pt particles; Scale bars are 100 nm
(left) and 50 nm (right), respectively. The particle show an overall
polydisperse size of 8-15 nm in diameter.a

aImages taken by Lucas Kuhrts (TU Berlin, Germany) at AG TEM
(HU Berlin, Germany)

For sample preparation, 5 µl of the corresponding sample solution were dropped on a

glow discharged TEM copper grid with carbon support film (200 mesh, from textitScience

Services) with subsequent removal of excess liquid after 1 min using filter paper. All images

were recorded digitally by a bottom-mounted 4k×4k CMOS camera system (TemCamF416

from TVIPS) and processed by the EM-Menu software program (TVIPS).

7.3.2. SEM of Silica Microspheres at the Surface of Elevator Supraparticles

Fig. A10: SEM of silica microspheres taken from a supraparticle made from 20 % v/v

droplet suspensions (3 µl droplets); Scale bars are 10 µm (left) and 4 µm (middle) and
0.8 µm (right), respectively. The particles show high monodisperse spherical shape,
with an average diameter of about 780 nm.a

aImages taken by Jörg Nissen (ZELMI-TU Berlin, Germany)

The samples were prepared by drying an aqueous suspension containing 20 % v/v silica

microspheres (d = 0.78 µm) on a Cu-Ag superhydrophobic (SH) surface. The samples were

measured at a Hitachi S-2700 SEM.
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7.3.3. UV–VIS Absorption Spectrum of Iodine-starch Complex in Water

Fig. A11: UV-VIS absorption spectrum of I−

3 -starch complex dissolved in water at a
starch concentration of 0.5 mg/ml. The initial iodine concentration was set to 5 mg/ml.
The inset shows the peak region.

7.3.4. Image Sequence for the Catalytic Elevator Reaction

Fig. A12: Image sequence of decomposition reaction using 10 α-amylase coated elevator
supraparticles in 3 ml containing 0.5 % w/w H2O2, 0.5 mg/ml hydrophilic corn starch and 5 mg/ml

NaI. The numbers indicate the reaction time in minutes.a

aExperiment performed at NCSU, USA assisted by Dr. Hyung-Ju Kim

IX



7.3.5. Dependency of Elevator Particle Frequency on Catalyst

Fig. A13: Frequency dependence of elevator particle frequency on content of Pt-
catalyst. Dashed line represents linear fit to emphasize the corresponding correlation.a

aExperiments partly performed by Dr. Hyung-Ju Kim at NCSU, USA

7.3.6. Elevator Density Analysis

The density of aqueous H2O2 at 25 ◦C, resembling the solvent, can be calculated according

to Eq. 7.2 [255], whereas the viscosity η can be easily approximated as similar to water

given the fact that the experiments for density variation were all conducted under 5 % w/w of

H2O2, where the resulting concentration dependent difference in viscosity is negligible [261].

ρsol = 0.997 + 0.34672 · cH2O2 + 0.062995 · c2
H2O2

+ 0.02885 · c3
H2O2

(7.2)

Furthermore, the values of elevator particle radius rel given in Tab. A2 were calculated

according to Eq. 7.3a. This was done, taking into account the total colloidal volume

by initial droplet volume at particle preparation Vini and the corresponding volumetric

concentrations ci,vol, while assuming spherical geometry with RCP packing (factor ξ =

0.64). Combining this with initial sinking velocities vdown extracted from experimental

data (see Fig. 5.2 in section 5.2.5 of chapter 5), and using Stokes relation, the elevator

particle density ρel can be derived as shown in Eq. 7.3b.

rel =

(

3Vini
∑

i ci,vol

4πξ

)1/3

(7.3a)

ρel =
9ηvdown

2gr2
el

+ ρsol (7.3b)
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Tab. A2: Densities for supraparticles containing various compositions of silica and PS-latex. The radius was calculated from colloidal
volume assuming common RCP packing factor (ξ = 0.64, Eq. 7.3a) for a spherical geometry. Thereby the colloidal volumes are given
as volume fractions θv of the precursor droplet solution from which the elevator particle density ρel is calculated using solvent density
ρsol (0.997 and 1.014 g/ml for 0.1 and 5 % w/w of H2O2, respectively, Eq. 7.2 [255]) and viscosity η = 1 mPa · s assumed for water and
g = 9.81 m/s2 for gravity’s constant (Eq. 7.3b).

θv,s(silica) θv,l(PS-latex) θv,l : θv,s θv(FeO) θv(Pt) ρel [g/ml] vdown [mm/s] rel [mm]

0.1 0 0 0.0012 4 · 10−5 1.093 ± 0.016 39.94 0.48

0.05 0.01 0.2 0.0012 4 · 10−5 1.068 ± 0.034 19.56 0.41

0.05 0.02 0.4 0.0012 4 · 10−5 1.071 ± 0.027 22.98 0.43

0.05 0.03 0.6 0.0012 4 · 10−5 1.065 ± 0.012 22.35 0.45

0.05 0.04 0.8 0.0012 4 · 10−5 1.046 ± 0.016 15.07 0.47

0.05 0.05 1.0 0.0012 4 · 10−5 1.040 ± 0.007 12.81 0.48

0.05 0.1 2.0 0.0012 4 · 10−5 1.001 ± 0.00002 2.68 0.55

0.05a 0.025a 0.5a 0.0012 4 · 10−5 1.068 ± 0.018a 22.68a 0.43a

aAverage of row 3 & 4
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7.3.7. Elevator Tracking & Statistical Analysis

In the following graphs representative tracking plots, each of 60 s are given for the 3

particles discussed in chapter 5. The excerpts show height function h(t), the

corresponding velocity v(t) and acceleration a(t) function, by subsequent derivation. This

derivation was achieved by sequential linear fit of each datapoint determining its slope.

For statistical analysis, at each concentration the given frequency range was divided

according to Eq. 7.4 [262].

w =
3.48 · σ

q (N)1/3
(7.4)

Thereby w resembles the interval width, σ the standard deviation from average and N

the total amount of samples, i.e. oscillations. For additional separation we also introduced

a factor q ∈ N, which was set to 3 for 0.5 % w/w of H2O2, to 1 for 20 % w/w and for the

remaining concentrations to 2. However, it has to be noted here, that with decreasing

concentration of H2O2, the amount of oscillations observable from tracking video of the

particle significantly decreased. The approximate sample range is given in Tab. A3.

Tab. A3: Number of oscillations analyzed for gaussian fit in
Fig. A23, A24 and A25.

Concentration range [% w/w] No of samples

0.5 < 8

1-2 10-20

3-10 30-80

15-20 > 90

The resulting statistical histograms were fitted according to Eq. 7.5, with f and f being

the frequency and the average one, respectively.

(

N

Ntotal

)

= C

√

2

πσ2
exp







−2
(

f − f
)2

σ2





 (7.5)

The experiments presented in the following Fig. A14-A22 were partly performed by Dr.

Hyung-Ju Kim at NCSU, USA.
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Fig. A14: 60 s-excerpts for 3 Elevator particles at 0.5 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration
function a(t).
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Fig. A15: 60 s-excerpts for 3 Elevator particles at 1 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration function
a(t).
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Fig. A16: 60 s-excerpts for 3 Elevator particles at 2 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration function
a(t).
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Fig. A17: 60 s-excerpts for 3 Elevator particles at 3 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration function
a(t).
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Fig. A18: 60 s-excerpts for 3 Elevator particles at 5 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration function
a(t).
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Fig. A19: 60 s-excerpts for 3 Elevator particles at 7.5 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration
function a(t).
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Fig. A20: 60 s-excerpts for 3 Elevator particles at 10 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration
function a(t).
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Fig. A21: 60 s-excerpts for 3 Elevator particles at 15 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration
function a(t).
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Fig. A22: 60 s-excerpts for 3 Elevator particles at 20 % w/w of initial H2O2; (a) shows the height h(t), (b) the velocity v(t) and (c) the acceleration
function a(t).
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Fig. A23: 3 Elevator particles at (a) 0.5, (b) 1 and (c) 2 % w/w of initial H2O2; Statistical analysis was performed according to the description in
section 7.3.7.
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Fig. A24: 3 Elevator particles at (a) 3, (b) 5 and (c) 7.5 % w/w of initial H2O2; Statistical analysis was performed according to the description in
section 7.3.7.
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Fig. A25: 3 Elevator particles at (a) 10, (b) 15 and (c) 20 % w/w of initial H2O2; Statistical analysis was performed according to the description in
section 7.3.7.
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