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Introduction

1.1 Soft Matter

In daily life we are surrounded with soft matter; think of paint, shampoo, milk, mayon-
naise, blood, soap, rubber and the liquid crystalline display in your smartphone. But also
the cells inside your own body are composed of soft matter*, proteins, DNA, RNA, mem-
branes and polysaccharides. When we study a block of metal or water with an electron
microscope, which has a resolution of a few nanometers (1nm = 1072 m), such materials
appear to be homogeneous. In the case of soft matter we will observe an inhomogeneous
structure when studied with the same microscope. Soft matter systems are structured on
mesoscopic length scales. Their characteristic length scales are between the atomic world
and the macroscopic world, which are between the nanometers and micrometers range
(Inm — 1pm = 1072m — 107%m).

The term soft matter (in french: matiere molle) was first introduced by the french
physicist Madeleine Veyssié as a joke around 1970, it has a double meaning in french [1].
Later, Pierre-Gilles de Gennes, who had worked together with Veyssié, introduced the
term soft matter to wide public in his Nobel laureate lecture 1991 [2].

Soft matter materials have the following special features in common. These materials
are structured on mesoscopic lengths scales, as such they often have a large interfacial
surface area. Therefore, the chemical and physical properties of these interfaces often
determine the properties of the material. The structures are generally soft. The energies
associated with deformation of the bonds in these structures are on the order of thermal
energy kg1, with kg Boltzmann’s constant and 7T the absolute temperature. Therefore,
these structures respond easily to external fields and are easily deformed by external fields.
Due to the low amounts of energies associated with interactions in soft matter, random
fluctuations and Brownian motion are important. Brownian motion is the erratic motion
that soft matter materials encounter due to the random kicks of liquid or gas molecules
surrounding the material. This motion was first observed by Robert Brown in 1827, when
he studied the pollen of Clarkia pulchella dispersed in water with an optical microscope [3].
Soon, he discovered that also inanimate fine particles of clay and sand exhibit the same
erratic motion. Hence, soft matter systems are constantly in motion due to thermal

*Human bodies itself are ‘Soft Machines’ as William S. Burroughs already pointed out in 1961.
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fluctuations. Finally, soft matter often exists of self-assembled material. Because of the
interplay between thermal fluctuations and interactions, which are both on the order
of kT, material can self-assemble into organized structures and reach thermodynamic
equilibrium. When the responsiveness and self-assembly are combined to overcome kinetic
barriers in structuring, this is called directed assembly.

The soft matter systems we use in this thesis are colloids. Colloids are particles with
a mesoscopic size which are dispersed in a continuous phase. Think of the fat droplets
and proteins floating inside milk. Both the colloid and the continuous phase can be made
of either a gas, a liquid or a solid. In this thesis we study the directed self-assembly of
colloids external fields such as gravity, electric fields and shear flow.

The knowledge and use of colloidal dispersions dates already a long way back. The
inks used by Egyptians 4000—300 B.C. to write on papyrus were colloidal dispersions
made of fine grains of carbon black or cinnabar in solution, which were stabilized by a
biopolymer such as gum arabic. Also, in the seventeenth century alchemists produced
colloidal dispersions from gold chloride solutions treated with reducing agents. The sci-
entific history of colloids starts in the middle of the nineteenth century with Selmi [4] and
Graham [5]. They are often named the founding fathers of colloid science, as they were
the first to thoroughly investigate the stabilization, preparation and characterization of
colloids. The term colloid (in Greek glue = koAAa) was first coined by Thomas Gra-
ham in 1861 [5]. He studied diffusion through a parchment membrane and found a gluey
substance that remained on the membrane, which he coined colloid. In 1902 Zsigmondy
developed the ultramicroscope together with Siedentopf, while he investigated colloidal
dispersion of Purple Cassius [6, 7|. The ultramicroscope uses Tindall scattering to observe
and determine the size of colloids that were smaller than the wavelength of light, which
could not been done with a normal optical microscope. Five years later Jean Baptiste
Perrin [8] used the ultramicroscope to follow the movement of uniform gamboge parti-
cles. With his experiments he verified the molecular nature of Brownian motion and the
existence of atoms. A theoretical explanation on Brownian motion was given two years
before by Albert Einstein and Marian von Smoluckowski [9-11].

Not only did Perrin study Brownian motion, but he was also able to determine Ava-
gadro’s number by studying the sedimentation profile of a dilute suspension of the same
particles [8]. Colloids that are heavier than the solvent they reside in will settle and form
a sediment. In sedimentation-diffusion equilibrium, the rate of sedimentation is balanced
by the diffusion, due to Brownian motion, in the upward direction. A density gradient
is present along the axis of sedimentation. Perrin showed that in equilibrium at the top
of the sediment the density gradient resembles the barometric height distribution of ideal
gasses. He concluded that the ideal gas law, which was already extended by van ’t Hoff to
solutions, was still valid for dilute colloidal suspensions. These findings were important
for the development of statistical mechanics.
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1.2 Colloidal Model Systems

When colloidal particles are made monodisperse, they show the same thermodynamic
phase behavior as atoms and molecules [12]. For example, spherical colloids that that
have a hard-core particle potential, e.g. they act as billiard balls, can form a fluid and
a crystal depending on the concentration [13, 14]. As colloids are much bigger than
atoms and molecules, colloids can be easily investigated and manipulated. Therefore,
monodisperse colloids can serve as model system for their much smaller counterparts.
This is also what we used them for in Chapters 3 and 4.

Colloids are relatively large and slow, and therefore, colloids can easily be studied with
an optical microscope. With the confocal laser scanning microscope it is possible to obtain
quantitative data on the single particle level about the 3D structure and dynamics [15, 16].
In contrast to atomic and molecular systems, for which more advanced techniques such
as atomic force microscopy (AFM) and electron tomography are needed.

Spheres The most famous colloidal model system consists of spherical particles with
a hard-core particle potential, in short hard spheres. Theoretically, these spheres have
an infinite potential energy at contact, but zero otherwise. Hence, the internal energy is
constant at constant temperature and the phase transition is purely entropy driven, and
no attractions between particles are needed. The equilibrium phase diagram consists of
only a fluid and a crystal phase [13, 14] and is dictated by the density of the spheres. Early
experiments in the 1960s with hard spheres used granular ball bearings [17], but these
bearings have negligible thermal motion in contrast to colloids, which undergo Brownian
motion. In the 1980s, sterically stabilized poly(methyl methacrylate) (PMMA) spheres
were prepared that act as nearly hard spheres and showed equilibrium phase behavior [18]
and crystal nucleation was studied [19]. Later in the 1990s, the whole equation of state
was obtained of a suspension of nearly hard spheres, with one single measurement of
the sedimentation-diffusion equilibrium profile [20-22]. Using confocal microscopy local
processes can be studied on the single particle level, such as crystal nucleation [23] and
melting [24]. Hard-core colloidal particles that can be used in confocal microscopy studies
are silica spheres [25, 26] and PMMA spheres [27, 28].

Although many interesting models can be tested experimentally, colloidal hard spheres
synthesized in laboratory differ from the idealized theoretical model [29]. In experimental
systems, colloidal spheres do not all have the same size, but a distribution of sizes exist,
the colloids are affected by gravity and there is always a degree of softness, e.g. the billiard
balls are a bit squishy. For sterically stabilized colloids, this softness can arise from the
compressibility of the polymer hairs grafted onto the colloid. For charge stabilized colloids,
the charged surface causes a different interaction potential. However, with the addition
of salt, electric charge can be screened such that the range of interaction is much smaller
than the diameter of the particle. By using an effective diameter for these particles, their
phase behavior can be mapped onto the hard sphere phase diagram [15, 29-31]. Next,
colloids are affected by gravity. This effect can be diminished by matching the solvent
mass density with the particle mass density. However, this is not possible for all systems
and sometimes makes imaging these systems difficult. Hence, colloids will either cream
or sediment over the course of time. At last, the relative width of the size distribution
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of the particles, or polydispersity, can influence phase behavior, as it affects the fluid-
crystal coexistence density [32]. Also, for spherical particles with over 7% polydispersity
no crystal phase exists [18]. Apart from using spherical colloids as model systems for
simple atoms, a wealth of different shapes and interaction potentials can be synthesized
in laboratory [33-36]. This allows for investigating colloids that mimic simple molecules.
In addition, a wider variety of (complex) colloidal structures can be made than just the
simple face centered cubic (fcc) or hexagonal close packed (hep) structure formed by hard
spheres.

Liquid Crystals By only changing the shape of a hard-core spherical particle to a rod
shape, a wealth of different phases can already be formed [37]. Rods are anisotropic,
therefore next to positional order, also orientational order determines the phase behavior.
Due to the additional degrees of freedom, sufficienly long rod-like particles form liquid
crystalline phases. Liquid crystalline phases, also called mesophases, exhibit order in
between that of a liquid and the long-range positional order of a crystal. These inter-
mediate phases have different mechanical responses and optical properties compared to
simple fluids.

The scientific history of molecular liquid crystals starts in 1888, when the Austrian
botanical physiologist Friedrich Reinitzer discovered that a compound named cholesteryl
benzoate has two melting points, and thus behaved differently from other compounds he
knew [38]. Together with Otto Lehmann, who in 1904 coined the name cholesteric liquid
crystals, he discovered that between the two melting points the fluid was crystalline, but
also that it had a different interaction with light [39]. Reinitzer and Lehmann were the
first who became aware that phases exist that have symmetry properties in between those
of a liquid and a crystal. Later, in 1922 Georges Friedel published his classification of
mesomorphic states of matters as he called liquid crystals [40]. He classified three phases,
namely the nematic, cholesteric and smectic-A phases. It took until 1977 before columnar
phases were discovered by Sivaramakrishna Chandrasekhar [41].

Lars Onsager was the first in 1949 to predict with theory an entropy-driven phase
transition, that occurred in a system of long hard rods [42]. When the density of rods is
increased, the system undergoes a phase transition from a disordered isotropic phase to
the nematic phase, for which the rods on average point in the same direction, the nematic
director 7o. By aligning, the rods lose rotational entropy, but this is outweighed by a
gain in translational entropy. Later, computer simulations have shown that a system of
sufficiently long hard rods not only forms a nematic phase, but also a smectic phase [43].

Silica rods are a simple experimental model system for monodisperse colloidal hard
rods that form liquid crystalline phases [44, 45]. Silica rods can form the nematic phase,
the smectic phases and crystal phases, next to the isotropic liquid phase, see Fig. 1.1.
In the nematic phase rods do not show positional order, but rods are all oriented in
on average the same direction. When Georges Friedel observed nematic phases with the
microscope, he observed defects that looked like threads (in Greek thread = vnua). In the
smectic phase rods are, in addition to being aligned, arranged into layers. Friedel noticed
that the mechanical properties of the Smectic-A phase were similar to that of soap (in
Greek soap = ounyua). In what way the rods are arranged inside the layers depends
on the type of smectic. There exist many types of smectic phases from smectic-A until
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Figure 1.1 Schematic of liquid crystalline phases for hard spherocylinders discussed in this
chapter. The phases are depicted parallel to the director fv (average alignment) and perpendic-
ular to 7.

smectic-K. For silica rods, with a hard-core potential, only the smectic-A phase is expected
theoretically [37], but in experiments also the smectic-B phase was observed [46]. In the
smectic-A phase, the rods are arranged in layers, but there is no order within the layer. In
the smectic-B phase, the rods are hexagonally ordered within the layers. However, there
is no correlation of particle position between the layers. When long-range correlation
between the different layers exists a crystal is formed. The rods can either stack in an
ABC crystal or in an AAA crystal, see Fig. 1.1. In the ABC crystal, rods in the next
layer are positioned in alternate interstices of the former rod layer, like the way spheres
stack in an fcc lattice. In the AAA crystal, rods are aligned tip to tip. Furthermore, if
the rods are sufficiently polydisperse also a columnar phase exists [47]. In the columnar
phase the rods are hexagonally ordered and aligned tip to tip, but the rods do not order
in layers, such that the rods can slide along each other.

Silica rods are a different type of liquid crystal than the molecules studied by Reinitz
and Lehmann. Silica rods are lyotropic and depending on their density form different
phases. In contrast, the molecules studied by Reinitz and Lehmann formed different
phases depending on the temperature, and therefore, are thermotropic [48]. Still, silica
rods can serve as a model system to investigate structure and dynamics inside liquid
crystals.

The first rod-like colloids were observed in the 1920s, when vanadium pentoxide parti-
cles were shown to form the nematic phase [49]. Later, in the 1930s the nematic phase was
observed in a system of rod-like tobacco mosaic virus (TMV) [50]. It took until the 1950s
before the smectic phase was observed in the same system [51]. At the moment, many
rod-like colloids are available in a range of different materials. This includes bio-organic
particles such as fd-virus [52], but also poly(methyl methacrylate) PMMA ellipsoids [53],
polystyrene ellipsoids [54], goethite (a-FeOOH) [55], gibbsite (Al(OH)3) [56, 57|, nickel
dimethylglioxime rods [58] and the silica rods used in this thesis [44]. Some of these sys-
tems can be used in confocal microscopy studies, such that it allows for quantitative 3D
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studies of the behavior of anisotropic particles, these include PMMA ellipsoids [59, 60],
core-shell polystyrene-poly(N-isopropylacrylamide) ellipsoids [61], silica ellipsoids [62], sil-
ica dumbbells [63, 64] and the silica rods [44, 45] used in this thesis. The the phase
behavior of these rods could be mapped on the theoretical phase diagram of hard sphe-
rocylinders, by the addition of effective shell around the particles [46]. Recently, the
equation of state of hard silica rods was measured for the first time in experiment, using
sedimentation-diffusion equilibrium and confocal microscopy [65].

1.3 Colloids Influenced by External Fields

Due to their relatively large size colloids are easily influenced by external fields, such as
gravity, electric fields and shear-flow. Self-assembly of colloids into colloidal crystals can
be guided by external fields, to overcome kinetic barriers that prevent the system to get
in the state of lowest free energy. This process is usually called directed assembly.

The additional rotational degrees of freedom of anisotropic particles makes the for-
mation of new structures possible, compared to spherical isotropic particles. However,
these rotations can also frustrate the kinetics of self-assembly. Therefore, when prepar-
ing colloidal crystals of anisotropic particles without external fields, this often results in
structures with multiple domains all having different orientations. Which makes them
unsuitable as photonic crystals, as for this periodic structures over large scale are needed.
The alignment of anisotropic particles with external field can help to overcome kinetic
barriers to obtain colloidal crystals with long-range orientation and which are periodic
on a large-scale. This can be done either by flow alignment of particles [66], magnetic
fields [67-69], or by using ac electric fields [64, 70, 71].

If for instance the colloids are lighter or heavier than the solvent they reside in, they will
either cream or sediment. Hence, gravity acts as an external field on the particles. Gravity
can be used as a tool to probe all phases in a sediment. For thick enough sediments, the
sedimentation profile of a single component system will contain all possible phases of
the system, as a density gradient is present along the gravitational axis of the sediment.
In Chapter 3 and 4 we make use of the gravitational field to probe the phase behavior
and sedimentation dynamics of a binary mixture of rods and spheres. Because there is a
gradient in the density of both components, this is more complicated. In Chapter 3 we
identify and characterize a binary smectic (Sms) phase in this system. In the Smy-phase
rods are arranged in smectic layers, and spheres fill up the space in between the rods [72].

Colloids are also easily affected by electric fields. When applying a uniform dc electric
field to a suspension of charged stabilized colloids, the colloids start to move relative to
the fluid. This motion is called electrophoresis and is used in biological laboratories to
separate macromolecules, such as proteins or DNA and RNA fragments, based on their
size. Electrophoresis can also be used to determine the surface charge of monodisperse
colloidal particle. The surface charge on a particle is a measure for the stability of a col-
loidal particle and determines the strength of the repulsive interaction between particles.
Moreover, the driven-motion of colloidal particles under influence of an electric field is
also used in e-readers [73]. Here, one pixel contains oppositely charged white and black
particles, with electrodes at the bottom and top of the pixel. When an electric field is
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applied, the particles migrate to the negative or positive electrode, such that the pixel
appears black or white. In Chapter 5 we investigate the electrophoresis of silica rods as a
function of double layer thickness using dc electric fields.

When a high frequency ac electric field is applied to a colloidal dispersion, the colloids
will not move. And the change in the electric field direction is faster than the response of
the ions present in de double layer around the particles. However, the colloids will acquire
a dipole, provided that the colloidal particles have a dielectric constant mismatch with
the solvent they reside in. At low field strengths, the induced dipole can be used to orient
particles with the electric field, as long as the particle is anisotropic in shape or has an
anisotropic polarizability, due to the material it is composed of. Due to the anisotropic
polarizability of the particle the electric field will exert a torque on the particles, such
that the dipole of the particles will align with the field. This results in alignment of
anisotropic particles over large distances [64, 70, 71]. At sufficiently strong fields, dipole-
dipole interactions between the particles occur. At low particle densities this results in
the formation of strings of particles [70, 74-76]. At high densities of spherical particles,
the body-centered tetragonal (bct) phase [33, 77] can be observed. For high densities of
rod-like particles, new phases were observed [64, 70, 78]. In Chapter 3 we show that we
can align the Smsy-phase over large areas using high frequency ac electric fields.

Colloidal suspensions can be easily deformed by shear. Shear can either induce order-
ing in colloidal suspensions, but can also induce melting of colloidal crystals [79-82]. Shear
alignment of colloid crystals is used in the preparation of colloidal crystals with spin coat-
ing [83-85], doctor blade coating [66, 86], melt compression [87, 88], or bending-induced
oscillatory shear technique [89]. When rod-like particles are subjected to shear-flow they
can align with the shear field. Next to that, dense systems of rod-like particles in shear
flow are known to exhibit rich dynamics [90, 91]. Depending on the initial conditions and
the applied shear, rod-like particles can show periodic motions like ‘tumbling’, ‘kayak-
ing’, and ‘wagging’. During these motions, the average alignment of the particles varies
periodically in time. Experimentally, some of these time periodic motions were found in
a system of fd-virus [92, 93]. This behavior was later confirmed by Brownian Dynamics
computer simulations [94, 95]. In Chapter 6 we use shear alignment to direct the assembly
of thin films of ordered silica rods or spheres.

1.4 Colloidal Assembly: Applications

Monodisperse colloids are able to form colloidal crystals for which the exact periodic
structure depends on the interaction potential, the volume fraction and the shape of the
colloids. Periodic structures with features on the nano- to micrometer scale are mainly
of interest due to their interaction with visible light, which has wavelengths on the same
scale. When colloids in a colloidal crystal have a different refractive index from that of
the surrounding medium, a 3D structure is formed for which the refractive index varies
periodically in space, i.e. they form a photonic crystal. Structuring on the nano- and
micro-scale can be done using the bottom-up approach of self-assembly of colloids, but it
can also be done top-down using lithography methods. However, the top-down approaches
are usually more expensive and are more limited in the production of large quantities [96].
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Colloidal photonic crystals can also be found in nature, such as precious opal, which
are formed by highly monodisperse colloidal spheres of amorphous silica (SiO2) [97]. Opal
has a stopband in the [111] direction of the fcc lattice [98]. Therefore, light in a certain
frequency range (color range) cannot propagate in that direction, which is observed as
enhanced reflectivity from that direction. In the case of a photonic crystal with a full 3D
photonic bandgap, light of a certain frequency range cannot propagate in any direction,
regardless of its polarization [99, 100]. This allows for the control of the emission and
propagation of light, which in turn allows for applications such as optical integrated
circuits. Colloidal hard spheres order into a fcc or hep crystal, just as precious opal, and
this structure does not have a full photonic bandgap. This is one of the reasons, why a
photonic colloidal crystal with a full bandgap has not been made yet. The inverse structure
actually has a full photonic bandgap, if the refractive index contrast n. = N/ Mmin 2
3 [101]. Using the colloidal crystal as a template for a high refractive index material like
silicon, germanium or some II-VI semiconductors [96], such an inverted structure (inverse
opal) can be made by chemical vapor deposition or atomic layer deposition [102-104].

In order to create colloidal photonic crystals with a full bandgap, different colloidal
structures are needed than the colloidal fcc structure. Calculations have shown that
colloids assembled in the diamond lattice and the pyrochlore lattice can possess a full
bandgap with a relatively low refractive index contrast n. ~ 2 [105]. Also colloidal
structures assembled from dimers can poses a full bandgap at n. ~ 2.3 [106]. For this
reason, photonic crystals with a full bandgap can in principle be made from titania or
zinc sulfide colloids. In order to obtain such structures, the research in preparing colloids
with different shape and interaction potential is of great interest.

Without a full photonic bandgap, colloidal crystals have optical applications in dis-
plays [107, 108], chemical and biological sensors [36, 109-112], antireflection coatings [113~
115] and security data encryption [116, 117]. And, because an inverse opal is highly porous,
colloidal crystal template methods are also of interest in non optical applications to obtain
structures for catalysis [118], filtration [86] and fuel cells [119].

A variety of techniques are available to fabricate and direct the assembly of colloidal
crystals, such as assembly by sedimentation [120, 121], convective self-assembly [122—
125], Langmuir-Blodgett techniques [126], assembly using external electric or magnetic
fields [68, 71, 127, 128], shear alignment [87, 88], spin coating [83-85] and doctor blade
coating (DBC) [66, 86, 129].

Another optical application for colloids, is as a scattering object inside thin film solar
cells in order to increase the optical path length and enhance efficiency [130]. As such, the
particles are dispersed in the medium evenly and at a low concentration, the long-range
order is not important such as in photonic crystals. Due to the anisotropic shape, silica
rods have shown to provide superior light trapping compared to spherical particles [131,
132] in these thin film solar cells.

In order to use colloidal crystals for applications, the structure needs to be made per-
manent. Typically, this is done by evaporation of the solvent from the colloidal crystal.
However, during drying cracks form due to capillary stresses that arise upon evapora-
tion of the solvent [133]. This is unfavorable as defects in photonic crystals can sup-
press bandgaps. To prevent crack formation, Jiang and McFarland used a liquid acrylate
monomer to disperse the particles in and upon polymerization of the medium the struc-
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ture became permanent [83, 134]. Using this method free standing colloidal films can be
obtained [85]. With this in mind, we used a liquid monomer as the dispersion medium in
Chapter 6 to directed assembly of thin colloidal films composed of rods or spheres.

1.5 Quantum Confinement

One example where the mesoscopic length scale of a particle defines its properties are
semiconductor nanoparticles, or colloidal quantum dots. Quantum dots are made from
semiconductor material, which have a conductance behavior between that of a metal and
an insulator. In a semiconductor the valence and the conductance band are separated by
an energy gap F,. It takes an energy F, to excite an electron into the conductance band,
which leaves a hole behind in the valence band. In the conductance band the electron is
unbound and free to move. Thus, when a quantum dot absorbs light electron-hole pairs
are created, so-called excitons. The energy E, is released, often in the form of photons
(light), when an excited electron recombines with the hole. Due to the nanometer size
of the quantum dots, with a typical size below ~ 10 nm, the wave function of an excited
electron gets physically confined in three dimensions. Hence, energy levels are quantized
due to extra kinetic energy of particle wave confinement, resembling more the energy
levels of atoms or molecules than those of bulk semiconductor [135]. As a result, E,
increases as the particle size gets smaller, therefore, more energy is needed to create an
exciton, and hence, more energy is released when an exciton recombines [136]. Due to
this quantum confinement, quantum dots show a size dependent photoluminescence. For
smaller particles, the photoluminescence is shifted to shorter wavelengths. Quantum dots
are of interest in a variety of applications, such as displays [137, 138], LEDs [139, 140],
biolabeling [141, 142] and solar cells [143, 144].

In Chapter 7 we investigate the optical properties of micron sized supraparticles assem-
bled from core-multishell quantum dots. Although the quantum dots are closely packed
together, they do not behave as bulk semiconductor and the quantum confinement effect
is still present. This was due to the additional shells of semiconductor grown around the
particle, which have a larger energy gap E,.

1.6 Thesis Outline

In this thesis we describe the directed assembly of silica rods, spheres and mixtures of
silica rods and spheres. In Chapter 2, the particle synthesis, colloidal dispersions and the
imaging techniques are described that are used in this thesis. Chapter 3 and 4 describe the
sedimentation of a binary mixture of silica rods and spheres. In Chapter 3 the experimen-
tal phase diagram, of a binary mixture of silica rods and spheres that form a Sms-phase, is
determined from sedimentation-diffusion equilibria using confocal microscopy. The real-
space results are compared with results from Monte Carlo simulations of hard spheres
and hard rods in bulk. In Chapter 4, the sedimentation dynamics of binary mixtures
of silica rods and spheres are followed over time. We compare two systems: in the first
system the diameter of silica spheres is smaller than the diameter of the rods; in the
second system the diameter of the silica spheres is larger than the diameter of the rod.
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In Chapter 5, the electrophoresis of silica rods is investigated on the single particle level.
The experimental results are compared with theoretical predictions. Next, we show that
using crosscorrelation as an image analysis technique, we can decrease the measurement
time of micro-electrophoresis experiments using confocal microscopy. In Chapter 6, shear
alignment is used to direct the assembly of thin films of ordered silica rods or spheres. In
the first part of the chapter spin coating is used to obtain colloidal rod films where the
silica rods are aligned with the flow direction. In the second part of the chapter doctor
blade coating is used to obtain crystalline colloidal films made of silica spheres. The pro-
cess of doctor blade coating is followed in real time with a confocal microscope, such that
we can investigate shear alignment and the flow behavior of the dispersion during doctor
blade coating. Finally, in Chapter 7 the optical properties of supraparticles consisting of
core-multishell quantum dots are investigated.



Particle Synthesis,
Characterization and (General
Techniques

In this chapter, we describe the properties of the colloidal dispersions used in this thesis.
Colloidal silica rods and spheres were used, these particles were dispersed in different sol-
vents such as: a mixture of glycerol and water; a mixture of dimethylsulfoxide and water;
cyclohexyl chloride (CHC) or a liquid monomer (ethoxylated trimethylolpropane triacry-
late, ETPTA). We describe the synthesis of the silica spheres and rods. We also show the
relation between the Debye screening length and the conductivity of the solvent. Finally,
we discuss the basic principles of imaging using confocal laser scanning microscopy, which
was used to follow the directed self-assembly.
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2.1 Introduction

This thesis presents the results on directed assembly of colloidal silica spheres, of colloidal
silica rods and their mixtures. Polar solvents were used for the directed assembly of
mixtures of colloidal rods and spheres under the influence of gravity. The polar solvents
consisted of mixtures of glycerol and water or dimethylsulfoxide (DMSO) and water.
The same polar solvents were used to measure the angle dependent motion of silica rods
during electrophoresis. Additionally, cyclohexyl chloride (CHC) was used as an apolar
solvent to measure the angle dependent motion. As uncoated silica rods are unstable
in CHC, the rods were coated with octadecyltrimethoxysilane (OTMOS), in order to
obtain steric stabilization. A liquid acrylate monomer (ethoxylated trimethylolpropane
triacrylate, ETPTA) was used for directed assembly using the shear of doctor blade
coating (DBC) and spin coating. The particles used in this thesis were fluorescently
labeled and dispersed in (nearly) refractive index-matched solvents or solvent-mixtures to
allow for laser scanning confocal microscopy. Thus, we were able to acquire images up to
~ 120 pm into the sample and record 3D data-stacks. Image analysis was performed on
the recorded confocal microscopy images in order to follow the directed assembly in-situ.
Next, we directed the assembly of the colloids using external fields such as gravity, shear
and electric fields. In this chapter we describe the synthesis of the colloids used, the main
properties of the solvents and the imaging methods that were used in this thesis. We first
describe the synthesis of the particles and the general properties of the particles. After
that, we describe the properties of solvents. Finally, we discuss the basic principles of
confocal laser scanning microscopy and image formation.

2.2 Particles

2.2.1 Spherical Particles

Fluorescently labeled silica spheres (SiOs, density psio, = 1.9 gcm™3; dielectric constant
¢, = 4.5, refractive index n% = 1.45) described in this thesis were prepared via a modified
Stober synthesis [25, 26]. The particles were covalently labeled with a fluorescent dye
either with rhodamine isothiocyanate (RITC) or with fluorescein isothiocyanate (FITC),
using a silane coupling agent with an amine as the functional group. A non-fluorescent
silica shell was grown around the silica spheres using the seeded growth method of Gi-
esche [145]. The diameter D and polydispersity ¢ of the spheres were determined by
transmission electron microscopy (TEM) images made with a Philips Tecnai 10 or 12
microscope (FEI company). Typically 80 particles were measured by hand in the pro-
gram iTEM (Soft Imaging System GmbH, Version 5.0). The polydispersity is defined as
0p = sp / D, with sp the standard deviation of D. A list of the silica spheres used in
this thesis is given in Table 2.1. Fig. 2.1 depicts TEM images of the silica spheres used
in this thesis.
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Figure 2.1 Silica spheres used in this thesis. (a) D930 silica spheres. (b) D385 silica spheres.
(c) D970 silica spheres. See Table 2.1 for more information on the properties of silica spheres.

Table 2.1 Properties of silica spheres used in this thesis.
Here D is the diameter of the particles and dp the polydispersity. Both were determined from
transmission electron microscopy (TEM).

D 5D dye
pm %
D930 0.93 4 RITC
D385 0.39 9 RITC
D970 0.97 3 FITC

2.2.2 Rod-like Particles

In this thesis FITC fluorescently labeled silica rods were prepared according to a slightly
altered method of Kuijk et al. [44, 45]. Rods were synthesized in a core-shell-shell fashion.
First a non-fluorescent core was synthesized and around the core a fluorescently labeled
silica shell was grown. In order to distinguish separate rods with the confocal microscope,
the fluorescent parts of a pair of neighboring rods need to be separated by at least 200 nm
in the lateral direction and 500 nm in the axial direction (the resolution of the confocal
microscope). Therefore, an additional thick non-fluorescent silica shell was grown around
the rods. However, this non-fluorescent shell did not need to be 250 nm thick, to obtain
500 nm separation. Also the repulsive interaction between charged silica rods accounts
for additional spacing. This accounts for a separation around 120 nm in a solvent mixture
of 85 wt% glycerol-water with 0.55 mM LiCl added, see Appendix 3.A. In our experience,
a non-fluorescent shell thickness of 150 nm suffices to distinguish separate silica rods in
dense sediments.

Growth of additional non-fluorescent shells around a silica rod gives rise to some
hurdles. First, the growth of additional layers of silica makes the rods heavy. Hence, the
gravitational length decreases and the Brownian dynamics gets slower. Second, the end-
to-end length to diameter ratio L/D (or aspect ratio) of the rod decreases, which lowers
the chances of finding liquid crystalline phases [37]. Figs. 2.2a-b show that rods with
L/D = 6.1 were synthesized from non-fluorescent cores with L/D = 14.5. Fig. 2.2c depicts
the decrease in aspect ratio with shell growth for rods with initial diameter of 255 nm.
The solid lines depict the decrease in aspect ratio for initial aspect ratio’s L/D = 10.5,



14 CHAPTER 2

@]
>
]

12

aspect ratio
S

0 50 100 150 200 250 300
shell (nm)

Figure 2.2 The effect of shell growth on the aspect ratio of a silica rod. (a) TEM images
of cores of R2 rods with L/D = 14.5. (b) R2 rods, but now coated with a 184 nm shell, had
L/D = 6.1. (c) The change of aspect ratio as function of shell growth for a rod with initial
diameter D = 255nm. The solid lines from top to bottom are initial L/D of 16.5, 14.5, 12.5
and 10.5 respectively.

12.5, 14.5, 16.5. The shell accounts for the fluorescent shell growth (ca 25nm) and the
non-fluorescent shell. Therefore, the minimum shell thickness needed is 175nm. In order
to obtain a stable smectic phase a final end-to-end aspect ratio L/D > 5 is needed. The
dotted line shows that in order to obtain rods with L/D = 5, an initial L/D = 11.2 is
needed. In order to obtain a stable nematic phase an even larger aspect ratio is needed.
The dashed line shows that to obtain rods with L/D = 7, an initial L/D = 16.3 is
needed. Due to the synthesis procedure of the silica rods [44, 45|, the initial cores have a
bullet shape, the rods are flat at one tip, and rounded at the other tip, see Fig. 2.2a and
Fig. 2.4h. The rods used in experiments resemble more a spherocylinder, as the growth
of additional silica shells made the rods more rounded, see Fig. 2.2b and Fig. 2.4i.

The standard recipe for silica rods yields non-fluorescent rods with L/D ~ 7.5 [44].
Therefore, we changed the recipe to obtain rods with larger aspect ratios. We reduced
the concentration of both ammonia and water by ~ 11%, performed the synthesis with
a larger volume and waited for 72 h before ending the reaction. By sonication, 80.0 gram
of poly(vinyl-pyrrolidone) (PVP, average molecular weight M,, = 40000 gmol™!, Sigma-
Aldrich) was dissolved in 800.0 mL of 1-pentanol (99%, Sigma-Aldrich). After all PVP had
been dissolved, 80.0 mL of absolute ethanol (Baker), 20.0 mL of ultrapure water (Milipore),
8.0mL of 0.18 M sodium citrate dihydrate solution (99%, Sigma-Aldrich) were added and
the flask was shaken by hand. Then 16.0mL of aqueous ammonia solution (25wt%,
Merck) was added and the flask was shaken again. Next, 8.0 mL of tetraethylorthosilicate
(TEOS, 98%, Sigma-Aldrich) was added. The mixture was shaken again and then allowed
to react undisturbed for 72 h. The mixture was centrifuged at 900 g for 30 minutes (Hettich
rotina 46s or Eppendorf 5810 centrifuge) to separate the silica rods. Afterwards, the
silica rods were washed with ethanol twice, ultrapure water twice and ethanol twice,
respectively. For each washing step, the rods were centrifuged at 500 g for 15 minutes.

To grow a fluorescent shell around the rods (ca. 25nm), half of the prepared silica rods
were dispersed into 400.0 mL ethanol containing 25.0 mL of ultrapure water and 30.0 mL
of aqueous ammonia solution (25 wt%), under gentle magnetic stirring in a round-bottom
flask. Subsequently, 0.750 mL of TEOS and 5.0 mL of a dye mixture were added. The
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reaction was stirred for 6 hours. The dye mixture was prepared the day before. For this
mixture 25.0mg (0.064 mmol) fluorescein isothiocyanate (FITC, isomer I, 90%, Sigma-
Aldrich) was dissolved in 5.0 mL absolute ethanol by sonication. Subsequently, 37.0 pL
(0.16 mmol) of 3-aminopropyltriethoxysilane (APS, 99%, Sigma-Aldrich) was added. The
dye mixture was left to react overnight, before adding it to the reaction mixture. After
the fluorescent shell growth, the silica rods were washed twice with ethanol, as described
above. Additional non-fluorescent shells were grown using a similar procedure, but with-
out the addition of the dye mixture. The procedure was repeated several (5 to 6) times
such that a thick enough non-fluorescent shell was obtained. The final colloidal silica rods
had a multi-layered structure: a non-fluorescent silica core, a fluorescently labeled silica
shell (ca. 25nm) and a non-fluorescent silica shell (ca. 145nm).

The above described shell growth procedure is sensitive to aggregation. The TEOS is
added in one step, which leads to a spike in the conductivity that can cause aggregation of
particles [146]. Therefore, in the case of R10, R10-2 and R12 rods the synthesis procedure
for the growth of silica shells was slightly altered. To reduce the chance of aggregation
during synthesis, we added the TEOS over the course of two hours. Every half an hour
0.19 mL of TEOS was added to the mixture, reducing the increase in ionic strength caused
by dissociating silanol groups. After all TEOS had been added, the mixture was left to
react for another four hours, before the rods were washed twice with ethanol.

Polydispersity of the rods is unavoidable due the synthesis procedure. Although,
with subsequent centrifugation steps, the polydispersity of the rods can be reduced. A
benefit of the growth of an additional silica shell is that also the polydispersity of the rod
0; decreases. Rod cores of R1 had initial polydispersities of §; »= 22% and 0p = 14%,
after the growth of an 153 nm thick shell, the polydispersity was reduced to d;, = 9%
and 6p = 9%. The same goes for rod cores of R2, which had initial polydispersities of
0 = 18% and dp = 18%, after the growth of an 183 nm thick shell, the polydispersity
was reduced to 05, = 18% and dp = 10%. Please note, that the polydispersity in particle
volume is larger, for R2 rods this is 30%. Hence, this can lead to size fractionation in
samples. Moreover, a correlation exists between the length and diameter within a batch
of synthesized rods [147]. Fig. 2.3 shows the measured length and corresponding diameter
of 100 rods from particle system R2, which shows a correlation between the rod length
and the particle diameter.

SR29 rods which were stable in cyclohexylchloride (CHC, > 98%, Merck), were coated
with octadecyltrimethoxylsilane (OTMOS, 90%, Sigma-Aldrich) [148], see Chapter 5 for
details.

The properties of the silica rods used for directed assembly experiments in this thesis
can be found in Table 2.2 . The dimensions of the rods and the amount of shell growth
were determined from TEM images, as described in Section 2.2.1. The thickness of the
non-fluorescent (NF) shell is given in the last column. Fig. 2.4 depicts TEM images of
the silica rods used in this thesis.
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Figure 2.3 Correlation between length and diameter within R2 rods. The length of 100 R2
rods is plotted together with the corresponding diameter of the particle.

Table 2.2 Properties of silica rods used in this thesis.

Here L is the end-to-end length of the rods, D is the diameter of the particles, J; the polydis-
persity and L/D the aspect ratio, determined from transmission electron microscopy (TEM).
The last column lists the thickness of the outer non-fluorescent shell.

L or, D op L/D NF shell
pm % pm % nm
R1 2.86 9 0.51 9 5.6 133
R2 3.59 18 0.59 10 6.1 145
SR29 2.29 6 0.60 8 3.8 100
R10 2.56 9 0.38 12 6.8 45
R10-2 2.40 11 0.36 15 6.6 40
R12 2.72 11 0.40 12 6.9 52

102 1.42 14 0.24 21 6.1 )
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10 pm

Figure 2.4 TEM images of silica rods used in this thesis. (a) Rl silica rods (b) R2 silica
rods. (c¢) SR29 silica rods. (d) R10 silica rods. (e) R10-2 silica rods. (f) R12 silica rods.
(g) 102 silica rods. (h) Particle cores of R1 rods (L/D = 11.8). (i) Zoom-in image of R1 rods
after the growth of a 153 nm thick shell (L/D = 5.6). See Table 2.2 for more information on the
properties of the silica rods used in this thesis.
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2.3 Dispersion Properties

2.3.1 Solvent Properties

Silica rods and spheres were dispersed in (nearly) refractive index-matching solvents and
solvent mixtures. General properties of the solvents used in this thesis are listed in Ta-
ble 2.3. Refractive indices were measured with a refractometer (Atago 3T). The composi-
tion of the glycerol-water and DMSO-water mixtures were made to match the refractive
index of the silica rods. This reduces the scattering in the sample, such that we can
image relatively deep into the sample. In addition, it minimizes the attractive van der
Waals interactions between the particles. The glycerol-water mixture (n = 81 mPas) has
a high viscosity, which slows down the dynamics of the particles. The downside of a
high viscosity is that it takes longer to reach sedimentation-diffusion. The upside is that
imaging of rods in the dilute phase is easier as images distortions, like bended rods, are
prevented by the slow rotational diffusion. Therefore, the mixture is suitable to measure
the sedimentation profile of mixtures of rods and spheres (see Chapter 3 and 4).

Table 2.3 Properties of solvents used in this thesis.

With p the density of the solution, np the refractive index of the solution, n the viscosity of the
solution and e, the dielectric constant of the medium. Values marked with * are obtained from
linear interpolation of literature values.

p np n €m
gmL™? (mPas)
CHC 0.993 (25°C) [149] 1.46265 (20°C) [150] 1.5675 (25°C) [149] 7.6 (25°C) [151]
DMSO  1.096 (25°C) [152] 1477 (25°C)[152] 1.99 (25°C) [152] 48.4 (25°C) [153]
Glycerol 1258 (25°C) [154] 1474 (20°C) [154] 1410 (20°C) [154] 41.1 (20°C) [155]
78 wt% DMSO/water ~ 1.096* (25°C) [152] 145  (22°C) 3.542% (25°C) [152]  56.1* (25°C) [153]
85wt% glycerol/water 1.219 (25°C) [154] 145 (20 C) 81 (25°C) [156]  49.6* (20°C) [155]
ETPTA 111 (25°C)[85] 147  (20°C)[85] 70  (25°C)[85] 3 [157]

2.3.2 Electric Conductivity and the Debye Screening Length

To control the Debye screening length x~! in our samples we dissolved lithium chloride

salt (LiCl, Merck) in the polar solvents used. Tetrabutylammonium chloride (TBAC,
> 97% Sigma-Aldrich) was dissolved in CHC to control x~!. For more details, see Chap-
ter 3 and 5. In this thesis estimates for the Debye screening length, x~! were obtained
from the measured conductivities of the used solvents. The conductivities of the polar
solvents were measured with a CDM 230 conductivity meter (Radiometer Analytical).
The conductivities of apolar solvents were measured using a Scientifica 627 conductivity
meter. We assumed that ions contributing to the conductivity were monovalent and that
ions migrated independently. The conductivity is then related to the concentration of
dissociated salt, given by

o = cly, (2.1)
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with o the measured conductivity (Sm™!), Ay the limiting molar conductance of the
salt at infinite solution (Sm?mol™!) in the given solvent and c is the concentration of
dissociated salt.

Using Walden’s rule, one can approximate Ay for different solvents, using literature
values of known species. Walden’s rule states that the product of the limiting conductance
and the viscosity is a constant for the same species in different solvents

At = Afn", (2.2)

where the superscript denotes the particular solvent and 7 is the viscosity (Pas) of the
solvent. In order to calculate Ay for CHC, we used known literature values for the partic-
ular salt. Using the relation between the ionic strength and conductivity we can calculate
x~! using the following relation, valid for monovalent ions:

1 |€m€okpT
K= N e (2.3)

with N, Avogadro constant, ¢ the concentration of dissociated monovalent salt in the
solvent in mol m~3, €, the dielectric constant of the solvent, ¢, the permittivity of vacuum,
e is the elementary charge, kg Boltzmann’s constant and 7' the absolute temperature.

2.4 Imaging Colloidal Dispersions

Colloids and Confocal Microscopy Confocal laser scanning microscopy has been
widely used in colloidal science to study the structure and dynamics [158]. Colloids are
often used as model systems for atomic and molecular system to study crystallization [23,
31, 159], the glass transition [16] and shear induced melting and crystallization [80, 81].
Quantitative information can be obtained by using confocal microscopy to study colloidal
dispersions in 3D and on the single particle level. This quantitative 3D ability was for
the first time demonstrated in 1995 [16]. To resolve single particles with the confocal
microscope, colloids need to be fluorescently labeled and their fluorescent parts need to
be separated by at least the resolution of the microscope. Moreover, by refractive index-
matching dense systems can be studied and images can be obtained deeper in the sample,
such that wall effects do not play a role.

In this thesis, we used three different confocal microscopes to study colloidal disper-
sions, namely a Nikon C1, a Leica TCS SP2 and a Leica TCS SP8.

Confocal Laser Scanning Microscopy Marvin Minsky developed the confocal mi-
croscope in the 1950s in order to improve imaging on the nerve cells he was studying at
the time [160, 161]. Confocal microscopy makes use of two principles: first, it excludes
out of focus light by placing a pinhole aperture in the conjugated focal plane; second; the
excitation light is limited to a point source by using a high numerical aperture lens in
combination with a pinhole aperture placed in front of a bright light source. This is in
contrast to normal fluorescence microscopy, where the entire field of view is illuminated,
which can cause scattered light from elsewhere in the sample to be in the point of focus,
causing noise in the image and significantly reducing contrast.
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The first confocal microscope made by Marvin Minsky moved the sample to obtain a
image and used a carbon-arc lamp for illumination, as lasers did not exist at the time.
In 1969 the first confocal laser microscope was built [162]. In the 1980s faster imaging
was obtained by scanning the laser beam over the sample instead of carefully moving the
sample. This development was achieved simultaneously in several laboratories and led to
the first commercially available confocal microscopes [163-166].

A schematic overview of a confocal laser scanning microscope is depicted in Fig. 2.5a.
A 2D image is obtained by scanning the laser point-by-point, with a diffraction limited
spot, over a 2D focal plane in the sample, with the use of rotating mirrors placed in
the beam path. The same lens is used to pass the fluorescent light to the detector, in
front of which a pinhole aperture is placed to reject out of focus light. This pinhole
aperture is positioned in the plane optically conjugate to the focused spot, hence the
name confocal [167]. This pinhole produces an optical sectioning effect, as out-of-focus
light is rejected.

A 3D reconstruction of the sample can be made by moving the focus in the vertical
direction, and making 2D images at different depths. This was done in Chapter 3 and 4.
Here, we also used tracking algorithms [77, 168, 169] to determine the particle positions
in the sedimentation profiles of mixtures of colloidal silica rods and spheres. Note, that
the determination of the particle position is often more precise than the resolution of the
microscope.

The use of a diffraction limited spot and pinhole aperture increases the resolution
of a confocal microscope compared to conventional light microscopy. The resolution is
limited by the point spread function (PSF) of the excitation spot size and the PSF of
the detection spot. The excitation spot size imaged with a confocal microscope can be
regarded as an ideal point source that is spread over three dimensions, which is known as
the excitation PSF. In the lateral direction the PSF is given by the Airy function [170]

L(0) = (2“)) (2.0

with .J; the Bessel function of the first kind of the first order, v = 27rNA/X with r the
distance from the center point, NA the numerical aperture of the objective and A the
wavelength of the excitation light. The area within the first minimum is called the Airy
disk, with is radius given by: 744y = 0.61A\/NA. The Rayleigh criterion states that the
intensity maxima of two point sources should be at least separated by the radius of their
Airy disk.

In the axial direction, the excitation PSF is given by [170]

() = () 25)

4

with u = 2rNA*z/ (An), z the distance in the axial direction and n the refractive index
of the sample. The distance to the first minimum is given is z = 2An/NA®. A plot of 1.,
and [, is depicted in Fig. 2.5b.

The resolution for a conventional light microscope, not using a detection pinhole, can
be found by filling in the experimental numbers: A = 488nm; NA = 1.35 and np = 1.45
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Figure 2.5 (a) Schematic overview of a confocal laser scanning microscope. Laser light gets
directed via a dichroic mirror through the microscope objective and excites at one spot the
fluorescent sample. The fluorescent emission passes back through the same objective and the
dichroic mirror and hits the detector through a pinhole placed in the conjugate focal plane.
(b) Intensity distribution of an idealized point source in the lateral direction I, (dashed line)
and in the axial direction I, (solid line). Intensity is plotted as function of distance from the
center /A, for np = 1.45 and NA = 1.35.

for a refractive index-matched silica dispersion. A lateral resolution of 220 nm is found
and an axial resolution of 777nm. The resolution in the z-direction is more than three
times less.

The PSF of the confocal microscope is a convolution of the PSF of the excitation spot
size and the detection PSF [171]

PSFconf(xvyaz) = PSFe:ct (%%Z) * PSFdet (‘Taya Z) . (26)

Therefore, the resolution of a confocal microscope is in theory a factor ~ /2 better
compared to light microscopy [167, 170]. But, in practice the improvement is less and
a lateral confocal resolution of ~ 200 nm is obtained [170]. In the axial direction still a
resolution of ~ 500 nm can be obtained.

An image f of an object obtained with a confocal microscope can be regarded as a
convolution of the object function fy(x,y, 2) and the PSF .on(x, y, 2), together with noise
€

f(x,y,2) = folx,y, 2) * PSF onp(x,y, 2) + €. (2.7)

Deconvolution In order to improve the confocal-image quality, we deconvolved the
confocal images in some cases with a theoretical point spread function (Chapter 3 and 4).
In image processing deconvolution is used as a process that reverses the convolution
process of the object with the PSF. However, as seen in equation 2.7, also noise is present
in the recorded images. Therefore, the deconvolution process with just the theoretical
PSF does not return the true object. Nevertheless, the deconvolution process results in
clearer and sharper images.
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Deconvolution on confocal images can be carried out if the images are recorded using
at least the ideal Nyquist sampling density, such that the information of the microscope’s
PSF in the image is still available [172, 173]. For a confocal microscope using a 488 nm
laser and a glycerol-objective (np = 1.45) with NA = 1.35, the ideal Nyquist sample
distance is around 45 nm in the lateral (zy) direction and 138 nm in the axial (z) direction,
or about 1/4 of the resolution of the microscope.

The deconvolved images presented in this thesis (Chapter 3 and 4) were carried out
using commercially available Huygens SVI software (Version 14.10) using the classic like-
lihood estimation restoration method and a theoretical PSF that was dependent on the
depth in the sample [174]. After deconvolution, particle fitting algorithms were used to
find the particle positions and orientations in the confocal data [77, 168, 169].

Super-resolution Imaging Techniques In the last years new super-resolution tech-
niques have been developed to beat the diffraction limit, examples are photo-activated lo-
calization microscopy (PALM) [175], stochastic optical reconstruction microscopy
(STORM) [176] and stimulated emission depletion (STED) [177-179]. These techniques
are not used in this thesis and therefore, are only briefly discussed here.

PALM and STORM are widefield techniques and use a two step approach to identify
and localize individual molecules. The emission of two near-by emitters is separated in
time, and many detection events are needed to obtain one image. Therefore these imaging
techniques are too slow to capture fast Brownian dynamics in colloidal dispersions.

STED imaging is as fast as normal confocal microscopy. STED works by depleting the
excited state using stimulated emission in the diffraction limited spot. This is done by
the overlay of a second strong laser in the diffraction limited spot that has a wavelength
matching the emission of the fluorophore. The spot of a second laser is designed in
the shape of a donut in the lateral direction, such that it leaves a bright spot in the
diffraction limited spot and depletes the emission of fluorophores in periphery of the
diffraction limited spot. By also using an overlay along the axial direction, the emission
can be depleted in 3D. Using 3D STED a lateral resolution of 20—80nm and an axial
resolution of 100 nm can be obtained [180].

Due to the higher resolution in 3D STED, a less thick non-fluorescent shell is needed
around the fluorescent rod-core to distinguish separate rods with STED. Therefore, single
particle studies of rods, with relatively large L/D, that form a stable nematic phase
become accessible.

Two-photon Microscopy In Chapter 7 we made use of two-photon microscopy (2PM).
2PM was for the first time demonstrated in 1990 [181]. The theory of two-photon excita-
tion (2PE) was described by Maria Goéppert-Mayer in 1931 [182]. After the development
of the laser, this effect was demonstrated in practice by Kaiser and Garret in 1961 [183].

2PE is a nonlinear process, in where two photons are absorbed almost simultaneously,
to induce a molecular transition to an excited state. The energy difference between the
lower and excited state is equal to the sum of the energies of the two photons. From a
quantum mechanics point of view, a first photon excites a molecule to a virtual interme-
diate state, and a second photon excites the molecule to the excited state. Two photon
excitation depends on the square of the light intensity, hence, it is a nonlinear optical
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process. A high intensity light source is required for 2PE and usually a femtosecond laser
is used.
As the fluorescence is dependent on the square of the intensity, the lateral excitation
PSF for 2PE is given by [184]
2J1(v/2)\"
2P — S 2.8
) = (2202 28)

assuming that A\ is the emission wavelength and 2\ the excitation wavelength. In the
direction along the optical axis the two photon PSF is given by [184]

sin 42 !
I?P(u) = | (2.9)

4

Due to the square dependency of 2PE on the light intensity, 2PE only excites light inside
the focused spot and a pinhole aperture in front of the detector is not needed to create
an optical sectioning effect. Note, that the excitation is light is 2\, which results in a
larger diffraction limited spot compared to conventional confocal microscopy and therefore
a lower resolution. Although, the resolution can be increased by combining 2PM with
STED [185] or by using a pinhole [184].

Apart from the disadvantage of lower resolution, 2PM has four major benefits com-
pared to conventional microscopy. First, longer wavelengths are used in 2PM compared
to conventional microscopy. Therefore, photodamage is reduced inside samples. Second,
longer wavelengths scatter less. Hence, images can be acquired deeper inside samples.
Third, contamination of the fluorescent signal by excitation light is eliminated. Finally,
2PM can initiate photochemical reactions within the focused spot inside the sample. For
example, two-photon polymerization is already been used as a 3D printer on the sub-
micron scale for data storage or to create photonic structures [186-188]. In addition, the
high peak powers can be used to modify the shape of individual nanoparticles [189]

2.5 Acknowledgments

Thijs Besseling is thanked for providing the SR29 rods. Judith Wijnhoven is thanked
for the synthesis of the D970 spheres and Giilsen Heessels-Giirboga is thanked for the
synthesis of the D385 and D930 spheres. I also would like to thank Fabian Hagemans for
taking some of the TEM images (Figs. 2.1c and 2.4c).






Phase Diagram of Binary Colloidal
Rod-Sphere Mixtures from a 3D
Real-space Analysis of
Sedimentation-Diffusion Equilibria

Self-assembly of binary particle systems offers many new opportunities for materials sci-
ence [190-193]. Moreover, shape-anisotropic particles may self-assemble into liquid crys-
talline phases which display various degrees of positional and orientational order [194], en-
abling e.g., displays. Nevertheless, shape-anisotropic particles in binary liquid-crystalline
phases have hardly been investigated [72, 195]. Here, we present a quantitative 3D real-
space analysis of a binary smectic liquid-crystalline phase (Smy) formed by colloidal silica
rods and spheres. This Smy-phase combines long-range order of both short-range repul-
sive rods and spheres with the ability to align with external electric fields relevant for
applications. Using a real-space analysis of sedimentation equilibria, we determine not
only pressure, density and order parameter profiles, but also the experimental phase di-
agram exhibiting a stable Smy-phase. Using computer simulations we confirm that the
Smo-phase can be stabilized by entropy alone, which opens up the possibility of combining
new materials properties at a wide array of length scales.
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3.1 Introduction

Three-dimensional structuring of matter on multiple length scales is key to the design of
materials with new properties such as a photonic band gap [196] or a negative refractive
index [197]. Self-assembly holds great promise of arriving at such materials in an affordable
and sustainable way [190, 196, 197]. Self-assembly of multiple components such as in
colloidal binary crystals increases the complexity of the structures and hence, the ability
to tune the properties. Binary mixtures of colloidal rods and spheres have hardly been
investigated experimentally [72, 195, 198], despite the existence of a significantly larger
number of theoretical and simulation studies [199-212].

Here, we study through experiments and simulations a binary mixture of rod-like and
spherical colloids as shown in Figs. 3.2a-b. We consider mixtures of fluorescent silica
rods and silica spheres, which enables us to determine the positions and orientations of
individual particles in 3D. Real-space imaging has been done before on a similar system,
but not a quantitative 3D analysis [72, 195]. Using real-space analysis, we determine
for the first time in experiment thermodynamic quantities such as pressure, local and
global order parameters, and the experimental phase diagram of the binary silica rod-
sphere mixture. We find the spontaneous formation of a binary smectic liquid-crystalline
(Smy) phase in which smectic layers of rods alternate with layers of spheres (see Figs. 3.2¢
and 3.3). The first experimental Smy-phase was observed by Adams et al. in a mixture of
fd-viruses (of end-to-end length to diameter ratio L/D ~ 100) and polymer spheres [72].
The stabilization mechanism was explained in terms of excluded-volume interactions,
despite the fact that under particular conditions the chirality and flexibility of the fd-
viruses play an important role in determining the phase behaviour [213]. We believe that
the present system is simpler. We consider the rods as rigid and achiral, and also the
interactions are short-range repulsive.

3.2 Methods

Particles Fluorescein isothiocyanate (FITC) fluorescently labeled silica rods were pre-
pared according to the method of Kuijk et al. [44, 45], see Chapter 2 for more details.
Rhodamine isothiocyanate (RITC) fluorescently labeled silica spheres were prepared via a
modified Stober synthesis [25, 26]. The mean dimension of the particles were determined
from transmission electron microscopy (TEM) images made with a Philips Tecnai 10 or 12
microscope (Fei Company). Typically, 80 particles were measured by hand using the pro-
gram iTem (Soft Imaging System GmbH, version 5). Both the end-to-end length (L) and
the diameter (D) of the rods were measured, after which the aspect ratio (L/D) and the
polydispersity (4) were calculated. For self-assembly using an electric field, colloidal silica
rods with the following dimensions were used: R1 rods; L = 2860nm and D = 510nm
(L/D = 5.6 65, = 9%, dp = 9%). For single particle tracking the following colloidal silica
rods were used; R2 rods with L = 3591nm and D = 587nm (L/D = 6.1 i, = 18%,
dp = 10%). For all experiments, colloidal silica spheres with o = 385nm (§ = 9%) were
used. See Table 3.1 for details on particle properties.
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Table 3.1 Properties of particles used in this chapter.

Here L is the end-to-end length of the rods, D is the diameter of the particles, ¢ is the poly-
dispersity of the particles and [, is the gravitational length of the particle based upon a 85 wt%
glycerol-water mixture and the particle dimensions measured by TEM. The aspect ratio for
simulations is defined as Ly /D = (L/D)esr — 1.

Particle dimensions from TEM Effective particle dimensions

Lo, D bop L/D 1y Ly Depp o (L/D)eyy

nm % nmm % pm nm  nm
Rods
R2 3591 18 587 10 6.1 0.64 3711 707 5.25
R1 2860 9 510 9 5.6 1.06 2980 630 4.75
Spheres
D385 38, 9 17.65 465

Dispersions For self-assembly using an ac electric field, silica spheres and R1 silica
rods were dispersed in a refractive index-matched solvent mixture, n% = 1.46, of 78 wt%
dimethylsulfoxide (DMSO, > 99.9%, Sigma-Aldrich) and 22 wt% ultrapure water.

For samples that were in sedimentation-diffusion equilibrium (SDE) of which single
particle fitting was needed, particles were dispersed in an index-matched solvent mixture,
n3 = 1.45, of 85wt% glycerol (> 99.0%, Sigma-Aldrich) and 15wt% ultrapure water.
This mixture has a relatively high viscosity (81 mPas, 25°C) [156]. This high viscosity
causes the dynamics in the samples to slow down, this is especially important for imaging
in the dilute top region, where the dynamics are fastest. In order to control the thickness
of the double layer around the particles, lithium chloride salt (LiCl, Merck) was added to
a concentration of 0.55 mM to the glycerol-water mixture. Taking a dielectric constant of
€, = 49.6¢, for the solvent mixture, based on a linear interpolation of literature values [155],
the typical Debye screening length (x7') in this solution is estimated to be 10 nm.

The Debye screening length can be calculated from

1 [emeokpT
K = 72]\[14062 , (31)

with N4 Avogadro constant, ¢ the concentration of dissociated monovalent salt in the
solvent in mol m~3, ¢, the dielectric constant of the solvent, €, the permittivity of vacuum,
e the elementary charge, kg Boltzmann’s constant and 7" the absolute temperature.
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Confocal Microscopy Samples were studied with a confocal laser scanning microscope
(Leica TCS SP8, equipped with a 12kHz resonant scanner). All images were taken in
fluorescence mode. The excitation wavelength was 488 nm for the FITC-labeled rods and
543 nm for the RITC-labeled spheres. To optimize image quality, a 100x, 1.35 NA glyc-
erol confocal-objective (Leica) was used for single particle tracking, in combination with
a quartz coverslip (np = 1.46, 0.15-0.18 mm, Laser Optex). For other purposes, oil objec-
tives were used: either a 100x 1.3NA oil confocal-objective (Leica) or a 63x, 1.4 NA oil
confocal-objective (Leica). A typical image volume had the following dimensions in zyz :
~ 25pm x 12.5pm x 120 pm. We imaged with a voxel size of ~ 50 nm x 50 nm x 100 nm.
Data shown here are averaged for at least 4 different confocal zyz-stacks, which were
recorded consecutively or at different places in the sample.

Sample Cells For self-assembly using an ac electric field the sample cell was pre-
pared using two 50 pm diameter nickel alloy wires (Goodfellow) running on opposite sides
through a 0.1 mm x 1 mm rectangular glass capillary (Vitrocom, UK) and glued to a
standard microscopy slide (Menzel Gléazer). The distance between the wires was around
0.7mm. The cell was filled with particles dispersed in an index-matched solvent mixture
of 78 wt% DMSO-water and sealed with UV-glue (Norland, No.68). The samples were
left to sediment with the long axis perpendicular to gravity. See Fig. 3.1a for a schematic.

For SDE samples of which single particle fitting was needed, the following sample cell
was made. First, the back-end of a glass Pasteur pipette (WU Mainz) was cut off using
a diamond pen. Afterwards, the resulting glass cylinder (& 5mm) was glued on top of a
quartz coverslip using UV-glue. Next, the glass cylinder was slid through a circular hole
of 7mm that was drilled in the middle of a standard microscopy slide. Then, the cylinder
was attached permanently by gluing the coverslip to the microscopy slide. The sample
cells were filled with 150 pL dispersion containing ~ 0.5 vol% particles, total height of the
dispersion was ~ 6 mm. The cells were closed with cotton wool wrapped in laboratory
film (Parafilm) and sealed with candle wax. See Fig. 3.1b for a schematic.

a b >:‘ """ UV curing glue

®J9 oo
candle wax
microscopy slide
> cotton wool
wrapped
in parafilm
> N

UV curing glue

Figure 3.1 (a) Schematic representation of the electric sample cell used for the alignment with
an ac electric field. Field direction was perpendicular to gravity. (b) Schematic representation of
the sample cell used to study the sedimentation profile of mixtures of colloidal rods and spheres
with 3D confocal microscopy.
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Electric field A sinusoidal signal of 1 MHz and an amplitude of 3.0V was generated
using a function generator (Agilent, 33120A). This signal was then sent to the sample via
a wide band amplifier (Krohn-Hite, 7602M), that was used to control the electric field
strength in the sample cell. An electric field of 15V mm™! was applied for 48 hours while
the sample was left to sediment, then the electric field was switched off. Four days after
the electric field was switched off, the sample was imaged with the confocal microscope.

Six confocal images were made over an area of 0.5 mm x 0.7 mm, using the ’tile scan’
option in the Leica LASAF 4.1 software. Of each of the images and each of the two
separate channels of the confocal images a fast Fourier transform (FFT) image was made.
This was done using the algorithm in ImageJ software (1.49m, NIH). The FFT images
of one channel were combined by adding up the intensities from the six separate FF'T
images. This resulted in one combined FFT image from the rod channel and one image
from the sphere channel. One overview image was created from the six confocal images
by using the stitch procedure in the Leica LASAF software.

Measuring the Translational Diffusion Constant We followed the diffusion of
spherical particles inside the Smsy-phase, in a sediment of R1 rods and spheres at SDE. We
measured inside the Sms-phase at a height close to the transition between the isotropic
and Smy-phase. We recorded with the confocal microscope xyt-series, with a length of
1200 frames and an interval At = 90ms. The zy-plane was chosen such that the y-axis
corresponded to the nematic director n of the Smy-phase. We obtained 2D trajectories of
the particles from the recorded images using particle fitting and tracking algorithms [169].
Next, we calculated the mean square displacement (MSD) as a function of time. To obtain
values for the translational diffusion constant D; inside the Sms-phase we fitted

(Ar2(t)) = 2dD,t + 42 (3.2)

to the plot of the MSD versus time ¢. Here (Ar?(¢)) is the MSD, d the dimensionality of
the track and e, is the error of the measurement [214].

Single Particle Fitting Confocal data was deconvolved using commercially available
Huygens SVI software (Version 14.10), using a theoretical point spread function (PSF).
This theoretical PSF was close to the measured PSF [215]. The rod fitting algorithm of
Besseling et al. was used to identify the positions and orientations of the rods [168]. The
positions of the spheres were obtained using an algorithm similar to the method of Crocker
and Grier [169] but extended to 3D [77]. For analysis, the experimental coordinate data
were first divided into equally spaced slabs of 0.5 D along the gravity direction, with D the
average bare rod diameter, followed by calculation of the number density (p), composition
(x), and pressure (P) for each slab. The local nematic order parameter S; and the local
smectic order parameter 7; were calculated for each particle 7. Successively, the averaged
values (5;) and (71;) were calculated for each slabs by considering only the particles in
the given slab. For details on the nematic S; and smectic 7; local order parameter, see
Appendix 3.B.
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3.3 Simulations

The colloidal silica spheres and rods are modeled as hard spheres of diameter o and
hard spherocylinders of (cylinder) length L., and diameter D, respectively. Where the
experimental end-to-end length L is defined as L = L., + D. Particles interact via a
purely excluded-volume pair potential: U = oo if two particles overlap, U = 0 otherwise.
We first perform Monte Carlo (MC) simulations in the NPT ensemble of 1600 hard
spherocylinders to map the behaviour of the experimental (single-component) system of
silica rods onto hard particle behaviour, i.e., identify the effective dimensions of the silica
rods (see Fig. A.3.1 and discussion in Appendix 3.A). After this analysis, we simulate
Niot = Ngpn + Nyog = 3125 hard spheres and hard spherocylinders (L., = 6.460, D =
1.520, Loy /D ~ 4.25) in the NPT ensemble with various composition xgp, = Ngpn/Nior-
Each simulation consists of several million of MC steps, where one step is defined as
N, moves randomly chosen from sphere translation, rod translation, rod rotation, and
either isotropic or anisotropic change of the simulation box volume. Initial configurations
at a given composition x are obtained from an equilibrated configuration at lower z
by replacing an appropriate number of rods with spheres. Each state point has been
characterized by several order parameters, some of which have been introduced before
and used for the experimental data as well.

3.4 Results & Discussion

We synthesized silica spheres with an average bare diameter of o = 385 nm (polydispersity
0o =~ 9%) and two batches of silica rods; R1 rods with bare length L = 2.9 pm (67, ~ 9%)
and bare diameter D = 0.51pm (6p ~ 9%) and R2 rods with bare length L = 3.6 um
(0 ~ 18%) and bare diameter D = 0.59pm (dp ~ 10%) [44, 45], see Figs. 3.2a-b.
Colloidal rods and spheres were mixed and dispersed in a refractive index (n% = 1.45)
matched 85 wt% glycerol-water solvent mixture and left to sediment. In order to provide
charge screening around the particles, 0.55 mM LiCl was added to the medium, thereby
yielding a Debye screening length x~' = 10nm. Hence, the particles act as nearly hard
particles with slightly larger effective dimensions.

The silica rods and spheres (p ~ 2gmL™!) are not density-matched with the solvent
mixture (p ~ 2gmL~1). Hence, at sedimentation-diffusion equilibrium (SDE) most of the
rods (R2, [, = 0.64pm) reside at the bottom of the sediment and most of the spheres
(I, = 17.65pm) at the top, due to difference in gravitational height [, between the par-
ticles. At intermediate heights, (for example h ~ 17 pm, see Figs. 3.2d-g), both species
were present and over time a Sms-phase was formed.

In most of the samples, the Smy-phase was not present as one single, large domain.
Rather, we observed Sms-domains with different orientations throughout the sample,
Fig. 3.3f. In order to show that the observed Smsy-phase is stable, we aligned the Smy-
phase by applying an ac electric field to the sample, which induced a dipole moment in
cach rod due to the dielectric constant mismatch between the rods and the solvent [70].
Our binary colloidal system responded by aligning its director to the electric field, over
macroscopically large areas, whereas the spheres remained in between the smectic layers of
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Figure 3.2 3D single particle analysis of a Smy-phase. (a-b) TEM images of (a) 385nm
silica spheres (polydispersity d, ~ 9%) and (b) silica rods with end-to-end length L = 3.6 pm
(0, ~ 18%) and diameter D = 0.59 pmm (dp ~ 10%), scale bars 2.5 um. (¢) 3D reconstruction
from fitted particles of a part of a confocal data stack showing a Smg-phase. (d-g) Formation
of the Smy-phase in a rod-sphere mixture over time, images taken at height ~ 17 pm.

rods, Figs. 3.3a-b. An ac electric field (15 Vmm™', 1 MHz) was applied for 48 hours, during
sedimentation of a dispersion of silica rods (R1, L/D = 5.6) and spheres (¢ = 385nm)
in DMSO-water. A zoom-out confocal image, over an area of 0.5 mm x 0.7 mm, is shown
in Fig. A.3.7. Figs. 3.3a-b show that the alignment of the rods with the electric field
was still preserved 4 days after turning off the field, although minor undulations in the
smectic layers were observed. The effect of the electric field is clear when comparing the
aligned Smy-phase, Fig. 3.3b, with a Smsy-phase that assembled without the presence of
an ac electric field, Fig. 3.3f. From these observations we conclude that the Smsy-phase is
a stable phase. To further characterize the order in the aligned Smy-phase, fast Fourier
transform (FFT) images were made from the tiles of Fig. A.3.7. The FFT image of the
rod channel (Fig. 3.3c) shows that the rods are organized in a smectic phase, in one
single domain. Moreover, one characteristic length scale can be observed corresponding
to the transverse distance between the rods in the smectic layers and one characteristic
length scale associated to the spacing between the smectic layers. The FFT image of
the sphere channel (Fig. 3.3d) shows only one characteristic length scale corresponding
to the spacing between sheets of spheres. No long-range order of spheres was observed
within the sheet of spheres. In Fig. 3.3e the FFT images of both the rod and the sphere
channel are merged into one single image. This image shows that the spacing between
sheets of spheres equals that of smectic layers of rods. Moreover, the ease of alignment
and formation of the Sms-phase during sedimentation is important for use in applications.
It is expected that such alignment with relatively small fields will work equally well for
Smy-phases of particles of nanometer size and molecular dimensions as well.

In order to show that the Smy-phase was still dynamic and not kinetically arrested
we measured the mean square of displacement (MSD) of spheres inside a sediment of
the Smy-phase, see Fig. 3.4. The black symbols depict the MSD measured along the
nematic director and the red symbols depict the MSD measured perpendicular to the
nematic director. In Fig. 3.4d a confocal snapshot is shown from the recorded zyt-series
of the spheres inside the Sms-phase, the double arrow denotes the nematic director n.



32 CHAPTER 3

Figure 3.3 Longe-range ordering of the Smo-phase using an electric field. (a) Confocal image
of a part of the sample four days after the electric field had been turned off. A zoom-out
confocal image, over an area of 0.5 mm x 0.7 mm is provided in Fig. A.3.7. An ac electric field
(15Vmm~!, 1 MHz) was applied for 48 hours during sedimentation of a sample with rods (R1)
and small spheres (¢ =~ 1.5vol% particles). (b) Zoom-in of the same sample. (c-e) FFT-
images of the aligned binary smectic Smo-phase (0.5 mm x 0.7mm), FFT-images are displayed
on a logarithmic intensity scale. (¢) FFT-image of the rod channel (d) FFT-image of the sphere
channel (e) overlay of the FFT-images of both the green ((c) rod) and magenta ((d) sphere)
channel. (f) Binary smectic phase assembled without alignment by a field.

Fig. 3.4b shows that at ¢ < 1s, the short time self-diffusion was on average the same in
both directions. The spheres were not hindered by the smectic layers of rods at ¢ < 1s.
We fitted (Ar?) = (Ax?) + (Ay?) for t < 1s to equation 3.2 with d = 2, to obtain
the short time self-diffusion coefficient. We found a short time self-diffusion coefficient
Doy = (4.00 £0.21) x 103 pm?s7!, with ¢, = 45nm. We compared short time self-
diffusion coefficient with the diffusion coefficient of spheres measured in a dilute suspen-
sion. For a dilute suspension of spheres we obtained D; = (1.300 + 0.016) x 10~ 2 um?s ™1,
with e, = 38 nm, see Fig. A.4.1 on page 51. The measured D;.; inside the Smy-phase was
1/3 of the D, in a dilute suspension of spheres. This is reasonable as the hydrodynamic
coupling close to neighboring particles tends to slow down self-diffusion [216]. It is known
for only hard spheres that the short time self-diffusion coefficient at ¢ = 0.4 is reduced
to ~1/3 Dy.

When t > 1s, the diffusion in both directions slowed down. We observed that at longer
time scales (¢ > 10s) the MSD parallel to the nematic director reached a plateau. This
is expected, because the diffusion of spheres along the nematic director is hindered due
to the presence of smectic layers of rods. In contrast, the diffusion perpendicular to the
nematic director was not hindered. Still, the self-diffusion at longer time scales (¢t > 6s)
became slower due to the presence of other spheres. By fitting equation 3.2 through
the MSD perpendicular to the nematic director for ¢ > 6s, a long-time self diffusion



PHASE DIAGRAM OF BINARY COLLOIDAL ROD-SPHERE MIXTURES 33

a 0.lr

u»“*qy

wﬁ;A&A&A A A 4

0 PR RS R 1 PR
6 14 22 30 38 46 54
At (s)

Figure 3.4 Mean square displacement inside the Smy-phase. (a) Measured MSD parallel to
the nematic director (A) and perpendicular to the nematic director (). (b) Same as (a) but
for At < 1s. The solid line is a linear fit through (Ar?) for t < 1s using equation 3.2. (c) Same
as (a) but for At > 6s. The dashed line is a linear fit through the MSD perpendicular to the
nematic director for ¢ > 6s using equation 3.2. (d) Confocal snapshot of the recorded xyt-series.
The double arrow denoted 7 is the nematic director, showing the average orientation of the rods.
Only the spheres were imaged for this measurement.

coefficient was obtained of Di;vg = (0.50 +0.09) x 1073 num?s~ !, see Fig. 3.4c. After
55 seconds the spheres had diffused on average 275 nm in the direction perpendicular to
the nematic director. This distance is greater than the sphere’s own radius, which further
confirms that the Smsy-phase observed is in equilibrium. Earlier, in simulations a liquid like
diffusion for spheres was found inside the Sms-phase, showing that the spheres were not
hindered by the smectic layers of rods [217]. These simulations investigated the diffusion
at much longer time scales, such that liquid behavior of the liquid crystalline phase and
the hopping of spheres between smectic layers could be retrieved. We investigated the
diffusion of spheres inside the Smsy-phase at much shorter time scales, such that only the
diffusion of spheres in between the smectic layers was captured.

In order to determine the thermodynamic properties of the Smy-phase, we performed
a real-space analysis of binary rod-sphere mixtures in SDE. Sedimentation enables us
to probe the phase behaviour and thermodynamics of the system over a wide range of
system parameters in just a single experiment. We let our samples sediment for at least
four weeks. The equilibrated samples had a final sediment height of around 100 pm. We
optimized our system for single-particle tracking, using a fast scanning confocal micro-
scope, see Section 3.2 for details. We were able to image quantitatively in the sample up
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to a height of 130 pm. The original confocal images were deconvolved with a theoretical
point spread function (PSF) using commercially available software. After deconvolution
of the images we used single particle identification algorithms [168] to obtain the positions
and orientations of all particles individually. Using these coordinates, we determined the
number density of the rods p,.q(2) and of the spheres p,,,(2) as a function of height z in
the sediment. Using not only the positions but also the orientations of the rods allowed
us to determine the average local nematic (S5;)(z) and smectic (7;)(z) order parameter
profiles as a function of z, where the brackets denote an average over all particles in the
slab at z, see Appendix 3.B for details on the local order parameters. In Fig. 3.5a, we
plot both the composition (s, = Nepn/Niot), wWith Ny, and Ny, the number of spheres
and total number of particles, respectively, as well as the order parameters as function
of z. For comparison, the deconvolved confocal xyz-stack is presented in Fig. 3.5b. We
clearly observe a smectic phase with high nematic order (S;) > 0.9 and a high smectic
order (;) > 0.6, which is rich in rods, i.e., x5, ~ 0.4, at the bottom of the samples,
whereas an isotropic sphere-rich phase with z,, ~ 1 and low nematic and smectic order
is observed at the top. The transition between the isotropic and Smy-phase occured at a
height of ~ 14 pm, see Fig. 3.5f.

In order to distinguish the different phases, we did not use the positions of the spheres
in the order parameter analysis, as the order of the spheres is dictated by that of the rods
and is less pronounced, see Fig. A.3.8.

Finally, we mapped out the experimental phase diagram in the pressure P - composi-
tion x4y, representation by preparing and investigating many samples with different initial
volume fractions and compositions, and by analyzing these using the same procedures as
described above. Here 8 = 1/kgT denotes the inverse temperature with kg Boltzmann’s
constant. To this end, we also determined the pressure P at height z by integrating the
density profiles of both species to obtain the weight of all particles above it. The pressure
changes as a function of height z in the sediment and depends solely on the local densities
of the spheres pspn(2) and rods preq(z), yielding the equation of state P, in ps,n and proq
parameter space. In Fig. 3.6, we project the sedimentation path onto a two-dimensional
P - x4, plane.

From the top of the sediment down, each path shows an initial increase in pressure
at large x4, followed by a nearly horizontal portion in the P(zy,) curve suggestive of a
broad coexistence between a low density phase and a Sms-phase. Finally, in the Smsy-phase
the pressure rises, while z,, decreases only slowly. Each path presents the expected se-
quence isotropic I - (nematic N) - binary smectic Smy that was identified by employing the
average nematic and smectic local order parameters. We used the following threshold val-
ues to determine the different phases; isotropic if (S;) < 0.5 and (r;) < 0.35, nematic if
(S;) > 0.5and (1;) < 0.35, Smy if (S;) > 0.5and (r;) > 0.35 (see Fig. A.3.3). We thus
find a stable Smy-phase in our experimental phase diagram for sufficiently high pressures
BPDSff > 3 and compositions 0 <z, < 0.8 in binary silica rod-sphere mixtures.
In order to explore the possibility that the Sms-phase coexists with a low-density phase
and to investigate if the Smsy-phase can be stabilized by entropy alone, we determined
the phase diagram using Monte Carlo (MC) simulations of hard spherocylinders and hard
spheres with the effective dimensions of the experimental particles. We estimated the
effective diameter of the spheres o.¢y by mapping the equation of state of the spheres as
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Figure 3.5 (a) Quantitative analysis of local structure after determination of particle positions
and orientations of an equilibrated sample. Plot of averaged local nematic (S;) order parameter
(red), averaged local smectic (7;) order parameter (green) and composition (z4p,) as a function
of height z (black). Thin dashed lines are raw data divided in equally spaced slabs of 0.5 D, along
the gravity direction. Thick lines are data smoothed by convolution using a top-hat function
of 5D width. (b-g) Deconvolved confocal microscopy images of a sediment of rods (R2) and
spheres. Images are shown (b) parallel to gravity and (c-g) perpendicular to gravity. The
dashed horizontal lines in (b) indicate the height at which the images (c-g) were acquired. All
scale bars are 5 pm. The height of the total sediment was 120 pm, height shown here is 62.5 pm.

obtained from the top part, which contained only spheres, of an equilibrated sediment
to the Carnahan-Starling equation of state [20]. In addition, the effective dimensions of
the rods, L.ty and D,y were obtained by mapping the I-N transition as identified by the
jump in the global nematic order parameter S in experimental data on a rods-only system
to the transition as obtained from simulations (Fig. A.3.1). We performed simulations
in the NPT ensemble at many different state points and analyzed the phase behaviour
by employing local and global nematic and smectic order parameters (see Fig. A.3.4).
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Figure 3.6 Mapping of the experimental sedimentation paths (symbols) on the bulk phase
diagram obtained from Monte Carlo simulations. The phase diagram as obtained from MC
simulations of bulk mixtures of hard spherocylinders and hard spheres displays a stable isotropic
I (grey), nematic N (green), binary smectic Smy (red), and a I-Smy coexistence region (orange).
The symbols denote the experimental sedimentation paths in the pressure BPDg’f f - composition
Zgpn plane as obtained from different sediments of rods and spheres (symbols) and a sediment
of only rods at x4, = 0. We used the following thresholds to determine in the experimental
system the different liquid-crystal phases; I if (S;) < 0.5 and (r;) < 0.35 (black spheres), N
if (S;) > 0.5 and (r;) < 0.35 (green diamonds), Smy if (S; > 0.5) and (7;) > 0.35 (red
squares).

In Fig. 3.6, we superimpose the experimental sedimentation paths on the phase diagram
obtained by simulations. The topology of the phase diagram is consistent with previous
theoretical studies [199] and shows a wide isotropic-binary smectic (I-Smy) coexistence
region. We indeed confirm that the nearly horizontal parts of the experimental sedi-
mentation paths agree qualitatively with the broad I-Sms coexistence region as obtained
from simulations. However, we note that P(z,,y,) should actually be horizontal due to
the condition of equal pressure for the two coexisting phases, but are slightly slanted due
to the finite interfacial width. We thus conclude that the observed experimental phase
behaviour of silica rods and spheres is predominantly driven by entropy, and thus by the
particle shape alone, which was to be expected as the van der Waals interactions can
be neglected due to the refractive index-matching and the Coulombic interactions were
screened by the addition of salt.

In addition, we note that the theoretical phase diagram as obtained from MC simula-
tions shows that the number of spheres in between the smectic layers of rods can be tuned



PHASE DIAGRAM OF BINARY COLLOIDAL ROD-SPHERE MIXTURES 37

in the Smy-phase as the composition ranges from 0 < x4, < 0.6, which is relevant
for future application of these Smsy-phases. We also mention that we did not observe
any crystalline order in our samples likely due to the relatively high polydispersity in the
length of the rods (6, = 18%) and in the diameter of the spheres (d, = 9%). We expect
to find stable crystal phases for systems with a lower polydispersity, see e.g. [195].

3.5 Conclusion

In conclusion, our results obtained from both experiments and simulations show that
colloidal rods and spheres can spontaneously co-assemble in a single binary liquid crys-
tal phase, i.e., a Smy-phase. Previous experimental work already showed the formation
of the Smy-phase, but these studies did not reveal the detailed structure on the single-
particle level and did not study the phase diagram as function of pressure and composi-
tion [72, 195]. Here, we used fluorescently labeled silica particles to determine for the first
time the structure and composition of the Smsy-phase on the single-particle level using a
combination of confocal microscopy and particle fitting algorithms [168]. In addition, we
showed that the Smy-phase can be aligned with an ac electric field. We also showed that
inside the Smsy-phase spheres still diffused freely. We investigated the system in SDE,
which allowed us to determine the osmotic pressure at height 2z of the system, a quantity
that is usually not accessible in experiments. Finally, we mapped out the experimental
phase diagram in the pressure-composition representation, and find qualitative agreement
with the phase diagram as obtained from simulations on mixtures of hard spherocylin-
ders and hard spheres. The phase diagram exhibits a large stable region, where rods
and spheres co-assemble in a single Smy-phase, which is surrounded by a huge demixing
region at higher pressures and compositions z,,. As the Smy-phase can be stabilized by
entropy alone we expect that this intriguing phase can be realized for a broad class of
systems at many different length scales. Hence, the co-assembly of two particle shapes
in a single phase allows us to take advantage of multiple species in a single material and
the tunability of the positional and orientational order in liquid-crystalline phases. For
instance, realizing an aligned Smsy-phase of gold nanorods and spherical semiconductor
particles using a small electric field is of great interest. The spherical semiconductor par-
ticles at the gold nanorod tips will experience strong plasmon enhanced electromagnetic
fields that will enhance the luminescence of the semiconductor particles.
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Appendix 3

3.A Determining Effective Particle Dimensions
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Figure A.3.1 Determination of the effective particle dimensions. (a) Fit to the Carnahan-
Starling equation of state. The pressure (open symbols), as obtained by integrating the density
profile of the spheres for the top part of a sediment of rods and spheres, was mapped to the CS
equation of state (solid line), in order to obtain the effective diameter of the particles. Spheres
with ocff = 0tem + As and Ay = 80nm could be mapped as hard particles to the CS equation
of state. This resulted in an effective diameter of the spheres: o.¢y = 465nm. (b) Plot of the
global nematic order parameter S as a function of density, at the I-N transition. Experimental
data points are shown as the solid lines with circles. Simulations are shown as dashed lines
and squares. Experimental data with rods D.fr = Dier, + Ay, with A = 120nm match best
with data from simulations. This resulted in the following effective dimensions for the R2 rods:
Deff = 707111’11, Leff = 3711 nm, (L/D)eff = 5.25, Deff = 1.5206ff.

In order to compare experimental data with simulations, we determine first the ef-
fective dimensions of the particles that account for the thin electric double layer. The
colloidal particles used act as nearly hard particles, with a dimension slightly larger than
that derived from TEM images. First, to determine the effective diameter of the spheres,
Ocff = Otem + As, Wwe mapped the equation of state as obtained by integrating the density
profile of the top part of the sediment (that contained only spheres) to the Carnahan-
Starling (CS) equation of state (see Fig. A.3.1a)

1+¢+¢° ¢
(1-9¢)

where pgp,, is the number density of the spheres, 5 = 1/kgT, and ¢ = pugy,, with
Usph = émfff s the effective volume of one spherical particle. The pressure at height z in

BP/psph - (33)

the sample was calculated using P(2) = mgpng [ pspn(2)dz. with m,,;, the buoyant mass
of the particles (calculated from TEM dimensions), g gravity, z the height in the sediment
and h height of the sampled volume, where we made sure that the particle density vanished
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at h. The best fit with the CS equation of state was obtained by taking Ay = 80 nm
for the volume fractions ¢ < 0.2 or pressures SP/p,n < 2.5. The equation of state as
obtained from experiments becomes unphysical at higher pressures (i.e., lower height z
in the sediment) as the density of rods cannot be neglected at lower z. Next, in order to
determine the effective dimensions of the rods, Detf = Dier, + Ar and Lefs = Liem + Ar,
we mapped the jump in the global nematic order parameter S at the isotropic nematic
transition of an equilibrated sample containing pure hard rods to results obtained from
NPT simulations of only rods (see Fig. A.3.1b and discussion below). Experimental
data with A\, = 120 nm matched best with data obtained from simulations. This resulted
in the following effective dimensions for the R2 rods: D.sy = 707nm, L.y = 3711 nm,
(L/D)ess = 525, Depy = 1.520.5r. We did not use the equation of state of rods to
determine the effective dimensions of the rods as the equation of state is more sensitive
to polydispersity.

For both procedures to find the effective dimensions, one should realize that discrep-
ancies can arise due to polydispersity, which also can cause size segregation of particles
with height.

3.B Order Parameters For Colloidal Rods

To distinguish between the isotropic and the different liquid crystalline phases we rely on

global and local order parameters. The global nematic order parameter is obtained by
diagonalizing the nematic order parameter tensor

1 X 73 1

B = 7 “WiaWig — =003 , 3.4

Qs = 7 2= [iats = 50 (3.4)

where u;, is the a-component of the unit vector describing the orientation of the long axis

of the rod 7, N is the number of rods in the slab, and d,3 the Kronecker delta. The global

nematic order parameter S is defined as the largest eigenvalue of Q and the corresponding

eigenvector is the nematic director n. S ranges from —0.5 to 1. In addition, we define as

introduced in [200] the local nematic order parameter S; of particle i as
1 & 1
~ 3 [Smewy2 5] 35

nZ = 2

with n; the number of neighbors of particle i and where two particles are considered
neighbors if p;; < 1.0D, with p;; the minimum surface-to-surface distance. We take
D = D, in case of the experiments, whereas D equals the hard-core diameter of the
spherocylinders in case of the simulations. S; also ranges from —0.5 (particle transverse
to its the neighbors) to 1 (perfect alignment).

The global smectic order can be probed by calculating the following order parame-
ter [48, 219-221]

N

Z 2mir;- n/l

(3.6)

T—Hla

where the value of [ that maximizes the above expression is identified as the layer spacing
d. However, due to the limited statistics (small number of layers within confocal snapshot)
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and fluctuations in their positions, we obtained values of 7, smaller than what one would
expect after visual inspection of the sample, and a rather noisy trend of 7 as a function of
height. We therefore introduce a novel order parameter to quantify the local tendency of
the particles to form (single) smectic or crystalline layers and we use it as a local smectic
order parameter. We first calculate the shift h;; of the center of mass of particle ¢ with
respect to its neighbors j projected on a common axis (we pick the main orientation u;
of particle ¢ but another direction such as the local nematic director would give similar
results). We then normalize it and define

1 &4 hy 1 &4 1y
A=1—— Yo—1—|— Yo, 3.7
‘ m; Jz::l Tcut (mz ]z::l Tcut A ( )
where roy = (L; + D)/2 and m; is the number of neighbors of particle i satisfying
rij < Teuwt, With r;; the center-to-center distance between the rods. A; = 1 corresponds

to the orthogonality condition between r;; and the common axis (in this case u;). How-
ever, such a condition can be obtained both for perfectly aligned rods and in the case
of transverse order (Fig. A.3.2). Notice that transverse rods are anyway expected in the
smectic phase due to thermal fluctuations but we want to consider them as defects in a
perfectly layered structure. In order to discriminate between these two configurations A;
is then multiplied by S;. In conclusion, we define the local smectic order parameter as

Using 7; we are able to distinguish (locally) the smectic order (high values of 7;) from
the isotropic, nematic, as well as columnar order for which we expect low values of 7;.
Note that the neighbor definition in A; and 7; is different and that the precise threshold
value of the cut-off distance yields some degree of arbitrariness in the use of these order
parameters to define the different phases. Furthermore, other approaches to define a local
smectic order parameter are in principle possible, for example by considering

U
Z e?ﬂ"il‘ij -ui/l
Jj=1

with 7; the center-to-center distance between particle ¢ and its neighbors j, defined as
particles that have a minimum surface-to-surface distance p;; < 1.0D (as for S;). How-
ever, to avoid misidentifications a large number of neighbors n; are needed, otherwise even
particles in the isotropic phase could have a large value of such an order parameter. When
imposing this kind of threshold on the number of neighbors, we found similar results as
using 7; = S;A;.

We expect that future work on order parameters for anisotropic particles based on the
local environment will refine the family of quantities needed to discriminate between the
different liquid crystal phases, in analogy with what happened to the bond orientational
order parameter for crystal symmetries of spherical particles [222, 223]. Such order pa-
rameters will be central in experimental studies on e.g. nucleation, glass transition and
defects re-arrangement. Nevertheless, the order parameter 7; = S;A; introduced here is
suitable for the current purpose, i.e., the identification of the smectic order in absence of
a large number of smectic layers.

, (3.9)

mlax
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Figure A.3.2 Schematic of the smectic local order parameter 7, = .S; - A;

3.C Determining Different Phases in the Bulk Phase Diagram
from Experimental Data

In order to distinguish between the different phases in experimental data, we rely on the
local order parameters S; and 7; for each particle i, as described above. Notice that the
analysis of the local order parameters was based on the lengths L; of the rods obtained
by the particle tracking procedure, where the end-to-end length is defined as L = L; +
D, therefore are based on fluorescent shells present inside the rods. Subsequently, we
determine the averaged values (S;) and (7;) by averaging over all particles in a certain
slab in the sediment. The choice of the threshold values of the local order parameters at
which we define the transition is admittedly somewhat arbitrary and can influence the
identification of the different phases. Therefore, we chose values close to points of inflection
observed in the trend of the averaged local order parameters (see Fig. A.3.3). We used the
following threshold values to determine in the experimental system the different phases;
isotropic (I) if (S;) < 0.5 and (r;) < 0.35, nematic (N) if (S;) > 0.5 and (7;) < 0.35,
Smy if (S;) > 0.5 and (7;) > 0.35. Analysis based on global order parameters is also
in principle possible but usually more noisy due to the need to collect a larger amount
of data. In particular the traditional global smectic order parameter, 7 is sensitive to
fluctuations of the layers and defects in and between layers.

3.D Estimating the Bulk Phase Diagram from Computer Sim-
ulations

According to theoretical predictions based on a second-virial density functional theory
applied to a rod-sphere mixture with similar sizes (L.,/0 = 7, D = o), we expect
stable isotropic (I), nematic (N) and binary-smectic (Sms) liquid crystal phases [199]. In
our study, we do not take into account the possible crystalline (hexagonal) order, neither
within a single layer nor between different layers, and therefore we do not distinguish
between (binary) Smectic-A and (binary) Smectic-B and possible (binary) crystal phases,



PHASE DIAGRAM OF BINARY COLLOIDAL ROD-SPHERE MIXTURES 43

thresholds: <Sl> =0.5 <Ti>= 0.4
z P, T T T y

P, T
o
A ™ -
[ " T
e ) .‘
o ..
L L | al ' g !&
L) w~
o[ ¢ ""* "
N S,
= Sm,
] ] . ] ]
0.2 0.4 0.6 0.8
Lsph

S

0.1

A
OF  remrvs

- .
3

BPD?,,
Figure A.3.3 Experimental State Diagram and Order Parameters. (a) Experimental state
diagram (as Fig. 3.6 in Section 3.4), using the following thresholds: isotropic (I) if (S;) < 0.5
and (1;) < 0.35 (black circles), nematic (N) if (S;) > 0.5 and (r;) < 0.35 (green diamonds),
Smy if (S;) > 0.5and (r;) > 0.35 (red squares). (b) Different choice of the threshold values for
the local smectic order parameter 7;, isotropic (I) if (S;) < 0.5 and (7;) < 0.4, nematic (N) if
(S;) > 0.5and 7; < 04, Smy if (S;) > 0.5 and (r;) > 0.4. (c) Averaged local nematic order
parameter (S;) as a function of reduced pressure BPDg’f 7 for different equilibrated sediments.
(d) Averaged local smectic order parameter (7;) for different equilibrated sediments.

even though we (often) observe hexagonal arrangements of rods, both in experiments
and in simulations. Since for the short rods considered here both the I-N and the N-Sm
transitions are weakly first order [37], and a particularly broad I-Sms coexistence region
is expected when such rods are mixed with hard spheres [199], an accurate identification
of the phase boundaries is clearly challenging. Nevertheless, we use both global and
local order parameters to discriminate between the different liquid crystalline structures
for a large number of state points (for which z,, and P are imposed) and trace the
state diagram of rod-sphere mixtures for which experiments have been performed, see
Fig. A.3.4a. In particular, in the isotropic phase (see Fig. A.3.4b) all the order parameters
vanish. The nematic phase (see Fig. A.3.4c) is characterized by a high value of the nematic
order parameter (both the global S and the local S; as can be seen from the color coding
of the rods) but not of the smectic ones, since neither the rods nor the spheres form layers.
We observe that the I-N shifts towards higher pressure upon increasing composition gy,
until a critical point (around zy, =~ 0.6) beyond which the nematic phase is no longer
stable. In the Smy phase (see Fig. A.3.4d) the rods locally form layers resulting in a
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Figure A.3.4 State diagram from bulk MC-NPT simulations. (a) State diagram from bulk
MC-NPT simulations. Representative snapshots for (b) isotropic phase (I) with z,, = 0.6
BPD3? = 1.93, rods are colored according to their orientation (axis colors indicated in the
snapshot); (c) nematic phase (N) zgy, = 0.3 3PD3 = 2.28 with rods colored according to the
local nematic order parameter S;; (d) binary smectic phase (Sma) zs, = 0.5 BPD3 = 3.86
with rods colored according to the local smectic order parameter 7;; (e€) Formation of columnar
aggregates of hard spheres as indication of demixing between a smectic (or crystal) phase rich in
rods and an isotropic phase rich in spheres. zs,, = 0.1 BPD? = 7.73; (f) Columns of spheres
start to appear in a Smy phases (most of the spheres are still arranged in layers) xs,, = 0.2
BPD?® = 597 ; (g) Coexistence between I and Smy phase, s, = 0.7 BPD3 = 3.86,
rods colored according to 7; ; (h) Single layer of rods in coexistence with a sphere-rich isotropic
phase, x5y, = 0.9 BPD? = 6.32, rods are colored according to 7.

large value of the local smectic order parameter 7; as shown by the color coding. The
structure is clearly long-range which is also confirmed by the (ordinary) global smectic
order parameter 7. The binary character of the smectic phase is confirmed by the fact that
the spheres are also arranged in layers, as clearly evident from the snapshot in Fig. A.3.4d.
Such layering can also be quantified by a global smectic order parameter for the spheres,
calculated along the nematic director of the rods n (that coincides with the layer normal),
in full analogy with the one for the rods (see Appendix 3.B)

N

Z 2mir;-n/l )

(3.10)
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Both the values of 7,,, and the associated spacing between layers of spheres are consistent
with the values of 7 (for only rods) and the spacing between the smectic layers of the rods,
as expected for the Smy phase. However, for small compositions x,,, and large pressures
P (see Figs. A.3.4e-f), the spheres do not form layers anymore but rather are expelled
from the layers of rods and organize themselves into linear aggregates. This structure
is likely not a novel thermodynamically stable phase but rather should be considered as
an indication of the underlying phase separation into a sphere-rich isotropic phase and
rod-rich (binary) smectic phase (or probably a crystal phase of rods at sufficiently high
pressures, as evident from Fig. A.3.4e). Indeed, since the system cannot really demix
because of the finite size nature of the simulations, the spheres have to act as substitutes
of rods to minimize the overall system free volume. It is important to remark that this
columnar arrangement of spheres is not related to the columnar phase observed in the
mixture of colloidal spheres and fd-viruses [72], since in that case the columns of spheres
are perpendicular to the direction of the layers of the rods. The possibility of forming
that structure with only hard-core interactions and its thermodynamic stability are still
open questions.

The transition from a stable Smy phase to this kinetically trapped structure, that is
evidence of I-Smy demixing, is often associated with a drop in 7y, as reported in the
Fig. A.3.5f. As can be seen from the Fig. A.3.4f, the formation of columns of spheres
occurs also when most of the spheres are still arranged in layers, therefore yielding to a
somehow arbitrary definition of the upper bound of the Smsy stability region.

For larger values of 4, the I-Smy demixing is more evident as can be appreciated from
Figs. A.3.4g-h in which a number of smectic layers (depending on z,,) is in coexistence
with an isotropic phase rich in spheres. This behaviour is also captured by the probability
distribution of rods having a certain value of the local smectic order parameter 7; (some
examples are reported in the Fig. A.3.5a). Indeed, for state points inside the I-Smsy
regions two populations of particles (one with |7;| ~ 0 and one with 7; bigger than a
given threshold) are often evident. However, extracting the equilibrium composition of
the two coexisting phases based on the amount of particles in the two populations seemed
to be not an easy task due to the limited system size of our simulations and the sensitivity
on the choice of the threshold value. By examining the state diagram obtained, we notice
that compositions around z,,, = 0.6 show a peculiar re-entrant sequence upon increasing
the pressure, going from an isotropic to [-Smy region to a pure Sms to a demixed region
again. Representative snapshots at this composition, along with a quantitative analysis,
are reported in the Fig. A.3.5. Finally, we notice that the topology of the phase diagram
here reported is consistent with theoretical predictions [199], including the re-entrant
behaviour of the Smy region.

We wish to remark here that simulations in the NPT ensemble, in which the over-
all composition z,, and pressure P are kept fixed, is not always the most convenient
statistical ensemble to study broad demixing transitions as huge system sizes and long
simulation times are need to obtain phase coexistence between different thermodynamic
states. Indeed, a standard procedure to trace the phase diagram of a mixture would
require simulations in the grand-canonical ensemble that are, however, not feasible for
short rods (only the insertion/removal of the small spheres would be possible). Recently,
the use of hard walls in computer simulations of rod-sphere systems composed of similar
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Figure A.3.5 Identifying coexistence between isotropic and binary smectic phase. (a) Frac-
tion of rods n,,q with a given value of the local smectic order parameter 7; for state points with
Zsph, = 0.6 and reduced pressures BPD? as indicated in the legend. APD3 = 1.93 corresponds
to an isotropic state (representative snapshot in Fig. A.3.4b). BPD3? = 3.34 corresponds to a
two-phase I-Smy coexistence state (typical snapshot in panel (b)), a small peak at 7, ~ 0 is
evident. BPD3 = 4.92 corresponds to a Smy state (snapshot in panel (c)). SPD? = 7.73
corresponds to a I-Smy state (snapshot in panel (d)). In this case the probability distribution of
7; is not useful to identify the state point but the low value of 75, (see panel (f)) indicates that
the spheres are not arranged in layers. In all the snapshots the rods are colored from green (low)
to red (high) according to the value of 7;. Rods that are colored black do not have neighbors
and therefore have 7; = 0. Peaks around zero (panel (a)) are evidences of demixing between
I and Smsy. Tracking the number of rods with small values of 7; could help in identifying the
state point. In panel (e) the fraction of rods n,,q with a small 7; (arbitrarily chosen such that
|7 < 0.25) are plotted as a function of the reduced pressure 3P D? for different composition
Tgph- For zgp, = 0.6 the non-monotic behaviour of n,,q could be used to identify the re-entrant
behaviour of the Smy region, even if it is admittedly somehow arbitrary. In panel (f) the smectic
order parameter associated to layers of spheres 7y, (see text for the definition) is plotted against
the pressure for different composition. The different arrangement of spheres, either in layers or
in columns/random aggregates (these are indications of I-Sms demixing) is associated to a large
or small value of 7, respectively.
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number of particles as used here and similar particle dimensions, have been employed
as an alternative to determine slightly more accurately the variation in composition of
the isotropic-nematic transition but limiting the study to a small region in the zg,, — P
plane [224]. However, at the densities where the binary smectic phase is observed, the
effect of walls would be still quite pronounced for ordinary system sizes. Ultimately, an
accurate study of the equilibrium phase behaviour should be based on (computationally
expensive) free-energy calculations, but this is beyond the scope of the present work.

3.E Figures

Figure A.3.6 Confocal image of an aligned Sms-phase using an ac electric field. Top right
confocal image (246 pm x 246 pm) in Fig. A.3.7.
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Figure A.3.7 Confocal image of an aligned Sma-phase using an ac electric field switched
on during sedimentation (15 Vmm™!). Image size: 738 pm x 492 um. The image consists of 6
images stitched together to form 1 image.
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Figure A.3.8 ¢(r) of spheres inside Smy-phase. (a-b) Computer drawn images from the
coordinate data of a sediment of rods and spheres, showing the Smy-phase (a) depicted both
rods and spheres (b) depicted only spheres. (c) g(r) of spheres inside the Smo-phase, data
taken from (b). We observe a peak at 11.6 0, with o being the bare diameter of the spheres.
This corresponds to a smectic layer spacing of 1.20 L.s¢, with L.;y being the average effective
length of the rods. From simulation [225] of only rods with L.y, /D =5 (L/D = 6) a spacing
of 1.048 is expected. Kuijk et al. experimentally found a spacing between 1.1 and 1.2 L.y for
silica rods [226]. The effective sphere diameter o¢fs is 0.13 Leyy.






Dynamics of Sedimentation of
Binary Colloidal Rod-Sphere
Mixtures

This chapter discusses the sedimentation dynamics of binary mixtures of silica rods and
spheres. The first part of the chapter discusses the formation of a binary smectic phase
over time, from a mixture of colloidal silica rods and spheres dispersed in a mixture
of glycerol-water under the influence of gravity. It shows that the binary smectic phase
nucleated from a nematic layer of rods at the bottom of the sample, once the pressure and
volume fraction of rods were high enough. Moreover, we found that there is an interplay
between the sedimentation of rods and sedimentation of spheres. As the concentration of
spheres increased at the bottom of the sample, the sedimentation of rods slowed down.
The bottom rod-rich sediment then pushed the spheres upwards. The second part of
the chapter discusses sedimentation of a binary mixture of colloidal silica rods and silica
spheres, where the silica spheres had a diameter larger than the diameter of the rods.
Rods and spheres settled with on average the same speed. While the sediment became
denser, bundles of aligned rods appeared inside the dense sediment. Over time the overall
structure of the sediment did not change much. This indicated that perhaps the system
was kinetically trapped. Although the rods aligned within bundles, the overall bundles
orientation was random.
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4.1 Introduction

Colloidal sedimentation is both of interest in industry and on the fundamental level. In
industry it is important in food products, paints, water waste treatments, the mining in-
dustry and the settling of atmospheric particulates. Theoretical, Einstein was the first to
derive a fluctuation-dissipation relationship between the thermal fluctuations, diffusion co-
efficient and the friction factor of a colloidal using sedimentation-diffusion equilibrium [9].
In the laboratory, Perrin was able to determine Avogadro’s number by studying the sed-
imentation profile of a gamboge suspension [8]. These findings were important for the
development of statistical mechanics. Using gravity as an external field, the whole equa-
tion of state can be obtained, by measuring the sedimentation profile of colloidal hard
spheres [20-22] in sedimentation-diffusion equilibrium (SDE). Thus, gravity can be used
to obtain in one go the equilibrium phase diagram for a one component system. To do
so, the local density approximation must be valid. This beholds that one is able to define
the necessary thermodynamical variables like density and osmotic pressure locally, and
such the gravitational height cannot be too small. Gravity acting on colloids in a closed
system couples settling, diffusion and nucleation together. Therefore, studying the dy-
namics of colloidal systems subjected to gravity is highly complex [227, 228]. Considering
nucleation alone, there are two types of nucleation: homogeneous and heterogeneous nu-
cleation. During homogeneous nucleation clusters spontaneously nucleate and grow from
the supersaturated liquid. In the case of heterogeneous nucleation, clusters nucleate at
surfaces or impurities in the sample [229, 230]. However, the dynamics of crystallization
can be strongly affected by additional fields, like the gravitational field [231-233] or by
a templated bottom wall [234]. Depending on the initial concentration of the dispersion,
below or above the freezing concentration, either heterogeneous nucleation starting at the
bottom container wall or homogeneous nucleation will be observed.

Nucleation of ordered phases of rod-like particles are often studied for relatively short
aspect ratios (end-to-end length to diameter ratio L/D), for which the ordered phase
forms directly out of the isotropic phase (I-Solid or I-Sm transition) [58, 226, 235-237].
Only a few experimental papers show nucleation, for rods with high enough aspect ratios,
where the smectic phase nucleates from the nematic phase and an I-(N)-Sm transition is
observed [58, 226]. Little is known about the nucleation of smectic layers inside a binary
system under the influence of gravity.

For multicomponent systems, Spruijt and Biesheuvel [238] gave a theoretical frame
work on the sedimentation profiles of multicomponent systems. Also, de las Heras and
Schmidt developed a theory to relate the bulk phase diagram of binary colloidal mixtures
to the stacking of different phases under the influence of gravity [239]. Simulation studies
done on binary colloid mixtures show that the initial configuration is an important factor
that influences the sedimentation dynamics and the final sedimentation profile [240-242].
Experimental papers on the sedimentation of binary colloidal mixtures are mostly focused
on sedimentation profiles that have reached SDE [243-247] or on the final profiles after
centrifugation of a mixture of particles [248, 249]. Most of these experimental papers did
not investigate the change of the sedimentation profile over time, before SDE was reached.
However, much could be learned from the nucleation and growth of the final equilibrium
phases. Furthermore, most experimental papers use ensemble methods like scattering
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techniques such as x-ray or polarized light scattering, to investigate the structure. These
techniques do not capture what happens on the single particle level.

This chapter describes the dynamics of sedimentation and nucleation and growth of
binary mixtures of fluorescently labeled colloidal rods and spheres over time before SDE
was reached and on the single particle level using confocal microscopy.

In the first part of the chapter we describe the sedimentation and nucleation and
growth of a binary smectic (Smy) phase. When colloidal rods and spheres were mixed
with the right size ratio, they were observed to form a binary smectic phase [72, 195], see
Chapter 3 and ref. [218]. In the second part we describe the sedimentation and nucleation
and growth of bundles of rods that form in a binary rod-sphere mixture where the average
diameter of the spheres o is larger than the average diameter of the rods D (¢ > D).
As both systems were not density matched, the colloids were subjected to a gravitational
field. As the solvent viscosity (1) in our system is high, the dynamics were slow and we
were able to follow the formation of the sediment over time on the single particle level.
In order to do so, the samples were imaged using confocal microscopy at different times
over a period of five weeks after the samples were prepared. Using particle identification
algorithms [77, 168, 169], we were able to determine the local architecture of the samples
during sedimentation on the single particle level. Moreover, using local nematic and
smectic order parameters (S; and 7;) in combination with a cluster criterion [235, 236],
we were able to follow the nucleation and growth of the smectic layers over time.

4.2 Sedimentation of Rods and Spheres

Perrin and Einstein showed that in sedimentation-diffusion equilibrium (SDE) at the top of
a sediment a barometric sedimentation profile is found, given by: n(z) = ngexp (—z/l,),
where n is the number of particles per unit volume. The decay constant is the gravitational
length

ly = kT /Apv,g, (4.1)
where kT is the thermal energy, Ap = p, — psoivent the apparent density of the particle,
g the gravitational constant and v, is the volume of the particle. The time scale of
the sedimentation process depends on the buoyant mass of the particles v,Ap and the

translational diffusion coefficient of the particles D; = ]“B’TT, where 7 is the friction factor
of the particle. For single spheres the translational diffusion coefficient is given by
kgT
D, = 2= (4.2)
6mna

with 7 the viscosity of the solvent and a the radius of the sphere. The translational
diffusion coefficient of finite rods in dilute solution can be expressed as [250]

kT <1n (%) + v)
D= 3mnL

in this expression L is the length of the rod, D is the diameter of the rod. The factor ¢,
is used to correct for end-effects

, (4.3)

D D\?
5, = 0.312 + 0.565f —0.100 (L) . (4.4)
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The sedimentation velocity of an isolated particle can then be obtained using the Svedberg

equation [251]

vpDigAp
kgT

To compare the relative importance of Brownian motion and gravitational forces, we use
a dimensionless Péclet number, which is defined as the ratio of the time %, it takes for a
particle to diffuse over its own radius a and the time t, it takes for a particle to settle
over its own radius [22]

(4.5)

Vsed =

tb AVsed
Pe = =D, (4.6)
where a is the radius of the particle. If Pe < 1, particle motion may still be described
as Brownian. Whereas for Pe > 1, we are in the non-Brownian regime with respect to
the process of sedimentation. Pressures at height z were calculated the same way as in
Chapter 3 by integrating the density profiles of both species to obtain the weight of all
particles above

h h
P(z) = Apvsphg/ pspr(2)dz + Apvmdg/ Prod(z)dz, (4.7)

with h height of the sampled volume, where we made sure that at SDE the particle density
vanished at h.

4.3 Methods

Particles Fluorescein isothiocyanate (FITC) fluorescently labeled silica rods were pre-
pared according to the method of Kuijk et al. [44, 45], see Chapter 2 for more details.
Rhodamine isothiocyanate (RITC) fluorescently labeled silica spheres were prepared via a
modified Stober synthesis [25, 26]. The mean dimension of the particles were determined
from transmission electron microscopy (TEM) images made with a Philips Tecnai 10 or
12 microscope (Fei Company). Typically, 80 particles were measured by hand using the
program iTem (Soft Imaging System GmbH, version 5). Both the end-to-end length (L)
and the diameter (D) of the rods were measured, after which the aspect ratio (L/D) and
the polydispersity (0) were calculated. For single particle tracking we used rods labeled
R2 with L = 3591 nm and D = 587nm (L/D = 6.1 6, = 18%, dp = 10%). Colloidal silica
spheres with 0 = 385nm (0 = 9%) and 0 = 930nm (0 = 4%) were used. More details on
particle properties can be found in Table 4.1.

Sample Cells To allow for single particle tracking, the same sample cell was used as
described in Chapter 3, Section 3.2. A glass cylinder, made from the end of a glass Pasteur
pipette (WU mains), was attached on top of a quartz coverslip (np = 1.46, 0.15-0.18 mm,
Laser Optex). Next, the resulting sample cell was attached to a standard microscope
slide, by sliding the cylinder through a circular hole that was drilled in the middle of the
microscope slide. The sample cells were filled with 150 pL. dispersion containing ~ 0.3—
0.5vol% of particles, the total height of the dispersion was ~ 6 mm. The cell was closed
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Table 4.1 Properties of particles used during this study.
Particle dimensions were derived from TEM images. The values of lg, vseq, Dy, Pe are calculated
for particles dispersed in 85 wt% glycerol-water (n = 81 mPas [156]) at infinite dilution.

L oo D op L/D ly Vsed D, Pe D, experimental
nm % nom % pm  nms™! pm? s~ pm? s~
Rods
R2 3591 18 587 10 6.1 0.64 5.2 3.3 x 1073 0.46 2.9 x 1073
Spheres
D930 930 4 1.25 4.6 5.7 x 107*  0.37 5.1 x 1073
D385 38 9 17.65 0.8 1.4 x 1072 0.011 1.3 x 1072

with cotton wool wrapped in laboratory film (Parafilm) and sealed with candle wax. The
as prepared samples were left to sediment over time, to reach a sedimentation-diffusion
equilibrium (SDE). During sedimentation the samples were imaged regularly at 1, 3, 7,
9, 11, 14, 15, 18, 21, 23, 26, 28, 30, 46 and 110 day(s) after the sample was prepared.

Dispersions Particles were dispersed in an index-matched solvent mixture, n% = 1.45,
of 85wt% glycerol (> 99.0%, Sigma-Aldrich) and 15wt% ultrapure water (Milipore),
n = 81mPas [156]. Lithium chloride salt (LiCl, Merck) was added to a concentration
of 0.55mM to the dispersion; this resulted in an estimated double layer thickness x~! of
10nm. In the case of the small spheres and rods that formed a Smsy-phase the sample
contained 0.3 vol% particles, of which 0.1 vol% spheres and 0.2 vol% rods. For every rod,
about 13 spheres were present. In the case of the large spheres and rods the dispersion
contained 0.5 vol% particles, of which 0.2vol% rods and 0.3 vol% spheres. For every two
rods 7 spheres were present.

Confocal Microscopy Samples were studied with a confocal laser scanning microscope
(Leica TCS SP8, equipped with a 12kHz resonant scanner). All images were taken in
fluorescence mode. The excitation wavelength was 488 nm for the FITC-labeled rods and
543 nm for the RITC-labeled spheres. To optimize image quality, a 100x, 1.35 NA glycerol
confocal-objective (Leica) was used to allow for single particle tracking in combination
with a quartz coverslip (np = 1.46, 0.15-0.18 mm, Laser Optex). An image volume had
the following dimensions in zyz : ~ 25pm x 12.5pm x 100-150 pm. We imaged with a
voxel size of ~ 50nm x 50nm x 100nm. Data shown here were averaged over at least 5
confocal xyz-scans, which were recorded consecutively.

Single Particle Fitting Confocal data were deconvolved using commercially available
Huygens SVI software (Version 14.10), using a theoretical point spread function (PSF).
The rod fitting algorithm of Besseling et al. was used to identify the positions and orien-
tations of the rods [168]. The positions of the spheres were obtained using an algorithm
similar to the method of Crocker and Grier [169] but extended to 3D [16, 77]. For analy-
sis, the obtained coordinate data were first divided into slabs of 0.5 D parallel to gravity,
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with D the rod diameter obtained from TEM images, followed by calculation of the vol-
ume fraction (¢), composition (zs,,) and pressure (P) for each slab. The local nematic
order parameter S; and the local smectic order parameter 7; were determined for each
rod 4. Successively, the averaged values (S;) and (7;) were calculated for each slab by
considering only the particles in the given slab. Data, on particle volume fractions and
order parameters, shown here were smoothed by convolution of the data using a top-hat
function of 5 rod diameters, D, in width. For details on the nematic S; and smectic 7;
local order parameter, see Appendix 3.B on page 40.

Effective Dimensions Our silica particles were charge stabilized and have effective
dimensions slightly larger than that derived from TEM images, which is due to a thin
electric double layer around the particles, in addition to the shrinkage of the particles by
the electron beam in TEM. The effective dimensions for spheres and rods were determined
in Appendix 3.A. For the 385 nm spheres we used o.sf = orgay +As = 385480 = 465 nm.
For the 930 nm spheres we used oc.fr = orpm + As = 930 + 80 = 1010nm. For the
R2 rods we used Dcfy = Drpy + A\ = 987 + 120 = 707Tnm, Lesyr = Lrpy + A\ =
3591 + 120 =3711nm and (L/D).;s = 5.25. Data shown below reflects the effective
dimensions of the particles. In the case of rods and small spheres that form a Smy-phase
the particles had the following relative dimensions: D¢y = 1.52 05y and Legy = 7.98 0¢f5.
In the case of rods and large spheres D.ss = 0.70.5¢ and Lesy = 3.67 0.

Measuring the Translational Diffusion Constant In order to have an idea about
the dynamics in the system, we measured the diffusion coefficients of the particles dis-
persed in 85 wt% glycerol-water. We followed a dilute suspension of particles (¢ < 0.1 vol%)
over time with a Leica TCS SP8 confocal microscope. We measured in the sample cell as
described above at a height 20 pm above the surface, to avoid wall effects. Sedimentation
still took place during measurement as peojioid > Psoivent, PUt we assumed a decoupling
between translational diffusion and sedimentation [252]. We recorded xyt-series with
10004800 frames, a typical pixel size of 50-100 nm and a typical time between frames of
At = 90-180ms. We obtained 2D trajectories of the particles from the recorded images
using particle fitting and tracking algorithms [168, 169]. Next, we calculated the mean
square displacement (MSD) as a function of time. To obtain the translational diffusion
constant D; we fitted

(Ar?(t)) = 4Dyt + 4e? (4.8)
to the plot of the MSD versus time t. Here (Ar?(t)) is the MSD and &; is the error of

the measurement [214]. Results on the experimentally measured translational diffusion
constant can be found in Appendix 4.A and Table 4.1.
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4.4 Results & Discussion

4.4.1 Sedimentation of Colloidal Rod-Sphere Mixtures that form
a Smy-phase

We quantitatively followed in time the sedimentation dynamics and the nucleation and
growth of a binary smectic phase (Smy) in a mixture of silica rods (R2 rods, L = 3.6 pm,
D =0.6pm, L/D = 6.1) and spheres (D385, o = 0.4 pm), using 3D confocal microscopy
in combination with single particle tracking, see Table 4.1. These particles have Péclet
numbers Pe < 1 (Pegy = 0.46, Pepsgs = 0.011), which makes them still behave Brownian.
Fig. 4.1a shows deconvolved confocal images of the sediment over time at days 1, 7, 14, 28
and 46. The images show side views of the sample, the xz-plane, with z parallel to gravity
of the lower 98 nm of the sample. The final sediment height was ~ 120 pm and the total
height of the dispersion in the sample cell was 6 mm. Fig. 4.1b shows computer drawn
images of the sample after particle fitting of the confocal data. For clarity only the lower
40 nm of the sediment is shown. After day 46 the sediment morphology no longer changed
much, so we deem it to be at equilibrium. A Smsy-phase had formed on the bottom and
a less ordered mixed phase lies on top. On days 1 and 7 the binary smectic phase had
not formed yet, but a thin sediment of mainly rods was already present at the bottom of
the sample. Due to the differences in gravitational length [, and sedimentation velocity
Useq between the particles (see Table 4.1), the rods and spheres partly segregated upon
sedimentation. Over time the Sma-phase formed and the height of the rod sediment grew.

To get a better view of the morphology change of the sediment, we plotted some of
the characteristic properties of the system in 2D color-map plots, Figs. 4.2-4.5. The 2D
color-map plot shows the sediment height as a function of time (in days). The color
depicted in the 2D color-map plot indicates the value of the characteristic property of the
system, e.g. total volume fraction ¢, volume fraction spheres ¢, volume fraction rods
brod, composition of spheres x4, the averaged local nematic order parameter (S;), or the
averaged local smectic order parameter (7;). To obtain these properties, the experimental
coordinate data were first binned into equally spaced slabs of 0.5 D parallel to gravity,
followed by the determination of the characteristic properties. Data shown in the 2D
color-map plots were smoothed by convolution of the data using a top-hat function of 5 D
in width.

Fig. 4.2 depicts a 2D color-map plot of the change in total volume fraction, of both
rods and spheres, over time in the sample. The total sediment height grew linearly until
day 11, and after day 11 the growth in sediment height leveled off.

If one looks at the change in volume fraction of rods and spheres separately, Fig. 4.3,
one can see that the rods were the first to end up at the bottom. Until day 7 mainly
rods had settled down, from day 9 onwards also the settling of spheres became signifi-
cant. Between days 3 and 11 the spheres were ‘pushed’ upwards by the still settling rods.
However, around day 14 the pressure of the accumulating spheres became large enough to
push the interface between the Smy-phase and isotropic phase down and the rod settling
rate was slowed down. Rods that ended up on top of the other rods, first had to diffuse
through the layer of spheres and push the spheres upwards. The layer of spheres became
thicker and more concentrated over time, slowing down the sedimentation of rods. An
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Q dayl1l day 7 day 14 day 28 day 46

Figure 4.1 (a) Deconvolved confocal images of the sediment after 1, 7, 14, 28 and 46 days.
The images show a 98 pm high side view of the sample, the zz-plane. The shown height is
only part of the total sediment height (total sediment height ~ 120 pm, total sample height
~ 6mm). The initial dispersion was homogeneously mixed and contained 0.3 vol% particles of
which 0.1vol% spheres and 0.2 vol% rods, scale bars 7.5 um. (b) Computer drawn images after
particle fitting of the sample sediment, after 1, 7, 14, 28 and 46 days. The images show a side
view of the sample, the xz-plane. The height of all shown computer reconstructions is 40 pm.
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Figure 4.2 2D color-map plot of the change in total volume fraction, of both rods and spheres,
in sediment height as function of time. The graph shows that there was a slow increase of the
sediment height over time and that the sediment also became more compact over time.

increased particle concentration in a closed container is known to slow down the sedimen-
tation velocity [227, 232, 253]. Although the sediment did not continue to grow in height
after 30 days, the sediment morphology still changed between days 30 and 46: The top
layer of mainly spheres became more concentrated, the Smy-phase became more compact
and more spheres diffused into the Smy-phase. This was seen in Fig. 4.4, which shows
the composition g, = Ngpn/Niot, With Ny, being the number of spheres and Ny the
number of spheres and rods. Moreover, together with Figs. 4.1 and 4.5b, the graph shows
that there were always spheres present inside the Smy-phase, but less nearer the bottom
where the pressure is higher.

Not only the sedimentation profile changed over time, also the local structure of the
sample changed over time. The sample morphology changed from a completely isotropic
phase towards a Smg-phase on the bottom of the sample cell. These structural changes
were quantified by the determination of the local nematic order parameter (S;) and a
local smectic order parameter (7;). More background and rationale for the local order
parameters S; and 7; can be found in Appendix 3.B. The change of the averaged local
nematic order parameter (S;) and the averaged local smectic order parameter (7;) over
time inside the sample is depicted in Fig. 4.5. Previously, In Appendix 3.C we argued that
we chose to designate the system as isotropic (I) if (S;) < 0.5 and (r;) < 0.35, nematic
(N)if (S;) > 0.5and (r;) < 0.35 and Smy if (S;) > 0.5 and (7;) > 0.35. These values
are close to the inflection point when the averaged local order parameters, (S;) and (7;),
are plotted as a function of reduced pressure (8P D?), see Fig. 4.6. The horizontal dashed
and solid lines in Figs. 4.5a-b show the interface between I-N and N-Smy respectively,
where (5;) = 0.5 and (7;) = 0.35. These graphs show that when the rods settled down,
and became more compact, first alignment occurred and a nematic phase formed at day
7. On day 9 it had transformed into a Smy phase, that grew in height and carried a thin
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Figure 4.3 2D color-map plots of the change in volume fraction of rods (a) or spheres (b) in
sediment height as function of sedimentation time. The graph depicts that first a sediment of
mainly rods formed at the bottom. Only later, a sediment of spheres forms on top of the rods.
The height of the rod sediment still grew over time, albeit slower. Because, the rods have to
diffuse through a higher volume fraction of spheres.

nematic layer on top. After day 9, the average value of (7;) in the sediment still increased,
indicating that the sediment became more ordered.

At day 46 the equilibrated height of the nematic phase was Az = 0.29 pm. This is the
same height as the bin size used in analysis (Az = 0.29 pm = 0.5 D), and therefore not
significant. In contrast, for a sediment of only R2 rods in SDE we found a nematic height
of Az = 1.5 pm. This value is significantly higher and in agreement with literature [37, 57].
We calculated the height of the expected nematic phase of a sediment of only rods, using
pressures and densities at the I-N and N-Sm transitions from literature for rods with end-
to-end (L/D)esp = 5.2 and [, = 0.64 pm (with L/D close to the L/D of R2 rods), and we
obtained an expected height of Az = 1.3pm [37, 57]. The fact that in the equilibrated
mixture no nematic phase was observed is also in line with the phase diagram obtained
from Monte Carlo simulations of a binary mixture of rods and spheres with the same
size, see ref. [218] and Chapter 3. In this sediment the I-(N)-Sm transition took place at
Zspn, = 0.67 and therefore a nematic phase in the equilibrated sediment was not expected.
Interestingly, however, before the sediment reached SDE a thin nematic layer was always
present on top of the Smy-phase (Az = 0.59-1.2 pm) between days 14-30. This indicates
that the formation of the Smy-phase went via a nematic phase.

To get an idea about the local change in structure over time, and follow nucleation
and growth processes, we applied a cluster criterion similar to that in refs. [235, 236]. The
cluster criterion tells whether a rod is part of the same nematic or smectic domain.

Three criteria were used to determine whether a rod is part of the same cluster. First,
for a nematic phase the rods should have S; > 0.5. Second, rods in the same domain
should be within a certain cut-off surface-to-surface distance p;; < 1D. Third, the relative
orientation between rods within the same domain should be such that 4; - 4; > 0.66
(S;; > 0.5). For rods to be in a smectic domain, the threshold values were 7; > 0.35,
surface-to-surface distance p;; < 0.25 D and orientation between rods in the same domain
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Figure 4.4 2D color-map plot of the change of the composition of spheres in sediment height,
as function of sediment time. Comparing this graph with Figs. 4.3a-b, it is clear that inside the
smectic rod phase still quite some spheres are present. Over time more spheres diffused inside
the binary smectic phase coming from the top layer.
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Figure 4.5 2D color-map plots (a) of the averaged local nematic order parameter (S;) and
(b) the averaged local smectic order parameter (7;) over time as function of sediment height. It
shows that before a binary smectic phase can form, rods align into a nematic phase and alignment
starts from the bottom wall. The dashed lines indicate the height below which (S;) > 0.5, the
solid lines indicates the height below which (r;) > 0.35.
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Figure 4.6 Line plots of (a) the averaged local nematic order parameter (S;) and (b) the
averaged local smectic order parameter (7;) as function of reduced pressure BPDg’f Iz

@;-4; > 0.98. This last value was chosen such to better distinguish smectic domains with
different orientations. Note, that orientation values and the surface-to-surface threshold
values are somewhat arbitrary. Moreover, in the definition of the nematic domain, the fact
that rods can also be smectic if S; > 0.5 was ignored (smectic: S; > 0.5 and 7; > 0.35;
nematic: S; > 0.5 and 7; < 0.35). This was done because not all particles that were
smectic, were also part of a smectic domain. However, these particles could be part of an
aligned domain. Ignoring these particles and only considering purely nematic particles
for a nematic domain gave a skewed impression, as then only small nematic domains were
observed.

Fig. 4.7 shows computer drawn images from the first 15 pm of the sediment over time.
In the first column, the images show the fitted rods and spheres colored respectively
green and red. The second column shows in dark shades the rods that are part of a
nematic domain, including the smectic rods. Rods are colored according to their domain.
Particles, rods and spheres, that are not part of a nematic domain are shown in light
shaded transparent blue. In the fourth column smectic domains are depicted in the same
manner. In between the nematic domains and smectic domains, the third column shows
the rods that are part of an aligned domain, but not of a smectic domain.

From Fig. 4.7 it can clearly be observed that alignment started at the bottom of the
sediment and we observed heterogeneous nucleation of the nematic phase close to the wall.
This is expected as the initial particle concentration was below the particle concentration
needed for a nematic or smectic phase to form [231-233].

Some small nematic pairs were observed inside the isotropic phase, above the large
nematic domain at the bottom, but these nematic pairs did not grow larger over time.
This seems to be an artifact of the cluster criterion and was also observed earlier [235-237].
By day 7 a single domain nematic layer had formed. Next, we observed that the Sms-
phase nucleated homogeneously from the aligned phase. The formation of the Smsy-phase
did not start at the wall, but in several places inside the aligned nematic phase around
day 7. These relatively small domains grew in size and slowly ‘ate’ away the nematic
phase. Over time the smectic domains annealed into one larger domain. On top of the
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Figure 4.7 Computer drawn images after particle fitting of the bottom part of the sediment,
xz-view, the first 15 pm of the sediment are shown. In the first column the rods and spheres are
colored green and red, respectively. The second column shows in solid the rods that are part of a
nematic domain, including the smectic rods. For a rod to be part of a nematic domain S; > 0.5,
@; -4; > 0.66 and p;; < 1D. The different colors indicate the different domains; rods with
the same color are part of the same domain. Particles, rods and spheres, that are not part of
a nematic domain are shown transparent blue. In the fourth column the smectic domains are
depicted in the same manner. For a rod to be part of a smectic domain S; > 0.5, 7; > 0.35,
@; - 4; > 098 and p;; < 0.25D. In between the nematic domains and smectic domains, the
third column shows the rods that are part of an aligned domain, but not of a smectic domain.
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Figure 4.8 Deconvolved image of the sediment after 46 days, with (a) the side xz-view and
(b-f) xy-images at different heights in the sediment. Scale bars 7.5 pm and height (a) 67.5 pm.
The corresponding movies shown on page 77 were taken at these heights.

smectic phase a thin nematic domain remained present over time, as also became clear
from the analysis of (S;) and (7;), see Fig. 4.5.

To check whether the phases observed were still dynamic and not kinetically arrested,
we made zyt-movies at different heights in the sediment on day 46 (see Supporting Movies
on page 77, for the heights at which the movies were recorded see Fig. 4.8). The time
between subsequent frames was At = 84s, over a total of 20 frames. The total sediment
height was 148.2 pm, the height shown here is 67.5 pm. The movies show that at heights
where mainly spheres were present (z = 38.3pum and z = 28.2m) the system was very
dynamic. Lower in the sample at z = 23.2 pm diffusion in the Smy-phase was less apparent,
but the rods and spheres were still dynamic. Going deeper into the sediment the movement
of the rods slowed down (z = 8.2pm and 18.2um, Figs. 4.8e-f), but the small spheres
were still quite mobile. The dynamics in the sediment indicate that the Smy-phase in the
sediment is sufficiently dynamic to reach equilibrium and there is no kinetic arrest even
at this last stage of compaction.
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4.4.2 Sedimentation of Colloidal Rod-Sphere Mixtures,
with Sphere Diameter Larger than the Rod Diameter

For comparison, we also studied the sedimentation of a binary rod-sphere mixture, with
sphere diameter ¢ > D and ¢ < L, that did not form a Sms-phase in experiment.
In this case small bundles of rods were formed over time inside the sediment instead, see
Fig. 4.9. The bundles consisted of parallel rods as in a single smectic layer. They did not
stack, however, into a smectic phase. The rods appear to be ordered hexagonally within
the bundles. We investigated the formation and dynamics of these bundles over time.
To do so, the sample was imaged at different times over a period of five weeks after the
sample had been prepared. Within this time the sample reached sedimentation-diffusion
equilibrium (SDE). Figs. 4.9a-b show the sediment after 1, 7, 14, 21 and 110 days after the
sample was prepared. It shows that the rods and spheres settled down with on average
the same speed, and no segregation was visible between rods and spheres, as was the case
with the smaller spheres. This is also expected, as the sedimentation velocities v 4 of the
rods, veq = 6.7nms ™!, and spheres, v,y = 5.2nms" !, were very similar in magnitude,
as were the gravitational heights [, for the rods (I; = 0.64pm) and the large spheres
(I, = 1.25nm) and their Péclet numbers (Pegy = 0.46, Pepgso = 0.37).

Moreover, it can be seen that at day 1, all the particles were mixed homogeneously and
a sediment began to form at the bottom. After a week, a denser sediment had formed
on the bottom of the sample. Inside the denser sediment the particles were no longer
homogeneously distributed, but the rods had clustered together into bundles, especially
near the bottom, with a dense fluid of spheres and rods in between.

After 21 days the sediment did not grow further in height, see Fig. 4.9. Thus, most
particles had settled down and the sample reached SDE. On top of the dense part of the
sediment containing the bundles, 60 pm < z < 80pm, an isotropic region was present,
where no bundles were formed. The height of this isotropic region did not change over
time, indicating that this height is needed to obtain enough pressure for the dense bundle
phase to form underneath.

To get a more detailed view on the sample, we plotted some of the characteristic
properties of the system in color-maps, Figs. 4.10-4.12, as described in the previous Sec-
tion 4.4.1. Fig. 4.10 depicts a color-map of the total volume fraction (¢) as function of
sediment height and time. The color-maps show that there was a steady increase of the
sediment height from day 1 until day 21. The total volume fraction of the dense part of
the system was ¢ ~ 0.6.

From the striped patterns of the color-maps of the volume fraction of rods (¢,eq),
Fig. 4.11a, and spheres (¢spn), Fig. 4.11b, it can be seen that the rods and spheres were
distributed heterogeneously throughout the dense sediment. The stripy pattern in these
color-maps is caused by the bundles of rods, which had a cross section similar in size to
the zy-cross section of the sampled volume. On a larger scale the composition was nearly
uniform throughout the sediment. In total 60% of the total particle volume in the dense
sediment were spheres, which comes down to the same ratio of rods and spheres as in
the initial dispersion. Thus, not much segregation in height between rods and spheres
occurred in the sample, in contrast to the sample with small spheres and rods.
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Figure 4.9 Side view of the sediment after 1, 7, 14, 21 and 110 days. The initial dispersion
was homogeneously mixed and contained 0.5 vol% particles: 0.3 vol% spheres and 0.2 vol% rods.
The initial dispersion height in the sample cell was 6 mm. (a) Deconvolved confocal xz-images,
height of all confocal images shown is 92 pm. (b) Computer drawn images after particle fitting
of the sample sediment. The height of all shown computer reconstructions is 100 pm.
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Figure 4.10 2D color-map plot of the change in total volume fraction, of both rods and
spheres, in sediment height as function of time.
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Figure 4.12

2D color-map plots of (a) the averaged local nematic order parameter (S;) and
(b) the averaged local smectic order parameter (7;) versus height as function of time. The
horizontal black lines indicate the height below which (S;) > 0.35, the horizontal white lines
indicate the height below which (r;) > 0.2.
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Figure 4.13 Line plots of (a) the averaged local nematic order parameter (S;) and (b) the
averaged local smectic order parameter (7;) as function of reduced pressure ﬁPDg’f Iz Data shown
here, was smoothed with a top-hat function of 20 D width, because averaging with a top-hat
function of 5D width shows large fluctuation due to the granularity of the bundles formed.
Figure A.4.2 in Appendix 4.A shows the data smoothed with the usual top-hat function of 5 D
width.
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Figure 4.14 Deconvolved confocal microscopy images of the sediment on day 110 (a) at
z = 29.4pm showing some hexagonally ordered spheres on the left side of the images. The
dotted line in (a) indicates were the zz-view of (b) was taken, showing that the ordered patches
of spheres only persisted for a few layers.

To measure the degree of structural organization inside the sediment, we calculated
the local nematic and smectic order parameters for every rod detected inside the sample
volume. The averaged local nematic order parameter (5;) as a function of time is depicted
in Fig. 4.12a. Inside the dense sediment (S;) ~ 0.7. Alignment was already visible from
day 3 onwards. The average local smectic order parameter (7;) is depicted in Fig. 4.12b.
Inside the sediment (7;) ~ 0.4, and smectic ordering started from day 7 onwards. To
determine the transition between the isotropic mixed phase and the dense bundle phase
we again used the points of inflection as observed in the graphs of (S;) and (7;) as function
of reduced pressure 3PD?; ., see Fig. 4.13. Therefore, threshold values of (S;) > 0.35
and (r;) > 0.2 were used. These threshold values were lower compared to the Sms-
phase, because, apart from the bundles of rods also isotropic loose rods were present in
the bundled phase, lowering (S;) and (7;) significantly. The horizontal black and white
solid lines in Fig. 4.12 show the interface below which (S;) > 0.35 and (r;) > 0.2,
respectively. On day 3 already some alignment was visible, and thereafter the dense
bundle phase had formed. On day 110 the height between the transitions (S;) > 0.35 and
(r;) > 0.2 1is Az = 1.18 um. Before day 110 this value fluctuated between Az = 0.29 pm
and Az = 5.58 pm. The pressure needed for the dense bundle phase to form according
to the criterion (;) > 0.2 is SPD? = 3.9 4+ 0.3. Next to bundles of rods, we also found
small patches of hexagonally ordered spheres in the sediment, see Fig. 4.14. The space
between the bundles was small, therefore the ordered patches remained rather small and
they often were only a few layers in height. Also, single rods, in between the bundles of
rods, prevented the spheres from becoming more crystalline.
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To get a better idea about the change of the local structure of the sample over time, we
used a cluster criterion [235, 236] to identify aligned domains and smectic clusters, as also
described in Section 4.4.1, see Fig. 4.15. Rods within the same nematic domain should
have S; > 0.35, within a certain cut-off surface-to-surface distance p;; < 1D to rods in
the same domain, and the orientation of neighboring rods should be 4; - 4; > 0.66. For
smectic domains we used 7, > 0.2, p;; < 0.25D and @; - 4; > 0.98.

In Fig. 4.15a rods are colored based upon their orientation, in Figs. 4.15b-c rods that
are part of a nematic or smectic domain are colored in dark shades, while rods and spheres
that are not part of a nematic or smectic domain are shown light shaded transparent blue.

If one looks at Fig. 4.15a, it is clear that rods, inside the dilute phase, can exhibit all
orientations possible. Inside the dense phase bundles of rods, with more or less the same
orientation inside the bundle, were visible. Bundles tended to orient with the rod axis
parallel with the bottom of the sample cell. However, within this plane all orientations
were equally possible. Also, orientations of rods were not always uniform within a bundle.
Orientations of rods were seen to be slightly shifted from one end to the other end of the
bundle. The planar orientation of bundles of rods indicated that the bundles nucleated
heterogeneously starting from the bottom wall. Next, it can be seen that between the
bundles of rods, quite some loose rods were visible that are mixed with the spheres.
These rods did not end up in bundles over time. In total 20-28% of all the rods present
in the dense sediment had a low value of S; and therefore were not part of a bundle. An
exception were day 18 and 21, at these days the percentage of rods with a low value of
S; was considerably higher 40% and 31%, respectively. The reason for this is unknown.
However, it also affected the observed value of (S;) and (7;) inside the dense sediment,
see Fig. 4.12.

From Fig. 4.15b it can be observed that bundles of particles with similar orientation
only form when the sediment is thick enough, from day 3 onwards. After the bundles
had formed and the sediment grew in height, not much structural change can be observed
over time. Some of the nematic domains became quite large and contained many bundles.
Comparison with Fig. 4.15¢ shows that these bundles show smectic character, and are
connected together by similarly oriented rods that are not part of a smectic domain.

We calculated the number and size of the average nematic and smectic domain over
time inside the sediment, see Fig. 4.16. The average nematic domain size, which also
included the smectic domains, grew only in size until day 9 and remained roughly constant
thereafter. The average smectic domain size grew from around 3 to around 8 rods until
day 46, while the height of the sediment remained constant after day 21. This indicates,
although it was a small increase and it was not clearly visible by eye, that rods inside
the bundles got more aligned over time. That the average domain size grew can also be
observed from the fact that the number of smectic domains decreased after day 21, while
at the same time we observed that the number of aligned rods inside the dense sediment
remained the same. Thus, small structural changes still occurred in the sample after day
21, albeit slowly.

To see how dynamic these phases still were, we made zyt-movies at different heights
inside the sediment at day 110 (see Supporting Movies on page 77, for heights at which the
movies were recorded, see Fig. 4.17); the time between subsequent frames was At = 53s.
The movies show that in the more dilute region at a height of 76.7 pm (Fig. 4.17b), the
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Figure 4.15 Computer drawn images after particle fitting of part of the sample sediment,
showing a side view of the sample. (a) Only rods are shown, with a color based on their
orientation. (b) Rods which are part of an aligned domain are shown in solid. Rods that are
in an aligned domain have S; > 0.35, 4; - 4; > 0.66 and p;; < 1D. (c) Rods that are part
of a smectic domain are shown in solid and have ; > 0.2, 4; -4; > 0.98 and p;; < 0.25D.
In (b-c) spheres and rods that are not part of a domain are shown transparent. The different
colors of the rods indicate the different domains.
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Figure 4.16 (a) Bar plot of the average nematic and smectic domain size over time. (b) Bar
plot of the number of nematic and smectic domains over time.

particles were able to diffuse freely. At the interface between the region with bundles
of rods and without bundles of rods, height 56.7 pm (Fig. 4.17c), there was still some
movement and diffusion, but a lot less. At heights 6.7 um, 26.7 pm and 46.7 pm the
particles could not diffuse freely anymore. However, the particles still wiggle around on
their positions. Going down in the sediment where the pressure is higher this wiggling
movement became less. Probably, this little movement is still enough for the system to
make small structural changes.

As part of the sediment was still mobile, we expected that equilibrium can be obtained.
However, we still do not know what the equilibrium phase will look like. From trends
in theoretical predictions [201], we speculated that we did not expect the Sma-phase to
form for this size-ratio and composition. Rather, we expected phase phase coexistence,
between a normal smectic phase and a miscible liquid. Unfortunately, at this moment in
time, the full phase diagram for mixtures of spheres and rods with this size ratio is not
known. Therefore, we can only speculate what the expected equilibrium phases are for a
SDE with this particular size ratio and composition of rods and spheres. And perhaps,
the equilibrium structure is as seen: a strongly structured but not fully phase separated
liquid mixture.
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Figure 4.17 Deconvolved image of the sediment after 110 days, with (a) the side zz-view and
(b-f) xy-images at different heights in the sediment. Scale bar 7.5 pm and height (a) 92.5 pm.
The corresponding movies shown on page 77 were taken at these heights.
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4.5 Conclusion

By using fluorescently labeled colloids in combination with confocal microscopy and slow-
ing down the dynamics using a high viscosity dispersion medium of a 85 wt% glycerol-
water solvent mixture (n = 81mPas [156]), we were able to follow the sedimentation
dynamics of binary rod-sphere mixtures. In addition, by using single particle identifica-
tion algorithms we determined the local architecture of the samples during sedimentation
on the single particle level. Next, by using local nematic and smectic order parameters
and employing a cluster criterion [235, 236], we were able to follow the nucleation and
growth of both the Smy-phase, in the case of 0 < D, and the dense bundle phase, in the
case of ¢ > D. In the case of rods and small spheres (¢ = 0.66 D), due to differences
in [, and ve.q, we observed an interesting interplay between the sedimentation of rods and
sedimentation of spheres. We showed that first a nematic phase nucleated heterogeneously
from the bottom wall. At different places inside the nematic phase a smectic phase nu-
cleated homogeneously, of which the smectic nuclei were already aligned by the nematic
phase. Then these domains grew into a single-domain binary smectic (Smy) phase. The
formation of the smectic nuclei inside a nematic phase is similar to what was observed
earlier for nickel dimethylglyoxime rods with L/D in the range 10-35 [58]. However, it
is different from the random orientation of smectic nuclei observed in experiments and
simulations for spherocylinders with relatively low L/D [58, 226, 235-237|, where there is
an [-Sm transition, as in our case the smectic nuclei already get aligned by the nematic
phase. As more spheres accumulated on top of the Sms-phase, the Smsy-phase became
more compact and more spheres diffused into the interlayer space. We found that inside
the Smsy-phase, spheres were still mobile. Therefore, the phase was quite dynamic, show-
ing every character of an equilibrium phase. We compared the sedimentation dynamics
with a binary mixture of rods and spheres, with ¢ = 1.58 D, that did not form a Sms-
phase nor a nematic phase. With the initial conditions used here, this binary-rod sphere
mixture did not form a Smsy-phase in experiment. From trends in theoretical predictions
found in literature [201], we did not expect to observe a Smy-phase for this size-ratio and
composition. However, it is still not certain as the full phase diagram for this size-ratio
is not known. Also, in this case vsq and [, of the rods and spheres were similar and
segregation by sedimentation did not occur. Inside the dense isotropic sediment we found
many bundles of rods arranged as in a smectic layer in combination with small crystalline
patches of spheres and ‘loose’ rods and spheres. Although, at first sight, the system was
kinetically trapped, the bundles of rods slowly became more aligned and still grew in size
with passing time. The dynamics were rather slow and it is possible that this prevented
the formation of a more ordered smectic phase. This in agreement with simulations of
mixtures of polymer and rods of similar aspect ratio which have shown that only single
crystalline layers nucleate from an isotropic phase and these grow only laterally [237].
Formation of the smectic phase took place by top-bottom coalescence. Such a scenario
has also been observed in experiments on one-component colloidal rods [58]. Since we
do see much larger clusters of nematic-like order it is also possible that the formation
of the smectic is hampered by an I-N transition, as has been suggested by simulations
of shorter hard spherocylinders [235]. However, the presence of spheres in our system
complicates a direct comparison and may well lead to a different equilibrium state. Not
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much is known about the influence of the diameter ratio /D on the phase behavior of
rod-sphere mixtures, apart from a few papers [72, 201]. It would be interesting to further
study this influence and the phase separation kinetics in these mixed systems.
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Appendix 4

4.A Figures
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Figure A.4.1 Experimental measurements of the mean square displacement on a dilute sus-
pension of particles. (a) R2 rods, D; = 2.9 x 1073 ym?s~! and & = 133nm. (b) 930nm

RITC-labeled silica spheres , Dy = 5.1 x 1073 pm?s~! and &, = 9nm. (c) 385nm RITC-labeled
silica spheres , Dy = 1.3 x 1072 pm?s™! and ¢; = 38 nm.
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Figure A.4.2 Line plots of (a) the averaged local nematic order parameter (S;) and (b) the
averaged local smectic order parameter (7;) as function of reduced pressure ﬁPDg’f - Data,
shown here, was smoothed with the usual top-hat function of 5 D width.
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4.B Supporting Movies

Digital version Please click on the movie titles to get directed
to the movie.

Printed version Please scan the QR code on the right to get
directed to the supporting movies.

Binary smectic phase Movies of confocal microscopy time-series are shown at different
heights inside the sediment on day 46, see Fig. 4.8.

Movie 4.1 Shows a zyt-series at height 8.2 m in the sediment. Time between frames
At = 84s. Movie shown at 168x real time.

Movie 4.2 Shows a zyt-series at height 18.2 pm in the sediment. Time between frames
At = 84s. Movie shown at 168x real time.

Movie 4.3 Shows a zyt-series at height 23.2 pm in the sediment. Time between frames
At = 84s. Movie shown at 168x real time.

Movie 4.4 Shows a zyt-series at height 28.2 pm in the sediment. Time between frames
At = 84s. Movie shown at 168x real time.

Movie 4.5 Shows a zyt-series at height 38.2 nm in the sediment. Time between frames
At = 84s. Movie shown at 168x real time.

Sphere diameter larger than rod diameter Movies of confocal microscopy time-
series are shown at different heights inside the sediment on day 110, see Fig. 4.17.

Movie 4.6 Shows a zyt-series at height 6.7 pm in the sediment. Time between frames
At = 53s. Movie shown at 53x real time.

Movie 4.7 Shows a zyt-series at height 26.7 pm in the sediment. Time between frames
At = 53s. Movie shown at 53x real time.

Movie 4.8 Shows a zyt-series at height 46.7 um in the sediment. Time between frames
At = 53s. Movie shown at 53x real time.

Movie 4.9 Shows a zyt-series at height 56.7 pm in the sediment. Time between frames
At = 53s. Movie shown at 53x real time.

Movie 4.10 Shows a zyt-series at height 76.7 pm in the sediment. Time between frames
At = 53s. Movie shown at 53x real time.
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Micro-electrophoresis of Silica
Rods and Spheres using Confocal
Microscopy

We performed micro-electrophoresis measurements on fluorescently labeled colloidal silica
spheres and silica rods, using confocal microscopy. We determined the electrophoretic
mobility, which for rods can be anisotropic, and the zeta-potential (¢) of these particles.
We show that, in the case where colloidal particles move uniformly in and parallel to the
direction of the electric field, the measurement time can be decreased by recording an
xyz-stack over the whole depth of the capillary, instead of taking xyt-series at different
depths inside the capillary to obtain the parabolic flow profile, as was done in previous
work from our group. The rod-like particles do not always move uniformly in the electric
field, but can exhibit a velocity that depends on the angle between the long axis of the
rod and the electric field. We measured the orientation dependent velocity of individual
silica rods during electrophoresis as function of ka, where x~! is the double layer thickness
and a the radius of the rod associated with the diameter, to determine the anisotropic
electrophoretic mobility of the silica rods with different sized double layers. We measured
electrophoresis of silica rods suspended in different solvents and salt concentrations and we
compared these results with theoretical predictions. We show that even at relatively high
ra when the Smoluchowski limiting law is assumed to be valid (ka > 10), an orientation
dependent velocity was found. Furthermore, we observed that at decreasing values of
ka the anisotropy in the electrophoretic mobility of the rods increases. However, in low
polar solvents with ka < 1 this trend was reversed: the anisotropy in the electrophoretic
mobility of the rods decreased. We argue that this decrease is due to the fact that end
effects start to play a role, which was already predicted theoretically [254]. If end effects
are not taken into account, this will lead to strong underestimation of the experimentally
determined zeta-potential.
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5.1 Introduction

Charged particle dispersions, with particles ranging from the nano- to micrometer range,
are present in every day life. One could think of small DNA strands, proteins, fd-virus,
micelles or charged colloids, such as present in e-ink and printer toners. Their surface
potential is an important parameter to characterize their stability and interactions. The
always present van der Waals forces are attractive if the particles are identical [227].
In case there are no polymers present on the particle surface that can provide so-called
steric stabilization [255], most colloidal particles rely on stabilizing repulsive forces that
are caused by repulsions caused by excess charges present on/in the particles. Therefore,
measuring electrophoretic mobilities of charged particles is of importance for fundamental
studies in a broad range of fields [256-263], in biophysics [264-267], but also in more
applied work in industry [73, 268-271].

There are much less papers in which the electrophoretic motion of rod-like particles
are evaluated experimentally in solution than for spheres, and most of the published work
is from the field of biophysics using anisotropic biomolecules or particles. At relatively
thin double layers, ka > 10, where k! is the double layer thickness and a is the radius
of the rods diameter, it is well-known that the electrophoretic mobility of a particle
does not depend on its shape and it does not rotate [272]. For moderate double layer
thickness, Henry predicted in 1931 that the electrophoretic mobility of infinitely long
spherocylinders is dependent on the orientation of the cylinder with respect to the applied
electric field [273]. In general a rod moves at an angle with respect to the field. However,
Henry neglected the relaxation effect of the double layer, so that the result is only valid for
zeta-potentials (¢) that are smaller than 25 mV (¢ < kgT'/e). A theory for infinitely long
cylinders, where the relaxation effect was included, was developed by Stigter [274, 275].
However, in practice, rod-like particles like DNA strands, fd-virus, microtubules, f-actin or
silica rods are finite and need a more accurate description. Using numerical calculations
to described the mobility of finite cylinders, both Allison et al. and Buitenhuis found
that with smaller aspect ratio the mobility of spherocylinders decreases at small ka as
end effects become more pronounced [276, 277].

Experimentally, most measurements to determine the zeta-potential are done using
capillairy zone electrophoresis [266] or electrophoretic light scattering [277, 278]. Using
these techniques only orientationally averaged electrophoretic mobilities of the rod-like
particles can be obtained. On the other hand, using optical microscopy, one can mea-
sure the electrophoretic mobility of single rod-like particles and its dependence on the
orientation of the spherocylinder with respect to the applied electric field. In this way the
electrophoretic mobility, which in general can be decomposed into two values: a mobility in
the direction parallel and a mobility perpendicular to the rod, can be measured [264, 265].
In addition, if one uses confocal microscopy for the micro-electrophoresis [256-258] mea-
surements with its strong sectioning capabilities and increased resolution, one can even
investigate the electrophoresis of concentrated dispersions on the single particle level.
Here use of the fact that both coordinates and orientations of rod-like model colloids can
be obtained from microscopy images [168]. As far as we know, no experiments have been
done that measure the anisotropic electrophoretic motion of silica rods as function of ka.
Silica rods are well approximated by short and rigid spherocylinders, in contrast to the



MICRO-ELECTROPHORESIS OF SILICA RODS AND SPHERES 81

long and semi-flexible microtubules and fd-virus earlier used. This makes them ideal, for
use as model particles.

In this chapter, we first describe a method to faster measure electrophoretic mobility
profiles of silica spheres and rods, as compared to methods used by our group previ-
ously [256-258]. This method uses crosscorrelation between subsequent confocal images
in a xyz-stack and can be used in the case were the particles move uniformly in and solely
parallel to the electric field. Measuring electrophoretic mobility profiles, using optical mi-
croscopy in closed capillaries, was previously done by measuring zyt-series at 10 different
depths in the capillary, which is time consuming [256-258]. Using crosscorrelation between
subsequent frames in a xyz-stack, over the whole depth of the capillary, we were able to
significantly decrease the measurement time needed for micro-electrophoresis of spherical
particles and for rod-like particles in the Smoluchowski limit of high ka. Secondly, we
describe our findings on the anisotropic electrophoretic mobility of colloidal silica rods as
a function of the double layer thickness ka, by recording xyt-series at the stationary plane
Zstar- Using confocal microscopy and particle fitting algorithms [168, 169], we were able to
measure the anistropic electrophoretic motion on the single particle level. We dispersed
the silica rods in different (mixtures of) solvents of different dielectic constants (¢,,), which
both changes the surface potential of the particles and the double layer thickness, x~*. In
order to have additional control over the double layer thickness in that particular solvent
we also added salt containing a large cation to screen interactions.

We show that even at already relatively high xa, where the Smoluchowski limiting law
is often assumed to be valid, an orientation dependent velocity was found. Furthermore,
at decreasing values of ka the anisotropy in mobility increases. However, in low polar
solvents with lower values of ka the opposite trend was observed. The anisotropy in
mobility again decreases. We argue that is due to the fact that end effects start to play
a role, which was already predicted theoretically [254].

5.2 Theoretical Framework

Electrophoresis measurements are commonly done to determine the surface potential of
a colloid. From the velocity of a particle driven by a direct current (dc) electric field, the
electrophoretic mobility can be determined. The electrophoretic mobility of the particles
is related to the velocity of the particles, and given by

p(z) = v(2)/E, (5.1)

where v is the mean particle velocity (ms™') and E is the electric field strength (Vm™!).

When a dc electric field is applied to a dispersion of particles, several forces act on
the particles, the driving electrostatic force (F.), the frictional force (F,), the retardation
force (F,.;) and the relaxation force (F}..;). These forces are dependent on each other and
are therefore not simply additive. The driving electrostatic force is simply

Fe. = QE7 (52)
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with Q = Ze the electrokinetic charge on the particle (C), Z the charge number and e
the elementary charge. The frictional force is opposite to F, and arises from the drag the
fluid exerts on a moving particles. For an uncharged particle the drag force is

F, = —yv, (5.3)

with v the friction factor of the particle, for a sphere v = 67na, with n the viscosity
of the fluid (Pa s) and v the velocity of the particle (ms™'). However, the particles
are not uncharged, but surrounded by a counterion cloud and also F,. and F,. act on
the particle [279]. F,e is the friction force that the moving counter charge exerts on
the particle. Counterions move in the opposite direction of the particle and slow the
particle down. Co-ions move ahead of the particle and speed up the particle. At high
zeta-potentials, ¢ > kgT/e, also F,. becomes important. F is caused by the fact that
the center of the particle charge and the center of the counter charge do not coincide. A
certain time is needed to build up this asymmetric distribution of counter charge, during
which a dipole arises that slows down the particle.

At low ( the relaxation force can be neglected. In the limit of ka > 1 the following
relationship is valid ;

€0€m
m - (5.4)

with €,, the dielectric constant of the solvent, ¢y the permittivity of vacuum. This is the
Smoluchowski limiting law, and is valid for particles with any shape [272]. Henry showed
that for intermediate xa the deformation of the local electric field around the particle
should be taken into account, and that the external field can be superimposed on the
particle’s electric field [273]. The electrophoretic mobility for a sphere is given by

2€m EOC
3n

n= f("ia’) ’ ) (55)
where f(ka) goes to 3/2 at for sufficiently large xka in the Smoluchowski limit and to 1 at
sufficiently low ka in the Debye-Hiickel limit. f(ka) is only valid at low zeta-potentials,
( < kpT/e, where the relaxation effect can be neglected.

In the case of infinitely long colloidal rods, Henry [273] predicted in 1931 that the
electrophoretic mobility of rods aligned with the long axis perpendicular to the electric
field (p ) is given by a similar relation. Again neglecting the relaxation effect, he showed
that ), can be written as function of ka, where a is now the cylinder radius, similar to
the electrophoresis of spheres at lower ka

emGOC

pr = fi(ka) - . (5.6)

A close approximation of f, (ka) is depicted as the solid black line in Fig. 5.7 [280]: f (ka)
goes to 1 at sufficiently high ka and to 1/2 at low xa. For (infinitely) long rods with the
long axis orientated parallel to the applied electric field, /2 > 1. Therefore, the
Smoluchowski limiting law holds for this orientation

EmGOC
= , 5.7
2 " ( )
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Thus, at intermediate ka, the resulting velocity of a colloidal rod subjected to an electric
field is expected to be orientation dependent. Moreover, it should move at an angle with
respect to the field. We define the experimental anisotropy in electrophoretic mobility as

fi(ka) = pi/p. (5.8)

Measuring the electrophoretic mobility using scattering techniques, one obtains the
orientationally averaged mobility [275, 281]

1 2
peff = gHy + HL- (5.9)

3
By recording the trajectories and corresponding orientations of rods in an electric field
using confocal microscopy, we can obtain j and p , separately. We determine the particle
velocity parallel v, and perpendicular v, to the applied electric field. Figure 5.1a shows
the frame of reference, here the subscripts || and L are taken with respect to the rod’s
long axis. The orientation dependent velocities of the rods in the x and y direction are
related to p and p [264] and are given by

Vyp = {(NH — ul) sin® @ + (uy + ppor (z))} - E, (5.10)
vy, = B (1 — 1) sin 29] -E, (5.11)

where ppor(2) is the mobility of the particles due to the electro-osmotic flow (EOF) inside
the sample. During electrophoresis measurements inside a closed capillary, a parabolic
Poiseuille flow sets up in the sample cell, due to electro-osmosis of the fluid [279], see
Fig. 5.1c. Thus, the motion of the particles in the sample cell is a result of the superposi-
tion of the electrophoretic velocity and the flow profile set-up by electro-osmotic flow. At
the stationary planes, z = zgq, the net flow of the fluid is zero, and the particles solely
translate because of their electrophoretic mobility pup = p(zsat) and the superimposed
Brownian motion of the particles. In a rectangular cell the stationary planes (zs,;) are
located at [279]

Zstat 1 2\% 1
o 3+4<W) - (5.12)
where k is the ratio of the minor and major cross section of the capillary, A is the distance
from the center of the cell (z = 0) and either of the walls.

To determine p; and g from experimental data, equation 5.10 was used. As p; can
only be derived from a fit of the data to equation 5.10, it was decided to derive both
p — po and gy from equation 5.10. Using the effective mobility (equation 5.9), we are
able to determine the zeta-potential (¢) of a rod using

emeoC [1
Heff = {

2
3 + 3fL("<3a)} : (5.13)
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Figure 5.1 (a) Schematic showing the orientation dependent velocity of a negatively charged
spherocylinder subjected to a dc electric field adapted from [264]. (b) Sample cell used during
micro-electrophoresis. (c¢) Flow inside capillary during micro-electrophoresis.

5.3 Methods

We used fluorescently labeled silica spheres (SiOs, density pgio, = 1.9gcem™3; dielectric
constant €, = 4.5, refractive index n% = 1.45), synthesized via a modified Stober syn-
thesis [25, 26]. The particles were labeled either with the fluorescent dye rhodamine
isothiocyanate (RITC) or fluorescein isothyocyanate (FITC). We also used FITC labeled
silica rods (e, ~ 4.5, n3 = 1.45) that were prepared according to the method of Kuijk
et al. [44, 45]. Details on the particles used in this chapter can be found in Table 5.1.
Additionally, SR29 rods that were stable in cyclohexylchloride (CHC, > 98%, Merck),
were modified with octadecyltrimethoxylsilane (OTMOS, 90%, Sigma-Aldrich) [148]. In
short, silica rods were dried under a flow of nitrogen. Next, 10wt% of silica rods were
added to a mixture of OTMOS, butylamine (99.5%, Sigma-Aldrich) and dried toluene
(1:1:10v/v/v). The dispersion was sonicated at 30-55°C for 4 hours (Branson 2250). Af-
terwards, the silica rods were washed successively with toluene (>99.5%, Sigma Aldrich),
cyclohexane (>99.8%, Sigma Aldrich) and CHC. The as prepared coated rods were dis-
persed in deionized CHC until further use. The mean dimensions of the particles and
their standard deviations were determined from transmission electron microscopy (TEM)
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images made with a Philips Tecnai 10 or 12 microscope (Fei Company). Typically, 80
particles were measured by hand using the program iTem (Soft Imaging System GmbH,
version 5).

Table 5.1 Particle properties used in this study.

With L being the end-to-end length of the rod, D the diameter of the particle, L/D the aspect
ratio of the particle, D and D) the estimated translational diffusion coefficient perpendicular
and parallel to the rod long axis [250], respectively, calculated from their TEM dimensions.

L 6 D b6 L/D D./D

nm % mtm %

Rods
R2 3591 18 587 10 6.1 0.76
SR29 2290 6 600 6.5 3.8 0.81

Spheres
D385 38 9
D970 970
D930 930

When measuring zeta-potentials using crosscorrelation, the particles were suspended in
a refractive index-matched solvent mixture, n3 = 1.45, of 85 wt% glycerol (>99%, Sigma,
Aldrich ) and 15 wt% ultrapure water (Milipore system), with 0.55 mM lithium chloride
(LiCl). When measuring jp; and p of silica rods, the R2 silica rods were dispersed in
polar solvents: either 85 wt% glycerol in ultrapure water or 78 wt% dimethylsulfoxide
(DMSO, >99.9%, Sigma-Aldrich) in ultrapure water. LiCl was added to the polar sol-
vents to change the thickness of the double layer. SR29 silica rods were dispersed in the
non-polar solvent cyclohexylchloride (CHC, 98% Alfa Aesar GmbH & Co KG). Tetra-
butylammonium chloride (TBAC, >97% Sigma-Aldrich) was added to CHC as a salt to
change the double layer thickness. Properties of solvents used in this study can be found
in Table 2.3 on page 18.

For electrophoresis measurements, a sample cell was constructed in the following way.
A borosilicate rectangular capillary (Vitrocom, UK), with dimensions (z X y X z) of
either 40mm X I1mm X 0.1 mm or 40mm X 2mm x 0.1 mm was attached to a standard
microscope glass slide (Menzel Glézer) using adhesive tape (Scotch). Two 50 pm diameter
nickel alloy wires (Good Fellow) were shaped in rectangular U-shaped electrodes and
inserted in opposite ends of the glass capillary, see Fig. 5.1b. The typical spacing of the
electrodes was ~ 2cm. The wires were attached to the glass slide using adhesive tape.
The as prepared electrophoresis cell could only be filled with dispersion once.

The electrophoresis cells were filled with dispersions of silica particles, using a glass
Pasteur pipette (Wu Mainz). The dispersions prepared had a volume fraction ¢ ~ 0.01.
It was checked that no air bubbles were present between the electrodes, before sealing the
cell with UV-curable glue (Norland Optical Adhesive no 68.). The filled electrophoresis
cells were homogenized in a slowly rotating stage (rotation about the long axis) for 10—
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60 min before measuring. The measurements were carried out as follows; a dc electric
field of 1.0-6.3 V mm™! was applied between the electrodes, using a wide band amplifier
(Krohn-Hite, model 7602M). To record the velocity of colloids during electrophoresis, we
used a laser scanning confocal microscope (Leica TCS SP8) equipped with a 63x 1.4 NA
oil confocal-objective (Leica). The sample cell was placed with the long axis perpendicular
to gravity. In some cases (Fig. 5.3), we used a Nikon C1 confocal microscope equipped
with a 40x 1.25 NA oil confocal-objective (Leica) mounted on a microscope body that
was tilted 90°. Here, the sample cell was placed with the long axis parallel to gravity,
which prevents a density gradient across depth (z) of the capillary due to sedimentation
of particles that disturbs the recording of mobility profiles.

We recorded series of confocal images in two ways. We either recorded time series of
zy-images (~ 50-100 images; typical images size 56 pm x 56 pm; typical pixel size ~ 0.1-
0.3 um, time between frames At = 0.4-1.2s) at fixed depths; typically ~ 10 depths over
the total height 0.1 mm of the electrophoresis cell [256-258]. Or we recorded an zyz-
stack over the whole depth of the capillary (the average step size was Az ~ 1pm and
time between frames At = 0.75s). The positions in z of the top and bottom walls were
determined using the reflection mode of the confocal microscope.

To derive average particle velocities from confocal xyt-series recorded at 10 different
depth we took two approaches. The first approach was that we obtained 2D trajectories
of particles using particle fitting and tracking algorithms [168, 169] to find the average
displacement between frames at height z (zyt particle tracking). Sometimes, the average
displacement of particles between two consecutive images was larger than the average
distance between colloids, which does not allow for reliable single particle tracking. If
this happened, we first used crosscorrelation between subsequent frames [282] to estimate
the average displacement, in integer number of pixels, parallel to the electric field (z-
direction). After that, the average displacement in = was subtracted from the found
particle coordinates. In this 'co-moving’ frame of reference the particles could then be
tracked. To obtain the true particle trajectories, the average displacement was added back
to the z-coordinate after particle tracking. From the particle trajectories and electric
field strength we derived the electrophoretic mobilities of the particles parallel to the
electric field as a function of depth z (equation 5.1). The second approach was to use
crosscorrelation between two consecutive frames to find the average particle displacement
with subpixel accuracy at height z [283] (zyt crosscorrelation). A different and third
approach was to record a single xyz-stack across the whole depth of the capillary. Because
of the finite time it takes to record one image, particles will appear at shifted positions
in subsequent frames. The crosscorrelation of subsequent frames at height z provides the
average particle displacement (xyz crosscorrelation).

We fitted the obtained mobility profiles as a parabolic function, and set z = 0 at
the maximum of the parabolic profile and assumed this to be the center of the capillary.
From the value of the fit at 2z, we derived the true electrophoretic mobility. For our
capillaries we measured a depth of 2h ~ 110 pm and zg,, is located at (equation 5.12)
Zstat ~ £ 32.7um (k ~ 20) V £ 33.7pm (k =~ 10).

In order to determine the anisotropy in mobility (s /sy) of silica rods, we generally
recorded only at zy, image series of typically ~ 50-100 frames. An exception were the
samples of R2 silica rods dispersed in 85 wt% glycerol in water; in this case we took zyt-
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series at ten different depths of the sample. The typical images size was 95 um x 95 pnm;
pixel size 0.37 pm; the time interval between subsequent frames At = 0.2-0.9s.

An estimate for the Debye screening length, x~! was obtained from the measured
conductivities of the used solvents. The conductivities of the polar solvents were mea-
sured with a CDM 230 conductivity meter (Radiometer Analytical). The conductivity of
CHC, an apolar solvent, was measured using a Scientifica 627 conductivity meter. We
assumed that ions contributing to the conductivity in CHC were H" and Cl-. And we
assumed independent migrations of ions. The conductivity is related to the concentration
of dissociated salt, given by

o =cl (5.14)

with o the measured conductivity (Sm~!), Ay the limiting molar conductance of the
salt at infinite solution (Sm?mol™!) in the given solvent and c is the concentration of
dissociated salt.

Using Walden’s rule, one can calculate Ag for different solvents, using literature values
of known species. Walden’s rule state that the product of the limiting conductance and
the viscosity is a constant for the same species in different solvents

Ao = Agn®, (5.15)

the superscript denotes the particular solvent and 7 is the viscosity (Pas) of the sol-
vent. In order to calculate Ay for CHC, we used known literature values for HCI in
ethanol, AFOH = 84.3S cm? mol ! [284], n¥'H = 1.08 mPas [284]. For polar solvents we
assumed that ions contributing to the conductivity were Lit and Cl~. In order to estimate
Ay in polar solvents, we wused literature values for LiCl in glycerol;
Aglveerel — 971 x 1072 S em? mol~* [285], nolveerol — 910 mPas (25°C) [156]. Literature
values for viscosity’s of the different solvent(-mixtures) used can be found in Table 2.3 on
page 18. Using the relation between the ionic strength and conductivity we can calculate
k1 using the following relation, valid for monovalent ions

-1 E771601{787—‘

with N4 Avogadro constant, ¢ the concentration of dissociated monovalent salt in the
solvent.

For the polar solvents we sometimes added LiCl to change the thickness of the double
layer. In the 85 wt% glycerol-water mixture, without any salt added, the ionic strength
was controlled by the trace ions present. For this mixture we measured a conductivity
of 0.168 nScm~t. Although we do not know the composition of the trace-ions, we used
the limiting conductivity for LiCl in glycerol to estimate the screening length, which we
estimated to be k™1 ~ 32nm. When 0.55mM LiCl was added to the 85 wt% glycerol-
water mixture, all the trace ions in the solution were masked by this salt. For this
mixture we measured a conductivity of 1.13uScm™!, with a corresponding screening
length of k! ~ 12nm. For the 78 wt% DMSO-water mixture, without any salt added,
we measured a conductivity of 0.260 pScm™!, with a corresponding screening length
k=t ~132nm. When 0.067mM LiCL was added to the solvent, we measured a con-
ductivity of 1.6 uS cm™!, with a corresponding screening length of k™1 ~ 53 nm. For silica
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rods dispersed in CHC, we aimed for large screening lengths. Therefore, as much trace-
ions as possible were removed from the solution [286]. Activated alumina was added to
a vial of CHC that was left on a roller-bench overnight. The cleaned CHC was then
separated from the alumina by centrifugation. Molecular sieves, with a pore size of 4 A,
were added to the cleaned CHC. The measured conductivity of the cleaned CHC was
10pScm™!, which corresponds to a screening length of x=! ~ 7pm. Moreover, to de-
crease the double layer in CHC, a saturated solution of TBAC in CHC was made. This
was done by adding TBAC to cleaned CHC (up to a concentration of 260 mM) [287], and
left to equilibrate for one week. We then diluted the solvents to 0.26 pM and 0.026 nM.
The measured conductivity of ~ 0.026 pM TBAC in CHC was 108 pScm™!, which cor-
responds to a screening length =1 ~ 2.2pm. The measured conductivity of ~ 0.26 pM
TBAC in CHC was 4800 pS cm ™!, which corresponds to a screening length ! ~ 0.33 pm.

5.4 Results & Discussion

5.4.1 Measuring Electrophoretic Mobility Using Crosscorrela-
tion

Figure 5.2 shows the electrophoretic mobility profiles obtained for particles dispersed in
a 85 wt% glycerol-water mixture with 0.55 mM LiCl. We measured R2 rods (Fig. 5.2a),
970 nm FITC-labeled silica spheres (Fig. 5.2b) and 930nm RITC-labeled silica spheres
(Fig. 5.2¢). Results on the obtained electrophoretic mobilities from these graphs can be
found in Table 5.2. In this solvent ka > 10 and we assume the Smoluchowski limiting
law is valid. Hence, the rods move uniformly through and parallel to the electric field. We
measured the electrophoretic mobility profiles perpendicular to gravity and compared the
three different methods. First, the electrophoretic velocity of the particles was recorded
at 10 different depths inside the capillary by recording confocal xyt-series. The mean par-
ticle mobility at height z was determined either by determining particle trajectories (xyt
particle tracking) or by measuring the mean displacement using crosscorrelation between
subsequent frames (zyt crosscorrelation). Next, a confocal zyz-stack was recorded over
the whole depth of the capillary. The mean displacement of particles between subsequent
frames in z was determined by using crosscorrelation between subsequent images in the
xyz-stack. Hence a velocity profile of the particles as a function of z inside the sample cell
could be obtained (zyz crosscorrelation). From Fig. 5.2 and Table 5.2 it can be concluded
that for both rods and spheres, the three different methods gave similar results. Also, it
is seen that the mobilities did not depend on the field strength used.

When the viscosity n is low and the density of the particles does not match the
density of the solvent (peoioia 7# Psotvent), sedimentation (or creaming for particles with a
density lighter than that of the solvent, which is not the case here) can occur during the
time of the measurement. For silica particles > 300 nm that is a concern. Although the
sedimentation velocity is small compared to the electrophoretic velocity, accumulation
of particles near the bottom can disturb the measured mobility profiles. To prevent
significant sedimentation during measurements, the sample cell can be placed with the
long axis parallel to gravity and the electrophoretic mobility profile is then measured
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Figure 5.2 Electrophoretic mobility profiles measured perpendicular to gravity in three dif-
ferent ways: Crosscorrelation on a recorded xyz-stack, crosscorrelation on xyt-series recorded at
10 different depths in the capillary and particle tracking on xyt-series recorded at 10 different
depths in the capillary. Particles were dispersed in 0.55 mM LiCl 85 wt% glycerol-water. (a) R2
rods, ka =~ 24.5, ( = —47.0+0.5mV. (b) 970nm FITC-labeled silica spheres measured at
a field strength of 3.0 Vmm™, ka =~ 40.4, ( = —55.53+£0.14mV. (c) 930nm RITC-labeled
silica spheres, ka = 38.8, ( = —40.1 £0.4mV. The three different methods to measure elec-
trophoretic mobility profiles gave similar results. The dashed vertical lines indicate the stationary
planes. We set z = Opm at the maximum of the parabolic profile. The lines are parabolic fits
through the data. Error bars, for xyt crosscorrelation and zyt particle tracking, indicate the
standard error of the measurement, which is typically smaller than the size of a symbol. The
given standard deviation on ( is the standard deviation on the different estimates of { obtained
from the parabolic fits through the data.
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Figure 5.3 Electrophoresis mobility profiles measured parallel to gravity in three different
ways: Crosscorrelation on a recorded xyz-stack, crosscorrelation on zyt-series recorded at 10
different depths in the capillary and particle tracking on zyt-series recorded at 10 different depths
in the capillary. Mobility profiles were corrected for the effect of gravity on the apparent mobility
of the particles. Particles were dispersed in 0.55 mM LiCl 85 wt% glycerol-water. (a) R2 rods
measured at a field strength of 3.0 Vmm™!, ka =~ 24.5, ( = —47.0 4+ 1.6 mV. (b) 970 nm FITC-
labeled silica spheres measured at a field strength of 3Vmm™', ka ~ 40.4, ( = —53.34+0.5mV.
The dashed vertical lines indicate the stationary planes. We set z = Opm at the maximum
of the parabolic profile. The lines indicate a parabolic fit through the data. Error bars, for
xyt crosscorrelation and zyt particle tracking, indicate the standard error of the measurement,
which is typically smaller than the size of a symbol. The given standard deviation on ( is the
standard deviation on the different estimates of ¢ obtained from the parabolic fits through the
data.

parallel to gravity [256]. Figure 5.3 shows the electrophoretic mobility profiles; measured
parallel to gravity, obtained by the same methods as described above, for the R2 rods
(Fig. 5.3a) and 970nm FITC-spheres (Fig. 5.3b). Particles were dispersed in 85 wt%
glycerol-water with 0.55 mM LiCl. We corrected for the effect of gravity on the apparent
mobility of the particles, by taking the average of the two mobility profiles with different
field direction, canceling out any effect of gravity. For R2 rods using equation 5.4 we found
a zeta-potential of ( = —47.0 £ 1.6 mV, which is the same within error as was found when
the electrophoretic mobility was measured perpendicular to gravity: ¢ = —47.0 + 0.5 mV
(Fig. 5.2a). For the 970nm FITC-spheres we found ¢ = —53.3 £ 0.5mV, which is close
to the value as was found when the measurements were done perpendicular to gravity
(Fig. 5.2b, ¢ = —55.53£0.14mV). We thus found similar results for electrophoretic
mobility profiles measured parallel to gravity and mobility profiles measured perpendicular
to gravity.

Fig. 5.4 presents the electrophoretic mobility profiles measured using zyz crosscor-
relation at different field strengths, for the 970nm FITC-spheres (Fig. 5.4a), the R2
rods (Fig. 5.4b), the 385 nm RITC-spheres (Fig. 5.4c) and the 930nm RITC-spheres
(Fig. 5.4d). It shows that at the field strengths used, the electrophoretic mobilty was not
dependent on the applied electric field strength. For the 970 nm FITC-spheres and the
930 nm RITC-spheres we found similar values for the zeta-potential as in Figs. 5.2-5.3.
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Figure 5.4 Electrophoresis mobility profiles measured perpendicular to gravity using cross-
correlation on a recorded zyz-stack. (a) 970nm FITC-labeled silica spheres, ka =~ 40.4,
¢ = —-541+1.7mV. (b) R2 rods, ka =~ 24.5, ( = —60.4+0.7mV. (c) 385nm RITC-
labeled silica spheres, ka ~ 16, ¢ = —31.7£0.5mV. (d) 930nm RITC-labeled silica spheres,
ka ~ 38.8,( = —40.6 £0.5mV. All particles were dispersed in 0.55 mM LiCl 85 wt% glycerol-
water. The measurements are done at different field strengths and show that the electrophoretic
mobility u, at these field strengths, is not dependent on the applied electric field. The dashed
vertical lines indicate the stationary planes. We set z = 0 pm at the maximum of the parabolic
profile. The lines indicate a parabolic fit through the data. The given standard deviation on ( is
the standard deviation on the different estimates of  obtained from the parabolic fits through
the data.
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Table 5.2 Results on the accuracy of the estimated mobility i for the particles.
Three different methods compared. Showing §, the half-width of the 95% confidence interval for
w. The 95% confidence interval is defined as (u — 6, + 0). E is the electric field strength used
in experiment. The lowest section depicts the average ¢ for the three different methods and the
corresponding calculated estimated standard deviation s.

Fig. 5.2a E 14 +4

Vmm™! mm2V-ls™!  pm?v-lgT!
xyz crosscorrelation 3.0 —241.0 4.4
xyz crosscorrelation 4.0 —242.7 2.4
xyt crosscorrelation 3.0 —245.9 4.4
xyt crosscorrelation 2.0 —232.6 7.6
xyt particle tracking 3.0 —253.7 4.7
xyt particle tracking 2.0 —248.0 19.8
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xyz crosscorrelation 3.0 0.8
xyt crosscorrelation 11.2 4.9

zyt particle tracking 14.9 4.6
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For the 970nm FITC-spheres in Fig. 5.4 we found ¢ = —54.1 £1.7mV. Likewise, in
Figs. 5.2-5.3 we found ¢ = —55.53 +0.14mV and { = —53.3 £ 0.5mV, respectively. For
930nm RITC-spheres in Fig. 5.4 we found ( = —40.6 £ 0.5mV. Similarly, in Fig. 5.2
we found ¢ = —40.1 + 0.4mV. However, for R2 rods we found a much higher value of
¢ = —60.5+ 0.7mV compared to { = —47.0 £ 1.6 mV. Although the measurements were
done in separately prepared sample cells, the exact reason for this difference is not known.

In order to compare the robustness of the different measurement methods in Figs. 5.2-
5.3, we calculated the 95% confidence intervals for the estimated electric mobility from
the fit of the different measurement methods using Matlab (version R2016a), the results
can be found in Table 5.2. The table shows that the confidence interval of the predicted
mobility from the fit is on average smaller for the xyz crosscorrelation method, compared
to the xyt particle tracking and xyt crosscorrelation method. Thus, the determination of
the mobility profile using the xyz crosscorrelation method is the most robust.

In summary, the three different methods to measure electrophoretic mobilities gave
similar results. We also found similar results for electrophoretic mobility profiles measured
parallel to gravity and mobility profiles measured perpendicular to gravity. The fit of
the mobility profile for xyz crosscorrelation is more robust, compared to the two other
measurement methods. Moreover, it should be noted that xyz crosscorrelation is much
faster (~ 75s) than our earlier measurement technique (zyt particle tracking), where times
series are measured at different heights, which takes much longer to complete (210 x 40s).
Not only sedimentation is less of a problem with zyz crosscorrelation during the time
scale of the measurement, also the Segre and Silberberg effect or flow focusing [288] will
be less of a problem. The Segre and Silberberg effect describes that during laminar
Poiseuille flow in a capillary, particles tend to position themselves at 0.6 R from the center
of the capillary. We observed this unfavorable flow focusing effect during electrophoresis
experiments after measuring for =3 minutes. Hence, if one can measure faster, one can
measure the electrophoretic mobility profile over the whole depth of the capillary, before
this effect sets in.

The xyz crosscorrelation method of measuring electrophoretic mobility profiles was
applied to both colloidal silica spheres and rods. However, the method measures only the
mobility component parallel to the field (u,). Thus, for colloidal rods this technique is
most accurate in the case of high ka > 10. At lower ka the rods were found to have an
anisotropic mobility that depended on the angle it has with respect to the applied electric
field (as described above in Section 5.2). Using equation 5.13 and assuming infinitely long
rods, one can still obtain ¢ from the measured p.rs [274, 289]. However, measuring both
1 and gy to obtain ¢ will probably be more accurate. Hence, crosscorrelation works best
if the particles move uniformly through the electric field. At ka = 24.5 the anisotropy in
mobility of the rods p; /p = 0.98 (see Section 5.4.2). Thus, the particles moved almost
parallel to the electric field, and we assumed that the small anisotropy in mobility did not
significantly affected the measured zeta-potential. Moreover, the crosscorrelation method
works best if (long-range) order in the sample is absent, otherwise one will find several
peaks in the crosscorrelation matrix, making it difficult to determine the real displacement
of the sample.
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5.4.2 Anisotropic Electrophoretic Mobilities of Silica Rods
Electrophoretic Motion of Silica Rods

As observed earlier for microtubules [264], we observed that the electrophoretic velocity
and direction of electrophoretic motion of colloidal silica rods can be dependent on the
orientation of the rods with respect to the electric field, see Fig. 5.1a. This is in line with
equations 5.10 and 5.11. A diagram of the electric field components acting on a silica
rod that is oriented with an angle 6 with respect to the y-axis is shown in Fig. 5.1a. The
electric field is directed along the x-axis to the right. The resulting velocity is not parallel
with the electric field, but points towards the long axis of the rod, i.e. p; < py.

Fig. 5.5a shows a sequence of cut outs of confocal images of the electrophoretic motion
of R2 silica rods dispersed in a 78 wt% DMSO in water mixture, without any salt added,
rka = 2.2, taken at height 2 = 2z44. In these frames, the rods that are highlighted have
different orientations with respect to the electric field. The movement of the rods is not
exactly parallel to the electric field, but is slightly directed in the direction of the long
axis of the silica rod. Fig. 5.5b shows an overlay of subsequent confocal images taken
of the electrophoretic motion of SR29 silica rods in CHC, ka = 0.04, taken at height
2 = Zga- The time interval between the images was At = 0.37s. In total 30 frames
were used to make the overlay. At ¢ = 0s the color of the rod is blue. The rod moved in
a more or less straight line in the direction opposite to the electric field direction, and due
to the rotational Brownian motion its orientation fluctuated. The orientation dependent
velocity of silica rods, dispersed in 78 wt% DMSO in water, during electrophoresis can be
clearly observed by eye. However, for rods dispersed in pure CHC it is harder to observe
the orientation dependent velocity by eye, because the anisotropy in mobility is smaller.
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Figure 5.5 (a) Confocal images of xyt-series of the electrophoresis of R2 silica rods in DMSO-
water ka = 2.2. Silica rods show an orientation dependent velocity and motion with respect to
the applied electric field. (b) Overlay of zyt-series of the electrophoresis of silica rods dispersed
in CHC, ka = 0.04, 30 frames, At = 0.37s. It clearly shows that the rods still exhibit rotational
diffusion, due to Brownian motion. Electric field strength 2.0 Vmm~'. At ¢ = 0 the color
of the rod is blue. (c) Several trajectories of SR29 rods dispersed in CHC, ka = 0.04, during
electrophoresis, the position of the center of mass is plotted. Minimum length of trajectory
displayed here is 20 frames.
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Quantifying the Anisotropy in Mobility of Silica Rods

In order to quantify the exact electrophoretic mobilities of rods orientated parallel and
perpendicular to the electric field, we used particle tracking. In each frame we determined
the orientations of the rods and recorded their displacements since the previous frame.
The displacements were converted to mobilities parallel and perpendicular to the electric
field, and were averaged in bins of 4° in #. Fig. 5.6a shows the result for the measured
orientation dependent mobility of the R2 silica rods dispersed in 78 wt% DMSO-water,
ka = 2.2, at E = 1.14Vmm~'. Note that the mean square angular displacement, due
to the rotational Brownian motion, of the rods in the interval between frames (0.374s) is
about 12°. The electric field was pointing in the positive x-direction. The green symbols
indicate the mobility of the rods in the y-direction p,, which is perpendicular to the
applied electric field. The red symbols indicate the mobility of the rods in the z-direction
parallel to the electric field. When the rod was oriented perpendicular or parallel to the
electric field (6 = 0°V180° or # = 90°) only a mobility component parallel z, to the electric
field was observed. For rods that were not completely oriented parallel or perpendicular
to the electric field (0° < 6 < 90° or 90° < 6 < 180°) a mobility component perpendicular
to the electric field p, was found, which was either positive or negative. In other words
the rods dispersed in a 78 wt% DMSO-water mixture showed an orientation dependent
velocity, and depending on the orientation they also had a velocity component in the
positive or negative y-direction. The solid lines in Fig. 5.6a are a fit of equations 5.10
and 5.11 through the unbinned data. From the fitted amplitude (y) — 1) and offset
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Figure 5.6 Electrophoresis measurement of R2 silica rods dispersed in DMSO-water, without
salt added, ka = 2.2. (a) Orientation dependent mobility in z-direction (red symbols), parallel
to electric field, and y-direction (green symbols), perpendicular to applied electric field. For
clarity raw data is binned in 4° wide bins. The error bars indicate the standard error on the
binned data points. The solid lines are a fit through the raw data using equation 5.10 (p,) and
equation 5.11 (y,). (b) Histogram of displacement of rods in x and y direction. An anisotropy
of p1 /p = 0.664 4 0.006 was found and ( = —75mV. The direction of the electric field was in
the positive z-direction, E = 1.14 Vmm™', At = 0.374s. The error on ,u,l/u” is the estimated
standard error obtained from the covariance matrix of the fitted parameters.
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(py) of equation 5.10 we determine ju, p and the anisotropy in mobility s /py. In
this case the measured anisotropy was j; /gy = 0.664 = 0.006. The zeta-potential was
determined using equations 5.8, 5.9 and 5.13. In all cases, we used equation 5.10 to obtain
p — fo. Values obtained from equation 5.11 were 0-20% off from the value found by
equation 5.10. The difference may arise because the the fitted values for py — . and
(1 in equation 5.10 are dependent on each other, whereas p, is not of any influence
in equation 5.11 to determine jy — pi. Fig. 5.6b shows the corresponding histogram of
displacements of R2 rods in the x and y direction, respectively parallel or perpendicular
to the applied electric field. We find a distribution of displacements, because the rods
behave Brownian and their orientation fluctuates (see equations 5.10 and 5.11). Moreover,
the main displacement due to the electrophoresis is parallel to electric field, and hence the
histogram of displacement in the z-direction is centered around a negative displacement.

We measured the orientation dependent electrophoretic mobilities for silica rods over
a range of ka. We tuned ka by dispersing the rods in solvents with different dielectric
constants, and by the addition of salt to change the concentration of free ions in solutions.
Although using different solvents affects ¢, the value of p; /p is much less affected. The
results on the measured orientation dependent mobilities at different xa can be found in
Appendix 5.A (Figs. A.5.1-A.5.6). An overview on these results is presented in Fig. 5.7.
The graph shows the anisotropy in mobility of the two types of silica rods p, /p as a
function of ka. The symbols in the graph are experimental data points of the measured
oo /e for the SR29 rods in CHC (green squares) and for the R2 rods in polar solvents
(purple circles). Table 5.1 shows data of the particle properties of the rods used. The solid
black line depicts Ohshima’s analytical expression, for Henry’s solution of infinitely long
rods and low zeta-potential ( < kpgT/e [280]. The dashed, dotted and dashed-dotted
lines depict Ohshima’s approximate analytical expression for infinitely long rods and at
moderate zeta-potentials [289], taking the relaxation effect into account, for |(| ~ 25mV,
I¢| =~ 50mV and |¢| =~ 75mV, respectively.

For relatively small double layers (R2 rods, purple circles), when ka > 2, our exper-
imental data show a similar trend as theoretical predictions for infinitely long rods [273,
289]. For SR29 silica rods in a polar solvents with relatively large double layers (green
squares), the experimental data do not agree with theoretical predictions for infinitely long
cylinders. Rather, 11, /p increases as xa decreases, and the orientation dependent veloc-
ity during electrophoresis becomes less pronounced. The difference arises because end
effects start to play a role [254, 276]. In this case, the Smoluchowski equation does not
hold anymore for rods orientated parallel to an electric field. Calculations on short DNA
strands (ka ~ 1) and orientated parallel to the electric field, showed that the mobility is
significantly slowed down during electrophoresis compared to longer DNA strands [276],
whilst the mobility of rods perpendicular to the electric field remains roughly the same
(compared to infinitely long rods). For theoretical calculations on fd-virus a similar trend
was observed when the aspect ratio decreased at values of ka =3.56 x 107 [277].

Because at ka < 1 the Smoluchowski approximation (equation 5.4) is not valid
anymore for short rods that are oriented parallel to the electric field, this would lead to
an underestimation of ¢ using equation 5.13. For p one would expect a dependence on
xL/2, hence fj(xL/2). A simple improvement for s,/ (xa), for aspect ratios of rods
L/D = 6.1 and L/D = 3.8, can be found in Fig. 5.8. This relation is found by calculating
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Figure 5.7 Anisotropy in mobility of silica rods perpendicular and parallel to the electric field
(p1/py) plotted as a function of ka. The black solid line depicts Ohshima’s analytical expression
of Henry’s solution, for infinitely long rods and low zeta-potential { < kpT/e [280]. The
dashed, dotted and dashed-dotted lines depicts Ohshima’s approximate analytical expression for
infinitely long rods and moderate zeta-potentials [289], taking the relaxation effect into account,
for [(| ~ 25mV, || ~50mV and |¢| ~ 75mV respectively. The symbols are experimental data
points of the measured anisotropy in mobility. Squares (green) are SR29 rods in CHC, from left
to right: without TBAC added; with ~ 0.026 pM; with ~ 0.26 pM TBAC. Circles (purple) are
R2 rods in polar solvents (DMSO-water and glycerol-water), from left to right 78 wt% DMSO-
water, 78 wt% DMSO-water with LiCl, 85 wt% glycerol-water and 85 wt% glycerol-water with
LiCl. The error bars indicate the estimated standard deviations.

fi(xa)/f(xL/2) using Ohshima’s approximate analytical expression for infinitely long
rods and moderate zeta-potentials [289]. It shows indeed an expected increase of p /p
at ka < 3. This captures the trend in the experimental data for SR29 rods dispersed in
CHC reasonably.

The anisotropy in mobility in this study was mostly determined by recording confocal
xyt-series at a height z = 244, because the rods sediment to the bottom during the
electrophoresis measurements before the whole parabolic electro-osmotic flow profile can
be measured. SR29 rods dispersed in CHC sediment in 7 minutes 100 pm, which is the
depth of the capillary. R2 rods dispersed in DMSO-water sediment 100 pm in 10 minutes.
The drawback, of measuring only at zg., is that zg. is located in a steep part of the
parabolic electro-osmotic flow profile. A small error in the position of 2z, already causes
a relatively large error in the determination of y ;. Only when the rods were dispersed in
a viscous 85 wt% glycerol-water mixture, the rods did not sediment appreciably during
the time scale of the measurements. These rods need 6 hours to sediment over 100 pm.
In this case, we recorded confocal xyt-series at ten different depths inside the capillary.
Through the determination of the electro-osmotic flow profile, we could more accurately
determine p,. To overcome the problem of sedimentation in less viscous solvents, a
confocal microscope with a tilted frame can be used [256], so that the electric field is
parallel with gravity. However, using this set-up we encountered new problems. When a
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Figure 5.8 Anisotropy in electrophoretic mobility sy /p plotted as a function of xa. The
black line depicts Ohshima analytical expression, an approximation of Henry’s solution, for in-
finitely long rods and low zeta-potential ( < kpT/e [280]. In the case of low zeta-potential,
the relaxation effect can be neglected. Data from Fig. 5.7 are plotted together with Ohshima’s
approximate analytical expression for ‘finite’ rods and moderate zeta-potentials. This was done
by naively assuming that rods oriented parallel to the electric field are subjected to the same re-
tardation function as rods orientated perpendicular to the electric field. Thus, f(ka) is f(kL/2).
To obtain the anisotropy in mobility for finite rods f(ka) is divided by the function f(xL/2).
This naive assumption predicts that ) /4 increases as the size of the double layer increases
(ka < 1), for finite rod sizes as observed experimentally.

relatively high volume fraction (¢ ~ 0.04) of rods was used to measure the anisotropic
electrophoretic mobility, swirls occurred in the sample, and non-uniform settling was
observed [290]. However, decreasing the vol% of rods did not solve the problem. Instead,
flow focusing [288] occurred in the sample within the time scale of the measurement,
as described above in Section 5.4.1. Therefore, not enough statistics for the orientation
dependent displacements of the rods at each height could be obtained before flow focusing
sets in. Because, measurements that determine the orientation dependent mobility take
longer, compared to measurements that only determine the mobility component parallel
to the applied electric field.

Balance between Brownian Motion and Anisotropy in Mobility

The visual appearance of the motion of silica rods during electrophoresis was dependent on
the solvent the silica rods were dispersed in. For instance, in a pure 78 wt% DMSO-water
mixture (ka = 2.2) an anisotropy in mobility sz, /4y ~ 0.664 was measured for the R2 rods.
Hence, the rods showed a clear orientation dependent velocity during electrophoresis.
When we look at Movie 5.1 on page 107, which shows the electrophoretic motion of
these silica rods in 78 wt% DMSO-water, we observed that the silica rods created the
impression of ‘swimming’ The direction of motion of the silica rods was approximately
in the direction of their long axis. Because the silica rods still behaved Brownian, the
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angle of each rod with respect to the applied electric field fluctuated, so that the mobility
direction changed on a time scale of seconds. The relatively low viscosity (3.54 mPas) of
the solvent mixture used in this case results in a calculated D, = 0.032rad?s™! of the
silica rods. During 1 second the rods are expected to rotate /4D, 7 = 0.35rad (20°). The
combination of Brownian motion and an orientation dependent electrophoretic motion led
to an apparent ‘swimming’ behavior of these silica rods dispersed in DMSO when a dc
electric field was applied to the sample. On the contrary, a sample of silica rods in 85 wt%
glycerol-water showed a completely different behavior (Movie 5.2 on page 107). The silica
rods were pulled in a more of less straight line towards the positive electrode, without
much rotational diffusion of the rods. This is partly due to the relatively high viscosity
of the medium (81 mPas) that makes the rotational diffusion of the rods rather slow
D, =0.0014rad?s™'. Furthermore, the measured anisotropy in mobility 1, /4 ~ 0.97 did
not give rise to a clear orientation dependent motion. Movie 5.3 on page 107 then again
shows that silica rods in CHC were pulled to one side during electrophoresis, without
too much ‘swimming’ motion observed. In CHC the SR29 silica rods had a measured
anisotropy in mobility g, /g ~ 0.89. The much lower viscosity (1.57mPas) of CHC, and
the slightly smaller dimension of the SR29 silica rods, compared to R2 rods, results in a
higher D, = 0.195rad?s™! of the rods. Hence, rotational diffusion of the rods was clearly
visible on top of the electrophoretic motion the silica rods.

In summary, differences in the observed motions of the silica rods during electrophore-
sis were due to differences in viscosity and the x~! of the particles due to the solvent
the particles were dispersed in. These parameters make up for an intriguing changing
interplay between rotational diffusion (Brownian motion) and the orientation dependent
electrophoretic mobility.

5.5 Conclusion

To conclude, we showed that measuring the electrophoretic mobility as well as the electro-
osmotic flow profile of colloidal particles, that move uniformly through (p/p ~ 1) and
parallel to an electric field, can be done by recording an xyz-stack over the whole depth
of a capillary using confocal microscopy. Recording an xyz-stack is much faster compared
to the method that was used previously in which xyt-series were recorded at 10 different
depths inside the capillary. In the case of rods that did not move uniformly through an
electric field, we were able to measure the orientation dependent velocity of silica rods
during electrophoresis. From this we could determine the anisotropy in the mobility of
rods, with L/D ~ 5, during electrophoresis and compare this with theoretical values from
literature. We showed that even at relatively high values of xa, where the Smoluchowski
limiting law was assumed to be valid, a small anisotropy in mobility was found. Further-
more, for the R2 rods dispersed in polar solvent our data agree qualitatively with the
theoretical prediction for infinitely long cylinders and low zeta-potential (ka 2 2). How-
ever, this theory starts to break down at small values of ka, where ka < 1. At these values
end effects start to play a role, and rods are significantly slowed down. Also, the value of
the measured anisotropy in mobility was observed to decrease again at smaller values of
ra. This was already predicted in theoretical calculations for finite cylinders [276, 277]. If
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this end effect is not taken into account while calculating zeta-potentials, this will lead to
an underestimation of the experimental established zeta-potential by up to a factor two.
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5.A Figures
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Figure A.5.1 Electrophoresis measurement of R2 silica rods dispersed in DMSO-water, with
0.067 mM LiCl added, ka = 5.5. (a) Orientation dependent mobility in z-direction (red sym-
bols), parallel to electric field, and y-direction (green symbols), perpendicular to applied electric
field. For clarity raw data is binned in 4° wide bins, the error bars indicate the standard error
on the binned data points. The solid lines are a fit through the raw data using equation 5.10
(ft) and equation 5.11 (). (b) Histogram of the displacements of the rods in  and y direc-
tion. An anisotropy of ) /p = 0.906 +0.004 was found and ¢ = —70mV, E = 1.45Vmm™!,
At = 0.377s. The error in ju) /4 is the estimated standard error obtained from the covariance

matrix of

the fitted parameters.
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Figure A.5.2 Electrophoresis measurement of SR29 silica rods dispersed in CHC, without
salt added, ka = 0.04. (a) Orientation dependent mobility in z-direction (red symbols), parallel
to electric field, and y-direction (green symbols), perpendicular to applied electric field. For
clarity raw data is binned in 4° wide bins, the error bars indicate the standard error on the
binned data points. The solid lines are a fit through the raw data using equation 5.10 (p,) and
equation 5.11 (). (b) Histogram of the displacements of the rods in = and y direction. An
anisotropy in mobility of y) /p = 0.89 +0.02 was found and ( =—41mV, £ = 3.1Vmm™,
At = 0.374s. The error in p / p is the estimated standard error obtained from the covariance
matrix of the fitted parameters.
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Figure A.5.3 Electrophoresis measurement of SR29 silica rods dispersed in CHC, with TBAC
added (~ 0.026 pM), ka = 0.14. (a) Orientation dependent mobility in x-direction (red sym-
bols), parallel to electric field, and y-direction (green symbols), perpendicular to applied electric
field. For clarity raw data is binned in 4° wide bins, the error bars indicate the standard error on
the binned data points. The solid lines are a fit through the raw data using equation 5.10 ()
and equation 5.11 (y,). (b) Histogram of the displacements of the rods in « and y direction. An
anisotropy in mobility of ML/;L” = 0.86 £ 0.05 was found and ( = —35mV, £ = 3.35 Vmm™!,
At = 0.191s. The error in p / p is the estimated standard error obtained from the covariance
matrix of the fitted parameters.
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Figure A.5.4 FElectrophoresis measurement of SR29 silica rods dispersed in CHC, with TBAC
added (~ 0.26 pM), ka = 0.92. (a) Orientation dependent mobility in z-direction (red symbols),
parallel to electric field, and y-direction (green symbols), perpendicular to applied electric field.
For clarity raw data is binned in 4° wide bins, the error bars indicate the standard error on the
binned data points. The solid lines are a fit through the raw data using equation 5.10 (i) and

equation 5.11 (fy).

(b) Histogram of the displacements of the rods in z and y direction. An

anisotropy in mobility of u) /p = 0.67 £ 0.03 was found and ¢ = —36mV, £ = 3.7Vmm™,
At = 0.069s. The error in p1) /g is the estimated standard error obtained from the covariance
matrix of the fitted parameters.
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Figure A.5.5 Electrophoresis measurement of R2 silica rods dispersed in 85 wt% glycerol in
water, with LiCl added, ka = 24.5. (a) Orientation dependent mobility in z-direction (red
symbols), parallel to electric field, and y-direction (green symbols), perpendicular to applied
electric field. For clarity raw data is binned in 4° wide bins, the error bars indicate the standard
error on the binned data points. The solid lines are a fit through the raw data using equation 5.10
(p2) and equation 5.11 (u,). (b) Histogram of the displacements of the rods in # and y direction.
(c) Measured electrophoretic mobility profile of rods aligned with the long axis perpendicular
to the electric field uy + ppor (blue circles), the dashed vertical lines indicate the stationary
planes, where we determine ;. We set z = Opm at the maximum of the parabolic profile.
The solid blue line indicate a parabolic fit through the data. An anisotropy in mobility of
po/py = 0.98 +£0.03 was found and ( = —68mV, E = 3.125Vmm~!, At = 0.863s. The error
in /) is the estimated standard error obtained from the covariance matrix of the fitted
parameters.
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Figure A.5.6 Electrophoresis measurement of R2 silica rods dispersed in 85 wt% glycerol in
water, without salt added, ka = 9.2. (a) Orientation dependent mobility in a-direction (red
symbols), parallel to electric field, and y-direction (green symbols), perpendicular to applied
electric field. For clarity raw data is binned in 4° wide bins, the error bars indicate the standard
error on the binned data points. The solid lines are a fit through the raw data using equation 5.10
(p2) and equation 5.11 (u,). (b) Histogram of the displacements of the rods in # and y direction.
(c) Measured electrophoretic mobility profile of rods aligned with the long axis perpendicular
to the electric field uy + ppor (blue circles), the dashed vertical lines indicate the stationary
planes, where we determine ;. We set z = Opm at the maximum of the parabolic profile.
The solid blue line indicate a parabolic fit through the data. An anisotropy in mobility of
po/py = 0.97£0.02 was found and ( = =57mV, £ = 3.0Vmm™', At = 0.863s. The error
in /) is the estimated standard error obtained from the covariance matrix of the fitted
parameters.
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5.B Supporting Movies

Digital version Please click on the movie titles to get directed
to the movie.

Printed version Please scan the QR code on the right to get
directed to the supporting movies.

Orientation dependent mobility Confocal microscopy time series are shown during
electrophoresis. The time series are shown at 2x real time. All movies are recorded at
Z = Zstat-

Movie 5.1 Shows the electrophoresis of R2 silica rods dispersed in pure 78 wt% DMSO-
water, ka = 2.2, n = 3.542mPas, €,, = 56.1. We measured an anisotropy of
o/ = 0.664 £ 0.006.

Movie 5.2 Shows the electrophoresis of R2 silica rods dispersed in pure 85 wt% glycerol-
water, ka = 9.2, n = 81mPas, ¢, = 49.6. We measured an anisotropy of
,ul/u” = 0.97 £ 0.02.

Movie 5.3 Shows the electrophoresis of SR29 silica rods dispersed in de-ionized CHC,
ka = 0.04, n = 1.5675mPas, €, = 7.6. We measured an anisotropy of
,LLJ_/,U” = (0.89 £ 0.02.


www.kweemstra.com/henriette.php#C5mov
www.kweemstra.com/henriette.php#C5mov
www.kweemstra.com/henriette.php#C5mov
www.kweemstra.com/henriette.php#C5mov




Assembly of Thin Films of Silica
Rods or Spheres

This chapter describes the preparation of thin colloidal films made of silica rods or spheres
by spin coating or doctor blade coating (DBC), respectively. The first part of the chapter
discusses spin coating of colloidal silica rods. By dispersing the silica rods in a mixture of a
liquid acrylate monomer and 1-propanol, we obtained colloidal films with the rods radially
aligned. The second part of the chapter investigates the process of DBC of colloidal silica
spheres dispersed in a liquid monomer. The process of DBC was followed in real time and
real-space using a DBC set-up mounted on an inverted confocal laser scanning microscope.
We were able to determine the flow profile close to the blade. It was established that,
in our case, capillary forces determined the properties of the obtained colloid crystalline
film and we observed Landau-Levich flow. Moreover, we were able to make the colloidal
crystalline film permanent by polymerizing the liquid monomer using UV light.
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6.1 Introduction

Colloidal self-assembly into ordered crystalline arrays, with many interesting photonic
properties, together with the use of these arrays as a template, have been of considerable
interest in a wide range of applications including displays [107, 108], chemical [109, 110]
and biological sensors [36, 111, 112], optical devices [291-293], antireflection coatings [113—
115], spectrometers [294] and security data encryption [116, 117]. A variety of tech-
niques, such as assembly by sedimentation [120, 121], convective self-assembly [122-
125], Langmuir-Blodgett techniques [126], assembly using external electric or magnetic
fields [68, 127, 128], shear alignment [87, 88], spin coating [83-85] and doctor blade coating
(DBC) [66, 86, 129] are available to fabricate and direct the assembly of colloidal crystals.
Often, these methods are not scalable to produce large quantities of colloidal crystals,
but are only useful to produce small quantities in research laboratory set-up. Both spin
coating and DBC are widely used in the coating, microelectronics, textile, paper, ce-
ramics and printing industry [295-303] to produce uniform thin films over large areas.
Therefore, both spin coating [83, 84] and DBC techniques [86] are suitable techniques to
produce colloidal crystal on an industrial scale. More recently, a slightly different roll-to-
roll process was developed using a bending-induced oscillatory shear technique, which can
also be applied on an industrial scale. This process is related to both spin coating and
DBC through the use of shear alignment and uses core-shell nanoparticles for which the
elastomeric shell of the particles forms the continuous matrix of the colloidal crystal [89].

Whereas spin coating is still a batch process and needs relatively large amounts of
dispersion, DBC is a continuous process and is more efficient. Also DBC can be employed
as a roll-to-roll process [86]. Both spin coating and DBC techniques make use of shear
alignment in order to obtain colloidal crystals [79-82]. In this chapter we investigate the
potential of spin coating and DBC to form thin, ordered films of spherical and rod-like
particles.

Colloidal spin coating is mostly done using spherical colloids [83, 84, 304] and to our
knowledge spin coating has not been done with anisotropic particles. Anistropic colloids
can be used as building blocks to obtain colloidal structures that are not accessible by
using spherical colloids [34, 305]. For instance, an ordered phase of rods will diffract light
preferentially along one axis. To be applicable on an industrial scale, anisotropic particles
in an ordered phase need to be oriented in one direction over large areas. For the self-
assembly into ordered structures additional fields are needed to control the orientation of
anisotropic particles [64, 66, 70, 148, 306-308]. In spin coating the flow field can be used
to align silica rods. In the first part of the chapter the spin coating of silica rods dispersed
in a liquid monomer (ethoxylated trimethylolpropane triacrylate, ETPTA) is described.
When 1-propanol was added to the dispersion, we were able to obtain a colloidal film with
the silica rods radially aligned along the direction of flow.

In the second part of the chapter we describe DBC of silica spheres dispersed in
ETPTA. Not many experimental papers are available were DBC is used to obtain crys-
talline colloidal films [86, 309-312]. Using silica spheres dispersed in ETPTA it was shown
that the thickness of the obtained films was dependent on the substrate velocity used, but
also on particle concentration and the particle sizes used [86]. Yang et al. argued that
pressure driven flow determined the properties of the particle films. However, the exact
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mechanism for colloidal crystal formation during DBC is not known. In order to obtain
more insight in the DBC process we developed a system to follow this process in real time
and real-space using confocal microscopy. We studied DBC of fluorescently labeled silica
spheres dispersed in ETPTA, such that the spheres could be resolved with confocal mi-
croscopy. We characterized the recorded flow profiles during DBC using a digital particle
image velocimetry (DPIV) algorithm [313-315]. We obtained colloidal crystalline films
and we observed Landau-Levich type flow [316], commonly seen in dip-coating of fluids,
at the parameters used here. For a Landau-Levich film, the thickness of the resulting film
is a balance between the viscosity of the solvent and capillary forces. Moreover, we were
able to make the colloidal crystalline films permanent by polymerizing the ETPTA with
UV light. Finally, we tested DBC for silica rods. DBC is a promising technique to obtain
a uniform films of aligned anisotropic particles, when the flow is mainly shear-driven and
a plane of zero-shear is absent [299]. In this way, shear induced ordering is facilitated
troughtout the whole particle film.

6.2 Theoretical Framework

6.2.1 Spin Coating

Spin coating is widely used to produce uniform films on thin substrates [295-298]. The
formation of films during spin coating can be described in three steps: first, the deposition
of the fluid on a substrate; second, the spin-up cycle where the fluid covers the entire
substrate; and the third step, the spin-off cycle where the film reaches the desired thickness
and excess fluid is flung off the substrate by spinning at higher speeds. The resulting
film thickness and uniformity can be tuned by changing the spin time and spin speed.
This behavior is dependent on whether the spincoated fluid is a Newtonian fluid, a non-
Newtonian fluid, a Bingham plastic-fluid, and/or evaporates (partly) during spin coating
and is described in several models [295, 317-319].

In this section a simplified model for spin coating of Newtonian fluids [295] is discussed,
that describes the spin-off cycle of spin coating during which particle ordering takes place.
For this model the following assumptions are made: the fluid is Newtonian; the process is
cylindrically symmetric; there is no evaporation and the density of the fluid stays constant
during spin coating; the gravitational force normal to the surface can be neglected as the
fluid layer is thin and there is only net flow in the radial direction: v, ~ 0, vy ~ rw,
where v, is the fluid velocity in vertical plane (ms™!), vy the tangential velocity (ms™!),
r the radial position (m) and w the angular velocity of the disk (rads™').

The force balance can be written as a balance between the viscous force of the fluid
and the centrifugal force resulting from the rotating disk

9%v,
" 022

= pw’r, (6.1)

where 7 is the viscosity of the medium (Pas), v, the radial velocity of the fluid (ms™'),
2z the height in the fluid layer (m), p the density of the fluid (kgm™3). We can integrate
this force balance to obtain the fluid velocity in the film, by using the following boundary
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z=0

r coverslip

Figure 6.1 Schematic representation of the flow profile of a fluid on a rotating disk, which is
half of a parabola. Image adapted from ref. 85.

conditions: it is assumed that that there is no slip at the substrate (v,|,—o = 0) and zero
stress at the air-liquid interface (77%”; |.=rn = 0), where h is the local film thickness.
2
1
(2, h) = 2l (he - 222) (6.2)
i 2
From this equation it can be seen that the flow profile is half a parabola, see Fig. 6.1.
The shear rate is defined as 7 = %. Hence, the shear rate during spin coating can be
written as )
. pwir
g = . (h—2). (6.3)

In order to obtain the height of the film after spin coating, we need an expression for the
volumetric flow. Integration of the radial flow velocity over the height of the film gives
the volumetric flow per unit length of the circumference

h 2 h3
pwrTr
= [ vz, h)dz= . 6.4
0= [ oz mydz = B0 (6.4)

By applying the equation of continuity, we obtain a differential equation for the height of

the liquid film h,

oh  0(rq)
Hence, we can obtain
Oh  pw* D /4.4
3= 3 ) (6.6)

In the case that the fluid layer is uniformly spread over the substrate after the spin-up
cycle, h does not depend on r

dh 2pw?h?
- 6.7
after integration we obtain h(t)
h
h(t) = 0 (6.8)

JeEa)

Note that, also for liquid films that are initially non-uniform in thickness, Emslie et al.
showed that the liquid layer, in case of a Newtonian fluid, spreads out to a layer of more
or less uniform thickness [295].
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6.2.2 Flow Behavior of Rod-like Particles

Rod-like particles can exhibit different behavior when subjected to shear flow. Theoreti-
cally, the behavior of hard rods under shear flow can be described by the Doi-Edwards-Hess
theory [90, 91]. The theory describes the time evolution of the orientation probability den-
sity function and predicts that the average orientation of the rods can dynamically change.
Depending on the shear rate and concentration the rods can exhibit a flow aligning, tum-
bling, kayaking, wagging and log-rolling motion [320]. At low shear rates ‘tumbling’ is
found where the average director of the rods rotates in the shear plane. At intermediate
shear rates, the director oscillates in the shear plane between two limiting angles, this is
called ‘wagging’. If the initial director is out of the shear plane also a ‘kayaking’ motion is
expected where the kayaking orbit is out of the shear plane. At low shear rates, with ini-
tial director out of the shear plane, a stable phase is found with the director perpendicular
to the shear plane called the ‘log-rolling’ regime [321]. At higher shear rates the director
aligns with the flow, and a shear aligned or para-nematic phase is expected. These states
were also found with Brownian Dynamics simulations for rod with length of diameter ratio
20 < L/D < 60 [94, 95]. Experimentally, the tumbling, wagging and flow aligned were
observed using fd-viruses [92, 93]. Moreover, at again higher shear rates shear thickening
behavior was found in experiments [65, 93], although this is not supported by theoretical
predictions.

A dimensionless rotational Peclet number Pe, can be determined that represents the
interplay between the randomizing rotational Brownian motion and the alignment due to
flow )
-
- 2D,’
where the time scale associated with flow is 1/4 and 2D, the rotational relaxation time
of the rod. If Pe, > 1 flow is dominant and shear-induced alignment can be expected.
If Pe, < 1, Brownian motion is dominant and not much influence from shear flow is
expected.

In order to obtain alignment over large areas laminar flow is needed. Therefore, the
Reynolds number Re, which indicates the ratio of the inertial forces over the viscous
forces, needs to be small. The Reynolds number is given by [322]

Pe, (6.9)

Re = pvh/n, (6.10)

with v the velocity of the solvent.

6.3 Methods

Dispersions Properties of particles used for spin coating and DBC can be found in
Table 6.1. Particles were transferred from ethanol to the liquid monomer ethoxylated
trimethylolpropane triacrylate (ETPTA, Mw. 428, Sigma-Aldrich) for both spin coating
and DBC. First, a stock dispersion of particles in ethanol was centrifuged and the ethanol
was carefully removed with a pipette. After, ETPTA was added such that desired particle
volume fraction was obtained. The particles were redispersed by sonication or vortex-
ing. The remaining ethanol was evaporated by heating the dispersion to 32°C for about
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Table 6.1 Properties of particles used in this chapter.

With L being the end-to-end length of the rod, D the diameter of the particle, L/D the aspect
ratio of the particle, D) and D) the translational diffusion coefficient perpendicular and parallel
to the rod long axis, respectively, calculated from their TEM dimensions and D, calculated for
rods in pure ETPTA, with n = 70 mPas [250].

L 6 D ép L/D DD, D,
mm % pm % rad?s~!

Rods
102 142 14 024 21 5.9 0.77 0.0247
R10 256 9 038 12 6.8 0.75 0.0046
R10-2 240 11 036 15 6.6 0.76 0.0055
R12 272 11 040 12 6.9 0.75 0.0038
R2 359 18 059 10 6.1 0.76 0.0015

Spheres

D970 097 3

30 minutes, while gently stirring under a flow of nitrogen. The as prepared dispersions
had a particle volume fraction between 7.5-52.5v0l%. Before spin coating we added in
some cases technical grade ethanol (Interchema), 1-propanol (Merck) or 1-butanol (Acros
Organics) to the dispersions to obtain a 1:1v/v alcohol-solvent mixture.

Spin coating The substrates for spin coating were standard 22 mm diameter round cov-
erslips (Thermo Scientific, no. 1, thickness 0.13-0.16 mm). Coverslips were cleaned with
piranha acid before use, a 3:1 mixture of concentrated sulfuric acid (HySOy4, 98%, Acros
Organics) and hydrogen peroxide (HyO5, 30 wt%, Sigma-Aldrich), in order to improve
the wetting of the coverslips with ETPTA. After cleaning the coverslips with piranha
acid, the coverslips were subsequently rinsed with ultrapure water (Milipore) and 100%
ethanol and stored in 100% ethanol until use. A droplet of 20 pL dispersion was placed
on a coverslip and then the spin-cycle was started. The spin coater (model P6700, Spe-
cialty Coating Systems, USA) first rotated slowly (200-1400 rpm) for 1-3 minutes during
the spin-up cycle, uniformly spreading the dispersion on the coverslip, and then faster
(600-3400 rpm) for 3—5 minutes during the spin-off cycle to obtain a thin film and spin off
excess fluid.

Doctor blade coating We also prepared thin colloidal crystalline films using a DBC
technique [86, 309-312]. For DBC we used a modified parallel plate shear cell on top of an
inverted confocal scanning laser scanning microscope (Leica TCS SP2) [323], from which
the top plate was replaced by a cassette which contained a perpendicular razor blade
(Merkur, 908 100), which was made 0.4 cm in width. Figures 6.2a-b display images of the
top cassette. The height of the perpendicular blade could be adjusted on the micrometer
scale using a precision micrometer head. During DBC the blade remained stationary and



ASSEMBLY OF THIN FILMS OF SILICA RODS OR SPHERES 115

>

S

Figure 6.2 Doctor blade coating set-up. (a) Cassette containing perpendicular blade fitted
for the parallel plate shear shell [323]. (b) Cassette as mounted on the parallel plate shear shell,
the bottom plate (blue) moves with respect to the blade. (c¢) Schematic of DBC, upstream from
the blade (left) the dispersion is loaded and the substrate moves with a velocity v, to the right.
Imaging is done from below the substrate. The blade had an angle # = 75° with the substrate
and a width Ay = 0.4 cm.

the substrate was moved, with a velocity v, to obtain a thin film. In our experiments
the gap between the blade and the substrate was ~ 2pm, and the substrate moved with
vy = 1-1000pms~t. The substrate, a 24mm x 50mm glass coverslip (Menzel Glézer,
no. 1.5, thickness 0.15-0.17mm) was mounted to the bottom cassette as described by
Wu et al. [323]. In this way, using confocal microscopy, we were able to follow in real
time and real-space the DBC process. In order to keep a constant gap between the
blade and the substrate during coating, the cassettes were aligned one by one. The
alignment was checked using the reflection mode of the confocal microscope by using an
air confocal objective (Leica, 20x 0.7 NA). For quantitative particle imaging the objective
was changed to an immersion-oil confocal objective (Leica, 63x 1.4 NA). The sample was
loaded by placing a 0.4-2nl drop of particle dispersion upstream from the blade (see
Fig. 6.2¢).
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Confocal Microscopy and Image Analysis The obtained particle films of silica rods
were imaged with confocal scanning laser microscopes (Leica TCS SP2 or SP8) using a
63x 1.4NA oil-immersion confocal objective (Leica). We analyzed the alignment of the
rods inside the films by using the OrientationJ plugin from the ImageJ (1.49m, NIH)
software [324]. This was done as the particles did not had a large enough non-fluorescent
outer shell that allowed for particle tracking. The OrientationJ routine computes the
structure tensor J for each pixel in the image, given by the 2 x 2 symmetric matrix

— <fac7fac>w <fxafy>w
J_(<fx7fy>w <fy,fy>w)’ (6.11)

with f; the spatial derivatives of the images f(x,y) calculated using a cubic B-spline
interpolation [324-326]. The brackets indicates a weighted inner product

by = //R2w(x,y)a(x,y)b(m,y)da:dy, (6.12)

with w(z,y) a Gaussian window of the size of the region of interest. The local orientation
in each pixel is then given by the eigenvector corresponding to the largest eigenvalue of
the tensor. A Gaussian window with a width (standard deviation) of 3 pixels was used
for the analysis. A pixel orientation distribution was then obtained and from this the
projected 2D nematic order parameter Sppr was calculated, given by diagonalizing the
2 X 2 nematic order parameter tensor

1 N
Q.5%0 = szumuzﬂ 5&5} (6.13)

with N the number of pixels in the image, u}, the a-component of the unit vector de-
scribing the main orientation of pixel ¢, d,5 the Kronecker delta and o, 8 = z,y. The
2D nematic order parameter Sop: is defined as the largest eigenvalue of Q and the corre-
sponding eigenvector is the projected nematic director i

Sopr = 2(cos*0) — 1, (6.14)

Al Al

where cos = '-f, with @i’ the unit vector along the projected main orientation of the
pixels.

Digital Particle Image Velocimetry In order to visualize the particle flow during
DBC, zzt-series were recorded. Digital Particle Image Velocimetry (DPIV) was used to
obtain the average flow field from these zzt-series. We used PIV1ab a time-resolved digital
particle image velocimetry tool for MATLAB (PTvlab 1.41, in Matlab R2016a) to process
our confocal data into vector maps of the local flow fields [313-315]. Time-resolved digital
particle image velocimetry needs and image pair at ty and tg + At. From the (average
local) particle displacements between image ¢y an to + At the velocities of the particles
can be determined. In DPIV the displacement of groups of particles, that are present in
sub regions or interrogation areas in the image, are determined. Thus, DPIV does not
not determine the displacements of single particles. DPIV evaluates the crosscorrelation
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matrix of these sub regions. The peak in the crosscorrelation matrix gives the most likely
displacement for one sub region between image ¢y and to+At. A discrete fourier transform
(DFT) with window deformation algorithm in PIvlab was used to calculate the vector
maps of the flow field during DBC. We used three pass DFT with an interrogation area
that decreased every pass. We used the following decreasing sizes for the interrogation
area: 64 x 64 pixels, 48 x 48 pixels and 24 x 24 pixels. Data was preprocessed by applying
contrast limited adaptive histogram equalization (CLAHE) to all the images of the time
series [313-315], it spreads the most frequent intensities of the intensity histogram over
the full 8-bit range from 0 to 255. CLAHE operates on subimages within the image to
adjust the intensity. Sub-pixel accuracy on the average particle displacements in PIvV1lab
is obtained by fitting a 3-point Gaussian fit through the integer crosscorrelation matrix in
both the horizontal and vertical direction. After crosscorrelation, some erroneous vectors
were obtained, which were the outliers in the data. In order to remove these outliers,
we used a scatter plot of v, and vyj component vectors to clip out these outliers, in our
case less than 2% of the original data was removed. Missing vectors were then replaced
by vectors obtained by interpolation of the surrounding data. To obtain the average flow
profile, we averaged the vector plots of subsequent image pairs (1 4+ 2, 3 + 4, etc.).

6.4 Results & Discussion

6.4.1 Spin Coating

Spin Coating of Silica Spheres Before spin coating with colloidal silica rods, we
tested that spin coating of monodispersed silica spheres resulted in uniform crystalline
particle films as seen in ref. 85. Indeed, spin coating of 15vol% 970 nm silica spheres
dispersed in ETPTA, with a spin-up cycle of 60s, 400 rpm and a spin-off cycle of 60s,
2000 rpm, yielded a uniform crystalline film, see Fig. 6.3a for a confocal image. The as
prepared film completely wetted the surface and it did not dewet in time. The corresond-
ing fast Fourier transform (FFT) image in Fig. 6.3b was made by applying a 2D FFT
algorithm from Matlab (R2016a) to the confocal image. Before applying the FFT algo-
rithm, we used a 2D Hann window to avoid artefacts due to the finite size of the image.
The FFT image shows a six-fold symmetry with distinct peaks, confirming the crystalline
order.

Spin-up Cycle In order to obtain uniform particle films of silica rods, we first investi-
gated which parameters led to the best substrate coverage during the spin-up cycle. For
the spin-up cycle we varied the volume fraction of rods between 10-30 vol% and varied the
spin-up speeds between 200-1400 rpm. For 19 vol% 102 rods best spreading was obtained
at spin speeds between 600-1400 rpm. For 30 vol% R10 rods, best spreading was obtained
at spin speeds between 800-1000rpm and a spin time of 180s. For 10, 20 and 30 vol%
R10-2 rods, best spreading was obtained at a volume fraction of 10vol% at 600 rpm.
Although, large variations in substrate coverage could be found from sample to sample
taken with the same spin-up cycle.



118 CHAPTER 6

Figure 6.3 Part of the resulting particle film after spin coating, using 15vol% 970 nm sil-
ica spheres in ETPTA with a spin-up cycle 60s, 400 rpm and a spin-off cycle 60s, 2000 rpm.
(a) Confocal image. (b) Corresponding FFT image showing six-fold symmetry with distinct
peaks.

In case of good substrate coverage, we obtained a thin film in the middle of the cover-
slip, while at the edges there was accumulation of sample, see Fig. 6.4a for a schematic.
Often still some small gaps in the film were present. The accumulation of dispersion is
caused by a discontinuity of the surface forces on the fluid film at the edge of the cover-
slip [295]. When substrate coverage was poor, only part of the coverslip was coated, see
Figs. 6.4b-c. Poor coverage can have different reasons. When the sample was spun at
low spin speeds the dispersion did not spread over the entire coverslip, see Fig. 6.4b for
a schematic. However, often we found that the dispersion reached the edges of the cover-
slips, but large areas of the coverslip were still uncoated, Fig. 6.4c for a schematic. The
reason for this is not known, although we hypothesize that the average orientation of rods
in the droplet varied. As the viscosity of the dispersion is dependent on the orientation of
the rods, this influenced the flow of the dispersion droplet over the substrate. Resulting
in a spider-like circumference of the film on the coverslip.

a b C

Figure 6.4 Schematic of coverslip coverage after spin coating. (a) Good coverage, with still
some holes. (b-c) Poor coverage due to low spin speeds used, (b) or different reasons (c). The
hatched gray area is covered with a film; green area indicates an accumulation of sample.

During the spin-up cycle, the parameters needed to obtain proper substrate coverage
turned out to be specific to the batch of rods used, for which the dimensions differed
slightly from batch to batch. Only a narrow range of parameters values, led to proper
substrate coverage. This spin-up cycle for rods differed to that of spheres, as for spheres
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a shorter spin time and a slower spin speed were needed to obtain proper coverslip cover-
age [85].

Spin-off Cycle After establishing the best spin-up cycle for the different batches of
rods, we investigated the effect of different spin-off cycles on the structure of the film and
the alignment of the rods inside the film. We varied the spin-off time between 180-540s,
the spin-off speed between 600-3400 rpm, but we were not able to obtain uniform particle
films of silica rods for which the silica rods were radially aligned. When alignment of rods
within the sample was found, also large variations in film thickness, density of silica rods
and areas without alignment of rods were found in the same sample. For 102 rods, proper
substrate coverage was obtained, however, no alignment was observed in the resulting
particle films.

Figure 6.5 Result of spin coating using 10 vol% R10-2 rods in ETPTA with a spin-up cycle
1805, 600 rpm and a spin-off cycle 180s, 1400 rpm. (a) Confocal image showing inhomogeneous
spreading of rods. (b) Confocal images showing the occurrence of a high area fraction of standing
rods in the sample.

A few trends during the spin-off cycle of silica rods were observed. When large spin-
off speeds (for R10 > 2200 pm, for R10-2 rods > 1000 rpm) were used, we found large
variations in the rod density and clusters of rods inside the particle film, see Fig. 6.5a.
Sometimes, rods were found to be oriented perpendicular to the direction of shear and
the direction of flow during spin coating, see Fig. 6.5b. These non-uniformities in density
and orientation may well lead to local differences in viscosity and therefore in a non-
uniform flow, preventing the formation of a well-ordered film. Next, increasing the time
of the spin-off cycle did not improve the alignment and structure of the resulting films.
Actually, best alignment was found, when the speed of the spin-off cycle was the same as
the spin-up cycle. Finally, in case no alignment was found in the center of the film, we
did often found radial alignment at the edge of the coverslip, where an accumulation of
dispersion was found, see Fig. 6.6. In this case, the shear needed to spread the dispersion
was too large to obtain aligned silica rods in the center of the coverslip and led to non-
uniformities in the particle film. In contrast, at the edge the flow and shear forces are less
due to a discontinuity of surface forces [295] and the rods were found to radially align.



120 CHAPTER 6

This indicated that a balance is needed between the shear that is needed to spread the
dispersion and shear needed to align the rods.

»»

P EPEPEE EPEPEE B R
50 75 10 125 150
z (um)

Figure 6.6 Result of spin coating using R10-2 10vol% rods in ETPTA with a spin-up cycle
360s, 600 rpm. (a) Confocal image taken at height 10 pm at the edge of the coverslip 180°, the
color indicates the direction of the average pixel orientation. (b) The value of the projected 2D
order parameter (Ssp/) as function of height at two different location in the sample; at the edge
of the coverslip (A) or halfway the coverslip (r = 6 mm, ®).

Spin coating of silica rods in pure ETPTA did not result in uniform particle films with
the rods radially aligned. We did not expect that sedimentation affected the structure
inside the particle film. A single R12 will sediment 3.25 pm over 15 min, the course of an
experiment (vs,q = 3.8nms™!). The variations in jamming and alignment of particles
films indicated that the flow dynamics during spin coating of silica rods were far more
dynamic that the simplified theory given in Section 6.2.1. Moreover, rods subject to shear
flow are known to show collective motions which are different from shear alignment, as
described in Section 6.2.1. For a typical shear rate of 600 rpm and film thickness of 20 nm,
the maximum shear rate given by equation 6.3, at 6 mm from the center of the coverslip
and at the bottom of the film (h = Oum), is ¥ = 10s~!. For this we used the viscosity
of pure ETPTA (n = 70mPas), and the average density of a dispersion with ¢ = 0.3,
Paverage = 1690kgm™>. Due to the higher particle density, the viscosity is expected to
be higher than the pure solvent, giving a slightly lower 4. Nevertheless, Pe, =~ 10% so
that shear alignment of rods is expected under these circumstances. However, it still
shows that using these parameters, we are likely in the regime where earlier non-collective
rotation and turbulent motion of rods was observed [65]. At these high rod densities the
tumbling and rotation of one rod can affect many other rods and hence could have given
rise to jamming and standing rods as we observed during spin coating.

Spin Coating with 1-propanol In order to overcome the problem of poor spreading
during the spin-up cycle and undesirable collective motions of the silica rods, we tested
spin coating of 5, 10 and 15 vol% R12 silica rods dispersed in a 1:1v/v 1-propanol: ETPTA
solvent mixture. Adding 1-propanol to the system reduced the viscosity of the dispersion,
and therefore improved the spreading of the dispersion during the spin-up cycle. Also, 1-
propanol is volatile and will evaporate during spin coating. This increases the final volume
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fraction of the particles in the film and hence reducing most likely the randomization
after film formation. Thus, we expected the following mechanism: first, we started with
an isotropic state and the rods shear aligned in a para-nematic phase; As the 1-propanol
evaporated the volume fraction of rods increased and a radially aligned nematic phase was
obtained. Samples were spincoated with only a spin-up cycle, with spin-time 180s and
spin-up speed between 100-800 rpm. At spin speeds between 400-600 rpm and 15 vol% of
rods, we found radial alignment of rods. Figure 6.7a shows an example of a radially aligned
colloidal rod film after spin coating with a spin-up cycle of 180s and 400 rpm. Figure 6.7b
shows that in most spots on the sample a high values of Syp/ also persisted higher up
in the film away from the coverslip. Close to the air-fluid interface the alignment of the
rods was seen to decrease. Probably, this happens because the shear rate goes to zero
at the air-fluid interface, see Fig. 6.1. Moreover, during imaging still some flow and drift
was present in the samples, probably because not all of the 1-propanol had evaporated
after the spin-cycle was completed. Therefore, the radial alignment only persisted for
~ 30 minutes. Next, the height of the sample still varied from spot to spot, we obtained a
thickness between 20 pm and 50 pm. We expect that due to the evaporation of 1-propanol
from the substrate concentration gradients can occur and that the resulting Marangoni
effect can interfere with a smooth particle layer [327, 328]. Due to a concentration gradient
along the interface, also a surface tension gradient exist. This surface tension gradient
causes flows along the interface and this is known as the Marangoni effect.

Spin coating with ethanol or 1-butanol instead of 1-propanol was also tested. Disper-
sions of rods prepared with ethanol did not spread properly during spin coating, as the
ethanol evaporated before proper spreading of the dispersion and alignment of the rods
was achieved. Some preliminary tests were done in which air inside the spincoater was
saturated with ethanol, during spin coating with an ethanol-ETPTA mixture. However,
this still led to improper spreading of the dispersion on the substrate. When using dis-
persions prepared with 1-butanol, the evaporation of the alcohol was too slow. Therefore
the evaporation of 1-butanol still occurred after the spin cycle was completed, resulting
in flows in the sample that destroyed the alignment obtained by spin coating.

In conclusion, spin coating of rods in order to obtain radially aligned particle films
appeared to be less straight forward, compared to spin coating of spheres. By adding
1-propanol to a dispersion of silica rods in ETPTA, we were able to obtain thin films
of silica rods with the rods radially aligned, for which the ordering persisted also higher
up in the film. Many parameters, such as spin-time, spin-speed, particle concentration,
viscosity of the dispersion, etc, influence the process of spin coating. Therefore, this huge
parameter space still offers many possibilities to improve the protocol to obtain uniform
films of silica rods with the rods radially aligned along the direction of flow. In future the
ETPTA can be polymerized using UV light by adding a photo-sensitive initiator to the
dispersion, as described in Section 6.4.2 below. In this way the obtained particle film can
be made permanent and a free standing colloidal particle film can be obtained [83, 85].
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Figure 6.7 Radial alignment of spincoated sample of 15vol% R12 silica rods in 1-
propanol:ETPTA at 180s, 400 rpm. (a) Confocal images taken in a circle around the center of
rotation. The color indicates the (projected) orientation of the pixels in the 2D plane, as shown
on the circular colormap in the middle. (b) Projected 2D nematic order parameter Sopr as
function of height of spots shown in (a).
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6.4.2 Doctor Blade Coating

Resulting Particle Films With doctor blade coating (DBC) we prepared colloidal
films made of 970 nm diameter FITC-labeled silica spheres dispersed in ETPTA. The sil-
ica spheres used here were larger compared to the silica spheres used earlier [86], which
had a size of 290-560nm. We used core-shell fluorescently labeled silica spheres, which
consisted of a fluorescently labeled silica core with a thick non-fluorescent silica shell. In
this way we were able to resolve individual silica particles during DBC. We used disper-
sions with different initial particle concentrations of 9-52.5vol% and we used different
substrate velocities between vy = 0.5 pms™! and 1000 pms™'. At 43.8 vol% and 52.5 vol%
the dispersions were crystalline without applied shear. The parameter range was chosen
such that we could compare our results with ref. 86, where a particle concentration of
20-50 vol% and substrate velocities between v, = 0.1 pms~! and 16 pms~! were used.

After DBC we examined the resulting film on four different spots using confocal mi-
croscopy. Fig. 6.8 shows confocal images of the resulting particle films obtained after
DBC. The fast Fourier transform (FFT) images in Fig. 6.8 were made by applying a 2D
FFT algorithm from Matlab (R2016a) to the images. Before applying the FFT algorithm,
we used a 2D Hann window to avoid artefacts due to the finite size of the images. For
dispersions with 8.8 vol% silica spheres, we obtained films that were one particle layer
thick for vy = 2.5 ums™ 30 pms~!. At this vol% and these substrate velocities the films
were not crystalline, see Figs. 6.8a-c. For v, = 100pms~! a thin film with crystalline
patches was obtained, see Figs. 6.8d-f. For dispersions with 17.5-52.5vol% spheres in
ETPTA we obtained crystalline films with v, = 30 pms~*-100 pm s ™!, see Figs. 6.8g-i. At
lower blade velocities we did not always obtain crystalline films, but mostly thin colloidal
films with some crystalline patches. Fully crystalline films were obtained with 35.0 vol%
particles, v, = 10 pms™!; 43.8 vol% particles, v, = 1pums™! and v, = 5pms™!; 52.5vol%
particles, vy = 2.5pums=1.

We also tested substrate velocities v, = 100 pms~' and v, = 500 pms~! for particle
concentrations of 43.8vol%. This resulted in thicker films between 8 and 16 um thick
that were crystalline in the lower part of the film, but at the top these films were not
crystalline, see Fig. 6.9a for an example. However, by blading the particle film for a
second time, with the blade ~ 10 m lifted, we obtained films that were crystalline over
the full height of the film, although these films were less thick ~ 8 pm, see Fig. 6.9b. We
also tested this double blading technique with higher substrate velocities v, = 600 pms~*
and v, = 1000pms~!. Again, this resulted in films with the top of the film being less
crystalline. All colloidal films that were crystalline showed clear Bragg reflections, see
Fig. 6.10a for an example.

We also measured the resulting thickness of the films as function of substrate veloc-
ity, see Fig. 6.10b. The thickness of the resulting particle layer increased on average
with increasing particle concentration. However, the resulting thickness was rather small:
between 2.2 pm and 16 pm thick. Previously, using similar parameters, film thicknesses
between 3 pm and 325 pm were obtained [86]. The gap height, between the blade and the
substrate, in these experiments was set to be as small as possible (~ 2m), similar as was
done in ref. 86. Varying the gap height between 2-40 pm resulted in an equally thick film
and this variation in gap height did not have any influence on the structure of the film.



124 CHAPTER 6

—> Vs
2.5 ums?

8.8 vol%

—Vs @
100 yms?t - -
8.8 vol%

—» Vs
30 um st

43.8 vol%

Figure 6.8 Confocal images of resulting film after doctor blade coating, with different blade
velocities. (a-c) vs = 2.5 pms~! and 8.8 vol% 970 nm spheres. (a) Cross section of resulting film
(b) xy-image of resulting particle film. (c) Corresponding FFT image. (d-f) vs = 100 pms™!
and 8.8 vol% 970 nm spheres. (d) Cross section of resulting film (e) zy-image of resulting par-
ticle film. (f) Corresponding FFT image showing six-fold symmetry. (g-i) vs = 30pms~! and
43.8vol%. (g) Cross section of resulting film (h) zy-image of resulting particle film. (i) Corre-
sponding FFT image showing six-fold symmetry with distinct peaks.
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Figure 6.9 Confocal images of resulting film after doctor blade coating with 43.8 vol% particles
and vs = 200 pms~!. (a) Cross section of resulting film when bladed a single time. (b) Cross
section of resulting film when bladed twice.
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Figure 6.10 (a) Bragg reflection of resulting particle film after doctor blade coating. (b) Av-
erage film thickness as a function of substrate velocity at different vol% spheres in ETPTA.
The film thickness was measured from recorded zz-confocal images at three different spots (film
length 0.5-1 cm). The error bars indicate the measured standard deviation of the measured film
thickness. The lines are a plot of equation 6.15 as a function of substrate velocity (dashed line
o =0.01Nm™! solid line 0 = 0.1 Nm™1).
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Normally, in DBC the final thickness of the film is dependent on the gap height of the
system [299, 300]. This indicates that in our case, the colloidal crystal formation during
DBC is not caused by shear force in pressure driven flow, as was argued earlier [86].

Mechanism of Doctor Blade Coating In order to investigate the colloidal crystal
formation during DBC, we used a DBC set-up that was mounted on a confocal microscope.
The set-up used here, allowed us to follow in real time and real-space the formation of
these thin colloidal films. After loading a sample on the DBC set-up, the dispersion wetted
both sides of the blade due to capillary forces and a meniscus downstream from the blade
was obtained, see Fig. 6.2c. As the substrate was moved from underneath the blade, the
meniscus was pulled away from the blade and a steady state static meniscus was formed.
The steady meniscus had a length of Az ~ 350 pm and further downstream a thin film
was formed. The blade had a width of Ay = 0.4cm and angle 6 75° with the substrate.
To analyze the flow inside the steady meniscus and in the film entrainment region, we
recorded xzt-series of the particle low near the blade and analyzed the flow pattern using
Digital Particle Image Velocimetry (DPIV), see Figs. 6.11—6.16 and the movies shown on
page 141. We used v, = 2.5 pms~! and a particle concentration of 52.5vol%. From these
xzt-series it was concluded that the crystals were not formed near the blade, but rather
away from the blade in the tail of the dispersion profile.

Movie 6.1 on page 141 and Fig. 6.11 show the flow upstream from the blade. We
observed shear flow close and parallel to the substrate, with on top a circular flow. The
movie shows that crystals were formed before the blade, but that the flow close to the blade
destroyed these crystals. Movie 6.2 on page 141 and Fig. 6.12 depict the flow underneath
the blade. The flow was highest near the substrate. Upstream from the blade and higher
up away from the substrate, the flow of particles was directed upwards. On the right,
downstream from the blade and higher up away from the substrate, the particle flow was
directed downwards and towards the blade. This can also be clearly seen in Movie 6.3
on page 141 and Fig. 6.13. About 20 pm downstream from the blade crystalline layers
were formed near the substrate and seen to slide over each other. Close to the substrate,
the flow direction and particle velocity were similar to the substrate velocity. About 4
particle layers away from the substrate, the direction of flow changed and the particle
velocity decreased significantly. This gradient in velocity close to the substrate resulted
in crystalline layers sliding over each other. Going further downstream, ~ 100 um from
the blade, we observed a similar flow pattern, see Movie 6.4 on page 141 and Fig. 6.14.
Close to the substrate the particle velocity is highest and around 8 particle layers were
sliding over each other. Higher-up the particle flow is directed upwards. Going ~ 200 pm
downstream from the blade, the steady meniscus gets thinner and most particles in the
tail of the meniscus are arranged in crystalline layers, see Movie 6.5 on page 141 and
Fig. 6.15. Only the lowest four crystalline particle layers moved in the same direction as
the substrate. Above these four particle layers the particle flow direction was opposite to
the substrate velocity, and crystalline particle layers slid the other way. Film entrainment
was observed 300 pm downstream from the blade, see Movie 6.6 on page 141 and Fig. 6.16.
Here, a particle film of around 2 particles thick was pulled out of the steady meniscus.

The transition between the steady meniscus downstream of the blade and the film
entrainment region, was observed to be quite complex. Initially, more particles were
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Figure 6.11 Flow profile during doctor blade coating upstream from the blade calculated using
DPIV. (a) Average of 200 confocal images taken upstream from the blade during doctor blade
coating of 52.5vol% at v = 2.5pms~!. (b-c) Average flow profile showing (b) the magnitude
of flow and (c) direction of flow. The color of the arrows depicts the orientation of the flow.
The flow profile was average over 200 frames (time = 84.4s and At = 0.422s). Note, that due
to a slight refractive index mismatch the scale in the z-direction is off by a few percent. See the
corresponding Movie 6.1 on page 141.

pulled away from the blade than could be accommodated in the resulting particle film.
Hence, in order to maintain a steady meniscus, fluid started to flow back at this transition
point, resulting in a somewhat complex particle flow, that breaks up the already formed
crystals, see Movie 6.7 on page 141 and Fig. 6.17. Although complex, the flow observed
here occurs at relatively low Reynolds number (Re ~ 107°) and we still have laminar
flow. The flow in DBC for Newtonian fluids is normally considered as a superposition of
shear-driven flow and pressure-driven flow [299, 300]. In case when a pressure-driven flow
is dominant, a parabolic flow profile is expected and the final film thickness is thicker than
the blade gap. Moreover, a decrease in film thickness is expected with increasing substrate
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Figure 6.12 Same as in Fig. 6.11 but centered on the blade. See the corresponding Movie 6.2
on page 141.

velocity. When a shear-driven flow is dominant, a drag or Couette flow is observed and
the final film thickness is thinner than the blade gap and not dependent on the substrate
velocity. In both cases, the blade height influences the final thickness of the film. The
flow we observed during our experiments was different from classical descriptions of flow
during DBC [299, 300, 302]. In addition, the film thickness increased with increasing
substrate velocity, but was not dependent on the height of the blade. Figure 6.18 depicts
a schematic of the flow profile observed during our DBC experiments. Close to the
substrate we found shear flow in the same direction as the substrate moves. On top of
the shear flow we found on both sides a recirculation flow. The steady meniscus observed
downstream from the blade indicates that capillary forces were important. From these
observations, we conclude that the flow observed during our DBC experiments resembles
that of Landau-Levich type flow [316], commonly seen in dip-coating of fluids. The flow
profile in Landau-Levich consists of two parts. One part being a steady meniscus, which is
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Figure 6.13 Same as in Fig. 6.11 but downstream from the blade. See the corresponding
Movie 6.3 on page 141.

controlled by surface tension and a hydrostatic pressure field. The second part is the film
entrainment region were the viscous forces are dominant. This results in a shear-driven
flow region, near the bottom of the substrate, with on top a recirculation region. Thus,
a balance exists between capillary forces and viscous forces and we can relate the film
thickness to the capillary number in the following way [316]

h = 0.9451,Ca*’3, (6.15)

with h being the film thickness, the capillary length I, = y/o/pg, with o being the fluid-air
surface tension and g the gravitational constant and the capillary number Ca = nuvg/o.
Here, it is assumed that the solvent is completely wetting the substrate. This relationship
neglects gravitational and inertial effects and is only valid in the limit of small capillary
number, which is the case in our experiments. Hence, the resulting film thickness is
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Figure 6.14 Same as in Fig. 6.11 but 100 pym downstream from the blade. See the correspond-
ing Movie 6.4 on page 141.

dependent on the viscosity, substrate velocity and surface tension of the dispersion. This
also explains why the resulting film thickness was not dependent on the blade height.

We plotted equation 6.15 as function of substrate velocity v and compared it with
the film thicknesses we obtained in experiments, see Fig. 6.10. We took p = 1200kgm 3
and n = 70 mPas, which are the density and viscosity of pure ETPTA, respectively. We
assumed that the viscosity was Newtonian and not dependent on the particle volume
fraction ¢. As we do not know the surface tension of ETPTA, we plotted equation 6.15
for both a low surface tension ¢ = 0.01Nm™! (dashed line) and a high surface tension
o = 0.1Nm™! (solid line). Although the spread in experimental data is quite large,
especially at faster blade velocities, equation 6.15 describes our experimental data rea-
sonably well. In case of slower blade velocities, we found a larger film thickness than
predicted. We argue that this happens because particles were accommodated inside the
particle film, that were larger than the predicted final film thickness [329]. Next, also
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Figure 6.15 Same as in Fig. 6.11 but 200 pm downstream from the blade. See the correspond-
ing Movie 6.5 on page 141.

surfactants (Marangoni flows), dust, and other impurities could have influenced both the
resulting flow profile and the final film thickness [330-332]. In Fig. 6.15 particles at the
air-liquid interface were observed to move downstream, instead of upstream. We expected
that the flow pattern was influenced by heat or concentration gradients at the air-liquid
interface [331]. Also, a region void of particles was observed below the air-liquid inter-
face. The exact cause for this is not known, but this can also be due to a change in flow
pattern. However, we did not expect that particle sedimentation caused this region void
of particles, as we only observed this region void of particles 200 pm downstream from the
blade. The sedimentation velocity of a single silica sphere in ETPTA is 5.12nms™!, over
the course of the experiment, 1 hour, a single sphere was expected to sediment 18 pm.

In order to fit our data to equation 6.15, we took the viscosity of pure ETPTA.
However, the viscosity of a colloidal dispersion is known to be dependent on the volume
fraction and the applied shear [66, 79, 86, 333]. Earlier experimental work [66], found
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Figure 6.16 Same as in Fig. 6.11 but 300 pm downstream from the blade. See the correspond-
ing Movie 6.6 on page 141.

that the volume fraction dependent viscosity of a dispersion of ellipsoids did not play a
significant role in determining the resulting film thickness. In similar experiments of DBC,
using smaller silica spheres, Yang et al. obtained much thicker particle films [86]. We did
not find an acceptable explanation for this discrepancy with our results. They argue, but
do not prove, that pressure driven flow determined the properties of the obtained particle
film. Therefore, with faster blading velocities, a larger pressure difference is obtained as
more dispersion accumulates upstream at the blade. This causes thicker films at faster
blade velocities. However, we observed Landau-Levich type flow with DBC using similar
conditions. In case of Landau-Levich type flow, thicker films might be explained by the
partial wetting of the liquid with the substrate [334].
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Figure 6.17 Confocal xy-images in the velocity vorticity plane at the boundary of the steady
meniscus and the region of film entrainment, 300 pm downstream from the blade. (a) Confocal
image taken in reflection mode, showing the interference pattern upstream at the left side indica-
tive of a curved interface. (b) Confocal image taken in normal fluorescence mode. Downstream,
right from the dashed line, the final particle film is formed, showing smaller crystalline domains
compared to upstream. See the corresponding Movie 6.7 on page 141.
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Figure 6.18 Schematic of the flow profile observed during DBC experiments. Substrate ve-
locity v is to the right. Note, the drawing is not to scale.
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Figure 6.19 Polymerization of particle film after DBC. Confocal images of a particle film
(a) before and (b) after 50s of UV exposure. (c) Mean square displacement before and after UV
exposure, time between frames At = 0.422 s, pixel size 47nm x 47 nm. The finite displacement
found after UV exposure is due to the error in particle tracking.

Free Standing Film of Silica Spheres To test whether we were able to obtain a
free standing film of colloids after DBC, we prepared one sample of 43.8 vol% particle in
ETPTA with 2vol% of the photoiniator Irgacure 2100 (BASF) added to the dispersion.
We prepared a particle film using a substrate velocity of vy, = 100 pms™!. After preparing
the sample, we illuminated the sample with UV light (365 nm, Thorlabs M356LP1-C2)
for 50seconds to polymerize the ETPTA. The result is shown in Fig. 6.19. The UV
light was focused on the sample with the same 63x 1.4 NA confocal objective as used for
confocal imaging, such that the intensity of the UV light was high enough to allow for
polymerization. We recorded a confocal movie of the particle film before and after UV
exposure and subsequently tracked the particles in 2D [169]. Figure 6.19¢ shows the mean
square displacement of the particles per frame before and after UV exposure. The average
drift in the sample was removed before calculating the mean square displacement. Before
UV exposure, we found a MSD that increased linear in time. As the particles were confined
to their crystal lattice position, one would expect to observe sub-diffusive behavior at
longer time scales ((Ar%(t)) ~ DY with b < 1). However, we also observed some
rearrangements of colloids within in the particle film, which contributed to an increase
in the MSD over time. This might explain why we still observed that the MSD depends
linear on time. After UV exposure the particle movement halted and the measured MSD
was not dependent on time. The finite mean square displacement found after UV exposure
is probably due to the error in finding the position of the particles by the particle fitting
code. After washing away the non-polymerized dispersion, a small free standing film
consisting of silica colloids and polymerized ETPTA remained on the bottom cassette,
see Fig. 6.20a. The steps at the sides of the colloidal film, shown in the bright field
image, show the layering of the resulting particle film. Figure.6.20b depicts a zoomed-in
fluorescence microscopy image. The hexagonal ordering of the spheres confirmed again
that the crystalline structure was maintained on a large scale after UV exposure. We do
not show it here, but it was shown in our group before [85] that the polymer could be
burned away without leaving any cracks in crystalline colloidal film.
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Figure 6.20 Resulting particle film after polymerization. (a) Bright field microscope image of
the resulting particle film after UV exposure at one focused spot. (b) Fluorescence microscopy
image, showing that the crystalline structure is maintained.
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Doctor Blade Coating with Silica Rods We performed some preliminary exper-
iments with doctor blade coating of silica rods (batch R2) dispersed in ETPTA with
¢ = 30vol% and v, = 2.5pms~!. In this way we aimed to use the shear flow to align the
silica rods in the resulting particle film. The flow pattern observed in zz-view, 350 pm
downstream from the blade, was similar to the flow pattern observed for silica spheres,
see Fig. 6.21. Close to the substrate a shear flow was found in the same direction as
the substrate velocity and on top a recirculation flow was found. The shear rate close to
the substrate (z = 0-20pm) was 4 = 0.1s7!, therefore, Pe, = 40 which is enough to
obtain alignment of the silica rods used. The alignment of silica rods inside the steady
meniscus did not directly occur during DBC, initially we found no orientational order.
Figure 6.22a shows a confocal snapshot taken ~ 300 pm downstream from the blade inside
the steady meniscus. The snapshot was taken 4 minutes after doctor blade coating was
started and we found little alignment: Sypr = 0.36. Figure 6.22b shows a snapshot
taken at the same spot, but 3 minutes later, and we observed shear alignment of the rods
close to the substrate Sy;pr = 0.89. The observed alignment inside the steady meniscus
was maintained during the whole coating process. Although we observed shear alignment
of the rods during DBC, it did not result in alignment of the rods inside the particle
film. Figure 6.23 shows the particle film after DBC and we obtain S5, = 0.55. The film
thickness was ~ 2.5 um.

We believe that at the boundary of the steady meniscus and the film entrainment
region dispersion flows back. This is needed to maintain the steady meniscus, but distorts
the alignment of rods that ended up inside the particle film. This back flow of dispersion,
was already seen to affect the crystallinity of the spherical particle film, see Fig. 6.17.

Although we did not obtain alignment of silica rods inside the resulting particle film,
we do believe that it should be possible to obtain aligned particle films using DBC. Using
a similar procedure, aligned films of smaller size ellipsoidal titania particles (~ 100 nm)
were obtained [66]. One option would be to use faster blade velocities to aim for thicker
films, see equation 6.15. With thicker film, the back flow of solvent needed to maintain
a steady meniscus, is probably less of a problem. But care should be taken as faster
substrate velocities can lead to tumbling of rods, although not much is known yet about
tumbling at higher volume fractions. Another option could be to polymerize the aligned
rods inside the steady meniscus during the process of DBC to obtain a ~ 1 cm long particle

film.
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Figure 6.21 Flow profile during DBC with R2 silica rods observed 300 pm downstream from
the blade as calculated using DPIV. (a) Average of 200 confocal images taken upstream from
the blade during DBC of 30vol% and vs = 2.5pms~!. (b-c) Average flow profile of (b) the
magnitude of flow and (c) the direction of flow. The color of the arrows depict the orientation
of the flow. The flow profile was averaged over 200 frames (time = 84.4s and At = 0.422s).
Note, that due to a slight refractive index mismatch the scale in the z-direction is off by a few
percent. See the corresponding Movie 6.8 on page 141.
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Figure 6.22 Confocal snapshots of the DBC of 30 vol% R2 silica rods, v, = 2.5 pm s~ !, 300 pm
downstream from the blade. (a) Confocal zy-image taken 4 minutes after start DBC, showing
no orientational order, S, = 0.36, # = 8°. (b) Confocal xy-image taken 7 minutes after start
of DBC, showing shear alignment S, = 0.89 and # = 6°. The color in the images indicates the
average pixel orientation. The arrows denoted v, indicate the movement of the substrate. The
double arrow in (b) denotes the nematic director.
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Figure 6.23 Confocal images of the resulting particle film after doctor blade coating with R2
silica rods. (a) Confocal zy-image, with projected S}, = 0.56 and 6 = 17°. (b) Cross section
of resulting particle film.
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6.5 Conclusion

To conclude, we showed that it is possible to obtain colloidal films with radially aligned
silica rods using spin coating. To do so, silica rods were dispersed in a 1:1v/v 1-propanol-
ETPTA solvent mixture at a particle concentration of 15vol%. During a spin coating
cycle, we started with an isotropic state that flow aligned into a para-nematic state. As
the 1-propanol evaporated the particle density in the film increased and a radially aligned
nematic-like particle film was obtained. More research is needed to optimize the protocol
to evaporate all of the 1-propanol in one spin cycle, in order to get rid of the flows that
disrupt the structure of the film. Also, more research is need to obtain a free standing
particle film by polymerization of the ETPTA, although we did show proof of principle.

Colloidal silica spheres (D = 970 nm, dp = 3%) dispersed in ETPTA at various volume
fractions at (¢ = 9-52.5vol%) were used for DBC. We obtained crystalline particle films
at particle concentrations ¢ > 17.5vol% and substrate velocities between v, = 30 pm s~
100pm s~ For ¢ > 35.0 vol% we also obtained crystalline particle films at lower substrate
velocities. Resulting particle films had a thickness between 2 pm and 16 pm.

Next, we were able to follow the process of DBC in real-space and real time by using
a modified parallel shear plate mounted on top of an inverted confocal laser scanning
microscope [323], from which the top plate was replaced by a cassette that contained a
blade oriented perpendicular to the substrate. We analyzed the observed flow profiles
during DBC using a DPIV algorithm [313].

The flow profile observed during DBC, with the parameters used here, closely re-
sembled Landau-Levich flow [316], which is also often observed during dip-coating for a
completely wetting liquid [303]. Crystalline domains were observed to form inside the
steady meniscus before they were pulled out to form a film. At the region of film en-
trainment, the large crystalline domains were broken up in smaller crystalline domains
reducing the order in the resulting film. This was probably due to back flow of solvent
into the steady meniscus at the boundary of the steady meniscus and the film entrainment
region.

We were able to obtain a free standing colloidal particle film of 300 pm x 300 pm by
using UV light to polymerize the ETPTA after DBC. In future, the size of the free standing
colloidal film could be enlarged by moving the substrate during polymerization and by
using a confocal objective with a lower numerical aperture to enlarge the spot size.

DBC of silica rods resulted in shear alignment of the rods inside the steady meniscus.
However, silica rods were not flow aligned inside the resulting particle film. We expect
that back flow of dispersion at the boundary of the steady meniscus and film entrainment
region, distorted the alignment of silica rods that ended up in the particle film. We argue
that better aligned particle films could be obtained in two ways: either by faster blading
to obtain thicker films or by local polymerization of the the aligned silica rods inside the
steady meniscus during the process of DBC.
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Appendix 6

6.A Supporting Movies

Digital version Please click on the movie titles to get directed
to the movie.

Printed version Please scan the QR code on the right to get
directed to the supporting movies.

Doctor blade coating Movies of confocal microscopy time series during doctor blade
coating are shown at different positions with respect to the blade position. Silica spheres
had a diameter D = 970nm (6p = 3%) and were dispersed in ETPTA (viscosity n = 70 mPas).
The volume fraction of the dispersion was 52.5vol%. The substrate moved with a ve-
locity vy, = 2.5pms™! to the right. The field of view in movies 6.1 and 6.3—6.8 was
106.21pm x 106.2 pm. The field of view in Movie 6.2 was 87.7 pm x 87.7 pm.

Movie 6.1 Shows a xzt-series at directly upstream from the blade. Movie is shown at
5x real time at 12 frames/s.

Movie 6.2 Shows a zzt-series underneath the blade. Movie is shown at 5x real time at
12 frames/s.

Movie 6.3 Shows a xzt-series directly downstream from the blade. Movie is shown at
5x real time at 12 frames/s.

Movie 6.4 Shows a zzt-series 100 pm downstream from the blade. Movie is shown at
5x real time at 12 frames/s.

Movie 6.5 Shows a zzt-series 200 pm downstream from the blade. Movie is shown at
5x real time at 12 frames/s.

Movie 6.6 Shows a zzt-series 300 pm downstream from the blade. Movie is shown at
5x real time at 12frames/s. Here, the dynamics at the boundary between
the steady meniscus and the film entrainment is captured.

Movie 6.7 Shows a zyt-series 300 pm downstream from the blade. Movie is shown at 4 x
real time. The movie shows how the larger crystal domains, formed inside
the steady meniscus were broken up, once the crystal domains entered the
film entrainment region.

Movie 6.8 Shows a xzt-series imaged 300 pm downstream from the blade of 30vol%
R2 rods. The movie shows the alignment of silica rods inside the steady
meniscus. Movie is shown at 5x real time at 12 frames/s.
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Shape-Dependent MultiExciton
Emission and Whispering Gallery

Modes in Supraparticles of
CdSe/MultiShell Quantum Dots

Semiconductors are indispensable as the active light-emitting element in many opto-
electronic devices. However, even the purest bulk semiconductors suffer from consid-
erable non-radiative recombination leading to low photoluminescence efficiencies. Zero-
dimensional quantum dots show a much better carrier-to-photon conversion caused by
confinement of the excitons, but suffer from non-radiative recombination when assembled
into a solid, due to exciton energy transfer. Here, we report on the shape-dependent opti-
cal properties of self-assembled supraparticles composed of CdSe/multishell nanocrystals.
All supraparticles showed stable and bright photoluminescence in ambient up to high
excitation intensities. When the supraparticles were deposited on a silicon surface their
spherical shape was deformed due to drying. These deformed supraparticles showed the
onset of whispering gallery modes in microscope images, while sharp Mie modes in the
spectrum were absent. In addition to single-exciton emission, we observed bright emis-
sion from multiexciton states at high excitation powers. In contrast, supraparticles excited
with two photon excitation did not show any bright emission from multiexciton states.
Moreover, supraparticles that retained their perfectly spherical shape show a spectrum
with sharp Mie whispering gallery modes, while multiexciton emission was absent.
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7.1 Introduction

Semiconductors are indispensable as the active light-emitting element in many optoelec-
tronic devices. However, even the purest bulk semiconductors, such as Si or GaAs [335,
336], suffer from considerable non-radiative recombination due to the long carrier or ex-
citon diffusion length, which means that excitons can wander around and find a defect
center, eventually. High photoluminescence quantum efficiencies are possible when charge
carrier and exciton diffusion are confined, such as in well-prepared quantum wells [337].
Also zero-dimensional quantum dots (QDs) can show a very good carrier-to-photon con-
version caused by confinement of the excitons in the volume of the QD. However, when
nanocrystalline QDs are assembled into a QD solid, exciton energy transfer from QD to
QD can occur, which again leads to a considerable reduction of the photoluminescence
quantum yield [338-341]. The solution of the problem has been to grow a shell, or multiple
shells, around the QD. A shell does not only passivate the QD surface but also forms a bar-
rier against exciton wandering by resonant energy transfer [342, 343], as the efficiency of
this proces scales as ~ 1/r%. Simultaneously, losses due to non-radiative Auger recombina-
tion of multiexciton states are reduced in core/shell structures. This many-body process is
based on Coulomb interactions that are enhanced in small nanocrystalline QQDs compared
to a bulk material. Moreover, the abrupt step in the confinement potential at the QD
surface, resulting in a large uncertainty in the electron and hole wave vectors, weakens the
selection rule for Auger processes and therefore enhances the rate. Only after strong multi-
exciton emission was observed in self-organized epitaxial InGaAs quantum dots [344] with
a shallow and gradual confinement potential, were colloidal analogues developed [345-349].
The same recipe that may prevent exciton energy transfer, i.e., the growth of multiple
shells around the nanocrystal, is used to make the confinement potential less abrupt, and
in this way reduce the rate of Auger recombination. Recently, suppressed Auger recombi-
nation and related to that increased multiexciton emission have been reported for several
types of specially engineered multishell nanocrystalline QDs [347, 350-355].

Here we report on the optical properties of a special type of QD solids that are assem-
bled from CdSe (core) CdS/CdZnS/ZnS (multishell) QDs. These solids have a scalable
spherical shape in the colloidal domain. Notwithstanding the (nearly) spherical shape, the
QDs in the supraparticles are ordered. Provided that such supraparticles are still emit-
ting, they would enable new designs for biological labels, light emitting diodes (LEDs)
and lighting, lasing and optical switching [348, 356-358]. Supraparticles are in literature
also referred to as superparticles, and have previously been made using roughly two path-
ways: one involves attractions such as hydrophobic forces between the articles [359-361],
and the other uses drying emulsion droplets [362, 363]. With an emulsion based method
in which self-assembly of nanoparticles takes place in droplets [364] we have prepared
supraparticles of CdSe core/multishell QDs. The supraparticles had a perfectly spherical
shape dictated by surface tension and their diameters ranged from 0.1 pm to several pm if
the particles were deposited without drying effects e.g. by sublimation of the suspending
solvent [364]. The shape was also retained when these supraparticles were deposited on
a field of ZnO nanowires. However, when these supraparticles were deposited on a silica
surface, drying forces distorted the spherical shape.
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We investigated the light emission from these supraparticles, and how it depended
on the supraparticle shape. In all cases, the supraparticles were photochemically sta-
ble in air up to high excitation intensities and showed a high photoluminescence quan-
tum yield [365]. The supraparticles featured strong blue-shifted multiexciton emission
at higher excitation intensities. Multiexciton emission was not observed when the parti-
cles were excited using two-photon excitation. Sufficiently large spherical supraparticles
(> 1.5pm) showed a constant emission spectrum over five orders of excitation intensity
with sharp peaks related to optical whispering gallery modes, while multiexciton emission
was absent. It is clear that the optical properties of QD supraparticles depend both on the
properties of the individual core-shell QDs and on collective related to the supraparticle
size and shape.

7.2 Methods

Quantum Dot and Supraparticle Synthesis The QD synthesis and the assembly
of QD’s in supraparticles were done as described earlier [364, 365]. An approximation of
the effective refractive index n.ss of the supraparticles (at 630 nm and 20°C) was made
based on the composition of the QD’s, the thickness of the capping layer and the packing
fraction of the QD’s in the supraparticles. Based on the core-size of the CdSe core and the
subsequent growth of monolayers of both CdS and ZnS, we assumed a refractive index of
n = 2.4 (1.3% CdSe, 57.1% CdS, 41.6% ZnS) [366-368]. The QD’s had a 6.2nm radius
and 1.1 nm thick oleic acid layer. The oleic acid layer took up 40% of the effective volume
and the QD 60% of the effective volume. We asumed a refractive index n = 1.46 for the
capping layer. The effective index of the QD was then calculated to be n = 2.1. We
assumed an ideal packing of ¢ = 0.74 of the QD’s in the supraparticles. We assumed
further that the remaining ¢ = 0.26 in the supraparticles is cyclohexane n = 1.43 [369].
Therefore, we estimated the effective refractive index of the supraparticles as neyr = 1.89.

Optical Measurements Optical measurements were performed on samples consisting
of dilute nanocrystal chloroform solutions (2 x 107®molL™") in either a quartz cuvette
or a capillary. We also investigated individual supraparticles lying on a 600 nm SiO,
covered Si substrate and immersed in Leica immersion oil type F, and individual supra-
particles in air lying on a bed of ZnO nanowires, that were deposited on the same Si
substrate. Five different optical setups were used: (1) An Edinburgh instruments F900
double spectrometer (Fig. 7.3a). (2a) A home-built luminescence microscope fitted with
pulsed laser excitation (Spectra Physics Explorer, 349 nm, 5ns pulse duration, 5 kHz rep-
etition rate) attenuated with neutral density filters and focused to a 50 pm full-width half-
maximum (fwhm) spot coupled to a liquid nitrogen cooled spectrometer/charge-coupled
device (CCD) (Princeton instruments) (Figs. 7.1c and 7.2 and 7.9). (2b) The same-home
built microscope but fitted with a pulsed tunable fiber laser (Opotek Opolette 355, 10 ns,
10Hz repetition rate) (Fig. 7.3b). (3a) A Leica TCS SP8 confocal microscope fitted
with an pulsed super continuum source (NKT Photonics, 5ps pulse duration, 78 MHz
repetition rate), focused to a diffraction limited spot using a 63x 1.32NA oil-immersion
confocal-objective (Leica), and PMT detection (Figs. 7.3c-d and 7.10). (3b) The same
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Leica TCS SP8 confocal microscope fitted with an ultrafast pulsed tunable IR laser (Co-
herent Chameleon Vision II; 140 fs pulse duration, 80 MHz repetition rate) (Fig. 7.4).

Electron Microscopy Scanning Electron Microscope (SEM) images were obtained
with a FEI Nova 600 nanolab (Figs. 7.1a-b).

7.3 Results & Discussion

7.3.1 Assembly of Core/Multishell Quantum Dots into Supra-
particles.

Self-assembly of the quantum dots in slowly drying oil droplets resulted in spherical
supraparticles with a diameter between 100 nm and several pm (Fig. 7.1a). When these
supraparticles were deposited on a silica substrate their shape was deformed by drying
(Fig. 7.1b), but they still emited bright red light (Fig. 7.1¢). Remarkably, when the QDs
were self-assembled into supraparticles and dispersed in water, the photoluminescence
(PL) quantum yield remained as high as 50-55%, similar to that of the individual QDs
in suspension [365]. This is in contrast with the results obtained with solids of bare CdSe
nanocrystals in which the luminescence gets nearly completely quenched [338, 370]. It
means that when assembled in a (supraparticle) solid the emitting cores of our core/shell
QDs are situated sufficiently far from each other such that quantum mechanical wave
function overlap and Forster energy transfer between the QDs are absent.

Figure 7.1 Structure of self-assembled supraparticles of CdSe (core) CdS/CdZnS/ZnS (mul-
tishell) quantum dots. (a) SEM image of an individual supraparticle, clearly showing the con-
stituent nanocrystals. (b) A 52° side view image of an individual supraparticle on a SiOg sub-
strate, showing that the shape is distorted from spherical due to drying forces. (c) Microscope
image of the supraparticles on a SiOy substrate under UV excitation at 349 nm.

7.3.2 Multiexciton Emission.

Under high-intensity pulsed laser excitation (5ns pulses at 349nm), the PL emission
spectrum of suspensions of the QDs or individual supraparticles on a silica substrate
extends to higher energies by about 240meV, (Figs. 7.2a-b). Aside from the original
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Figure 7.2 Excitation intensity dependent emission spectra of CdSe (core) CdS/CdZnS/ZnS
(multishell) quantum dots in suspension, and self-assembled supraparticles. (a) PL emission
spectra of a solution of multishell quantum dots at excitation fluences of 1.1 x 1076 Jcm™2
(black), 1.0 x 1074 Jem =2 (red), 1.0 x 1073 Jem ™2 (green) and 1.9 x 1073 J cm~2 (blue), demon-
strating the emergence of high-energy peaks at 2.12eV and 2.34 eV at intense excitation in addi-
tion to the peak at 1.98 eV already present at low excitation intensity. (b) Same as in a, but for
an individual supraparticle of 1.3 pm diameter and at excitation fluences of 1.2 x 107*J cm ™2
(black), 3.4 x 1073 Jem™2 (red), 6.2 x 1073 Jem™2 (green) and 8.2 x 1073 Jem™2 (blue).

emission centered around 1.98 eV, now also distinct peaks at 2.12eV and 2.34 eV appear
with a remarkably high intensity. By again lowering the laser excitation intensity these
peaks disappear and the spectrum reverts back to the spectrum corresponding to the
lowest excitation fluence, Figs. 7.2a-b. This shows that the extension of the emission
spectrum to higher energy is a reversible electronic effect and is not due to a structural
modification. The reversible change in emission spectrum was observed for individual
QDs in suspension as well as for supraparticles on a silica substrate. The supraparticles
were photochemically stable and a gradual deterioration of the total intensity was only
observed at very high fluences of > 1072J cm™2.

As we discuss in more detail below, the extension of the emission spectrum to higher
energy is due to emission from several multiexciton states, enabled by the suppression
of Auger rates in core/shell QDs. The fact that also in a scalable nano- to microsized
colloid particle composed of QDs Auger recombination can be suppressed efficiently, is
encouraging for high-intensity applications in lighting and biological research.

7.3.3 Excitation-Emission Properties of QDs and Supraparticles

In order to elucidate the microscopic nature of the emission bands, we performed detailed
excitation-emission spectroscopy for variable excitation intensity. Figs. 7.3 a-d present the
PL excitation-emission maps for the suspension of individual QDs (a-b) and a supraparti-
cle (c-d). The dashed blue line in Fig. 7.3e presents the excitation spectrum of the QD
solution at low intensity lamp excitation. In the energy range before the onset of CdS shell
absorption (2.4eV), a clear structure is seen originating from discrete optical transitions
in the CdSe core. At higher excitation intensities, the excitation map (Fig. 7.3b) and spec-
trum (dashed red line in Fig. 7.3¢) show the same resonances. Also the excitation-emission
maps (Figs. 7.3c-d) and excitation spectra (solid lines in Fig. 7.3¢) of a supraparticle show
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Figure 7.3 PL emission and excitation spectra as a function of excitation intensity.
(a-b) Excitation-emission maps of a quantum-dot solution at (a) low and (b) high
(~ 10 x 1073 Jem™2) excitation intensity. (c-d) Same but for an individual supraparticle on
a SiO9 substrate. (e) Excitation spectra of the quantum dot solution (dashed lines) and the
supraparticle (solid lines) for emission at 1.96 eV at low (blue) and high (red) excitation intensity,
extracted from panels a-d.

qualitatively the same behavior as the QD solution. This demonstrates that the intrinsic
exciton states are preserved when the QDs are assembled into supraparticles. We see in
Fig. 7.3e that the apparent strength of the CdS interband transitions (above 2.4 eV) was
lower at high excitation power (red) than at low power (blue). This can be understood
because at high power we saturate the single-exciton emission. Consequently, spectral
variations in absorption strength appear weaker in the high-power excitation spectrum.
The additional emission bands at high pump power blueshifted from the exciton emis-
sion, must originate from multicarrier states. These can be simple multiexciton states
of several electron-hole pairs per QD, but they can also be charged states. Multiexciton
states can be generated at high pump powers, by rapid successive absorption of multiple
photons. Indeed, the CdS shell strongly absorbs excitation light above 500 nm and fun-
nels excitons to the core. At the same time, strong excitation conditions are known to
be able to result in charge ejection (more precisely, Auger ejection from a multiexciton
state [371, 372]) leaving the QD with a net charge. This is one of the mechanisms believed
to be responsible for QD blinking.

Since the pronounced shoulders in the emission spectrum (Figs. 7.2a-b) are blueshifted
by > 150 meV with respect to the exciton emission, we conclude that they are not simply
due to S-shell biexcitons or charged single excitons (i.e. trions) because the binding
energies of these are usually no more than a few 10 meV [373]. Instead, they must be higher
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multicarrier states involving the P-shell energy levels. In conventional QDs, emission from
such states would be strongly quenched by Auger processes. We observe them in emission
by virtue of suppressed Auger recombination in our core/multishell QDs. Indeed, emission
from triexcitons and charged biexcitons [36, 349, 374-377] has been observed before in
core/shell QDs.

7.3.4 Two-photon Excitation Emission Spectrum

While we observed state filling in supraparticles during laser excitation at high pump
intensities, we did not observe any state filling using two-photon excitation (2PE), see
Fig. 7.4. The red lines show the emission spectrum of a supraparticle, excited at 470 nm
(5 ps pulse duration), at low excitation intensity (solid line, ~ 1.1 x 107% Jem™2) and high
excitation intensity (dashed line, ~ 2.1 x 107*Jecm~2). At high excitation intensity using
single photon excitation the multiexciton emission is clearly visible. The black lines show
the emission spectrum of the same supraparticle during 2PE excitation at 940 nm (140 fs
pulse duration), at low laser intensity (solid line, ~ 5 x 1072 Jem™2) and at high laser
intensity (dashed line, ~ 2 x 1072 Jcm™2). At high excitation intensity during 2PE only a
small increase in emission of the biexciton at 2.12 eV could be observed, in contrast to what
was observed for single photon excitation. At even higher laser intensities 7 x 1072 J cm 2
at 940 nm, the shape of the emission spectrum changed irreversibly and at even higher
laser intensities the supraparticle was completely destroyed by the high laser power.
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Figure 7.4 Two-photon excitation emission spectrum of supraparticles. (a) Emission spectra
of a single supraparticle for excitation at 470 nm using high (2 x 107%Jem™=2, red dashed line)
or low (1 x 1076 Jem™2, red solid line) excitation intensity and emission spectra for two photon
excitation at 940 nm using an ultra fast laser, at high excitation energy (J = 2 x 1072 Jcm ™2,
dashed black line) or low excitation energy (J = 5 x 1072 Jecm ™2, dotted black line). No state
filling was observed at high two-photon excitation intensity. (b) Confocal image of a single
supraparticle during excitation at 940 nm.

We tried to explain the difference in observed emission between 2PE and normal
excitation using the Leica TCS SP8 confocal microscope set-up using a rate-equation
model [365], which we adjusted for pulsed excitation, see Fig. 7.5. We modeled the pulsed
excitation in two successive steps, first by an population decay of 12.5ns (arrows ky, ko and
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ks, in Fig. 7.5), the time between subsequent laser pulses, secondly with a laser excitation
step (arrows P, in Fig. 7.5). The system is excited from the ground state G in to higher
states X single exciton, Xs biexciton, and X3 triexciton, via non-resonant absorption
followed by carrier cooling. We allow in the model for excited state absorption. The
excited states, X, X, and X3 decay at rates ki, ko, and ks, respectively. We use values of
k1 =1/20mns, ks = 1/1ns and k3 = 1/500 ps [378] [352]. The average number of electron-
hole pairs for one-photon excitation < N; > is given by < Ny > = Jo/hv, with J
the pump fluence (Jem™2), ¢ = 5 x 107'% cm? the absorption cross section of the QDs,
and hv = 2.64 eV the photon energy. For single-photon excitation we could show that a
steady state was reached within 10 pulses, see Figs. 7.6a-b, This is well within the pixel
dwell time during our measurements (3401s or 2.7 x 10° pulses). At low laser fluences,
Fig. 7.6a, only the single exciton state is populated. At high laser fluences, Fig. 7.6Db,
also the bi- and triexciton states and the population in these levels us higher compared
to the single exciton state. Fig. 7.6¢ shows the modeled emission intensity from each of
the three excited states as function of the excitation power. It shows that with the laser
fluence used during confocal measurements, we were indeed able to explain the observed
emission from multiexciton states. This is also clear if we look at the ratio in emission
intensity between the different state (X,/X; and X3/X), Fig. 7.6d.

7y X3
P ks
A — X
P ko
A - X
P ki
e G

Figure 7.5 A four-level rate equation model is used to simulate the consecutive population
of multiexciton states [365]. The system is excited from the ground state G in to higher states
X single exciton, Xo biexciton, and X3 triexciton at a rate P, which is non-resonant absorption
followed by carrier cooling. The excited state X, Xy and X3 decay at rates ki, ko, and ks,
respectively. We use values of k1 = 1/20ns, k2 = 1/1ns and k3 = 1/500 ps [352, 378]. We model
the experiment with pulsed excitation of 78 MHz or 80 MHz (one-photon excitation or two-
photon excitation). The average number of electron-hole pairs for one-photon excitation < Nj >
is given by < Ny > = Jo/hv, with J the pump fluence (photons/cm?), o =5 x 107'® cm? the
absorption cross section of the QDs, and hv = 2.64 eV the photon energy. The average number of
electron-hole pares for two-photon excitation < Ny > is given by < Ny > = (J/hv)202/7, with
o2 = 2600 GM (Géppert Mayer, 1 GM = 107°% cm?s), the estimated two-photon absorption
cross section from literature values of similar QDs [379-381], 7, = 140fs the pulse duration
and hv = 2.32¢€V the photon energy. We modeled the pulsed excitation in two successive steps,
first by a population decay of 12.5ns (arrows k1, ko and k3), the time between subsequent laser
pulses, secondly with a laser excitation step (arrows P).
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Figure 7.6 Rate-equation modeling of multiexciton populations. (a) The evolution of the
population of multiexciton states simulated for normal pulsed excitation (470nm) and a fluence
of J =1x107%Jcm™2. A steady state was reached after 5 laser pulses. (b) As (a), but with
a fluence of J = 2x107*Jem™2. A steady state was reached after 10 laser pulses. (c) The
simulated emission intensity for normal pulsed excitation (470nm) at steady state per pulse,
from each of the three levels as function of excitation power: I; = mn;k; [ N;(t)dt, where I;, n;,
k; and IN; are the emission, the quantum efficiency, the decay rate and the population of level
i, respectively. We assume the bright fraction of QDs in the ensemble n; = 1, 175 = 0.1, and
n3 = 0.01. The range of laser fluence plotted here, is similar as used in experiment. (d) The
ratio in emission intensity from the different states (X2/X; and X3/X;) plotted as function of
laser fluence. The excited states are indicated in the following way: the single exciton (red solid
line), of the biexcition (green dashed line), of the triexciton (blue dot-dashed line).

We employed the same rate-equation for 2PE to model the emission. We used the
following relation to calculate the average electron-hole pairs created by 2PE

2
<N2>:(J> 72

)
hv) 7,

(7.1)

with oo = 2600 GM (Géppert Mayer, 1GM = 107 cm?s), the two-photon absorption
cross section for QDs [379-381], 7, = 140fs the pulse duration, and hr = 2.32€V the
photon energy. Two-photon excitation is different from one-photon excitation as it is
dependent on the square of the fluence and the pulse duration.

Figs. 7.7a-b show that also with 2PE a steady state is reached within 10 laser pulses.
Fig. 7.7c shows the emission of QDs under 2PE once a steady state is reached (after
50 pulses) as a function of the laser fluence, with the same range laser fluence used in
experiments. In contrast to normal excitation the emission of the bi- and triexciton
state stays below the single exciton state. If we then compare the calculated emission
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ratio from the different excited states (X5/X; and X3/X;) for normal excitation and
2PE, we observe that using normal excitation, emission from the X, state becomes larger
then emission form X; state at fluences above 1.5 x 107 Jcm™2. On the other hand, in
2PE the calculated emission from X, stays below the emission from X; and is maximal
20% of the emission from Xi, see Fig. 7.7d. This is similar to what was found in the
experiment, Fig. 7.4a, here we observe an emission from X, [365] at 2.12eV at high
fluences which is only slightly larger compared to emission at low fluences. This is in
firm contrast with normal excitation, where at high fluences X5 emission became about
twice as high as X; emission, similar to what was predicted from calculations, Fig. 7.6d.
From this we conclude that the model indeed explains the differences in multiexciton
emission between normal excitation and 2PE under experimental conditions. Note, that
differences between experiment and calculations may arise for instance, from errors in
the measured laser power, the estimated two-photon absorption cross section o, assumed
quantum efficiencies n; or decay rates k;. Excitation at 800 nm, where oy is larger [381],
may result in more emission from bi- and triexciton states, provided that heating of the
sample, due to the large fluences needed for 2PE, does not destroy the supraparticles.
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Figure 7.7 Rate-equation modeling of multiexciton populations for 2PE. (a) The evolution of
the population of multiexciton states simulated for two-photon excitation (940 nm) and a fluence
of J =4 x1073Jcm™2. A steady state was reached after 5 laser pulses. (b) As (a), but with
a fluence of J = 2 x 1072Jem™2. A steady state was reached after 5 laser pulses. (c) The
simulated emission intensity for two-photon excitation in steady state per pulse, from each of
the three levels as function of excitation power. The range of laser fluence plotted here, is similar
as used in experiment. (d) The ratio in emission intensity during 2PE from the different states
(X2/X; and X3/X;) plotted as function of laser fluence. The excited states are indicated in the
following way: the single exciton (red solid line), of the biexcition (green dashed line), of the
triexciton (blue dot-dashed line).
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Figure 7.8 Onset of whispering gallery modes in a supraparticle. (a) Confocal image showing
the recorded emission between A 585-590nm (b) and A 630-635nm (right) of a supraparticle
with the size of 3 nm deposited on a silica waver, excited at 470 nm, 5 ps pulse duration and
78 MHz repitition rate, scale bar 1 pm. (c) Intensity profile of emission of emission between
A 585-590 nm (solid line) and emission between A 630-635nm (dashed line). Line profiles were
taken from dashed lines in panels (a-b). The fact that emission around 585 nm is preferentially
present at the circumference, is an indication of the onset of whispering gallery modes. However,
no spectral features in the emission spectrum could be observed for this sample.

7.3.5 Whispering Gallery Modes in Spherical Supraparticles.

Exciton and multiexciton emission was observed for supraparticles with a non-spherical
shape deposited on a silica substrate. Supraparticles deposited on a silica substrate also
showed the onset of whispering gallery modes in confocal microscope images when excited
above 2.6eV, see Fig. 7.8a. The confocal images show the luminescence from a supra-
particle, with the size of 3um, from a small emission bandwidth (AX = 5nm). At a
bandwidth of A = 585-590 nm, a higher emission intensity can be observed close to the
circumference of the particle. This indicates that there was a whispering gallery mode
present within that bandwidth. At a bandwidth of A = 630-635 nm no whispering gallery
modes were present in the confocal image. The line profile taken over the full width of the
particle, presented in Fig. 7.8c, confirms that there was only a whispering gallery mode
present around A = 585-590 nm. In this emission bandwidth, a clear dip in intensity was
observed in the center of the particle, while this was not observed for the other emission
bandwidth. In this case, a whispering gallery mode was only observed from these con-
focal images. Conversely, we did not observe Mie modes in the emission spectrum. The
exact reason for the absence of Mie modes is unclear. This can be due to several reasons:
roughness of the surface of the supraparticle, dust around the particle, the outcoupling of
light via the silica substrate n ~ 1.46, or irregularities in the dome-like shape.

In contrast, when the supraparticles particles were deposited on a field of upstanding
Zn0O nanowires their spherical shape was retained. Most likely, this is caused by the fact
that as during drying the water was drained through the layer of rods (see Fig. 7.9a)
avoiding deformation of the spherical supraparticles. Not only the microscope images
of individual supraparticles showed the signs of whispering gallery modes (Fig. 7.9b),
also their emission spectra showed sharp peaks in the energy region around 2eV at all
pump powers (Fig. 7.9c). Similar whispering gallery modes were observed previously
with much larger silica microspheres on which quantum dots were adsorbed [382, 383].
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Figure 7.9 Mie whispering gallery modes in supraparticles. (a) SEM image of a supraparticle
lying on a field of ZnO nanowires. (b) Microscope image of a supraparticle on ZnO nanowires un-
der pulsed excitation (78 MHz, 140 ps pulse duration) at 485 nm, showing more intense emission
at the circumference owing to whispering gallery modes. (c¢) PL emission spectra of four supra-
particles of different radius, showing spectral features related to the whispering gallery mode
structure. (d) Free spectral range A\ of the modes versus the supraparticle radius 7p4. The
red lines are a fit to AN = A\2/(27rpayneyss), with an effective refractive index n.rr = 1.89 (solid
line) or an effective refractive index of nsr = 1.82 V 1.96 (dashed lines). The asterisks () in (c)
indicate modes belonging to mode families with incremental quantum number. (e) Two emission
spectra of an individual supraparticle, one at low excitation fluence (1.06 x 1072 Jem ™2, blue)
and one at orders of magnitude higher excitation intensity (9.7 x 107*Jcem™2, red). (f) The
integrated PL emission intensity as a function of the pump fluence. There is a linear dependence
over 6 orders of magnitude in fluence.

From the peak widths we derived a quality factor of the whispering gallery modes of
Q = fwhm/X ~ 100.

Fig. 7.9d presents the free spectral range of the modes (for instance, those indicated
with asterisks (x) in Fig. 7.9¢) plotted as function of the radius of the supraparticles.
The line gives the free spectral range calculated for whispering gallery modes in spheres
of varying diameter using AN = A?/ (27rpauness), with an effective refractive index
nefs = 1.89 and the emission wavelength A = 630 nm.

We calculated the wavelength-dependent scattering using Mie theory, in order to get
an idea of the whispering gallery modes that can be present in the particles. Figs. 7.10a-b
present the wavelength-dependent scattering for sizes of supraparticles equal to those of
which the PL emission spectra are shown in Fig. 7.9c, for a n.sy = 1.89. When we
overlaid Figs. 7.9c and 7.10a, we concluded that the experimentally observed Mie modes
do not exactly coincide with these theoretical calculations. Also, when a slightly different
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Figure 7.10 Calculations on the scattering of light of supraparticles using Mie theory. Calcu-
lations were done for supraparticles in air n = 1.00. (a) Calculations of the scattering of supra-
particles for different particle sizes using an effective refractive index n.ry = 1.89. (b) Calcula-
tions of the scattering of supraparticles with a slight size difference using an effective refractive
index nerr = 1.89. (c) Calculations of the scattering of supraparticles for different particle sizes
using an effective refractive index nqry = 1.96.

effective refractive index n.sy = 1.96 was used to calculate Mie scattering, we obtained
a complete different spectrum for the whispering gallery modes, presented in Fig. 7.10c.
This shows how sensitive the calculations are for changes in n.sr. Moreover, sizes of
supraparticles were determined using microscope images. The resolution of the microscope
images is ~ 250nm. This makes an accurate determination of the size of the particles
(within ~ 20 nm) from these microscope images difficult. However, Fig. 7.10b shows that
even small changes (~ 10nm) in the size of the supraparticles result in considerable shifts
in the position of the calculated whispering gallery modes of around ~ 10nm, Fig. 7.10b.
Therefore, in this case, predictions on the exact position of whispering gallery modes using
Mie theory proved to be difficult.

Remarkably, the shape of the experimental emission spectrum remained perfectly con-
stant over 5 orders of excitation intensity (Fig. 7.9e). This also means that, unlike for
the deformed supraparticles, multiexciton emission did not occur at higher excitation in-
tensities. This difference might be related to the higher density of optical states (DOS;
averaged over the emission spectrum of the QDs) due to the Mie resonances in a supra-
particle. A higher DOS leads to faster decay rates for all single and multiexciton states.
Consequently, the fluence required to reach a considerable multiexciton population can
become much higher. The unchanged shape of the emission spectrum with sharp peaks
related to whispering gallery modes also shows that there is no gain for these modes.
Indeed, Fig. 7.9f shows that the intensity of the entire spectrum increases linearly with
the excitation intensity. The reason for the absence of gain and lasing is not yet clear. It
might be related to the relatively small diameter of our supraparticles (maximum 3 pm),
as radiative losses increase with decreasing diameter of spheres [384]. Moreover, surface
absorption of contaminants, inhomogeneities, surface roughness can significantly decrease
the quality factor of the whispering gallery modes [384]. It can also be due to optical
coupling of the supraparticles with the supporting ZnO nanowires [385, 386]. In a recent
publication, using similar core-shelled QDs, lasing of these QDs was observed [387]. This
indicates that lasing from individual supraparticles is feasible and that it is a matter of
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times before lasing can be observed in these supraparticles. New experiments are currently
performed.

7.4 Conclusion

In summary, we have demonstrated that quantum dot supraparticles with a non-spherical
(and most likely less regular / smooth) shape show stable and bright broadband emis-
sion from exciton and multiexciton states. During 2PE, multiexciton emission was hardly
observed due to the very low cross section for two-photon absorption at 940 nm. Spher-
ical supraparticles emit from whispering gallery modes fed by the lowest exciton states.
Individual supraparticles, which can be made with diameters from 100 nm to microm-
eters, can have high potential in applications varying from bio-labeling to integration
with waveguides in silicon nitride opto-electronics. Moreover, although lasing from these
supraparticles was not observed yet, we believe that finding the conditions such that
the Mie modes, that we found, also show gain and finally lead to supraparticle lasing
is a question of time. Finally, we remark that spherical supraparticles are colloids, for
which microfluidic methods are available to reduce the size dispersion. This means that
it should be possible to assemble the supraparticles in a third step in the hierarchy, to
form photonic-crystals for optical wavelengths. Hence our results also open new versatile
three-step routes for scalable fabrication of photonic structures.
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Summary

This thesis deals with the directed assembly of colloidal rods, spheres and their mixtures.
Colloids are particles with a mesoscopic size which are dispersed in a continuous phase.
Think of the fat droplets and proteins floating inside milk. Both the colloid and the
continuous phase can be made of either a gas, a liquid or a solid. Self-assembly of colloids
into colloidal crystals can be guided by external fields, to overcome kinetic barriers that
prevent the system to reach the state of lowest free energy. This process is usually called
directed assembly. In this thesis we study the directed assembly of colloids in external
fields such as gravity, electric fields and shear flow.

Chapter 2 describes the colloidal synthesis, colloidal dispersions and the imaging
techniques that are used in this thesis.

Chapter 3 and Chapter 4 describe the sedimentation of a binary mixture of silica
rods and spheres.

In Chapter 3 we determine the experimental phase diagram, of a binary mixture
of silica rods and spheres that form an Smsy-phase. The phase diagram was determined
from sedimentation-diffusion equilibria using confocal microscopy. In this way we were
able to directly determine thermodynamic quantities such as osmotic pressure, and local
and global order parameters. The results were compared with results from Monte Carlo
simulations of hard spheres and hard rods in bulk. Next to that, we showed that we are
able to align the Smy-phase with an ac electric field. Moreover, we measured the diffusion
of spheres inside the Smsy-phase and showed that the Smy-phase was a stable phase and
not kinetically trapped.

In Chapter 4, the sedimentation dynamics of binary mixtures of silica rods and
spheres were followed over time. We investigated two systems: in the first system the
diameter of silica spheres o is smaller than the diameter of the rods D, 0/D = 0.66, and
the mixture forms a binary smectic phase; in the second system the diameter of the silica
spheres is larger than the diameter of the rod ¢/D = 1.58. The first system showed
that the binary smectic phase nucleated from a nematic layer of rods at the bottom of
the sample, once the pressure and volume fraction of rods were high enough. Moreover,
we found an interplay between the sedimentation of rods and sedimentation of spheres.
As the concentration of spheres increased at the bottom of the sample, the sedimentation
of rods slowed down. The bottom rod-rich sediment then pushed the spheres upwards.
In the second system a transition occurred upon sedimentation from a homogeneously
mixture of colloids to a heterogeneously mixture. Here, bundles of aligned rods appeared
inside the dense sediment and the overall bundles orientation was random. Over time the
overall structure of the sediment did not change much. This indicated that perhaps the
system was kinetically trapped.

In Chapter 5 the electrophoresis of fluorescently labeled silica particles was inves-
tigated on the single particle level using confocal microscopy. We showed that using
crosscorrelation as an image analysis technique, we can decrease the measurement time
of micro-electrophoresis experiments. For silica rods this method is only valid ka > 10,
where k71 is the double layer thickness and a the radius of the rod associated with the
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diameter. We determined the electrophoretic mobility and the zeta-potential ({) of these
particles. At lower ka, rod-like particles do not move uniformly in the electric field, but
exhibit a velocity that depends on the angle between the long axis of the rod and the
electric field. We measured this anisotropy in the electrophoretic mobility of individ-
ual silica rods during electrophoresis as function of ka and compared these results with
theoretical predictions. We showed that even at already relatively high xa, when the
Smoluchowski limiting law is assumed to be valid (ka > 10), an orientation dependent ve-
locity was found. Furthermore, we observed that at decreasing values of ka the anisotropy
in the electrophoretic mobility of the rods increases. However, in low polar solvents with
rka < 1 this trend was reversed: the anisotropy in the electrophoretic mobility of the
rods decreased. We argue that this decrease is due to the fact that end effects start to
play a role, which was already predicted theoretically. When end effects are not taken
into account, this will lead to strong underestimation of the experimentally determined
zeta-potential.

In Chapter 6 shear alignment was used to direct the assembly of thin films of ordered
silica rods or spheres. In the first part of the chapter spin coating was used to obtain thin
films of colloidal rods, whith the silica rods radially aligned along the direction of flow.
This was done by using a dispersion of rods dispersed in a mixture of a liquid acrylate
monomer and 1-propanol. In the second part of the chapter doctor blade coating was
used to obtain crystalline colloidal films made of silica spheres, that were dispersed in a
liquid acrylate monomer. The process of doctor blade coating was visualized in real-time
with a confocal microscope, such that we were able to investigate shear alignment and
the flow behavior of the dispersion during doctor blade coating. It was established that,
in our case, capillary forces determined the properties of the obtained crystalline colloidal
film and we observed Landau-Levich flow. Moreover, we were able to make the crystalline
colloidal film permanent by polymerizing the liquid monomer using UV-light.

To conclude, in Chapter 7 the optical properties of supraparticles consisting of core-
multishell quantum dots were investigated. When quantum dots are packed together
in a solid, they normally suffer from non-radiative recombination and their efficiency
decreases. The supraparticles composed of CdSe/multishell nanocrystals did not suffer
from non-radiative recombination, due to the additional shells of semiconductor grown
around the particle, which have a larger energy gap £, reducing exciton energy transfer.
All supraparticles showed stable and bright photoluminescence in ambient up to high
excitation intensities. In addition to single-exciton emission, we observed bright emission
from multiexciton states at high excitation powers. In contrast, supraparticles excited
with two photon excitation did not show any bright emission from multiexciton states.
Furthermore, the supraparticles exhibit shape-dependent optical properties. When the
supraparticles were deposited on a silicon surface their spherical shape was deformed due
to drying. These deformed supraparticles showed the onset of whispering gallery modes
in microscope images, while sharp Mie modes in the spectrum were absent. Moreover,
supraparticles that retained their perfectly spherical shape showed sharp Mie whispering
gallery modes in their spectrum, while multiexciton emission was absent.



Samenvatting voor een breed publiek

De titel van dit proefschrift luidt ‘Gerichte organisatie van colloidale staven, bollen en
hun mengsels’. Hieronder zal ik proberen uit te leggen wat colloiden zijn en wat er zo
interessant is aan de gerichte organisatie van colloidale bollen en staven. En daarnaast
kan je hier per onderzoeksproject een samenvatting vinden van de resultaten.

Colloiden Colloiden zijn deeltjes met een grootte van enkele nanometers (1 nm = 107" m)
tot enkele micrometers (1 pm = 107%m). Vaak hebben colloidale deeltjes de vorm van een
bol, maar ze kunnen ook een andere vorm hebben, zoals een staaf of een kubus. Deze deel-
tjes ‘zweven’ rond in een medium, ook wel de continue fase genoemd. Zowel de colloid als
de continue fase kan bestaan uit een gas, vloeistof of vaste stof. Door de grootte van een
colloidaal deeltje hebben zowel krachten van buiten als de warmtebeweging van moleculen
en atomen uit de continue fase een grote invloed op hun beweging. Samen vormen de
colloidale deeltjes en de continue fase een suspensie. Colloidale deeltjes kom je dagelijks
tegen. Je vindt ze in bloed, melk, mayonaise, verf en tandpasta. Kennis over suspensies
is dus van groot belang in de levensmiddelenindustrie, maar ook voor verfproducenten en
de medische sector.

Brownse beweging en diffusie In vergelijking met atomen en moleculen (1 atoom
~ 0.1nm) zijn colloidale deeltjes relatief groot en traag. Daardoor kunnen we colloiden
goed waarnemen met optische microscopen. Als je met een microscoop naar een colloidaal
deeltje in een vloeistof zal kijken, zal je zien dat dit deeltje een dronkemanswandeling
maakt. Door de warmtebeweging van moleculen en atomen uit de continue fase botsen
deze voortdurend tegen de colloiden aan. Door fluctuaties in deze botsingen is de kracht
op een deeltje niet altijd uniform, en dit resulteert in de Brownse beweging. De Brownse
beweging veroorzaakt de diffusie van colloiden, de verplaatsing van een deeltje over de
tijd. De afstand die een colloidale deeltje aflegt door diffusie hangt af van de tijd, de
grootte van het deeltje en de stroperigheid (viscositeit) van de continue fase.

Zelforganisatie en gerichte organisatie Colloiden kunnen dienen als modelsysteem
voor atomen en moleculen. Dit komt doordat colloiden net als atomen en moleculen
worden beinvloed door de warmtebeweging en doordat we ze goed kunnen bestuderen
met een optische microscoop. Colloiden kunnen ook net als atomen en moleculen zich
ordenen in een regelmatig rooster als de concentratie van deeltjes hoog genoeg wordt.
Dit heet zelforganisatie. Hiervoor dienen deze colloiden wel allemaal dezelfde grootte
te hebben, ze zijn dan monodisperse. Doordat colloiden relatief groot zijn kunnen we
ze ook relatief makkelijk manipuleren met krachten van buiten, zoals de zwaartekracht,
elektrostatische krachten en krachten door stroming van de continue fase. We kunnen de
zelforganisatie van colloiden in regelmatige structuren sturen met deze externe krachten,
zodat ze zich ordenen in de gewenste structuur. Dit proces heet gerichte organisatie. In
dit proefschrift gebruiken we zowel de zwaartekracht (hoofdstuk 3 & 4), elektrische velden
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(hoofdstuk 3) als ook stroming (hoofdstuk 6) voor de gerichte organisatie van colloiden
in regelmatige structuren.

Dubbellaag De staafjes en bolletjes die ik gebruikt in dit proefschrift zijn gemaakt van
silica (SiO3), hetzelfde materiaal als waar zand uit bestaat en waar glas van is gemaakt.
Silica staafjes en bolletjes hebben een negatief geladen oppervlak en wanneer ze elkaar
raken plakken ze niet onomkeerbaar aan elkaar vast. Dit komt doordat twee gelijksoor-
tige elektrische ladingen elkaar afstoten. Op welke afstand twee ladings gestabiliseerde
deeltjes elkaar al kunnen voelen, hangt af van de reikwijdte van de oppervlakte lading.
De reikwijdte van de oppervlakte lading wordt ook wel de elektrochemische dubbellaag
genoemd. De dikte van de dubbellaag, hangt af van de polariteit van de continue fase en
de concentratie ionen in de continue fase. Dit verschil in polariteit tussen water en olie
betekent dat in olie de oppervlakte lading van een colloidaal deeltje verder kan dragen
dan in water. Twee gelijksoortige ladingen zullen elkaar dan al op een grotere afstand
‘voelen’ en dus afstoten. Als er zout aan de continue fase is toegevoegd, dan schermen de
ionen van het zout de lading af en draagt de lading ook minder ver. Door het oplosmiddel
te veranderen en de concentratie ionen te variéren, kan je de dikte van de dubbellaag
variéren van enkele nanometers tot enkele micrometers dik. Dit hebben we gedaan in
hoofdstuk 5.

Wanneer je een continue fase gebruiken die lijkt op water en je genoeg zout toevoegd
om de lading van de deeltjes af te schermen dan wordt de afstand waarover de deeltjes
elkaar afstoten relatief klein (over enkele nanometers) ten opzichte van de afmetingen van
de deeltjes (rond de micrometer). Dit hebben we gedaan in hoofdstuk 3 & 4. De silica
deeltjes gedragen zich dan als deeltjes met een hard-bollen potentiaal.

Harde-bollen Deeltjes met harde-bollen potentiaal ‘voelen’ elkaar niet als ze elkaar
niet raken: er is geen aantrekkingskracht of afstotingskracht tussen de deeltjes. Echter,
op het moment dat de deeltjes elkaar raken dan kunnen de deeltjes niet worden ingedrukt,
net als biljart ballen. Aangezien de deeltjes elkaar alleen voelen als ze botsen met elkaar
(ten gevolge van de Brownse beweging) hangt hun ordening alleen af van de dichtheid
van de deeltjes (het aantal deeltjes per volume eenheid). Afhankelijk van de dichtheid
van monodisperse bolvormige deeltjes zijn er twee fases: een vloeibare fase en een vaste
kristal fase. In de vloeibare fase is er geen lange-afstand-ordening van de bolletjes. In
de kristal fase organiseren de deeltjes zich daarentegen in een piramide rooster, zoals
vroeger kanonskogels gestapeld werden. Dit kan op twee manieren, volgens een kubisch
vlakgecentreerd rooster (Engels: face center cubic latice, fcc) of volgens een hexagonaal
rooster (Engels: hezxagonal close packed latice, hep).

Vloeibare kristallen Door de niet ronde vorm van staafjes (anistrope vorm), bepaalt
niet alleen de positie, maar ook de oriéntatie van de staafjes de structuur die wordt
gevormd. Daarom kunnen staafjes met een harde-bollen potentiaal ook nog andere fases
vormen dan alleen een vloeibare fase en een kristal fase. Tussen de vloeibare fase en de
kristal fase vormen zich nog vloeibare kristallijne fases. Deze fases hebben eigenschappen
van zowel de vloeibare als de kristal fase. Ook andere anisotrope deeltjes, zoals colloidale
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schijfjes, vormen vloeibare kristallijne fases. Staafjes kunnen een nematische, smectische
of een columnaire vloeibare kristallijne fase vormen. De vloeibare fase heet bij staven
ook wel de isotrope fase, in deze fase is er geen ordering in positie of oriéntatie. In
de nematische fase is er geen ordening in de positie, maar wel in de oriéntatie van de
staafjes. De staafjes wijzen gemiddelde allemaal dezelfde kant op, deze voorkeursrichting
wordt doorgaans aangeduid met 7. In de smectische fase wijzen de staafjes ook allemaal
dezelfde kant op, en daarnaast zijn ze ook geordend in smectische lagen. Binnen deze
lagen is er geen ordening en gedragen de staafjes zich als een vloeistof. Daarnaast bestaat
er ook een columnaire fase waarbij de staafjes hexagonaal geordend zijn in het vlak, maar
waarbij de staafjes niet zijn geordend in lagen. De staafjes zijn uitgelijnd in ‘treintjes’ die
langs elkaar heen kunnen glijden. In de kristal fase wijzen de staafjes allemaal dezelfde
kant op en is er in drie richtingen lange-afstand-ordening. Een schematische weergave van
deze fases is afgebeeld in figuur 1.
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Figuur 1  Schematische weergave van staafjes in verschillende vloeibare kristallijne fases;
boven zijn de staafjes weergeven parallel aan de voorkeursrichting 7t van de staafjes, onder
loodrecht op de voorkeursrichting 7t van de staafjes.

Colloidale fotonische kristallen Regelmatige structuren van colloiden kunnen een
speciale interactie met het licht hebben, het zijn daardoor fotonische kristallen. Dit
gebeurt wanneer de structuren variaties in de brekingsindex van het licht hebben ter
grootte van de golflengte van het zichtbare licht. De golflengte van het licht bepaald de
kleur die je ziet. Fotonische kristallen komen ook voor in de natuur. Zoals de vleugels van
een Morpho vlinder, die een iriserende blauwe kleur hebben. De kleur en intensiteit van
de vleugels verandert met de waarnemingshoek. Deze kleur wordt niet door een pigment
(kleurstof) veroorzaakt (zoals de kleurstoffen die worden toegevoegd aan levensmiddelen,
of welke gebruikt worden in verf), maar door de regelmatige structuur van de vleugel
ter grootte van de golflengte van het licht. Door de regelmatige structuur kunnen niet
alle golflengtes van het licht worden doorgelaten. Dit is athankelijk van de hoek waarop
het licht invalt. Hierdoor zie je onder bepaalde hoeken een verhoogde reflectie van licht
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wat niet wordt doorgelaten, zoals bijvoorbeeld de iriserende blauwe kleur van een Morpho
vlinder. Ook het edelsteen opaal is een natuurlijk fotonische kristal. Opalen zijn colloidale
fotonische kristallen en zijn miljoenen jaren geleden gevormd door monodisperse bolletjes
van amorfe silica (SiO3). Ook bij een opaal zijn de kleuren die je waarneemt afhankelijk
van de richting waarin je naar het opaal kijkt.

Colloidale fotonische kristallen kunnen toegepast worden in bijvoorbeeld beeldscher-
men, chemische en biologische sensoren en antireflectie coatings. Er wordt daarom veel
onderzoek gedaan om deze colloidale kristallen ook in het laboratorium te maken door ge-
bruik te maken van de zelforganisatie en gerichte organisatie van monodisperse colloidale
deeltjes.

Confocale microscopie In dit proefschrift gebruiken we confocale microscopie om col-
loidale bollen en staven te bestuderen. Dit is een techniek waarbij een laser wordt gebruikt
om een monster te belichten. Doordat er in de deeltjes die we gebruiken een fluorescerende
stof is ingebouwd, gaan de deeltjes fluoresceren. Dit fluorescerend licht wordt vervolgens
door een detector opgevangen. De bolletjes en staafjes konden goed worden onderscheiden
omdat er in de bolletjes een andere fluorescerend stofje zit ingebouwd dan in de staafjes,
ze fluoresceren daarom elk op een verschillende golflengte, zie figuur 2b. Bij een confocale
microscope valt alleen fluorescerend licht op de detector wat uit het focale vlak komt.
Hierdoor kunnen we op verschillende hoogtes dunne plakjes beeld opnemen van het mon-
ster. Door verschillende plakjes beeld achterelkaar op te nemen, kan er een 3D beeld
worden gereconstrueerd van het monster. In dit proefschrift gebruiken we vaak computer
algoritmes om beelden opgenomen met confocale microscopie te analyseren. Zo kunnen
we bijvoorbeeld de locatie van de deeltjes en de orientatie van de staafjes bepalen uit
2D en 3D beeld, waardoor we bijvoorbeeld de precieze structuur van monsters kunnen
bepalen, zie figuur 2a. Maar we kunnen ook aan de hand van filmpjes het pad volgen
dat een deeltje aflegd in de tijd of de snelheid van een deeltje bepalen. Hierdoor kunnen
we bijvoorbeeld volgen hoe deeltjes bewegen in een elektrisch veld (hoofdstuk 5) of hoe
deeltjes bewegen als een suspensie wordt uitgesmeerd over een oppervlak (hoofdstuk 6).

Mengsel van colloidale bollen en staven In hoofdstuk 3 & 4 hebben we onderzocht
hoe mengsels van colloidale staven en bollen zich ordenen in verschillende fases onder
invloed van de zwaartekracht en wat voor een structuren er worden gevormd bij verschil-
lende dichtheden en mengverhoudingen van bolletjes en staafjes. In hoofdstuk 3 laten we
zien dat silica bolletjes en staafjes een binaire smectic fase kunnen vormen. In deze vloei-
baar kristallijne fase vormen de staafjes smetische lagen en tussen de lagen bevinden zich
de bolletjes in vloeibare fase. Een weergave van de binaire smectische fase is afgebeeld in
figuur 2.

Mengsels van colloidale bollen en staven onder de invloed van zwaartekracht
In hoofdstuk 3 & 4 maken we gebruik van de zwaartekracht om de dichtheid van de deeltjes
te variéren. Doordat de silica deeltjes een hogere dichtheid hebben dan de continue fase
waarin ze in zitten, zakken de deeltjes naar de bodem. Na verloop van tijd onstaat er
verdeling in dichtheid, op de bodem zijn de deeltjes heel erg geconcentreerd maar hogerop
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Figuur 2 De binaire smectische fase (a) getekend met de computer aan de hand van de
coordinaten van de deeltjes verkregen uit confocale microscopie data. (b) Een confocaal mi-
croscopieplaatje van de binaire smectische fase, de silica staafjes zijn groen gekleurd, de silica
bolletjes zijn roze gekleurd, net als in (a).

neemt de dichtheid van deeltjes af. Dit komt omdat de deeltjes nog steeds onderhevig
zijn aan de Brownse beweging, waardoor de deeltjes nog kunnen diffunderen. Dit is
een sedimentatie-diffussie evenwicht, waarin de mate van diffussie langs de as van de
zwaartekracht gelijk is aan de sedimentatie. Je kan deze dichtheidsverdeling vergelijken
met de dichtheid van lucht in de atmosfeer (barometrische hoogteverdeling). De meeste
mensen hebben deze barometrische hoogteverdeling van de aardse atmosfeer wel eens
opgemerkt, in het hooggebergte is de lucht veel ijler waardoor je meer moeite hebt met
ademen. Omdat de moleculen in lucht vele malen lichter zijn, is de zwaartekracht die er
op werkt minder en is de dikte van de aardse atmosfeer wel ~ 100 km in tegenstelling tot
de hoogte van ons colloidaal sediment ~ 150 pm.

Nu hebben we eerder opgemerkt dat het fase gedrag, van de colloiden die worden
gebruikt in dit proefschrift, alleen athankelijk is van de dichtheid van de deeltjes. Hierdoor
kan je je misschien wel voorstellen dat je in een sediment van enkel staaf- of bolvormige
deeltjes alle mogelijke fases kan waarnemen. In het geval van een mengsel van staafjes en
bolletjes ligt het wat complexer. Het fase gedrag is niet alleen afhankelijk van de dichtheid
van deeltjes maar ook van de verhouding van staafjes en bolletjes op elke hoogte. In
sedimentatie-diffusie evenwicht is de uiteindelijke verhouding bolletjes en staafjes in het
sediment niet overal gelijk maar verschilt het per hoogte. Dit komt doordat bolletjes
en staafjes niet hetzelfde gewicht hebben en daardoor ook een verschillende sedimentatie
snelheid en diffussie snelheid (ten gevolge van de Brownse beweging) hebben.

In hoofdstuk 3 hebbben we het fase gedrag van bolletjes en staafjes onderzocht onder
de invloed van de zwaarte kracht. Dit hebben we gedaan door mengsels van verschillende
bol/staaf verhoudingen te laten sedimenteren en door van het resulterende sediment van
~ 150 pm hoog in sedimentatie-diffussie evenwicht een 3D beeld met de confocale micro-
scoop op te nemen. Uit het 3D beeld hebben we aan de hand van computer algoritmes de
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positie en oriéntatie van de deeltjes in het 3D beeld bepaald. Hierdoor konden we op elke
hoogte vrij precies de structuur en fase bepalen (isotroop, nemaat en binair smectisch).
Op deze manier konden we fysische grootheden bepalen, die normaal niet makkelijk uit
experimenten te verkrijgen zijn. Door ons onderzoek konden we het experimentele fasedi-
agram bepalen in het 2-dimensionale vlak van de druk P en de compositie z,,,. We weten
zo onder welke omstandigheden de binaire smectische fase precies ontstaat. Daarnaast,
konden we dit experimentele fasediagram vergelijken met een fasediagram verkregen uit
computer simulaties. In de simulaties hebben we deeltjes voorgesteld als harde-bollen.
Hierdoor hebben we kunnen bevestigen dat er geen aantrekkingskrachten nodig zijn om
de binaire smectische fase te vormen. De harde-bollen afstoting alleen is genoeg om de
binaire smectische fase te vormen.

Dynamica van mengsels van colloidale bollen en staven Doordat we een viskeuze
continue fase gebruiken, duurt het een paar weken voordat een sedimentatie-diffussie
evenwicht is bereikt. In hoofdstuk 4 hebben we een monster van bolletjes en staafjes
op verschillende tijdstippen onderzocht voordat een sedimentatie-diffussie evenwicht is
bereikt. Zo hebben we kunnen onderzoeken hoe een binaire smectische fase zich in de
tijd vormt. Uit het onderzoek is gebleken dat wanneer de staafjes dichtheid op de bodem
groot genoeg is, we een fase overgang zien van een isotrope fase naar een nematische
fase. Deze nematische fase vormde zich aan de bodem van het monster, dit proces heet
heterogene nucleatie. Als de dichtheid van colloidale deeltjes door sedimentatie dan nog
groter wordt, dan vindt er een fase overgang plaats van een nematische fase naar een
binaire smectische fase. De binaire smectische fase vormde zich op verschillende plekken
binnen het al gevormde nemaat, dit proces heet homogene nucleatie. Ook hebben we in
hoofdstuk 4 de sedimentatie onderzocht van een bolletjes en staafjes mengsel waarbij de
diameter van de bolletjes groter was dan de staafjes diameter. Uit ons onderzoek bleek
dat er dan geen binaire smectische fase werd gevormd, maar dat er een andere structuur
werd gevormd. Doordat de dichtheid van deeltjes op de bodem langzaam groter werd,
zagen we wel een overgang van een homogeen mengsel van bolletjes en staafjes, naar een
heterogeen mengsel met daarin kleine clusters van staafjes. Over de tijd veranderde de
heterogene structuur van het sediment niet naar een meer geordende structuur, maar
vond er ook geen fase scheiding plaats. Daarom denken we dat in dit geval het systeem
kinetisch vast zit. Hiermee wordt bedoeld dat de thermische fluctaties in de energie te
klein zijn om via zelforganisatie een geordende structuur te vormen.

Elektroforese Als er met gelijkspanning een elektrisch veld op een suspensie met la-
dings gestabiliseerde colloiden wordt gezet, dan zullen de colloiden naar een tegenover-
gestelde geladen elektrode bewegen. Deze beweging heet elektroforese en deze techniek
wordt gebruikt in laboratoria om eiwitten, DNA of RNA fragmenten te scheiden aan de
hand van hun lading en grootte. In hoofdstuk 5 hebben we door middel van elektroforese
de oppervlakte lading van colloidale staven en bollen gemeten. De hoeveelheid lading aan
het oppervlak is een mate voor de stabiliteit van het colloidale deeltje in de oplossing en
bepaald hoe sterk twee deeltjes elkaar afstoten. In hoofstuk 5 beschrijven een alternatieve
manier om de oppervlakte lading van colloidale deeltjes te bepalen met de confocale mi-
croscoop. Deze alternatieve manier is sneller dan de manier die voorheen werd gebruikt
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om electroforese metingen te doen met de confocale microscoop. Maar deze methode is
voor staafjes alleen van toepassing als de dubbellaag relatief dun is ten opzichte van de
staaf diameter.

Daarnaast hebben we in hoofdstuk 5 onderzocht hoe colloidale staven zich bewegen in
een elektrisch veld afhankelijk van de dikte van de dubbellaag. De dikte van de dubbellaag
hebben we veranderd door het oplosmiddel te veranderen en de concentratie ionen in de
continue fase te veranderen. We hebben gevonden dat wanneer de staafjes een dunne
dubbellaag hebben ten op zichte hun diameter, de staafjes min of meer in een rechte lijn
door het elektrisch veld bewegen. Maar als de dikte van de dubbellaag groter wordt,
dan zien we dat de richting waar in het staafje beweegt afhankelijk is van de hoek die
het staafje heeft met het elektrisch veld. Door de Brownse beweging kan het staafje
vrij roteren en verandert de hoek die het staafje heeft met het elektrisch veld in de tijd.
Daardoor verandert met de tijd dus ook de richting waarin het staafje beweegt. Het lijkt
dan net alsof de staafjes een kant op zwemmen. De metingen van ons onderzoek kwamen
grotendeels overeen met bestaande theorie van oneindig lange staven in een elektrisch
veld. Alleen bij een relatief dikke dubbellaag kwamen de metingen met eindige staafjes
niet meer overeen met de bestaande theorie. Deze afwijking konden we verklaren doordat,
in het geval van een relatief dikke dubbellaag, de aanname van een oneindig lange staaf
geen goede benadering is.

Gerichte organisatie door stroming In hoofdstuk 6 hebben we stroming gebruikt
om organisatie te beinvloeden van bolletjes en staafjes in een dunne film. In het eerste deel
van het hoofdstuk gebruiken we spincoating om een zeer dun laagje van staafjes op een
oppervlak te krijgen. Bij spincoaten wordt er door middel van snelle rotatie een druppel
suspensie uitgesmeerd over een oppervlak tot een zeer dun laagje. Tijdens het spincoaten
is de stroming naar buiten gericht. Wij hebben onderzocht hoe je het protocol moet
veranderen zodat de silica staafjes in de uiteindelijke film gelijk aan de stromingsrichting
naar buiten wijzen. In het tweede deel van het hoofdstuk gebruikten we doctor blade
coating om een geordende dunne laag van bolletjes op een oppervlak te krijgen. Bij
doctor blade coating smeert een dun mes een suspensie over een oppervlak uit tot een
dunne laag. Dit gebeurt met een speciale opstelling, waarbij de snelheid van het mes
constant is en waarbij ook de afstand van het mes tot het oppervlak constant is. Het
bijzondere aan onze opstelling is dan we het proces van doctor blade coating in de tijd
konden volgen met een confocale microscoop. We hebben onderzocht hoe de stroming
van de suspensie tijdens het doctor blade coaten er uit ziet en we hebben dit vergeleken
met bestaande theorién. Zo kregen we een beter inzicht welke parameters van belang zijn
tijdens het doctor blade coaten.

Supradeeltjes Tenslotte hebben we in hoofdstuk 7 de optische eigenschappen onder-
zocht van supradeeltjes, bolletjes van enkele micrometers groot die bestaan uit dicht op
elkaar gepakte quantum dots. Quatum dots, ook wel luminescente nanokristallen ge-
noemd, zijn deeltjes gemaakt uit halfgeleider materialen. De optische eigenschappen van
deze nanokristallen zijn speciaal, omdat deze worden bepaald door hun grootte van en-
kele nanometers. Je zou verwachten dat de optische eigenschappen van op elkaar gepakte
quantum dots, zoals in een supradeeltje, weer gaan lijken op de optische eigenschappen
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van bulk halfgeleider. In ons onderzoek gebruikten we quantum dots waar extra lagen van
een andere halfgeleider materiaal omheen waren gegroeid. Hierdoor behielden de quan-
tum dots in de supradeeltjes hun optische eigenschappen. Daarnaast is uit ons onderzoek
gebleken dat de supradeeltjes optische eigenschappen hadden, die juist specifiek waren
voor de micrometer grootte en de bolle vorm van de supradeeltjes: whispering gallery
modes.
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