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1
Introduction

In this introductory chapter we describe what colloids are and what are

their possible applications in colloidal and materials science. Anisotropic

colloidal particles are defined and their functional advantages and funda-

mental importance as model systems with respect to isotropic particles

is discussed. We also give an outline of our experimental work described

throughout the thesis. A more specialized introduction to each of the

different topics can be found in the separate chapters.
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1.1 Colloids?

Colloids are generally defined as particles dispersed in a solvent, which have at
least in one direction a dimension between 1 nm and 1 µm. Colloids are small
compared to macroscopic objects but they are also large when compared with
atoms and molecules. A characteristic property of particles in this size range is
that they undergo Brownian motion as a consequence of the size-range difference
of the colloids and the size-range of the dispersing atomic or molecular medium.
A colloid is constantly banged by solvent molecules, however at an instant the
number of collisions is in general not completely equal from all sides, which leads
to a net momentum transfer to the particle that is significant for a particle of
colloidal size to translate. Displacements due to Brownian motion are only of a
short range and the fluctuations in collisions with fluid-molecules are completely
uncorrelated such that the net trajectory of the particle is a "random walk". As a
result of Brownian motion, colloids exhibit similar phase behavior to atoms and
molecules, but their length-scale offers important advantages: direct visualization
by optical microscopy, tunability of interactions and slowness of diffusion make
colloids ideal tools and model systems for fundamental investigations [1]. Col-
loids, which offer the possibility of physico-chemical manipulations by modifying
the properties of the colloid (e.g. surface modification of the colloids) or the sus-
pended medium (e.g. refractive index matching, density matching and adjusting
the interactions by changing solvent properties), also offer ways of manipula-
tion by external forces (e.g. electrical, magnetic, centrifugal), which find use in
separation technology, in electrorheological and magnetorheological fluids with
industrial applications as hydraulic valves, clutches, brakes [2] and displays [6].

Optical microscopy for colloid science is a very powerful technique, as it gives
a direct visualization of the local structure including aspects like defects and dis-
locations that are only visible in an averaged way in scattering techniques. For
molecular systems direct observation of a molecular length-scale is possible with
for instance atomic force microscopy (AFM) or scanning tunneling microscopy
(STM), but this is experimentally much more difficult and expensive. Further-
more, techniques like AFM and STM only probe surface structure, while with
various light microscopy techniques it is possible to acquire quantitative 3D data
on colloidal systems [7–9].

1.2 Anisotropic Colloids and Colloidal Molecules

To date, most studies of colloids have used spherical particles or particles with
simple shapes, such as rods and plates. Phase behavior of spheres is well estab-
lished computationally and experimentally, such that they form face-centered-
cubic (fcc) crystals, when assembled. Phase behavior of rods and plates are also
well established both experimentally and theoretically. Rods and plates are known
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to form liquid crystals and they may exhibit isotropic, nematic, smectic or crys-
talline phases depending on the volume fraction and polydispersity of the system
[3–5]. It is now known that the functional use of fcc crystals of spheres is limited
for materials science, for example from photonics point of view and it is hypothe-
sized that non-spherical and anisotropic building blocks may lead to better optical
properties [10]. For extending the spectrum of colloidal particles, considerable
effort has been devoted to the design and controlled fabrication of colloidal par-
ticles with complex shapes in recent years. The interest in colloids with complex
shapes and functionality for materials stems from the fact that the optical, electri-
cal, and chemical properties that vary with size, composition, structural order and
"patchyness". All these properties are attractive with many functional properties
for materials science. Van Blaaderen recently introduced the term of "colloidal
molecules", [11] which makes analogy to the atomic structures as colloidal sphe-
res resembling atoms and super structures of the colloids to be "molecules". These
colloidal molecules are important as a model system for exploring the phase be-
havior of their molecular counterparts. The first experimental results for "colloidal
molecules" was the work of Manoharan et al. [12], where they used the evapo-
ration of emulsion droplets, encapsulating the particles, to assemble the spheres
into molecule-like structures. This was followed by the work of Johnson et al. [13]
where emphasis was only on the "colloidal dumbbells" with higher particle yields.
Here the term dumbbell stands for overlapped dimer particles with aspect ratios
equal or smaller than that of two touching spheres. Inspiring experimental work
done in recent years including "ellipsoids", "ice-cream cone" structures, "patchy
particles" and "Janus" particles was summarized in a review by Yang et al. [14].
One notable recent work by Ravaine et al. introduced "binary colloidal molecules"
similar to binuclear molecules such as BeCl2, BF3, CH4 and PCl5 from oppositely
charged particles [15]. Furthermore the principle of Manoharan et al. extended
to many type of particles like titania, PS, silica and also for binary particles of dif-
ferent sizes, which yielded a very rich family of anisotropic structures [16]. The
yield of these syntheses are not yet high enough for studying self assembly but
these particles with different surface properties at different "patches" are certainly
very interesting for directed self assembly processes.

Complex colloids with anisotropic properties are desirable for many fields, in-
cluding sensors [17] and photonic band gap materials [18, 19]. Anisotropic parti-
cles are mostly produced by using spherical colloids as for dumbbells [13, 20–24],
ellipsoids [19], colloidal molecules and clusters of particles [12, 16]. One recent
and notable work reported synthesis of patchy particles by using spherical colloids
with surface modification in a dry colloid crystal state [25]. In this method col-
loidal crystals were calcined after drying such that the particles physically touch
each other. Then the dry crystal was surface modified where modification only
took place on particle surfaces with no contact to other particles. Further parti-
cle growth took place only at the points where particles were touching inside the
crystal, yielding particles with nodules. Although numbers of patches here is re-
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stricted with the number of surrounding colloids, which is 12 for fcc phase, smart
ways of decreasing this number may be found in the future.

1.3 This Thesis

The work presented in this thesis focuses on the preparation of colloidal parti-
cles with the aim of achieving new routes of synthesis for functional colloidal
particles as well as phase behavior, applications and characterizations of these
particles. A significant part of the colloids fabricated within this work has sym-
metries different than of a sphere and are so called anisotropic. In chapter 2 we
describe a new route to synthesize eccentric core-shell particles of titania-core
and silica shell, where the core is located not in the center of the particles but
eccentrically. We describe possible applications of these particles and also present
the mechanism of the particle formation, which also opens a way of synthesizing
composite particles. Based on the findings and understanding of chapter 2 we
hypothesize that the composite particle synthesis is a general method for making
titania based composite particles. We explore this hypothesis in chapter 3, where
we describe a general method for fabricating colloidal perovskites based on tita-
nia particles. In chapter 4 synthesis of colloidal titania with core-shell morphology
with a crystalline-titania core and amorphous-titania shell is presented. This pro-
vides tunability of the refractive index over a wide range. The superior optical
tweezing properties of these specially designed spheres are discussed. Based on
the knowledge we obtained from the titania coating procedure in chapter 4 we
found a new general route for coating colloidal particles with a titania shell, which
we describe in chapter 5. In chapter 6 we turn back to anisotropic particles where
we explore the self-assembly of colloidal silica dumbbells with soft particle inter-
actions. Colloidal dumbbells with soft interactions exhibit a plastic solid phase,
which was predicted computationally but was not shown for a three-dimensional
colloidal system, experimentally. We investigate the behavior of soft plastic solids
with or without applying an external electric field. In chapter 7 we present the
phase behavior of colloidal dumbbells with different aspect ratios and an external
electric field to direct their assembly. New crystal phases of colloidal dumbbells
are found, which could have interesting photonic applications. In chapter 8 we
present our preliminary work for fabricating highly anisotropic colloidal parti-
cles by stringing particles together with an electric field and permanently sticking
them with an extra layer of silica or titania into a "chain of beads".
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2
Synthesis of Eccentric

Titania-Silica Core-Shell and

Composite Particles

We describe a novel method to synthesize colloidal particles with an

eccentric core-shell structure. Titania-silica core-shell particles were syn-

thesized by silica coating of porous titania particles under Stöber [1]

conditions. We can control access of silica to the pores in the titania,

allowing us to produce either core-shell or composite particles. Calcina-

tion of the core-shell particles gives unique eccentric core-shell structures,

due to extensive shrinkage of the highly porous titania core with respect

to the silica shell. However, when the titania particles are silica treated

prior to drying they result in composite titania-silica spheres, where two

materials are mixed uniformly. These spheres are interesting for cataly-

sis, (switchable) photonic crystal applications, optical tweezing and new

titania based materials. We demonstrate photocatalytic activity of the

eccentric spheres where the silica layer acts as a size selective membrane.
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2.1 Introduction

The fabrication of functional hollow colloidal particles is of great scientific and
technological interest with a wide range of applications, including drug delivery,
coatings, photonic devices, and nanoscale reaction vessels [2–8]. Various meth-
ods, including approaches such as spray drying [9], emulsion templating tech-
niques [10, 11], and self assembly processes [12] have been described to prepare
hollow spheres out of latex, metal and inorganic materials [13–18]. Recently,
much research has been undertaken to functionalize the interior of the hollow
spheres by encapsulation of metal nanoparticles [19–23]. Such an approach leads
to the fabrication of unique catalytic systems. In particular Arnal et al. [13] and
Lee et al. [24] have shown that ’rattle-like’ core-shell particles have a much better
catalytic performance compared to metal nanoparticles supported on the same
material without a void in between. It was found that in the case of eccentric
core-shell particles, the core is effectively separated from other particles and also
accessible to the gas molecules whereas in the no-void case mass transfer is lim-
ited within the microporous structure of the shell due to touching solid-solid inter-
faces. Eccentric particles also have the advantage of easier heat treatment without
causing any aggregation of the encapsulated ingredient even under harsh reaction
conditions. This feasibly leads to high catalytic activity because aggregation, usu-
ally caused by coalescence of the particles or Ostwald ripening, is known to result
in loss of catalytic activity [25].

Hollow particles equipped with functional microparticles also offer an oppor-
tunity for size-selective catalysis. Ikeda et al. demonstrated that titania encapsu-
lated by a silica shell can be used for size-selective photocatalytic decomposition
of organics [26, 27]. The pore sizes in the silica shell determines the size selec-
tivity: molecules larger than the silica pore size are filtered out and not catalyzed
while smaller molecules are. This approach may lead to important applications
combined with the knowledge that the silica pore size can be finely tuned from
mesoporous (2-50 nm) to microporous (< 2 nm) by modifying the synthesis con-
ditions of silica [28, 29].

Monodisperse eccentric particles with movable cores have been suggested for
photonic crystals tunable by an external field [30]. Such particles due to their
monodisperse spherical outer shell can form ordered crystals but because of the
random distribution of the core particles will not have a photonic band gap. Ca-
margo et al. [30] demonstrated by computation that an external field that aligns
particles along field lines can cause a band gap to open due to the induced long
range order. This approach brings also the chance of tuning the gap position by
changing an external field strength [31].

Reports for the preparation of eccentric particles are mostly based on succes-
sive two step coating of the core particle and sacrificial removal of the middle
shell [8, 13, 30, 32]. Here we report a novel and shorter way of fabricating eccen-
tric core-shell particles by taking advantage of porous titania particles that upon
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sintering shrink much more than the silica shell enclosing them. We also show
that control over the access of silica to the pores can be used to produce either
core-shell or composite particles. We believe that our approach constitutes a new
way of manipulating the morphology of composite particles and can be used to
synthesize new types of composite particles based on titania.

2.2 Experimental details

Particles

Synthesis of the titania particles was done according to the procedure of Eiden-
Assmann et al. [33]. In a typical synthesis 250 ml ethanol with 17.0 ml Ti(OC2H5)4
was mixed with 750 ml of ethanol with 4.0 ml of 0.1 M aqueous Lutensol ON50
(BASF) solution. This gives monodisperse titania particles with a size between
900-1200 nm depending on the reaction temperature and the amount of the tita-
nia precursor. The titania particles are then collected by centrifugation.

After being dried in an oven at 50 oC for 2 hours the particles are coated
with silica under Stöber conditions. Typically 0.082 g of titania was dispersed in
50 ml of ethanol and 0.55 ml of ammonia was added to the dispersion. It was
followed by 0.8 ml of tetraethoxysilane (TEOS) and, if desired, a suitable amount
of [3-aminopropyl]trimethoxysilane (APS) coupled to rhodamine isothiocyanate
(RITC) for fluorescent labeling the silica (0.02 g APS and 0.005 RITC for 1 ml
of TEOS) [34]. The particles were then coated with extra silica (without dye)
in 100 ml ethanol with 5 ml of ammonia and 2 ml of TEOS. Silica coating of
the dried titania results in cs-TiO2@SiO2 particles. Upon calcination at 600-625
oC for 15-60 minutes the cs-TiO2@SiO2 particles gives rise to ecc-TiO2@SiO2

particles. Exactly the same procedure, except for the drying step at 50 oC was
followed to produce the comp-TiO2@SiO2 particles.

Static Light Scattering

Static Light Scattering was performed with home-built equipment using a He-Ne
laser as a light source (632.8 nm, 10 mW). The logarithm of scattering inten-
sity data were plotted against the scattering vector k=4πnsin(θ/2)/λ, where n is
the solvent refractive index, θ is the scattering angle, and λ the wavelength in
vacuum.

X-ray Diffraction

The powder XRD measurements were performed with a Philips PW 1820 diffrac-
tometer with a Philips PW 1729 X-ray generator(Cu Kα radiation). In the photo-
catalysis experiments a 6W Hg UV lamp with a wavelength of 251 nm was used.
Uncapped scintillation vials were used with 15 mg of titania dispersed in 10 ml
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of aqueous solution containing 0.61 µmol Methylene Blue (MB), 0.34 µmol RITC
or 0.20 µmol RITC in RITC-PAH sample. RITC was coupled to poly(allylamine
hydro-chloride) (PAH) according to the procedure of Donath et al. [35].

2.3 Results and discussion

The route for the fabrication of composite (comp-TiO2@SiO2), core-shell (cs-
TiO2@SiO2) and eccentric core-shell (ecc-TiO2@SiO2) titania-silica particles is
given in Scheme 1. After being dried in an oven at 50 oC for 2 hours titania par-
ticles can be coated with silica under Stöber conditions [1]. We also couple the
fluorescent dye rhodamine isothiocyanate (RITC) to silica [34]. Silica coating of
the dried titania results in cs-TiO2@SiO2 particles. Upon calcination at 600-625
oC for 15-60 minutes the titania cores of cs-TiO2@SiO2 particles shrink more due
to higher porosity of the titania compared to silica giving rise to ecc-TiO2@SiO2

particles. On the other hand, it was observed that the titania particles are very
sensitive to the drying step. If the drying step was omitted the as-synthesized
particles upon silica treatment form homogenously mixed comp-TiO2@SiO2 par-
ticles.

Scheme 2.1. Schematic representation of the procedure for fabrication of comp-TiO2@SiO2,

cs-TiO2@SiO2 and ecc-TiO2@SiO2 particles.

The striking influence of the drying step can be appreciated by comparing
the confocal fluorescence microscopy images. For the cs-TiO2@SiO2 particles we
observe a ring-like structure which demonstrates the core-shell structure of the
particle where only the fluorescently labeled silica coating is visible in Fig. 2.1a.
However, in the case of comp-TiO2@SiO2 particles in Fig. 2.1b the image shows
a fully dyed structure, which means that RITC dye (coupled to silica) is dispersed
throughout the particle on a nm scale. The insets show line profiles on a single
particle and show the properties of core-shell and fully dyed structures.
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Figure 2.1: Confocal fluorescence microscopy images of titania-silica particles, (a) cs-TiO2@SiO2

produced by drying in an oven for 2 hours at 50 oC followed by silica coating (image size 37.5 µm ×
37.5 µm), (b) the same titania particles without drying which forms comp-TiO2@SiO2 particles upon
silica treatment. Insets are line profiles through single particles. (image size 47.25 µm × 47.25 µm).

A TEM micrograph of the bare titania particles is given in Fig. 2.2a. The ecc-
TiO2@SiO2 particles shown in Fig. 2.2b were synthesized by taking advantage
of the high porosity of the core titania particles. The core titania particles shrunk
upon calcination and formed ecc-TiO2@SiO2 particles. For the case shown in Fig.
2.2b we found the size of the eccentric particles to be 850 nm (5% polydispersity)
and the shell thickness to be 70 nm, where the inner core was 630 nm. The void
between the shrunk core and the silica shell was around 40-120 nm depending
on the particle size and the calcination time.

As further support for our interpretation of the particle structure we per-
formed Energy Dispersive X-Ray (EDX) analysis for the comp-TiO2@SiO2 and ecc-
TiO2@SiO2 particles. Fig. 2.3a shows the EDX line graph of a comp-TiO2@SiO2

particle obtained in STEM mode by performing the scan shown in Fig. 2.3b. It
is observed that both the silicon and titanium peaks start at the same radial po-
sition and have the same profile across the particle, which corresponds to that
of a spherical object. This verifies that silica is dispersed throughout the particle
homogeneously. In the case of ecc-TiO2@SiO2 particles the EDX line graph in Fig.
2.3c clearly demonstrates the eccentric core-shell structure with silicon showing
the characteristic shell peaks on the ends.[36] Note that titanium shows up after
silicon and exists only in the inner part of the particle. Importantly, there is a 45
nm gap between the silicon peak and the point where titanium ends, which is due
to the space between the titania core and the silica shell.

Silica coating of the particles increases their size, as for dried titania the silica
only coats the surface of the particle and thus particle growth is mainly on the
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Figure 2.2: The TEM images of the titania particles (a) titania particles as synthesized, (b) eccentric
titania-silica core-shell particles after calcination.

surface. However, we observed larger particle sizes (1.3 µm) for the silica treated
particles without drying compared to dried ones (1.1 µm where bare particle were
1.0 µm), although we otherwise applied the same treatment to both batches. We
believe that prior to drying the particles are in a swollen state and, upon silica
treatment, are filled with the added silica. In other words, the swollen particles
upon drying shrink to a less porous state, but silica filling of the pores prevents
this shrinkage. The dried particles shrink further upon calcination due to the still
high porosity of the particles with a specific surface area of 300 m2/g [33]. We
have shown the large effect of drying and sintering on the titania particles size by
Static Light scattering (SLS).

Fig. 2.4 shows the data compared to the Mie scattering calculations for a uni-
form sphere [37]. The locations of the minima and maxima on the k-axis depend
sensitively on the particle size and refractive index, whereas the depth of the
minima gives an estimate of the polydispersity [38]. Curve a in Fig. 2.4 is the SLS
curve for the as-synthesized titania particles fitted to the full Mie solutions of the
form factor with radius and refractive index of 900 nm and 1.63 respectively. The
SLS curves b and c belong to the dried and 650 oC sintered titania (bare) parti-
cles. The Mie fitting for these samples give 675 nm and 525 nm for radius and
1.8 [39] and 2.3 for the refractive indices respectively. The SLS curves clearly
show the extensive shrinkage of the particle through the drying and calcination
steps even by mere inspection of the number of the minima in the curves, which
decreases from 7 (1.8 µm, as synthesized) to 6 (1.35 µm, dried) to 4 (1.05 µm,
calcined). The large size difference between the non-dried and dried particles ex-
plains why we get two different types of particles upon silica treatment. Titania
particles as-synthesized have a tenuous structure and not fully condensed, so be-
fore drying they clearly have a very open network which is accessible to the silica
precursors (even to silica oligomers). We expect that due to this property the non-
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Figure 2.3: (a) EDX line graph of a composite titania-silica particle obtained in STEM mode by per-
forming the scan shown in b, (b) TEM dark-field image showing the EDX line-scan through the com-
posite particle (Scan was performed from left to right). (c) EDX line graph of an eccentric titania-silica
core-shell particle obtained in STEM mode by performing the scan shown in d, (d) TEM image show-
ing the EDX line-scan through the eccentric core-shell particle.

dried particles are accessible to many types of chemicals, which opens a way to
synthesize mixed composite particles by adding other precursors. On the other
hand, drying closes up the titania network and densifies the matrix, such that
silica can no longer penetrate into the particles but accumulates on their surfaces.

Amorphous titania synthesized with the sol-gel method is known to exhibit
phase transitions upon heating. X-ray diffraction (XRD, Fig. 2.5 ) measurements
show that the particles become anatase in crystal structure even upon short heat
treatments, like 15-20 minutes at 600 oC. The structure turns to rutile upon
longer calcinations at 1000 oC. The crystallite size of the samples was estimated
with the Debye-Scherrer equation equation t=0.9 λ/B cosθB where t is the aver-
age size of the crystalline domains, λ is the wavelength of the X-ray source, 1.5403
Å, B is the Full Width Half Maximum of the XRD line in radians and θB is half the
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Figure 2.4: SLS experimental curves of the titania particles (symbols) in ethanol fitted to theoretical
calculations of the full Mie solutions to the form factor (lines, offset for clarity) (a) titania particles
as synthesized, radius 900 nm, refractive index 1.63, (b) titania particles after drying, radius 675 nm,
refractive index 1.8, (c) titania particles after calcination at 650 oC, radius 525 nm, refractive index
2.3, all curves are fitted for 4 % polydispersity (k= scattering vector).

angle of the XRD peak. The composite particles had a significantly smaller crys-
tallite size than core-shell particles. Apparently, the presence of silica in the pores
of the titania prevents crystallite domain growth. This also suggests that silica is
well dispersed in the particle at the nm level. We found a crystallite size for the
core-shell particles of 5 nm after 25 minutes of calcination at 620 oC and 3 nm for
the composite particles after 60 minutes of calcination at the same temperature.
Considering that crystallite size increases with calcination time, this difference is
significant. When the calcination time was increased to 12 hours, the crystallite
sizes grew to 9 nm and 5 nm for core-shell and composite particles, respectively.

The crystallite size for bare titania grew even faster, after calcination at 620
oC for 25 minutes a size of 11 nm was found. We think that this difference is be-
cause of the silica shell which slows down the burning process of residual organic
material in the titania and increases the time for crystal growth. It should also
be noted that we have observed longer calcination times for thicker silica coated
particles.

Nitrogen adsorption/desorption isotherms of the particles were measured to
further investigate the porosity of the particles. They were of type I (microporous)
except for pure silica colloids which was type II (nonporous). Brunauer-Emmett-
Teller (BET) surface area, Barret-Joyner-Halenda (BJH) adsorption average pore
diameter and total pore volume of the samples before calcination are tabulated in
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Figure 2.5: The XRD pattern of the calcined cs-TiO2@SiO2 particles (upper, 620 oC for 25 minutes)
and the calcined titania-silica composite particles (lower, 620 oC for 60 minutes). Typical anatase
peaks are denoted with "A".

Table 2.1: BET surface area, the BJH pore size and total pore volumes of the titania particles before
calcination

Sample N2 BET (m2/g) BJH pore size (nm) Pore Vol. (cm3/g)

comp_TiO2@SiO2 273 1.68 0.151

cs_TiO2@SiO2 202 1.93 0.117

bare_TiO2 232 1.76 0.128

silica 3 4.9 0.0062

Table 2.1. For comparison data on silica colloids prepared by the Stöber method
are also included. The particles were all degassed at 150 oC prior to the adsorp-
tion measurements, unfortunately making it impossible to do an independent
measurement on non-dried titania. Surprisingly, the comp-TiO2@SiO2 particles
had a much higher surface area and pore volume than both the bare titania and
the core-shell particles. We believe that this is due to the presence of the silica
dispersed throughout the particle, which cements the titania together allowing it
to preserve its porosity during the drying step.

High surface area is a crucial parameter for catalytic applications of titania
which is well known for its photocatalytic properties. Although inorganic sup-
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Table 2.2: Photocatalytic degradation of MB and RITC with bare, eccentric and composite titania
particles.

Sample Exposure time /hour MB or RITC decomposed

TiO2 20 0.61 µmol MB

Ecc-TiO2 20 0.29 µmol MB
aCommercial TiO2 1 0.65 µmol MB
aSiO2/void/TiO2 1 0.34 µmol MB

TiO2 18 0.34 µmol RITC

Ecc-TiO2 18 0.19 µmol RITC

TiO2 20 0.21 µmol RITC-PAH

Ecc-TiO2 20 0.03 µmol RITC-PAH
a data is taken from reference 27 for comparison.

ports have been used for size-selective photocatalytic purposes they have always
faced the difficulty of preserving the activity of the initially active photocatalyst
[25]. Recently, it was shown that a catalyst with a void between the core and
shell catalytically may perform better than their no-void core-shell counterparts
as they are able to retain the catalytic activity of the starting catalyst [13, 27].
Our ecc-TiO2@SiO2 particles have similar structure and can be suitable for size-
selective catalysis. In order to demonstrate the size-selectivity the photocatalytic
activity was evaluated by degradation of various substrates with different sizes in
aqueous suspensions. Typical results are summarized in Table 2.2. In the degra-
dation of methylene blue (MB) and RITC which are relatively large (MB is 1.43
nm × 0.61 nm × 0.4 nm ) [41] eccentric particles show mildly lower activity
compared to the bare particles. However the degradation of the large substrate
Poly(allylamine hydrochloride) (PAH; Mw = 15000) coupled to RITC is almost
completely suppressed by the silica shell. Additionally, in a mixture of ethanol
and RITC-PAH we observed no change at all in the absorbance of the RITC which
means that only ethanol was selectively degraded and the silica shell blocked the
degradation of the large RITC-PAH. The suppression of photocatalytic activity for
the degradation of relatively large molecules compared to the activity of bare tita-
nia indicates that these particles are promising for designing photocatalysts with
molecular size-selectivity.

Another point of interest for the ecc-TiO2@SiO2 particles is their regular shape
with a sphericity factor of 1.03 and low polydispersity or around 5% (measured
by image analysis on TEM images), which gives them the ability to form colloidal
crystals. The confocal microscopy image in Fig. 2.6 of cs-TiO2@SiO2 particles
dried from a drop of suspension on a glass microscope slide exhibit 2D hexagonal
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Figure 2.6: The Confocal microscopy images of cs-TiO2@SiO2 particles labeled with RITC dried on a
glass microscope slide [ Image size 37.5 µm × 37.5 µm]

order and together with the SLS curves in Fig. 2.4 suggest that our system should
be monodisperse enough for photonic crystal applications. In a colloidal crystal
of eccentric particles the cores will be randomly oriented in the absence of an
external field. However an external field may be used to rotate the particles into
alignment with the field lines leading to tunability of the band gap [30, 31].

2.4 Conclusions & outlook

We have reported an easy self-templated way of fabricating colloidal eccentric
particles and composite particles. This approach produces eccentric particles di-
rectly from titania microspheres coated with silica, eliminating the need for costly
and time-consuming sacrificial shell-removing steps associated with other proce-
dures. Controlling the access of silica to the pores in the titania offers the flexibil-
ity of obtaining various types of particles with important applications in photonic
crystals and photocatalysis. Additionally, comp-TiO2@SiO2 particles give the op-
portunity of tuning particle properties like density and refractive index by tuning
the fraction of silica added to the titania particle. Controlling pore access should
be possible for other materials than silica as well and could lead to a whole range
of functional composite particles. Chapter 3 shows our work on producing col-
loidal BaTiO3 and SrTiO3 particles from Ba and Sr salts using this approach.
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3
BaTiO3, SrTiO3, CaTiO3

and BaxSr1−xTiO3 particles:

A General Approach for

Colloidal Perovskites

We describe a novel general method for synthesizing monodisperse col-

loidal perovskite particles at room temperature by post–synthesis addition

of other components to amorphous titania colloids. In our previous work

we used the titania particles to synthesize homogenously mixed silica–

titania composite particles by addition of silica components to the titania

particles (Demirörs et al. Chem. Mater., 2009, 21, 979 ). Here we show

that the principle is general and can be used to prepare different titania

based composite beads. We demonstrate the syntheses of colloidal per-

ovskites like BaTiO3, SrTiO3, CaTiO3 and mixed Ba0.5Sr0.5TiO3, which

have importance for the electronics industry for their dielectric properties.

Mixed perovskites like BaxSr1−xTiO3 brings tunability in structure and

properties by changing the ratio of metal cations. We also show fabrica-

tion of metal core–BaTiO3 shell particles which could find applications

in percolative capacitors and luminescence properties of Pr3+ doped col-

loidal perovskites.
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3.1 Introduction

The fabrication of perovskites (oxides with the formula ABO3) is of great sci-
entific and technological interest for their ferroelectric, pyroelectric, piezoelec-
tric, dielectric and catalytic properties [1–3]. Barium titanate, one of the most
investigated perovskite materials, has a high dielectric constant [4–6] and fer-
roelectric properties [7, 8] that are essential for thin-film electronic components
and electro-optical materials [3, 9–12]. It is heavily used in industry as dielectric
material component of class II ceramic capacitors [13]. BaTiO3 exists in various
crystallographic structures, of which the tetragonal and cubic polymorphs are the
most studied. Although the tetragonal polymorph is the thermodynamically stable
form at room temperature, most synthesis routes result in the the cubic structure,
and a high temperature treatment at around 1100oC is necessary to induce phase
transformation from the cubic to the tetragonal structure which persists upon
cooling again to room temperature [5, 6, 14].

The tetragonal polymorph of BaTiO3 is ferroelectric and the cubic polymorph
is para-electric. Crystallographic structures determine the dielectric properties
and one way of changing the structure is making mixed perovskites. It is well
established that the Fermi level and polymorph stable at room temperature can
be tuned by making mixed perovskite structures [15, 16]. For SrTiO3 the ther-
modynamically stable form at room temperature is cubic and for CaTiO3 it is
orthorhombic [17]. SrTiO3 has often been used as a dielectric and photoelectric
material, whereas CaTiO3 is recently getting attention for its biocompatibility and
implant bone applications [18, 19] besides its use in electronics [20].

Reports for the preparation of micrometer-sized colloidal perovskites are mostly
based on hydrothermal treatment of amorphous titania particles with metal salts
[21, 22]. However these particles usually are composed of nano-sized smaller pri-
mary particulates and upon sonication the particles readily disintegrate, which is
basically an outcome of the harsh conditions of the hydrothermal treatment. Re-
cently Niederberger et al. [23] and O‘Brien et al. [24] succeeded in synthesizing
monodisperse and highly crystalline BaTiO3 particles in organic media, however
these particles are on the order of 5-10 nm. One notable method for nanome-
ter sized perovskites was the inverse micellar synthesis of Su et al. [25] which
decreased the synthesis temperature to as low as 80oC. An epitaxial self assem-
bly method was used by Calderone et al. [26] to synthesize submicrometer sized
SrTiO3 cubes and spheres particles but this work was not applicable to all metal
salts but to only Sr.

Here we present a new method based on a mild post-synthesis treatment
to amorphous and porous titania particles. It yields monodisperse colloidal per-
ovskites that are strong enough to withstand sonication and can thus be easily re-
dispersed. Compared to the conventional method used in industry, which is based
on solid-solid reaction of the barium salt (usually BaCO3) with anatase titania at
elevated temperatures, our method is advantageous in bringing the barium and
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titanium into nanometer level contact, which decreases the time and the cost for
the crystal formation. Especially for the industrial production where monodisper-
sity and size is usually not the most crucial priority the synthesis of titania can
be done in a more rough way in the presence of a polymer surfactant which we
think will have similar properties (porosity, particle size etc.) to our titania beads.
Additionally our method is facile for its availability for post-synthesis intervention
like adding different types of metal salts with different ratios, which opens a way
to tune the structure and the dielectric properties or to dope the structure with
rare earth metals for luminescence.

3.2 Experimental details

The synthesis of colloidal perovskite particles is based on the conversion of tita-
nia particles. We synthesized the titania particles according to the procedure of
Eiden-Assmann et al. [27] with slight modifications. In a typical synthesis 250 ml
ethanol with 17.0 ml Ti(OC2H5)4 was mixed with 750 ml of ethanol with 4.0 ml
of 0.1 M aqueous Lutensol ON50 (BASF) solution. This gave monodisperse titania
particles with a size between 900-1200 nm depending on the reaction tempera-
ture and the amount of the titania precursor. The titania particles collected by
centrifugation were then dispersed in fresh ethanol without drying. For confo-
cal microscopy measurements fluorescent rhodamine isothiocyanate (RITC) dye
was added to the dispersion of the particles and the particles were centrifuged
afterwards. Because the dye was only physisorbed to the particles the particles
were not washed more then twice. Perovskites with the general formula ATiO3

(where A= Ba, Sr, Ca or a mixture of Ba and Sr.) were achieved by adding 1:1
A/Ti mole ratio of A(OH)2 salt , into the ethanolic dispersion of titania particles.
In a typical preparation for 0.035 g of titania beads dispersed in 10 ml of ethanol
we have added 0.046 g of Sr(OH)2, 0.064g of Ba(OH)2 or 0.021g of Ca(OH)2.
The mixed dispersions were sonicated for 20-30 minutes and collected by cen-
trifugation, then dried in a 50 oC oven which resulted in perovskite gels. The
sonication step improved contact between the insoluble particles. Perovskite gels
were calcined at various temperatures between 700-1200 oC for 1 hour to obtain
crystalline perovskites. Particles were redispersed in ethanol by sonication.

Ag@BaTiO3 particles were synthesized from Ag@TiO2 core-shell particles
with an amorphous titania shell. Ba(OH)2 salt was added to Ag@TiO2 particles
dispersed in ethanol with 1:1 Ba/Ti mole ratio and similar route to perovskites
was followed. The Ag particles were prepared using the method of Tao et al. [28]
and coated in a similar way to the synthesis of titania particles by using Lutensol
ON 50 surfactant.

The powder XRD measurements were performed with a Philips PW 1820
diffractometer with a Philips PW 1729 X-ray generator (Cu Kα radiation). We
used either a glass or an aluminum substrate for the XRD measurements.

Transmission Electron Microscopy (TEM) images were obtained with a Philips
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Tecnai 12 transmission electron microscope with an accelerating voltage of 120
keV. Samples for TEM were prepared by dipping copper 300 mesh carrier grids
covered with carbon-coated Formvar films into dilute suspensions.

Scanning Electron Microscopy (SEM) micrographs were obtained with a Philips
XL 30 FEG scanning electron microscope, and the samples were prepared by dry-
ing a drop of particle suspension on a SEM stub.

The fluorescently labeled particles were imaged using an inverted Leica confo-
cal scanning laser microscope (CSLM), type TCS-SP2. The microscope was oper-
ated in the fluorescence mode. The 543 nm line of a green He-Ne laser was used
for excitation of the rhodamine-labeled particles and 488 nm line of Ar laser was
used for the Pr doped perovskites.

Luminescence spectra was obtained with a Perkin Elmer LS 50B luminescence
spectrometer.

3.3 Results and discussion

In our previous work we have found that amorphous titania particles are very sen-
sitive to drying; particles dried in oven at 50 oC for 2 hours could be coated with
silica under Stöber conditions which yielded core-shell particles [29]. However,
particles treated with silica prior to drying formed homogenously mixed compos-
ite TiO2-SiO2 particles [30]. The formation of homogeneously mixed composite
particles proves that particles as-synthesized are porous and open to the access of
the species added after the synthesis. The porosity difference between dried and
non-dried particles could also be observed by addition of a fluorescent dye (RITC)
to dispersions of either type of particle (Fig. 3.1). Although the dye molecules
could reach the inner parts of the as-synthesized particles yielding fully dyed par-
ticles (Fig. 3.1a), dried particles fluoresced only on the surface, indicating that the
dye could adsorb on the outer surface of the particle but no further (Fig. 3.1b).

In this article we demonstrate that this principle for making composite parti-
cles by post-synthesis addition of new components is general and can be applied
to make perovskite gels by adding metal salts with 1:1 A/Ti mole ratio to the tita-
nia particles. Sonication improves nanometer level contact between metal oxides
and highly porous titania. A better contact between species stimulates the for-
mation of crystalline perovskite structures upon calcination at 700-900 oC. Fig.
3.2a, b, c shows the XRD patterns of the colloidal BaTiO3, SrTiO3, CaTiO3 pow-
ders synthesized. The XRD patterns only include the peaks of the pure perovskite
structures and have no peaks of impurities like BaCO3 or SrCO3 nor peaks of
anatase or rutile titania. Since no washing steps were used for the XRD measure-
ments this indicates that perovskite gel formation is close to stoichiometric and
no impurities exist. These XRD patterns can be indexed to cubic BaTiO3 (JCPDS
No. 74-1968), SrTiO3 (JCPDS No. 73-0661), and CaTiO3 (JCPDS No. 22-153). To
demonstrate the fact that the perovskite gel formation only occurs stoichiometri-
cally if the titania is not dried, we added 1:1 A/Ti ratio metal salts to the dried
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Figure 3.1: Confocal microscopy image of (a) as-synthesized titania particles after addition of fluores-
cent dye, (b) dried titania particles after addition of fluorescent dye. Dye adsorbs only on the surface.
It should be noted that the point spread function of the confocal microscope has a width of 250 nm,
close to the width of the rings in (b). ( Image size of (a) =8.38µm × 8.38µm, (b) =14.68µm ×
14.68µm).

particles and calcined the sonicated mixture. The resulting XRD patterns are given
in Fig. 3.2d, e and show clear peaks of anatase, rutile and SrCO3 impurities. This
proves that drying prevents pore access of added species so that titania particles
after calcination become anatase or a mix of anatase and rutile, whereas the ex-
cess Sr salt forms SrCO3 by capturing CO2 from air or stays as amorphous BaO
in case of Ba salt. In Fig. 3.2d the (101) peak of BaTiO3 is barely visible whereas
in Fig. 3.2e the SrTiO3 titanate peaks are more pronounced. Perovskite formation
is not complete for dried particles and leaves some non–reacted free titania and
metal salt, which upon calcination forms anatase, rutile or carbonate impurities.

SEM images (Fig. 3.3) show that the perovskite particles are well defined
spheres. However it is also observed that the surface is very rough which in-
dicates that the particles are porous. Crystalline domains were visible from the
HR-SEM images with domain sizes of the range 70-100 nm for BaTiO3, the do-
main sizes were smaller in SrTiO3, ranging from 20-60 nm and it was interme-
diate for the Ba0.5Sr0.5TiO3 with 50-70nm domain size. The larger domain sizes
for BaTiO3 caused a structure with macropores inside, whereas particle surfaces
were smoother in SrTiO3 particles, and the surface roughness was in between for
the Ba0.5Sr0.5TiO3. It should also be noted that these perovskite particles had a
size of 1.5 µm whereas the initial amorphous titania particles were only 1.2 µm
after drying. This difference was caused by the incorporation of the metal salts
to the structure. The titania particles (in a solvent) prior to drying were much
larger in size and upon drying particles shrank and densified. In our previous
work we have found that amorphous titania particles prior to drying were as
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Figure 3.2: XRD patterns of colloidal perovskites (a) BaTiO3 calcined at 900oC, (b) SrTiO3 calcined
at 900oC, (c) CaTiO3 calcined at 1000oC, XRD pattern of (d) core-shell BaTiO3 and (e) core-shell
SrTiO3 particles synthesized by mixing Ba and Sr salts with dried-titania particles, which include
anatase, rutile and perovskite peaks all. The peaks at 44.7o and 65.3o and 78.2o at (a), (b) and (c)
are due to the aluminum substrate and the broad peak around 25o at (d)and (e) belongs to the glass
substrate, the aluminum lines are cut in (b) and (c).

large as 1.8 µm and shrank to 1.3 µm upon drying, determined by the static light
scattering technique [30]. This result shows that there is enormous shrinkage of
the as-synthesized particles after drying. However addition of the metal salts fills
the pores and lowers the amount of shrinkage to 1.5 µm in the fabrication of
perovskites.

The microstructure of the particles were also investigated by means of TEM.
Fig. 3.4a, b, c shows the TEM images of BaTiO3, SrTiO3 and Ba0.5Sr0.5TiO3 re-
spectively. The sphericity of the titania particles was preserved during the synthe-
sis of perovskites. It can be concluded from these images that the particles are
monodisperse and do not disintegrate upon sonication. EDX spectra made on a
point on the perovskite particles showed both Ti and metal peaks (Fig. 3.5b and
c). The Ba and Ti peaks are closely spaced and partially overlapping so we made
an energy dispersive X-ray (EDX) profile on a single particle for the SrTiO3 which
showed that Sr was homogeneously spread inside the particle (See Fig. 3.5a)
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Figure 3.3: SEM images of the (a) BaTiO3 particles calcined at 900OC, (b) SrTiO3 particles calcined
at 850OC, (c) Ba0.5Sr0.5TiO3 particles calcined at 900OC. The images below are magnified HR-
SEM images for better visibility of the porous structure. Scale bars above images (a) 1 µm (b) and (c)
2 µm. For the images below, all scale bars are 500 nm.

Figure 3.4: TEM images of (a) BaTiO3 particles calcined at 900oC, (b) SrTiO3 particles calcined
at 850oC and (c) Ba0.5Sr0.5TiO3 particles calcined at 900oC, all particles were sonicated several
minutes prior to deposition on a TEM grid.

Energy-Dispersive X-ray Spectroscopy (EDX). The elemental microanalysis of
perovskite particles were achieved by performing EDX measurements on a Philips
Tecnai 20F high-resolution transmission electron microscope operated at 200 keV,
in scanning mode (STEM). The same types of samples as for TEM were used. The
identical profile of EDX for gel and crystalline SrTiO3 particles proves that the
metal cations are well dispersed in the particle prior to calcination.

The BaTiO3 particles after calcination at 700-900oC had the cubic lattice,
which is known to be para–electric. Phase transformation from the cubic to the
ferroelectric tetragonal polymorph of BaTiO3, which is the stable form at room
temperature, can be induced by calcining the cubic sample to 1100-1300oC. We
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Figure 3.5: The EDX measurements on perovskite particles. (a) EDX spectrum on a spot at a SrTiO3

particle (b) EDX spectrum on a spot at a BaTiO3 particle, inset is the zoom to the region between
1-6 keV where the Ti and Ba peaks overlap, however Ba has 4 peaks with decaying intensity (Ti has
2 peaks). Here the last two are clearly visible, (c) EDX profile of a line-scan on a SrTiO3 gel particle
prior to calcination, (d) EDX profile of a line-scan on a SrTiO3 particle after calcination at 900oC for
1 hour.

calcined our BaTiO3 particles at 1200oC to observe the phase transformation from
cubic to tetragonal. In literature the phase transformation is usually detected from
the splitting of the (200) peak cubic at 45.4o into (002) and (200) of the tetrag-
onal phase. This splitting was observed in our BaTiO3 particles as well (Fig. 3.6).
From the XRD of the tetragonal BaTiO3 we found the c/a ratio to be 1.004. Al-
though the particles became ferroelectric due to the high temperature treatment
they lost sphericity and partially sintered together (Fig. 3.6b).

Mixed perovskites have importance for tuning structural and dielectric proper-
ties. The phase diagram of BaxSr1−xTiO3 has cubic and tetragonal structures. In
the case of the ternary perovskite BaxSryCa1−x−yTiO3 the orthorhombic phase
also appears in the phase diagram [15]. To demonstrate that our method can
equally well be used to prepare mixed perovskites, we have prepared Ba0.5Sr0.5TiO3.
The XRD pattern of the Ba0.5Sr0.5TiO3 particles (Fig. 3.7) showed peaks exactly
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Figure 3.6: BaTiO3 particles as synthesized are amorphous gels but after calcination between 700–
1000oC the particles are cubic in structure. Calcination at higher temperatures results in tetragonal
structure which is known to be ferroelectric. (a) The change in structure from cubic to tetragonal
causes a splitting of the (200) peak , (b) TEM image of BaTiO3 particles calcined at 1200oC for 1
hour .
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Figure 3.7: Ba0.5Sr0.5TiO3 particles as synthesized are gel, after calcination at 900oC we observe
mixed Ba0.5Sr0.5TiO3 structure with averaged unit cell parameters between BaTiO3 and SrTiO3.
This averaging shows that the mixing is at atomic level and (Ba+Sr)/Ti ratio is close to unity.

between the corresponding peaks of BaTiO3 and SrTiO3. This means that the
differently-sized Ba and Sr atoms have mixed at a nanometer level causing the
unit cell parameters to be averaged. We think that this nice averaging of the unit
cell parameters is also evidence that the A/Ti ratio is close to unity, such that in-
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Figure 3.8: The full XRD pattern of the Ba0.5Sr0.5TiO3 particles calcined at 900oC.

side the colloidal particle metal salts disperse uniformly and that using two metal
salts instead of one introduced no impurity peaks. (For a full XRD pattern of the
Ba0.5Sr0.5TiO3 particles see Fig. 3.8)

Figure 3.9: (a) An SEM image of Ag@BaTiO3 particles after calcination with a rough surface which
indicates the shell to be BaTiO3 (b) The original Ag@TiO2 particles before BaOH2 treatment (con-
trast increased), Ag@TiO2 particles etched with concentrate HNO3 where (c) is partially, 1 day and
(d) is fully etched, 2 days.

To demonstrate the generality of our approach,we also fabricated Ag core–
BaTiO3 shell (Ag@BaTiO3) particles starting from Ag@TiO2 particles. Core–shell
BaTiO3 with a conductive core and with a ferroelectric shell is crucial for produc-
tion of percolative capacitors [12, 18]. The amorphous shell of Ag@BaTiO3 crys-
tallized upon calcination at 900oC. It could be expected that silver oxide would
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have been formed due to contact with air, but this was not the case, as seen from
the XRD pattern (see Fig. 3.10). We think that the oxidation is prohibited due
to the thick layer of BaTiO3. From the SEM image of the Ag@BaTiO3 particles
in Fig. 3.9a it was observed that the surface is similar in texture to the BaTiO3

particle surface. The core-shell structure of the original particles can be seen in
Fig. 3.9b, c and d. Fig. 3.9b is the TEM image of the Ag@TiO2 particles and Fig.
3.9c and d are Ag@TiO2 particles etched with concentrated HNO3, partially and
fully etched, respectively. Note that due to the softness of the shell the fully etched
particles in Fig. 3.9d collapsed. From the SEM images the Ag particles were es-
timated to be 250 ±20nm in size whereas the Ag@TiO2 particles were found to
be 690 ±45nm from TEM image analysis. The titania shell around the Ag core is
therefore about 220 nm thick. The thickness affects the oxidation time for the ox-
idation of Ag as well as the etching time of the Ag core with 65% (v/v) HNO3. To
our surprise the Ag core of the Ag@TiO2 particles were not yet fully etched after
one night exposure to concentrated HNO3, whereas bare Ag particles were etched
in seconds under the same conditions. It was not possible to etch the Ag core in
Ag@BaTiO3 at all. Note that a similar result was found by Lee et al. although they
only had a 10 nm thick BaTiO3 shell [12].
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Figure 3.10: The XRD pattern of the Ag@BaTiO3 particles calcined at 900oC. The peaks due to Ag
are depicted with the (*) sign and BaTiO3 were assigned to cubic polymorph.

The XRD pattern shows all the peaks for the BaTiO3, additionally the weak
peaks at 38.1, 44.4 and at 64.8 can be assigned to Ag (111),(200) and (220),
respectively.

Our synthesis route offers the opportunity to easily manipulate the proper-
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Figure 3.11: The excitation and emission spectra of Pr doped CaTiO3 and Ca0.6Sr0.4TiO3 particles.
Excitation spectra on the left were collected for the 613 nm emission and the emission spectra on the
right were excited with 320 nm with a 10 nm slit size in both cases.

ties of the particles after the titania synthesis. To demonstrate this we have suc-
cessfully fabricated luminescent Ca0.6Sr0.4TiO3 and CaTiO3 particles doped with
0.2% Pr3+ salt by adding the salt into the dispersion of titania particles together
with Ca or Ca, Sr mixed salts. The mixed dispersion was sonicated, dried, and cal-
cined at 900oC for 1 hour. The luminescence peak at 613 nm of Pr:CaTiO3 was
clearly observed and it was preserved in the Ca0.6Sr0.4TiO3 case with a decrease
in the intensity and shift to a lower wavelength, which is also known for bulk, see
Fig. 3.11 [15, 31]. As the Sr concentration increases the excitation intensity at
320 nm decreases whereas the excitation intensity at 410 nm (broad) increases.
For CaxSr1−xTiO3 it is also known that there is another emission at 491 nm that
increases in intensity with an increase in the Sr ratio from x=0 to x=0.3 [15, 32].
The intensity of 491 nm emission has a maximum at x=0.3, starts decreasing over
0.3 and vanishes at x=0.5 [32]. We also observed this emission of Ca0.6Sr0.4TiO3

particles at 491 nm by only exciting with 410 nm wavelength but not with 320
nm (Fig. 3.13 ). Thus we think that the 410 nm extinction is the cause of the
emission at 491 nm, which increases with the increase of Sr/Ti ratio. We have ob-
served the luminescence of single particles under a microscope by exciting with
an Hg lamp filtered for the 350-380 nm region. The red emission of the particles
is clearly visible (see Fig. 3.12).

For CaxSr1−xTiO3 the emission at 491 nm is already known [15]. For our
sample we observed this emission only when excited with 400-480 nm but not
at 300-320 nm region. It could be due to lower calcination temperature than
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Figure 3.12: A typical microscopy image of Pr doped per-
ovskite particles illuminated with a Hg lamp filtered with
a filter cube exciting within 350-380 nm. The particles
were dried on a glass slide for imaging. The red 613 nm
emission is directly visible. In this particular case the par-
ticles were Pr doped CaTiO3.

Figure 3.13: The Emission
spectrum for Pr doped
Ca0.6Sr0.4TiO3 particles
excited with 410 nm, In ad-
dition to the peak at 491nm
there is also broad peak in
red including 613 nm.
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1300oC. There is still emission at 613 nm but very broad, note also that there is
another peak at 567 nm.

3.4 Conclusions & outlook

We have reported an easy way of fabricating colloidal perovskite particles. Con-
trolling access of metal salts to the pores in the titania by an optional drying step,
shows that the synthesis relies on the porous structure of the as-synthesized tita-
nia particles. After calcination the perovskites are highly crystalline and monodis-
perse in size. These colloidal particles are potentially important for making films
for electronic and photonic applications. This method offers the flexibility of ob-
taining various types of perovskite structures simply by changing the metal salt.
Various types of stable crystallographic structures can be made by mixing differ-
ent kinds of metal salts, as shown in the example of Ba0.5Sr0.5TiO3. The method
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also applies to core-shell particles as demonstrated for Ag@BaTiO3. Additionally
the method provides the flexibility of being able to play with the properties of the
particles after the synthesis as in the example of doping the particles with Pr for
luminescence.
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4
Anatase Core, Titania Shell

Colloidal Particles for Optical

Tweezing

We describe a novel method to synthesize colloidal particles with an

anatase (crystalline titania)-core and an amorphous titania-shell struc-

ture. First of all seeded growth of titania onto titania particles was

demonstrated. As a result of particle growth, one can tune the size of

the particles accurately and improve monodispersity. Secondly, colloidal

crystallization of grown monodisperse particles and thirdly, particle coat-

ing of titania (or other particles) with an amorphous titania shell be-

comes feasible with seeded-growth. We also show that by manipulating

the amorphous titania shell after the synthesis it is possible to tailor the

refractive index of the amorphous shell, an approach which is also appli-

cable to composite particles with no core-shell structure as described in

Chapter 2. On the other hand theoretical calculations have shown that if

high refractive index particles like crystalline titania (refractive index 2.3)

have a coating of certain refractive index-shell, in this particular case 1.8

gives an optimum, then these particles can be trapped in optical tweezers

stronger compared to conventional trapping particles like polystyrene and

also that the range of particles that can still be trapped in a single beam

trap can be increased. Gaining stiffness in optical tweezing makes optical

trapping a more versatile tool–box for a broader range of applications.
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4.1 Introduction

Titania is abundantly studied in the literature for its importance in many fields
such as catalysis (both as a catalyzer [1] and as a support [2]), in Grätzel solar
cells as a semiconductor for conversion of light to electricity [3], in colloidal pho-
tonic crystals and as a paint pigment for its high refractive index [4–6]. Although
there was scientific demand for colloidal titania in many areas, fast reaction ki-
netics of the titania precursors made the synthesis of highly monodisperse titania
colloids difficult in a redproducible manner, until recently. Barringer et al. [7]
and Jean et al. [8] reported synthesis procedures for monodisperse titania but
their methods were not easily reproducible. Recently, Eiden-Assman [11], Yu et
al. [12] and Jiang et al. [13] succeeded in producing monodisperse titania par-
ticles, which were more reproducable. Also after calcination the latter methods
gave more spherical colloids with respect to the method of Barringer and Ring
[9]. They all make use of the hydrolysis of titanium alkoxides and control their
precipitation using a (non-ionic) surfactant. The method of Eiden-Assman is no-
table for its high particle yield compared to other methods and it is optimum for
making particles of ∼ 1µm in size whereas the others give particles in the size
range of 200 to 650 nm.

Seeded growth, well known for the growth of silica particles, is in general a
reproducible way to obtain fine control of particle growth, which generally also
helps to decrease the polydispersity of the particles [10]. In this chapter we show
seeded growth of titania particles with amorphous titania starting from a crys-
talline core to come up with a core-shell structure with different but high refrac-
tive indices of core and shell.

This core-shell structure opens the way to tailor the refractive index of the core
independently from that of the shell, which makes our particles useful candidates
for photonic crystal applications. It was shown by Velikov et al. [14] that the
L-stopgap width in fcc photonic crystals of high-index core and low-index shell
particles was larger in comparison to the case of homogeneous particles of either
material. It was also shown that a core-shell morphology could give additional
control over the photonic stopgap characteristics like bandwidth, position and
depth of the stopgap [14]. Here we present a way in which the refractive index of
the shell can be tuned from 1.55 to 2.3 by manipulating the titania shell with silica
incorporation and calcination steps, which yields structures with an anatase core
and amorphous titania-silica shell with refractive index tunability of the shell.

In addition to the above mentioned applications and properties of these core-
shell structures, one reason we tried to synthesize these particles was because of
their possible use in optical tweezers applications. Bormuth et al. [15] have shown
that coated microspheres where the coating works as a kind of ’anti-reflection’
layer can reduce the scattering forces and lead to stronger trapping. For high
refractive index materials the scattering force, which scales with the square ∆n2

(∆n is the difference of the refractive index of the medium and the particle), dom-
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inates and limits optical trapping. Note that the gradient force, which stabilizes
the particle in a trap is to a first order approximation proportional to ∆n. These
effects result in an upper limit to where homogeneous high index particles of a
certain size can still be trapped in a single beam trap [16]. However, having an
’anti-reflection’ coating on high refractive index particles can make these parti-
cles trappable by reducing the destabilizing scattering forces. As illustrated in the
second part of this chapter, calculations indicate that core-shell geometries with
an index core of 2.3 and a low index shell of 1.8 would be optimal candidates to
increase the trapping stiffness of micron sized particles within a single beam op-
tical tweezer. According to such calculations these particles can be trapped twice
as strong compared to the conventional polystyrene beads. This kind of improve-
ment in the stiffness of the particles broadens the tweezing tool-box for biophysi-
cal applications.

In this chapter we present the synthesis and characterization of this desired
particle system and in addition present trapping stiffness calculations obtained by
our collaborators for these specially designed core-shell particles.

4.2 Experimental details

Preparation of Particles

Scheme 4.1. Schematic representation of the procedure for fabrication of core-shell titania

structures. Note that all particles have a crystalline-titania (anatase) core. The particles are coated
with amorphous titania and manipulated by heating and silica treatments.

A schematic representation of the procedure for fabrication of core-shell tita-
nia structures is given in Scheme 4.1. It is shown there that starting from a crys-
talline titania-core one can make various core-shell particles with different refrac-
tive indices of the shell ranging from 1.55 to 2.3. Heating steps cause shrinkage of
amorphous titania. Calcination of the core-shell particle yields wholly crystalline
titania particles with a larger size, whereas silica incorporation of these particles
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limits shrinkage and keeps the density and refractive index low. The refractive
index of the silica-titania shell depends on the amount of silica incorporated and
the calcination time and temperature.

Crystalline titania cores were synthesized according to the procedure of Yu et
al. with slight modifications [12]. For the synthesis two solutions were prepared,
the first was a 0.46% (w/w) of titanium butoxide (TBT) (97%, Aldrich) solution
in ethylene glycol, which also chelates with Ti and the second was an acetone
solution of the surfactant Tween 20 (Aldrich), which was made with technical
acetone at a concentration of 2.03 mM. The technical acetone used had a little
amount of water for the reaction to start. In the case we used highly pure and
thus dry acetone ∼100µL water was necessary for 100 mL of acetone. Note that
this tiny amount of water in acetone is crucial for realizing a successful spherical
and monodisperse particle synthesis. 10-20 mL of the TBT solution was mixed
with 100 mL of the acetone:Tween 20 mixture and agitated for 10 min, the trans-
parent solution became milky white and the white precipitate was collected by
centrifugation next day. Synthesis that did not turn milky after 10 min, mostly
yielded high polydisperse and/or non-spherical particles. With this technique it is
possible to synthesize anatase titania particles within the 230-650 nm range after
calcination at 500 ◦C for 1 hour. The anatase core particles after calcination were
dispersed in ethanol by sonication. To a 10 mL of this dispersion of 2.4 mg core
particles 80 µL of 0.1 M aqueous Lutensol ON50 (BASF) solution was added. In
another 10 mL of ethanol 0.2 mL of TBT was added and the diluted titania precur-
sor was mixed with the core particle dispersion. The mixture was sonicated for at
least 20 minutes in a sonication bath during the reaction. This gave monodisperse
titania core-shell particles with a total size between 700-1000 nm depending on
the amount of the titania precursor and the seed particle concentration. The tita-
nia particles were collected by centrifugation and then dispersed in fresh ethanol
without drying.

Ethanol used in this work (for the synthesis) was analytical grade and at least
99.7%. Also it was kept in the fridge at around 7◦C prior to use.

Silica incorporation in the amorphous titania shell was made according to
the procedure for composite particles described in Chapter 2, which basically in-
volved silica synthesis under Stöber conditions in the presence of the anatase-
titania core-shell particles. For the silica incorporation 1.1 mg anatase seeds were
grown with 0.2 mL TBT in 40 mL of ethanol and after the centrifugation of the
grown particles these particles were dispersed in 10 mL fresh ethanol without dry-
ing. 100 µL TEOS was added to the dispersion of particles along with 0.2 mL of
ammonia for (1) in Fig. 4.4b. Another synthesis with thicker titania shell particles
and with 50 µL TEOS yielded (2) in Fig. 4.4b.

Confocal Microscopy

For confocal microscopy measurements fluorescent rhodamine isothiocyanate (RITC)
dye was added to the dispersion of the particles and the particles were centrifuged
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afterwards to remove excess dye. Because the dye was only physisorbed to the
particles, the particles were not washed more then twice.

Static Light Scattering

Static Light Scattering was performed with home-built equipment using a He-Ne
laser as a light source (632.8 nm, 10 mW). The logarithm of scattering inten-
sity data were plotted against the scattering vector k=4πnsin(θ/2)/λ, where n is
the solvent refractive index, θ is the scattering angle, and λ the wavelength in
vacuum.

4.3 Results and discussion

4.3.1 Synthesis and Characterization

In previous work (Chapter 2 and Chapter 3) we found that amorphous titania
particles are very sensitive to drying; particles dried in an oven at 50 ◦C for 2
hours could be coated with silica under Stöber conditions which yielded core-
shell particles [17]. However, particles treated with silica prior to drying formed
homogenously mixed composite TiO2-SiO2 particles [18]. The formation of ho-
mogeneously mixed composite particles proves that particles as-synthesized are
porous and open to the access of the species added after the synthesis. The poros-
ity difference between dried and non-dried particles was also observed by addi-
tion of a fluorescent dye to the dispersions of both types of particles [19].
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Figure 4.1: Confocal fluorescence microscopy images of (a) as-synthesized anatase core, titania shell
particles after addition of fluorescent dye, where dye can only reach the shell (b) single particles
profile of a particle in (a). [image size (a) =13.25 µm × 13.25 µm].

As-synthesized particles yielded fully dyed particles, whereas dried particles flu-
oresced only on the surface. We used this knowledge to image the anatase core
and amorphous-titania-shell particles, where the dye could only penetrate down
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to the edge of the anatase-core, which is dense due to sintering and does not let
the dye go further in. This leads to a thick shell labeled with fluorescent dye as
a sign of the core-shell structure. Fig. 4.1 shows a confocal microscopy image of
the anatase-core, amorphous-titania shell particles labeled with RITC. Particles in
Fig. 4.1a have an approximately 400 nm thick layer of amorphous titania shell,
which is in agreement with successful seeded growth. Fig. 4.1b is a single particle
profile of the sample in Fig. 4.1a and clearly shows the core-shell structure with
a thick layer of titania shell, where the core is not labeled.
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Figure 4.2: SLS experimental curves of the titania particles (symbols) in ethanol fitted to theoretical
calculations of the full Mie solutions to the form factor (lines, offset for clarity). For the Mie solutions
the polydispersity of the core was assumed to be 10 % and for all graphs the polydispersity for the
shell was assumed to be 0 %. Core radius (c), shell thickness (h) and refractive indices (n) are shown
on the graphs. (a) anatase titania particles used as seed particles to grow, (b) core-shell particles prior
to drying (350 nm shell) and after drying (200 nm shell) in ethanol, (c) core-shell particles prior to
drying (550 nm shell) and after drying (330 nm shell) in ethanol, (d) core-shell particles after drying
(275 nm shell) in ethanol and in DMSO ( k = scattering vector).

We did an thorough static light scattering (SLS) study of these particles; this
method gives an easy way to estimate the size, polydispersity and the refractive
index. The locations of the minima and maxima on the k-axis depend sensitively
on the particle size and refractive index, whereas the depth of the minima gives
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Figure 4.3: SLS experimental curves of the titania particles (symbols) in ethanol fitted to theoretical
calculations of the full Mie solutions to the form factor (lines, offset for clarity). Core radius, shell
thickness and refractive indices are shown on the graphs. Dried core-shell particles given in Fig. 4.2(c)
and three different Mie solutions to the experimental data to give an idea about the accuracy of the
refractive index assignment with SLS technique. The calculations with ±0.1 differs a lot from the
experimental curve and can not match the minima. The calculations with ±0.05 index change are still
off form the minima but we preferred to show ±0.1 change for better visualization ( k = scattering
vector).

an estimate of the polydispersity. For the same material the number of minima
increases with size [20, 21]. Fig. 4.2 shows the SLS graphs of titania particles.
For some particles the SLS measurements were made in ethanol and in dimethyl
sulfoxide (DMSO) to have more features because of a different refractive index
contrast and to compare the data with each other for a better estimate of the
parameters. Symbols in the graphs are the experimental data and lines are poly-
disperse Mie calculations for the form factor. For the Mie solutions the polydis-
persity of the core was assumed to be 10 % as was found experimentally for the
seed particles, shown in Fig. 4.2a. In core-shell morphologies the polydispersity
for the shell was assumed to be 0 %. The anatase particles, that were used as seed
particles to further coat with amorphous titania, had a size of 450 nm with 10 %
polydispersity as shown in Fig. 4.2a. Size estimates of the anatase seed particles
agree for both ethanol (refractive index n=1.36) and DMSO (n=1.479) with a
particle refractive index of 2.3 of the core. TEM analysis for these particles also
gave a similar result for the size (See Table 4.1). In Table 4.1, a decrease in the
polydispersity is also observed with the particle growth. The literature value for
the refractive index of anatase at 633 nm is 2.5 [22]. The value we find is slightly
lower, probably due to some remaining porosity. From XRD analysis we know that
the anatase core consists of nanocrystals with a typical size of 10 nm. Core-shell
particles fabricated by coating the anatase seeds with amorphous titania were ex-
amined by SLS before and after drying. We have observed here that amorphous
titania as-synthesized is highly porous. In our previous work we found that amor-
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phous titania particles prior to drying were as large as 1.8 µm and became 1.3 µm
when dried, as determined by static light scattering [18]. For this reason we ex-
pected the shell thickness before drying to be larger and the refractive index and
the density to be smaller. This is confirmed in Figs. 4.2b and c, which show the SLS
graphs for two examples of core-shell particles with unique features that helps to
estimate the size and the refractive index accurately. Note also that the TEM anal-
ysis data and the SLS data (see Table 4.1) deviate for amorphous titania particles,
which we attribute to the shrinkage of the amorphous titania in the TEM as an
effect of drying under high vacuum and heating by the electron beam. Shrinkage
of these particles under the influence of the electron beam was indeed observed
during experimentation with TEM. The features in the SLS curves specific to size
and refractive index of the spheres give the the opportunity of estimating the
refractive index for both the core and the shell. For core-shell particles the core
was taken to be 450 nm with a 10 % polydispersity, which were the values found
for the core particles alone from TEM and SLS analysis. From the measurement
given in Fig. 4.2b we found the thickness and refractive index of the shell prior to
drying to be 350 nm and 1.55, respectively. The shell thickness decreased to 200
nm upon drying, whereas the refractive index increased to 1.8. For Fig. 4.2c the
thickness of the shell prior to drying was found to be 500 nm with a refractive
index of 1.55 and it became 330 nm upon drying with a refractive index of 1.8.
For another dried particle system we made SLS measurements in DMSO and in
ethanol to check for consistency at different index contrast. Fig. 4.2d shows SLS
graphs of dried core-shell particles dispersed in ethanol and DMSO. The refractive
index of the shell from both measurements was consistently found to be 1.8 with
a 275 nm shell thickness. All these analyses agree on a refractive index of 1.55 for
non-dried amorphous titania and a refractive index of 1.8 for dried and shrunken
titania samples.

Table 4.1: Total diameter from TEM and SLS of the particles given in Fig.4.2 and Fig.4.4. Polydisper-
sities of the particles are given in paranthesis.

Particles 2A 2B 2C 2D 4A(1) 4A(2)

TEM size [nm] 440 (9%) 715 (4%) 903 (2%) 850 (3%) 675 (4%) 1047 (3%)

SLS size [nm] 450 (10%) 850 (5%) 1110 (4%) 1000 (4%) 710 (6%) 1030 (4%)

To manipulate the refractive index of the shell we used a trick that we have
demonstrated and explained in Chapter 2, where we made silica-titania compos-
ite particles by simple Stöber treatment of the non-dried titania. The porosity
of the as-synthesized titanias makes it available for hydrolyzed silica precursors
that condensed inside the pores. The amount of incorporated silica determines
the properties of the final product. Fig. 4.4a shows an SLS graph of anatase core
particles with a titania-silica composite shell (curve 2). It was expected that ad-
dition of silica, which is a low refractive index material, decreased the refractive
index of the shell. The refractive index for the composite shell after drying was
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Figure 4.4: (a) core-shell particles (1) after drying with titania-only shell (130 nm shell), (2) core-
shell particles with silica incorporated into the titania shell with a thickness of 290 nm size after
drying, (3) the same particles prior to drying and without the silica incorporation, only titania shell of
300 nm size. (b) core-shell particles treated with silica (with composite shells) and calcined at 500oC
for 1 hour. The shell refractive index in (1) is 1.6 with a shell thickness of 320 nm and in (2) it is 1.7
with a 370 nm thick shell. All particles in (a) and (b) have the same cores with a 10% polydispersity.
The refractive index for the anatase core is fitted as 2.3, for the non-dried titania shells as 1.55, for
the dried titania shells as 1.8 and for the titania-silica composite shell as 1.55 ( k = scattering vector).

indeed found to be 1.55 from SLS data. This agrees with our prediction, as the
refractive index of the shell decreased from 1.8 to 1.55 for the composite shell.
It was also observed that incorporation of silica into the amorphous titania shell
prevents particles shrinkage as a result of drying. Of course the absence of the
shrinkage also contributes to a lower index of the final shells. For this particular
case the non-dried shell was 300 nm (curve 3) and it shrank to 130 nm (curve
1) if silica was not added, however, its thickness was sustained at 290 nm after
incorporation of silica as seen in curve (2) of Fig. 4.4a. The size difference for
the dried titania and the dried composite shell, were also supported by the TEM
analysis (see Table 4.1). Furthermore, if the anatase core, titania-silica compos-
ite shell particles are calcined in an oven at 500oC the core will remain anatase
with the same refractive index, however the shell will have an increment in its
index due to the crystallization of the titania in the shell. The amount of silica
incorporated, which is tunable by changing the amount of silica added, will affect
the index of refraction. We prepared two samples with different silica content and
calcined them at 500oC for 1 hour. These particles were then dispersed in ethanol
and examined with SLS. The indices of refraction for these particles were found to
be 1.6 and 1.7 for (1) and (2) respectively in Fig. 4.4b. Based on this observation
we think that by changing the silica content one can tailor the refractive index of
the composite shell from 1.55 to 2.3, which is the refractive index of pure anatase
titania.

The microstructure of the particles was also investigated by means of TEM.
Fig. 4.5a shows a TEM image of anatase-titania core particles. Figs. 4.5b and c



48 CHAPTER 4

Figure 4.5: TEM images of (a) anatase core particles with a size of 450 nm and 10% polydispersity (b)
core-shell particles of which the SLS curve is given in Fig. 4.2D, with a size of 970 nm in diameter, (c)
a crushed core-shell particle after application of a mechanical force, which clearly shows the core-shell
structure of the system.
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Figure 4.6: (a) TEM image of anatase core, composite titania-silica shell particles SLS data shown in
Fig. 4.4a(2). (b) EDX line scans of Si-K and Ti-K lines through an anatase core, composite titania-silica
shell particle given in (a).

show TEM images of core-shell particles with an anatase core and amorphous-
titania shell that were broken core-shell particle after application of mechanical
force. The sphericity of the titania particles was preserved and the polydispersity
decreased by seeded-growth of the particles. With our technique it is possible
to coat a thick layer of titania in one step, which can significantly decrease the
polydispersity in one step. Fig. 4.6a shows an image of anatase core, titania-silica
composite shell particles (same particles as in Fig. 4.4a(2)). Note that the core-
shell structure is clearly visible in the TEM image whereas this was not the case
for anatase core, titania shell particles (see Fig. 4.5b). This difference is due to
the density decrease in the composite shell by addition of silica which increases
the contrast between the core and shell. To prove that silica and titania co-exist
in the shell and the core is much denser because of the crystallinity we performed
an EDX analysis of the particles shown in Fig. 4.6a. It can be seen from the EDX
line scan given in Fig. 4.6b that the shell has a composite structure because in
the shell both silica and titania peaks exist. Titania in the middle of the line scan
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increases in intensity proving that the crystalline titania core was denser than the
shell. Silica peak exists on the shell and decreases in the middle of the line scan,
which proves that the silica is only in the shell and it does not exist in the core of
the sphere.

4.3.2 Particles as Tools for Optical Tweezing

Applications of single optical tweezers are limited for high index particles by the
maximal force, which can be exerted on the trapped particle and the damage
caused by high laser intensity in the focus, which leads to photo–toxic effects in
cells. Achieving higher trap efficiencies at moderate intensities is only possible by
using high refractive index particles. The gradient force, which stabilizes the par-
ticle in a trap, is to a first order approximation proportional to ∆n, where ∆n is the
difference of the refractive index of the medium and the particle. However, the
scattering force, which is the destabilizing factor for the trap, scales roughly with
the square ∆n2, dominates and limits optical trapping [16]. Consequently, there
is a size limit for the high refractive index beads for which uniform microspheres
still can be trapped in a single focused beam. For instance, titania particles (TiO2)
(n = 2.3) can only be trapped for diameters smaller than 280 nm. However, for
such small diameters, there is no substantial improvement in trap stiffness com-
pared to uniform polystyrene microspheres. A possible way for overcoming these
problems is to use an ’anti-reflection’-like coating which decreases the scatter-
ing force, as hypothesized by Bormuth et al. [15]. Bormuth et al. [15] have also
shown experimental evidence for an increase in the trapping stiffness of PS beads
coated with an ’anti-reflection’ silica shell.

Figure 4.7: (a) Lateral trap stiffness and (b) axial trap stiffness as a function of particles diameter
plotted against the diameter of the core diameter with an anatase-core, and an amorphous-titania-
shell with the refractive indices of 2.3 and 1.8, respectively. Color version of the image is on page
123.
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Theoretical calculations, made according to the method described in reference
[16], showed that high refractive index particles coated with a lower refractive
index material can be trapped even for larger diameters with a higher trapping
efficiency than PS beads. For the calculations we chose a core with a refractive in-
dex of 2.3, which is the refractive index we can achieve for our crystalline–titania
(TiO2). Theory was used to design core–shell particles having optimal trapping
properties for our high–refractive index beads. Based on geometric optics the ideal
anti-reflective coating of such beads should have a refractive index of 1.8, which
can be realized with an amorphous–titania shell. The calculations show that par-
ticles achieve at least twice the trap stiffness and maximum force compared to
any PS beads.

The trap stiffness calculations based on the theory made for particles with
a core refractive index of 2.3 and with a shell index of 1.8 are shown in Fig.
4.7 where Fig. 4.7a, and b are the trap stiffness in xy and z, respectively. It can
be concluded from these calculations that our particles with a core diameter of
450-500 nm and a total diameter of 900-1000 nm are good candidates for a
better trapping stiffness. Availability of these particles, which can subsequently
be coated with a thin shell of silica as described in Chapter 2 allows one to use
the rich chemistry of silica surface modification to further optimize the biophysical
interactions with these spheres.

4.4 Conclusions & outlook

We reported an easy way of coating anatase particles with amorphous titania
yielding monodisperse core-shell spheres without any use of glove box or nitrogen
environment. This is also one of the first examples of seeded-growth shown for
titania-on-titania particles. We have also shown that by manipulating the amor-
phous titania shell after the synthesis it is possible to tailor the refractive index
of the amorphous shell. In principle, the manipulation of the refractive index
can also be done for particles with no core–shell structure. Monodisperse tita-
nia particles with a high refractive index core and low index shell can be useful
for photonic crystal applications and for optical tweezing of high refractive in-
dex particles. These crystalline core, amorphous shell titania particles can have
approximately twice the trap stiffness compared to e.g. PS particles. This makes
these particles interesting for tweezing experiments as it will increase the range
of the possible experiments. Currently work is in progress to utilize the superior
tweezing properties and strength of these core-shell spheres in biophysical exper-
iments.
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5
A General Method to Coat

Colloidal Particles with

Titania

We describe a general one-pot method for coating colloidal particles with

amorphous titania. Various colloidal particles such as silica particles, large

silver colloids, gibbsite platelets, and polystyrene spheres were successfully

coated with a titania shell. Although there are several ways of coating dif-

ferent particles with titania in the literature these methods are applicable

for only one type of material. The present method is especially useful for

giving the opportunity to directly cover the colloidal particles with tita-

nia without the use of any coupling agent for the titania precursor nor a

pre–coating step. We could also produce particles with a smooth tunable

thickness of titania with lower polydispersity whereas the literature meth-

ods have little control over the coating thickness. Monodispersity, gained

by growth of the particles and the high refractive index of the titania make

these particles potential candidates for photonic crystal applications. Here

we also describe various ways of fabricating titania shells, which has been

studied in the literature intensively for applications in electronics, cataly-

sis, separations, and diagnostics. Note that this method grows amorphous

shells on the particles and that needs to be heated to turn into crystalline

titania.
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5.1 Introduction

Colloidal titania (mostly crystalline) is a widely studied material for its unique
optical, electrical, and chemical properties. It is well-known for photovoltaic [1–
3] and photocatalytic [4, 5] applications, and it is used as a pigment [6], filler [7],
and whitener in the paint, paper, cosmetic and food industries [8]. It is also used
in photonic crystal applications of colloids for its high refractive index [9, 10].

Core-shell titania colloids are also a class of materials widely used in many
fields of colloid and materials science. One goal for fabrication of core–shell struc-
tures of titania was producing titania shells [11, 12] by sacrificial removal of the
core, which found applications from photonics to fillers, pigments and microen-
capsulation. Titania coated colloids are useful also to reduce the cost of pigment
materials in coatings having the scattering properties of titania at the outer shell
and by using a cheaper core than titania. Other applications of titania coating of
colloids include changing the surface properties to obtain different particle inter-
actions and changing the optical properties of the cores especially in case of metal
cores [13, 14]. One notable application of core–shell particles with a titania shell
was the fabrication of dielectric shell structures by converting the titania shell into
perovskites, which have useful dielectric properties [15].

Coating of metal colloids with titania was shown by Caruso and Sakai et al.
for gold and silver particles, respectively [16, 17]. The method of coating gold
particles with titania reported by Caruso and co–workers is tedious and included
several steps of coupling titania precursors to surfactants and finally to the surface
[16]. Sakai et al. have shown an interesting way of coating silver particles in the
presence of cetyltrimethylammonium bromide (CTAB), which also initiated the
condensation of titania precursor [17]. In their work Sakai et al. also reported
a red shift of the absorbance peak of the silver particles with a 5-10 nm titania
shell, caused by an increase in the local refractive index.

In principle, many surfaces have a suitable chemical affinity to make direct
titania coating possible, such as clay minerals, hematite, zirconia, zinc oxide and
silica. However, there are few facile reports for coating even these colloids with
titania, including the silica-titania couple. Although silica and titania are similar
to each other in structure and it is easy to coat titania particles with silica with
or without use of any surfactant [18], there are scarcely any methods reported to
coat silica particles with a titania shell. Matijevic and co-workers reported a way of
coating silica particles with titania, but synthesis conditions included several steps
including heating and resulted in a thin, rough shell of titania [19]. Matijevic and
co-workers also reported methods for coating zinc oxide and copper compounds
with titania. These methods again included heating steps and could yield only
limited thickness of titania layers [20, 21]. Coating methods of colloidal particles
with titania in the literature almost always describes a thin titania layer that is
not very smooth, which is probably due to the formation of the shell from smaller
titania particulates [22–24]. This kind of synthesis usually causes aggregation
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when a thicker coating is applied around the core [25].
The difficulties in a titania coating compared to for example silica are mostly

caused by the fast and aggressive reaction kinetics of the titania precursors. This
problem already makes it difficult to make homogeneous and monodisperse tita-
nia particles. However, these challenges can be overcome by using a surfactant,
salt or a different solvent to slow down the reaction rate as was shown in re-
cent reports [18, 26, 27]. The Stamm and Kawahashi groups have made notable
contributions for coating polystyrene particles with smoother and thicker titania
[28, 29]. Although they have lengthy reaction conditions like heating and reflux-
ing for 20 h, they could reach a shell thickness of 130 nm with little aggregation
and low surface roughness.

As seen from these examples the literature techniques are specific for coating
one type of material with titania and they have several limitations. In this chapter
we describe a more general method for coating different type of colloids with
titania.

The procedure we present here to coat particles with titania is similar to that of
Eiden-Assman et al. [18] in that it uses surfactant assisted precipitation of titania
formed from the hydrolysis of a titanium alkoxide. We have modified it to an
extent that it now allows one to coat seed particles of many different types. Our
method is facile for its availability for post-synthesis modification of the titania
shell like adding a fluorescent dye to label the particles for fluorescent microscopy,
or different types of precursors for making a composite shell [30]. This technique
also provides the flexibility of controlling the shell thickness from 10 nm to 250
nm at room temperature whereas in literature it is rare to find thick shells and
they are hard to reproduce, especially when it consists of several growth steps or
a layer by layer synthesis [31]. We think that our synthesis method is capable of
coating any kind of ethanol dispersible sub-micrometer particles with titania of
tunable thickness in a single step. We demonstrate this for the examples of silica,
silver, gibbsite and polystyrene.

5.2 Experimental details

Particle preparation

Synthesis of Particles: Typical coating of a sub–micrometer particle was as fol-
lows: In a 10 mL dispersion of core particles in ethanol 80 µL of 0.1 M aqueous
Lutensol ON50 solution was dissolved. In another 10 mL of ethanol 0.1-0.2 mL
of Ti(OC4H9)4 (TBT) was added. The diluted titania precursor was mixed with
the core particles dispersion by adding the ethanol solution of TBT to the disper-
sion of seeds and followed by vigorous shaking. The mixture was sonicated for at
least 20 minutes in a sonication bath during the reaction. The mixture was left 2
hours to allow the reaction to go to completion. The titania-coated particles were
collected by centrifugation and then dispersed in fresh ethanol without drying.
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The absolute ethanol used in this work was kept in the fridge at around 7oC prior
to use to slow down the condensation of the titania precursor. For details of the
synthesis conditions and amounts of seeds added, see Table 5.1

SiO2@TiO2 particles were synthesized by using 600 nm RITC labeled silica
particles, which were synthesized according to the procedure of van Blaaderen
et al. [32]. For the titania coating of silica particles 80 µL of 0.1 M aqueous
Lutensol ON50 (BASF) solution was added in to 10 mL of ethanol dispersion of
silica particles. In another 10 mL of ethanol 0.2 mL of TBT was dissolved and the
diluted titania precursor was mixed with the core particles dispersion. HF etching
of the silica core was made with a 8% (v/v) HF solution.

Ag@TiO2 particles were synthesized by using 250 nm Ag particles synthe-
sized according to the procedure of Tao et al. [33]. These particles were initially
dispersed in water but they could readily be dispersed in ethanol without any
treatment. 80 µL of 0.1 M aqueous Lutensol ON50 solution was added to a 10 mL
ethanol dispersion of silver particles. In another 10 mL of ethanol 0.2 mL of TBT
was dissolved and subsequently this solution was mixed with the seed particles
dispersion. The amount of titania precursor or the silver seeds was changed for in
order to vary the titania shell thickness.

Table 5.1: Coating with Titania

particle conc. of particle Lutensol ON50a conc. TBT shell thickness

dry non-driedb

silica 1.86g/L 80 µL 10 mL/L 55 nm 110 nm

polystyrene 0.19g/L 80 µL 10 mL/L 250 nm 460 nm

polystyrene 0.38g/L 80 µL 7 mL/L 15 nm 42 nm

silver 0.23g/L 80 µL 7 mL/L 140 nm -

silver 0.14g/L 80 µL 7.5 mL/L 220 nm -

gibbsite 0.76g/L 80 µL 10 mL/L 35 nm -

a Amount of 0.1M Lutensol ON50 solution added for 20 mL synthesis solution.
b Size of the particles prior to drying was obtained from SLS measurements, the
spherical particles‘ dry size were obtained by TEM or SLS.

Cationic polystyrene (PS) spheres were prepared by surfactant free emulsion
polymerization as described by Goodwin et al. [34]. The polystyrene particles
were coated in a similar way as mentioned above. These particles were readily
dispersible in ethanol. Seed particles were dispersed in 10 mL of ethanol and
80µL 0.1 M aqueous Lutensol ON50 (BASF) solution was added to this solution.
In another 10 mL of ethanol 0.2 mL of TBT was dissolved. These solutions were
mixed and sonicated.
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Gibbsite platelets were prepared from aqueous aluminum oxide solutions by
hydrothermal treatment at 85oC and purified by dialysis against demineralized
water as described by Wierenga et al. [35] and transferred to ethanol by centrifu-
gation.

For the titania coating to occur in a typical synthesis 80µL of Lutensol ON50
solution was dissolved in a total 20 ml of ethanol. For this synthesis at least 0.1 mL
of TBT was added. Concentrations lower than that did not yield condensation of
titania in a reasonable time scale. An amount of TBT higher than 0.2 mL gave rise
to aggregation and formation of secondary nucleates. Thus the coating thickness
was tuned not through the TBT concentration but through the concentration of
seed particles. With this method slight changes in the concentration of Lutensol
ON50 amount are also possible. For example increasing the amount of Lutensol
ON50 to 90µL increased the reaction rate and also it decreased the limit of TBT
for condensation form 0.1 mL TBT to a lower value ∼0.07 mL TBT. Note that the
drying mentioned throughout the chapter was done at 50oC in a vacuum oven.

Energy Dispersive X-ray (EDX) analysis and TEM images with high-angle an-
nular dark-field (HAADF) detector were made by using a Philips Tecnai 20 elec-
tron microscope.

Confocal Microscopy

For confocal microscopy measurements the fluorescent dye rhodamine isothio-
cyanate (RITC) was added to a dispersion of the particles and the particles were
centrifuged afterwards. Because the dye was only physisorbed to the particles,
the particles were not washed more then twice. For confocal microscopy mea-
surements the fluorescent RITC dye in the silica particles was excited with a 543
nm laser by using a Leica SP2 confocal microscopy equipped with a 63x objective
NA 1.3.

Static Light Scattering

Static Light Scattering was performed with home-built equipment using a He-Ne
laser as a light source (632.8 nm, 10 mW). The logarithm of scattering intensity
data were plotted against the scattering vector k=4πnsin(θ/2)/λ, where n is the
solvent refractive index, θ is the scattering angle, and λ the wavelength in vacuum
[36].

X-ray Diffraction

The powder XRD measurements were performed with a Philips PW 1820 diffrac-
tometer with a Philips PW 1729 X-ray generator(Cu Kα radiation). A glass sub-
strate was used to deposit the samples on.
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5.3 Results and discussion

Coating Silica with Titania
In our previous work we found that amorphous titania particles are very sensitive
to and modified by drying; particles dried in oven at 50 oC for 2 hours could
be coated with silica under Stöber conditions yielding core-shell particles [37].
However, particles treated with silica prior to drying formed homogenously mixed
composite TiO2-SiO2 particles [30]. The formation of homogeneously mixed com-
posite particles shows that particles as-synthesized are porous and open to access
of species added after the synthesis. The porosity difference between dried and
non-dried particles was also demonstrated by the addition of a fluorescent dye
to the dispersions of both types of particles [15]. As-synthesized particles yield-
ing fully dyed particles, whereas dried particles fluoresced only from a surface
layer. We used this knowledge to image the core–shell particles by labeling the
amorphous–titania shell. Dye could only penetrate until it reached the core, which
is denser and does not let the dye go further in. This would lead to a thick shell
labeled with fluorescent dye as a sign of the core–shell structure.
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Figure 5.1: (a) Confocal microscopy image of RITC labeled silica particles coated with a titania layer
labeled with FITC dye. The particles that look completely green are either second nucleation or par-
ticles that are not exactly in the same plane with the others, where only the shell is imaged. (b) SLS
graphs of bare silica particles with a 5% polydispersity, 110 nm titania coated non-dried silica particles
and particles after drying with a 55 nm titania shell from top to bottom, respectively. Image size of (a)
=26.91µm × 26.91µm.

RITC labeled silica particles with a 620 nm diameter were coated with titania.
The titania coating of these particles was also labeled, but with FITC, to obtain
contrast between the core and the shell. Fig. 5.1a shows a confocal microscopy
image of the silica-titania core shell particles. The particles that look completely
green are either second nucleation or particles that are not exactly in the same
plane with the others, where only the shell is imaged. The coating thickness can
be measured with SLS. The SLS graphs for these particles with and without the
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titania coating is given in Fig. 5.1b. The symbols in the graphs are the experimen-
tal data and the lines are the full Mie calculations for the core-shell form factor.
From the scattering data the polydispersity for the silica core was estimated to be
5%. The thickness of the titania shell is sensitive to drying and it decreases from
110 nm to 55 nm after drying with an increase in the refractive index of the shell
from 1.55 to 1.8 (See Chapter 4).

Figure 5.2: (a) TEM image of silica particles coated with titania, (b) TEM image of anatase titania
shells after HF etching of Silica@Titania particles calcined at 500oC for half an hour.

Silica@Titania particles were also used to produce titania shells by selective
etching of the silica core with HF. TEM images of Silica@Titania particles as-
synthesized and of calcined Silica@Titania particles after etching with HF are
given in Fig. 5.2a and b, respectively. The result is clear evidence that a titania
coating was deposited on the particles.

Coating polystyrene with titania

We could also coat polystyrene (PS) particles successfully with titania. To show
that we can tune the thickness of the titania shell here we show two extreme ex-
amples of thin and thick coating of cationic PS particles by changing the amount of
titania precursor used per particle. Fig. 5.3a shows a typical confocal microscopy
image of titania coated PS particles where the thick titania layer is fluorescently
labeled. Fig. 5.3b is a TEM image of the titania coated PS particles found to be
1210 nm in diameter with 3% polydispersity. The original particles had a size of
770 nm. In our previous work we have found that amorphous titania particles
that were as large as 1.8µm prior to drying, shrank to 1.3µm when dried, de-
termined by the static light scattering technique [30]. Here we observe a similar
shrinkage for the amorphous–titania coated particles. When the PS particles with
a titania shell were calcined in an oven at 500oC for an hour the core burned
away and the shells became crystalline. A TEM image of crystalline titania shells
is shown in Fig. 5.3c and the corresponding XRD graph is given in Fig. 5.3d. The
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Figure 5.3: As-synthesized polystyrene core, titania shell particles (a) confocal microscopy image after
addition of fluorescent dye, where dye can only reach the shell (b) TEM image of the particles shown
in (a), (c) TEM image of crystalline titania shells after calcination of the titania-coated PS particles at
500oC, (d) XRD of the titania shells showing that the shell is anatase, peaks are denoted as "A" for
anatase and the broad peak at around 20 is due to the glass substrate. [Image size of (a) =15.01µm
× 15.01µm.]

XRD graph has the typical anatase peaks of titania. An SLS graph of these anatase
shells is also given in Fig. 5.4c. This SLS graph proves that with this technique it
is possible to make very monodisperse thick titania shells. It should be noted that
the thick titania layer hinders the burning process of the PS core and this can be
a reason for the bursting of some particles which can easily be seen from a TEM
image of an uncleaned batch shown in Fig. 5.3c. However, it is also possible that
a thicker shell is simply less flexible under heat stress this causes the brake down.

The scattering features, specific to size and refractive index of both the mate-
rial of the core and shell, give a chance of estimating a refractive index for the
core and the shell. From SLS measurements, where we used the known PS re-
fractive index of 1.59, we estimated the refractive index of the titania shell to be
1.55 prior to drying and 1.8 after drying. As shown in the SLS graphs in Fig. 5.4a
and Fig. 5.4b it was possible to coat the PS particles with a thick and a thin layer
of titania. In Fig. 5.4a(1), (2) and (3) an SLS graph of the original PS particles
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Figure 5.4: SLS graphs of PS particles coated with titania. Experimental curves of the particles (sym-
bols) in ethanol fitted to theoretical calculations of the full Mie solutions to the form factor (lines,
offset for clarity) (a) PS particles coated with a thick layer of titania, (1) belongs to the original PS
particles with a radius of 386 nm, (2) the PS particles coated with a 240 nm thick titania shell after dry-
ing. (3) same particles as (2) with the titania shell prior to drying where the shell thickness amounts
to be 460 nm. (b) SLS graphs of PS particles coated with a thin layer of titania which amounts to 42
nm for (1) particles prior to drying and 15 nm (2) for the dried particles. (c) SLS of crystalline titania
shells with an estimated refractive index of 2.3 and thickness of 100 nm. Symbols are experimental
data and the line is the corresponding Mie calculations.

is given together with the SLS graphs of the PS@Titania particles with a thick
shell upon drying and prior to drying, respectively. The SLS graphs for the thin
titania coated same PS particles are given in Fig. 5.4b(1) and (2) prior and after
drying with a shell thicknesses of 42 nm and 15 nm, respectively. In the thick
titania coating case we found a titania shell of 240 nm from SLS and 230 nm
from TEM analysis. This thick titania shell blocks the dissolution of the inner PS
by good solvents of PS. We tried to dissolve the core by using THF but the core
was still not dissolved after several days of THF treatment. This experiment shows
that although it is porous the thickness of the shell is preventing the dissolution
of the core by slowing down the process to an impractical rate. However, for the
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same particles coated with a thin layer of titania the dissolution of the cores was
straight forward. In Fig. 5.5a a TEM image of PS@Titania particles with a 15 nm
titania shell is given. These particles yielded nice and monodisperse amorphous
titania shells upon dissolution of the PS core, which is shown in Fig. 5.5b.

Figure 5.5: TEM images of (a) PS particles with thin shell of titania 15nm in thickness (b) Titania
shells after dissolving the PS core with THF.

Coating metal oxides with titania

Next, we describe an example of titania coating on a metal oxide colloid, namely
gibbsite platelets of 450 nm diameter. The titania coating on the platelets was 30
nm on the edges. The titania shell can be distinguished from the gibbsite core
due to the density contrast of core and shell in the TEM image given in Fig. 5.6.
Although the titania coating is visible in Fig. 5.6b the contrast with the gibbsite
is a bit low. Therefore we analyzed the particles with EDX as well. On a single
spot near the center of the particle EDX graph shows both peaks for titanium and
aluminum, which are clear signs for the presence of titania and gibbsite, respec-
tively. (see Fig. 5.6c) To show the fact that titania is coating the gibbsite platelet
we did a line–scan at the edge of the particle in Fig. 5.6b. From the EDX line–scan
given in Fig. 5.6d it is seen that the titanium peak starts before the start of alu-
minum peak and decreases as the aluminum peak shows up. The aluminum peak
decreases approximately 30 nm after the titanium peak, which agrees with the
titania shell thickness measurements. These features of the EDX line clearly show
the core–shell structure of particles.

Coating a noble metal with titania

As an example of coating metal particles with titania we have fabricated silver
core, titania shell particles starting from well-defined bare silver particles. Ag par-
ticles of 250 nm size and octahedral shape were successfully coated with a 220
nm thick titania layer in one step. A TEM image of the silver particles coated with
titania is given in Fig. 5.7a. To show that the thickness can be tuned by chang-
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Figure 5.6: (a) Gibbsite platelets of 650 nm size coated with a 35 nm titania shell. (b) Zoomed image
of a single gibbsite particle for better visibility of the titania shell. (c) EDX analysis on a spot at the
particles in (b), which shows the presence of Al from the gibbsite and titanium from the titania, (d)
EDX line-scan through the edge of the particle in (b), which clearly shows the core–shell structure.

ing the silver colloid concentration we tried the synthesis with a lower TBT:seed
ratio. We obtained thicker shells for a synthesis where we used half of the seed
particles compared the above example (See Table 5.1 for details). Note that the
silver seeds we used were regular octahedrons and the facets of the core particles
are visible in the TEM images. EDX analysis at the center and at the edge of a
particle proves the core–shell structure. On a spot at the center of the particle
both peaks for silver and titanium exists whereas at the edge only the titanium
peak was observed (see also Fig. 5.7).

Since it is known that concentrated HNO3 can etch silver by oxidizing it, we
have tried to etch the core of Ag@TiO2 particles with HNO3. Although the etch-
ing works within a few seconds for non-dried particles ( by completely leaving
the dispersion transparent, which means that the non-dried titania is also etched
away.), it took 1 day to partially etch the silver core of dried Ag@TiO2 parti-
cles. This observation agrees with the results found when dissolving the PS core
from coated particles. Additionally the surprising results in Chapter 3 about the
Ag@BaTiO3 particles that the silver core was not oxidized upon heating at 900oC
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Figure 5.7: (a) TEM image of Ag@TiO2 particles. (b) Transmission image of a single Ag@TiO2

particle in HAADF mode, (c) EDX on a single spot in the core of the particle (shown in (b) as 1),
which includes both elements of silver core and the titania shell. (d) EDX on a single spot on the edge
of the particle (shown in (b) as 2), which has only titanium element of the shell. The copper signal is
due to the substrate.

for 1 hour can be understood better with these results. (See Fig. 3.10 in Chapter
3 where no oxide peak, which is expected, was observed.)

5.4 Conclusions & outlook

We have developed an easy method for amorphous titania coating of colloidal
particles with a controllable thickness. The coated particles are monodisperse in
size and have a smooth surface. These colloidal particles are potentially impor-
tant for photonic applications, especially because of the monodispersity gained
by growth. This method offers the flexibility of tuning the thickness of the titania
shell by changing the amount of seeds or by changing the amount of TBT added.
Based on the methods we have described before it is also possible to make silica-
titania composite shells for the particles shown here [30]. This new method can
be applied to a broad range of sub-micron sized colloids, especially those that are
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directly dispersible in ethanol. The amphiphilic and nonionic character of the sur-
factant, which defines the character of the synthesis, makes the method available
for a broad range of colloid surfaces as demonstrated here for silica, silver, gibb-
site and polystyrene. Heat treatment of the amorphous titania shells turns the
shells in crystalline titania dependent on the temperature this is either anatase
for 400-600oC or rutile for 800-900oC. Metal core, titania shell particles have
importance in photonics and may find use in production of percolative capacitors
by converting the titania shell to perovskites [15]. The growth mechanism of the
titania on the colloids can be established by analyzing the competitive growth of
a dispersion of titania spheres with a bimodal size distribution, this may give an
idea, whether growth proceeds through a surface reaction-limited condensation
or diffusion-limited condensation of the monomers. We are planning to observe
this by growing titania on two different size PS or silica colloids similar to work
made for silica [38].
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6
Soft Colloidal Dumbbells and

Switching of Their Solid

States

Colloidal hard dumbbells (pairs of colloidal spheres) were predicted com-

putationally to form a plastic crystal and plastic glass at aspect ratios

lower than 0.4 (Vega et al. J. Chem. Phys., 1997, 107, 7 and Götze, et

al. Phys. Rev. E, 2009, 65, 041503.). Although, phase behavior of soft

dumbbells is not well studied, behavior of hard dumbbells can serve as

a guide. Here, we present the realization of a plastic solid phase experi-

mentally by tailoring the interactions from hard to soft, where screened

Coulomb repulsions between the particles effectively decrease the aspect

ratio. This solid system exhibits plastic behavior by enabling the dumbbell

particles to freely rotate in the absence of an external field. However, the

plastic solid phase forms ordered crystal phases upon applying an external

electric field. The order can be induced by using an electric field and can

reversibly be turned on & off. This switching property of our system can

be important for photonic applications. We investigate the plastic crystal

and ordered crystal phases of colloidal dumbbells by means of confocal

microscopy and laser diffraction. Laser diffraction patterns with and with-

out electric field also supports that order in the crystal can be switched

by the electric field.
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6.1 Introduction

The synthesis of spherical monodisperse colloids is by far the best established
for most materials. A powerful strategy to arrive at more complex particles is
to use spherical colloids as starting material to assemble them with complex ge-
ometries. A beautiful example of this approach is the anisotropic aggregates of
spherical colloids with well controlled sizes, shapes, and structures that were first
fabricated by using an an oil-in-water emulsion [1]. Some of the more simple
aggregates like dimers and the tetrahedral tetramers have shapes also found for
certain molecules, bringing some to refer to these particles as ’colloidal molecules’
[2]. Colloidal molecules have not only been proposed as model system but also
drawn attention to their self assembled structures, as it has been predicted that
crystals built up from particles with a lower degree of symmetry can be beneficial
in achieving a full photonic band gap [3]. Colloidal dimers, or dumbbells as we
shall call these particles in the rest of this chapter, are the simplest of the colloidal
molecules but can be synthesized with high purity and high yield. Colloidal dumb-
bells can be synthesized either by forming protrusions on spherical polymer seed
particles or by attaching two spherical particles for instance by destabilizing a dis-
persion of spherical particles followed by separation [4–6]. Colloidal dumbbells
are interesting as a fundamental model system because their anisotropic shape
makes rotational motion much more important than for spheres. The anisotropy
is not large enough to form liquid crystal phases such as a nematic phase, but
for certain aspect ratios it can result in a so-called plastic crystal phase. Whereas
for liquid crystals there is no long range positional order, but some form of long
range orientational order, plastic crystals are characterized by long ranged posi-
tional order but the absence of complete orientational order. Connected to this
is the notion that for anisotropic molecules it is also possible that the rotational
degrees of freedom have a glass transition separately from the translational de-
grees of freedom [7, 8]. We define the aspect ratio for our dumbbells, which could
have ’overlapping spheres’, as the length-to-diameter ratio L*=L/σ, where L is the
distance between the centers of the spheres and σ is the diameter of the (over-
lapping) spheres and takes values between 0 and 1 for the extrema of a single
sphere and two touching spheres, respectively (see Fig. 6.1). The phase behavior
of hard dumbbells was studied computationally by Vega et al. and Marechal et
al. [9, 10]. In phase diagram of hard dumbbells Marechal et al. observe plastic
crystals for aspect ratios below 0.4. For aspect ratios over 0.4 and at volume frac-
tions over 0.65 an ordered crystal is predicted as the stable phase and for aspect
ratios over 0.9 an aperiodic crystal phase is found, which was already predicted
by Wojchiehinski et al. for a 2D system [11].

In Fig. 6.1 the phase diagram of Marechal et al. is given where the aspect
ratio is plotted against volume fraction (φ) and number density (ρ∗). The plastic
crystal region observed for aspect ratios L*60.4 was also divided into two regions
shown with full and empty squares, which resemble stable face-centered-cubic
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Figure 6.1: The phase diagram of hard dumbbells. ’F’ is the fluid phase, ’CP1’ is the ordered close-
packed structure found for hard dumbbells and ’aper’ is the aperiodic phase. The plastic crystal region
for aspect ratios L*60.4 is divided into two regions with full and empty squares. These resemble stable
fcc and hcp phases, respectively. On the right L and σ is shown for a dumbbell particle, where L is the
center-to-center distance of the dumbbell.

(fcc) and hexagonal-close-packed (hcp) phases, respectively. In the phase diagram
an aperiodic crystal phase is also observed in 3D (region designated as aper)
where both spheres that make up the dumbbell occupy triangular lattice sites
while the particles are oriented randomly along different lattice directions. This
phase is entropically favorable because it has many degenerate states. Note that
recently Schweizer et al. [7] predicted the glass transition boundaries for hard
dumbbells and the diagram has fluid, plastic glass (translational arrested), and
double glass (translational and rotationally arrested) regions for similar aspect
ratios to Marechal et al. [10].

Self assembly of dumbbell particles in 2D was studied by Liddell et al. [12, 13].
This group has shown the predicted aperiodic phase of high aspect ratio dumb-
bells [12]. In addition, they have also shown a plastic crystal (rotator) phase in
2D. However, their work did not focus on equilibrium structures of the anisotropic
colloids as the solid phases were result of convective drying, a method in which
packings are generated by a drying liquid, which exerts strong forces on the struc-
tures.

For hard dumbbells the aspect ratio is, besides the volume fraction, the deter-
mining factor for the phase behavior and defines the structure of the assembly.
However, for particles that on top of the hard cores also interact through double
layer repulsion, the range and thus aspect ratio of the repulsions can be tuned
through the Debye-Huckel screening length, 1/κ, in the solution. In this chapter
we will be mostly concerned with solid phases of dumbbells interacting with a
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soft potential, where the screening length was of the same order as the sphere
size making up the dumbbells. In addition to gravity and the volume fraction
of the particles we also influenced the crystallization with a homogeneous elec-
tric field with a frequency in the MHz range. Fields with such a high frequency
only polarize the particle cores because the ions in the double layer do not have
time to follow it. It was already shown by our group that such fields can help to
grow larger crystals of single and bidisperse spheres [15, 16]. For our anisotropic
dumbbell particles the electric field will not only introduce dipolar-like interac-
tions between the spheres making up the dumbbells, but in addition will be able
to align the anisotropic particles in the field direction [17].

Colloidal silica dumbbells synthesized according to the procedure of Johnson
et al. [6] have a solid aspect ratio of 0.9 or less, which gives particles the op-
portunity to be aligned with an electric field. It is possible to lower the aspect
ratio of the particles to 0.7 by growing additional silica layer (see Chapter 7),
but to decrease the aspect ratio further is rather difficult because of aggregation
and secondary nucleation. However, by making use of double layer interactions
at high screening lengths, it is possible to reach low aspect ratios effectively. Pre-
vious work done in our group with polymethylmethacrylate (PMMA) particles
has shown that interactions of charged particles can be tuned from hard to quite
soft, with interaction distances of many microns in length, by putting the particles
in an organic solvent [14]. The extension of this work has shown that this phe-
nomenon is general for particles dispersed in a media with a dielectric constant ǫ
between 4 and 10 [18]. Here we show that the same can be done with silica sphe-
res by dispersing them in cyclohexylbromide (CHB) or in tetrahydrofuran (THF),
which have dielectric constants of 7.9 and 7.2 respectively. In a dispersion of silica
particles in CHB, Debye screening lengths 1/κ such that κR ≈ 1 are achievable.
Long range repulsions due to long screening lengths in CHB and THF effectively
increase the σ such that L*=L/σ values lower than 0.4 can be reached. This opens
the way to explore the rich phase behavior of dumbbells more completely and to
realize the plastic behavior experimentally. It should be remarked though that the
phase behavior of soft dumbbells is not that well studied and the behavior of hard
dumbbells can only serves as a guide.

Crystals of soft dumbbells are also expected to become important for pho-
tonic applications because an external electric field can be used to switch the
structure quite dramatically as has already recently been demonstrated with mag-
netic fields and particles that interacted with soft potentials [19, 20]. Additionally,
anisotropic building blocks for a self-assembled colloidal crystals are also promis-
ing for the fabrication of photonic band gap materials [21]. Li et al. computation-
ally determined that it is easier to reach a full band gap structure for both fcc and
body-centered-cubic (bcc) lattices of dumbbell particles [22]. The photonic band
structure is strongly dependent on the direction of the dumbbell axis, which for
our system can be controlled by the help of an external field.

In this chapter we present a plastic solid of soft dumbbells in addition to or-
dered crystal phase, which is the result of application of an electric field. The
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order in the crystalline dumbbell system, as a function of the external electric
field strength, is characterized with a nematic order parameter. Additionally, laser
diffraction experiments on soft dumbbell solids with and without electric field
were performed.

6.2 Experimental details

Particle preparation

1.3 µm silica particles were synthesized by seeded growth of Stöber [23] silica
particles synthesized according to van Blaaderen et al. [24] with a rhodamine
isothiocyanate (RITC) labeled, 350 nm core. Fabrication of dumbbells was done
according to the procedure of Johnson et al. [6]. The silica dumbbells were coated
with a layer of 3-(trimethoxysilyl)propyl methacrylate (TPM) under Stöber condi-
tions prior to purification with density gradient centrifugation (DGC) technique.
For the TPM coating 0.34 g silica particles (∼40 % dumbbells mixed with sin-
gle spheres) were dispersed in 15 mL ethanol and 1 mL ammonia (29% aqueous
solution) was added to this dispersion along with 2 mL of TPM, the reaction mix-
ture was allowed to react only for 2 hours. After TPM coating the silica particles
were still water dispersible and purified with DGC to a 99 % of dumbbells. For
the DGC we used 20% and 70% glycerol-water solutions. The purified dumbbells
were dispersed in cyclohexyl bromide (CHB) with the help of poly(12-hydroxy
stearic acid) (PHSA) stabilizer, which is used for the synthesis of PMMA particles
according to the procedure of Bosma et al. [25]. 5-15 mg stabilizer was dissolved
in 10 g CHB and this solution was used to disperse already dried silica dumbbells.
Together with the TPM coating the stabilizer enabled silica particles to disperse
in CHB. Silica without these treatments is not stable in CHB for the long term.

Confocal Microscopy

For confocal microscopy measurements the fluorescent RITC dye in the silica par-
ticles was excited with a 543 nm laser by using a Leica SP2 confocal microscopy
equipped with a 63x objective NA 1.3. Images were taken below the sample per-
pendicular to the gravity, which is the xy plane. All images here are made in xy

plane, where gravity (g) is along - z.
Particle tracking was achieved using the image processing language package

IDL (RSI) and methods similar to those described by van Blaaderen et al. [26]
and Crocker and Grier [27]. In addition, the particle tracking codes available at
the web site of Eric Weeks were frequently used [28]. Particle dispersions were
put in a square capillary (Vitrocom), which was coated with 3 nm of chromium,
followed by 9 nm of gold on two opposite sides for applying an external electric
field, as shown in Fig. 7.1 of Chapter 7. The electric field applied was an AC
electric field with a frequency of 1MHz to avoid double layer polarization and
electric currents.
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6.3 Results and discussion

When the van der Waals attractions are ignored (because the particles are steri-
cally stabilized and have long ranged repulsions) the particle interactions of soft
silica particles can be described with a screened coulomb potential, which is given
as follows:

UYukawa(rij)

kBT
=






Z2λB

(1+κσ/2)2
exp[−κ(rij−κσ)]

rij
, rij > σ

∞, rij < σ
(6.1)

where kB is Boltzmann‘s constant, T the absolute temperature, κ is the inverse
Debye screening length (κ−1=1/

√
8πλBc for a number density 2c of a mono-

valent salt) and σ the particle diameter. Z here is the particle charge and λB =
e2/4πǫ0ǫmkBT is the Bjerrum length of the suspending medium with dielectric
constant ǫm; e is the elementary charge and ǫ0 is the permittivity of vacuum.

Figure 6.2: (a) Confocal microscopy im-
age of RITC labeled single silica spheres
of size 1.3 µm dispersed in CHB with a
particle-particle distance of 3.5µm. Image
size =54.78µm*54.78µm.

Dielectric constants 4 < ǫm < 10 are high enough for significant dissociation,
which causes the particles to charge, but low compared to polar solvents such
as water that the screening length can be made quite large. This increases the
range over which repulsion experienced by the particles can lead to freezing of
micron sized particles down to concentrations of less than a volume percent. Long
range repulsion is a result of the κ term in the exponential, as κ gets smaller the
potential becomes longer ranged. The particle-particle repulsion is directly visible
in the confocal image given in Fig. 6.2 where the particle-particle distance is
3.5 µm for particles of 1.3 µm size, where we roughly estimated the 1/κ as 1.2
µm. In the following we tacitly assume the interactions between the dumbbells
can be well approximated by a screened Coulomb potential, as given in Eq. 6.1,
originating at the spheres making up the dumbbells.
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When colloidal silica dumbbells are dispersed in CHB they exhibit a similar
long range repulsive behavior and as the dumbbells are anisotropic particles, the
inter-particle repulsion enables them to freely rotate for sufficiently large screen-
ing lengths. When silica dumbbells have sedimented in CHB they display plastic
solid behavior, where it is called a plastic crystal when the system has positional
order but no orientational order and it is called a plastic glass when particles in the
system are translational trapped but rotationally free. Fig. 6.3a shows a confocal
microscopy image taken in the middle of the sample cell between the electrodes
and at the bottom layer (with respect to gravity) of plastic solid phase of dumb-
bell particles. Only the two cores of the dumbbells are visible in the fluorescence
image. Note that the dumbbells also rotate out of the plane. In the computer sim-
ulations the plastic crystal phase for hard dumbbells is expected for aspect ratios
smaller than 0.4. Here the soft interactions enable us to decrease the aspect ratio
effectively close to 0.4. For our system we determined the effective aspect ratio
based on the confocal image given in Fig. 6.3b as 0.44. For determining the as-
pect ratio we assumed the inter-particle distance perpendicular to the field as the
diameter σ and the core-core distance as the L.

Figure 6.3: Confocal microscopy image of RITC labeled silica dumbbell particles dispersed in CHB (a)
without any external electric field, (b) same sample with an external electric field of 117 Vrms/mm
in the direction of alignment. Only the cores of the dumbbell lobes are visible. Image size (a)
=36.79µm*36.79µm, (b) =43.02µm*43.02µm.

We describe the properties of the plastic solid phase below, but first show that
the dumbbells can be oriented using an external electric field. It is already known
from literature that as an electric field is applied on a dispersions of spheres a
dipole moment is induced in the direction of the external field [29–31]. For the
dumbbell particles a larger dipole moment is induced when the dumbbell particles
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are oriented along the field direction. Thus, all the dumbbells become aligned
along the field in the presence of a sufficiently strong electric field. The orientation
of the dumbbells with the electric field is easily recognized in Fig. 6.3b. Even
although dumbbell particles are not anisotropic enough to form nematic liquid
crystal phases it is useful to characterize the orientational order induced by the
field by the usual nematic order parameter defined for liquid crystals. Here we
used this nematic order parameter as a measure of the local orientational order
for dumbbell particles in both 2D and 3D. The two-dimensional nematic-order
parameter S2d for an N-particle system is defined as:

S2d =
1

N
〈

N∑

i=1

cos(2θi)〉 (6.2)

where θi is the angle between the ith dumbbell major axis and the nematic direc-
tor, which is for our case the electric field direction. This nematic-order parameter
S2d takes on an average value between 0 for a completely disordered (isotropic)
phase and 1 for a perfectly oriented phase. We have used image analysis similar
to Weeks and Grier [27, 28] to determine the positions of the fluorescent cores in-
side the spheres making up of the dumbbells. Centers of spheres belonging to the
same dumbbell can be identified because their separation is less than the (known)
diameter σ of the dumbbell. By determining the positions of the both fluorescent
cores of the dumbbells we determined the orientation of dumbbells with respect
to the electric field direction in 2D. For our plastic solid system seen in Fig. 6.3a
we found the average of the nematic order parameter S2d as 0.09 ±0.04 for the
case without an applied electric field and for the ordered crystal system seen in
Fig. 6.3b an average of S2d of 0.86 ±0.02 was found in the presence of an 131
Vrms/mm electric field.

Particle tracking reproduction of dumbbells from Fig. 6.3a without any applied
external electric field is shown in Fig. 6.4a; here out of plane-oriented dumbbells
show up as single particles. The centers of mass of the dumbbell particles in Fig.
6.4a are shown in Fig. 6.4c, where the hexagonal order is observed with many
defects. Particle tracking reproduction of dumbbells from Fig. 6.3 with an external
electric field of 117 Vrms/mm is shown in Fig. 6.4b, for these particles the centers
of mass are given in Fig. 6.4d, where the hexagonal order is also observed. It is
important to study the centers of mass for the dumbbells because the centers of
mass are expected to have 3D long ranged order for a plastic crystal, while the
bond order should not be long ranged.

We have also calculated the two-dimensional orientational bond order param-
eter (ψ6) for the plastic solid and ordered crystal systems. For this calculation we
determined the centers of mass for the dumbbells and used these as the coordi-
nates of the particles. The two-dimensional orientational bond order parameter
ψ6 is defined as follows:
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Figure 6.4: Computer generated reproduction of the dumbbells in CHB from Fig. 6.3 (a) without
any applied external electric field, single particles are oriented out of the plane (b) with an external
electric field in the direction of the induced alignment (single particles (red) are dumbbells oriented
out of the plane). (c) center of masses of the dumbbell particles without a field, (d) center of masses
of the dumbbell particles in the case of an applied field, Image sizes (a,c) ∼ 36.79µm*36.79µm (b,d)
∼ 43.02µm*43.02µm.

ψ6(ri) =
1

N

N∑

j=1

exp[6iθ(rij)] (6.3)

where the summation j runs over the N nearest neighbors of particle i, θ(rij) is the
angle between the bond-vector connecting the particles i and j and an arbitrary
axis. |ψ6| is ∼ 0.4 for a typical dense fluid and increases to ∼ 1, for hexagonally
ordered perfect crystal. For the finite systems of our 2D image analysis (images
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Figure 6.5: Two-dimensional radial distribution function for the dumbbell centers of mass (a) without
any external electric field for plastic crystal phase, (b) for the ordered crystal phase with an external
electric field. The split peak is because of the difference in particle-particle distances in x and y-axis (a
dumbbell is elongated along y). σ is the diameter for a lobe of dumbbell.

given in Fig.6.3) we have found the |ψ6| as 0.57 for the plastic solid system and
0.65 for the ordered soft crystal system. From these results and also taking into
account that the system is soft, it can be concluded that with and without the field
the system is solid. For the plastic solid phase it is hard to conclude whether it is
crystalline or glass. Although 0.57 is higher than the fluid limit of 0.4 for the hard
sphere fluids, it is lower than the hard sphere limit of crystallinity of ∼ 0.7 [33],
which can also be considered as a result of the softness. For the ordered crys-
tal phase the bond order parameter 0.65 is enough to conclude the crystallinity
considering the defects and softness of the system. In addition to that the images
were taken 10-20 minutes after the electric field was turned on and this may not
be enough for a better crystallinity and order of the system. Furthermore, the
anisotropic shape of the dumbbells distinguishes the inter-particle distances in x

and y axes of the xy plane and this anisotropy also decreases the bond order pa-
rameter. With these arguments it can be concluded the system with the electric
field is crystalline.

Therefore, the two-dimensional radial distribution function for the dumbbell
centers was calculated for the plastic solid and ordered crystal phases, as given
in Fig. 6.5. The radial distribution function for the plastic solid phase has no sig-
nificant crystalline features but this may be a result of two-dimensional analysis.
The radial distribution function of the ordered crystal system has clear crystalline
features, with a doublet peak at 2r/σ. This doublet peak is due to the difference
in inter-particle distance in x and y axes for the ordered-crystal system due to the
elongated shape of the particle.

We used image analysis and tracked the positions of the fluorescent cores in-
side the dumbbells to find the orientation of dumbbells with respect to the electric
field direction in 3D as well. The orientation of the dumbbells in 3D is given by an
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Figure 6.6: Three-dimensional analysis: Orientation of the dumbbell axis with respect to the electric
field direction where φ is the angle between the electric field and the dumbbell axis (a) in case of no
field, (b) in case of a field of 106 Vrms/mm, which aligns the dumbbells.

angle φ, which is the polar angle between the dumbbell axis and the electric field
direction, where electric field is along z-axis and the dumbbell axis is the line that
passes though the centers of the spheres of the dumbbell. Here φ takes on a value
within the range -π26 φ6π

2 . In Fig. 6.6 we have plotted the number distribution
of the dumbbells with respect to φ. It is clear that when there is no electric field
applied the particles are randomly rotating so that at any instant they are equally
oriented in every direction (see Fig. 6.6a) and when an external electric field is
applied particles get oriented along the field direction and populate in a narrow
φ region (see Fig. 6.6b).

The nematic order parameter in 2D considers only the dumbbells in the xy

plane and ignores the ones out of this plane. As it is observed in Fig. 6.4a without
an electric field a significant amount of the dumbbells are out of the plane. For
better statistics it is necessary to find the 3D nematic order parameter. Similar
to the 2D case, order induced by an external electric field can be measured in
3D by using the three-dimensional nematic order parameter (S3d) for dumbbell
particles, which is defined as follows:

S3d =
3〈∑N

i=1 cos
2φi〉

2N
−
1

2
(6.4)

where φi is the angle between the ith dumbbell axis and the electric field direc-
tion. From the particle tracking analysis we have found the coordinates of the
dumbbell lobes and the φi for all the dumbbell particles. 3D analysis of 1494 par-
ticles gave an order parameter S3d of 0.864 ±0.006 for an electric field of 106
Vrms/mm. When no electric field was applied particles were randomly oriented
which gave an order parameter S3d of 0.00 ±0.02 calculated for 570 dumbbells
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as theoretically expected for a completely randomly oriented phase of the dumb-
bells. The volume fraction of the soft dumbbell solids was estimated to be 6% in
both cases.
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Figure 6.7: (a) Nematic order parameter (S2d) for the dumbbells as a function of electric field.
Numbers are showing the data points in time. The graph clearly shows a hysteresis, which means that
order induced by the electric field relaxes back to the non-ordered state within a longer time interval.
The points from 1-12 designate the time steps of 10, 47, 57, 65, 85, 123, 160, 196, 232, 268, 309,
319 sec.

Alignment of the particles with an electric field was reversible and could be
performed infinitely many times. As the field is turned off, induced order by the
electric field was observed to decay. However, we observed that the time response
of the dumbbells to an increasing field and a decreasing field was not the same.
We increased and decreased the field strength in steps while observing the parti-
cles in a 2D plane. From the image analysis of this data in time we have calculated
S2d as a function of the applied field strength. The plot of nematic order parame-
ter S2d with respect to electric field strength is given in Fig. 6.7, where hysteresis
between the relaxation and alignment of the particles with the switching of the
field arise is clearly present. This hysteresis is a result of the time difference that
it takes to orient the particles with a field as compared to the clearly slower re-
laxation of the particles to disorder when the field is turned off. Note also that
the system was not fully relaxed to orientational disorder at the last (12th) step.
The nematic order parameter S2d at this step is as high as 0.18 after 1.3 minutes,
which is the time it took us to decrease the field in steps down back from the ori-
ented state. Clearly the relaxation time was even longer than 25 seconds, which
is the time that corresponds to the last step of the plot in Fig. 6.7.
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Figure 6.8: Plastic solid phase of particles observed over 1 minute of time and the trajectories of the
particles were shown by superimposing all the images taken over this time at the same plane. Particles
form mostly hexagonal structures whereas they span a region due to Brownian motion and rotation
in time.

The positional order in the plastic solid system was also followed in time in 2D.
To visualize this, confocal microscopy images taken from the same plane at dif-
ferent times were superimposed to show the hexagonal ordering of the particles
during 1 minute with 1.6 second intervals and to also demonstrate the particles
did not have any long time self diffusion, but were free to rotate on lattice po-
sitions. The resulting image is given in Fig. 6.8. Dumbbell particles indeed were
found to be localized while rotating over all orientations. The circles in the im-
age represent the lattice sides, which could be identified for most particles even
although they rotated freely and moved around their average position because of
the softness of the confining potential.

One other parameter that demonstrates the degree of order in the plastic solid
phase is the density of the particles in the gravity direction ( z-axis). The particle
density in a plastic crystal stack is shown in Fig. 6.9 as a function of height in
the stack. Clearly, the system is strongly layered. The stack is formed of 6 layers
where the bottom 4 layers form a solid and the top layers stay fluid. The density
modulation inside the stack, which forms layers, show that the dumbbells in the
plastic solid exhibit positional order along z-axis. The steepness of the first peak is
due to the bottom glass wall and following peaks decrease gradually as a function
of pressure as the height increases. The density modulations indicate some degree
of order such that the stack is a solid state, however, as the particles density does
not fall to zero after the 2nd layer is evidence against the crystallinity of the
system.
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Figure 6.9: Particle density as a function of height in a plastic solid stack without an electric field.

6.3.1 Laser diffraction of soft dumbbell solids

Soft interactions in assemblies of anisotropic particles can be interesting for pho-
tonic applications. To show these possibilities, but also to characterize our 3D
order on a significantly shorter time scale than is possible with taking 3D confo-
cal data sets, we performed laser diffraction on our soft dumbbell system. In this
particular case the soft dumbbells had a lower inter-particle repulsion. However,
soft interactions were still present for the particles to freely rotate and align with
the field. In such a dumbbell system the lobes of the dumbbells are the scatterers
and when no electric field was applied the particles were subject to free rota-
tion, under this condition the position of the dumbbells had a fluid like behavior.
However, when an electric field was applied all the dumbbells became oriented
and the particles formed an ordered crystal. The diffraction pattern of the soft
dumbbell particles is shown with and without the external electric field in Figs.
6.10a and b, respectively. Applying an electric field restricts free rotation of the
scatterers and keeps them ordered, which is the reason for the appearance of the
hexagonal Bragg spots. In the case without a field the diffraction pattern resem-
bles that of a fluid phase as seen in Fig. 6.10b, which is due to free rotation of
positional trapped dumbbells. The free rotation of the particles is also observed
form the dynamics of the speckles that show fluctuations in position and intensity.
One useful feature of this soft assembly is that the diffraction pattern changes as
a function of electric field.
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Figure 6.10: Laser diffraction patterns of soft dumbbell solids (a) in an electric field and (b) when
the field is turned off.

This transition could be induced many times (more than 20) and had a relaxation
time of 5-10 minutes. We observed the hysteresis mentioned in Fig. 6.7 here as
well. The relaxation of the hexagonal pattern to a ring takes significantly more
time than converting the ring pattern back to the hexagonal one. Note that the
hexagonal pattern in Fig. 6.10a is elongated in the field direction. We think that it
has two reasons; one is the dumbbell lobes, in the field direction are spaced closer
to each other than the lobes of two adjacent dumbbells and the other reason is
the dipolar attraction of the dumbbells in the field direction, which decreases the
spacing between the dumbbells along the field direction.

6.4 Conclusions & outlook

We report the first experimental realization of plastic solid behavior of low aspect
ratio colloids in three-dimensions, which was predicted previously for hard sphere
dumbbells by simulation. Soft interactions make crystallization easier compared
to hard systems and could also be used for tuning the effective aspect ratio of the
particles. Soft interactions also enable the manipulation of the order in the crys-
tals by an external electric field by giving the dumbbells enough space for free
rotation. The possibility of tuning the order by an external electric field is cer-
tainly very interesting for photonic applications. For instance, the orientational
disorder and translational order of dumbbells in case of plastic crystals and or-
dered crystal may enable a photonic band gap to be turned on & off by application
of an external electric field. As computationally found by Li et al. [22] an ordered
phase of dumbbells is potentially helpful for the realization of a full photonic
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band gap. Here we showed that the crystallization of anisotropic particles and
manipulating of them by an external field can be achieved by dispersing these
particles in organic solvents with a dielectric constant of 4< ǫ <10. We think
that soft interactions for anisotropic particles‘ self-assembly gives important addi-
tional possibilities to manipulate the system. Plastic solid phase observed here is
either a plastic crystal or a plastic glass. Although there is not a strong evidence
for the crystallinity of our system it is possible that the Debye screening length
of the system can be increased such that crystallinity becomes significant. Here
we have also shown an interesting transition between solid states by using an
external electric field, which switches the plastic solid into an orientational and
translational ordered crystal.
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7
Phase Behavior of Colloidal

Dumbbells in an Electric

Field

We studied in real space by confocal microscopy the phase behavior of

non-density matched, micron sized and charged colloidal dumbbells, pairs

of (possibly overlapping) spheres, in an electric field. From computer sim-

ulations the phase behavior is already known for hard dumbbells, but not

for dipolar and/or soft dumbbell type particles. The formation of 3D

dumbbell crystals was only possible with the assistance of an external

electric field, which orients the particles and when no field was applied

dumbbell particles only yielded colloidal glasses. We investigated dumb-

bell particles with two different size ratios (length/width) and with a

double layer thin and thick compared to the particle size at two differ-

ent electric field strengths. Already this sparsely probed parameter space

yielded 6 different crystal structures of which 4 were not yet observed

before. Moreover, one martensitic crystal-crystal transition was found as

a function of the electric field strength. The analysis of the systems with

a long-ranged repulsive interaction also made it clear that the crystal

properties of these crystals can be tuned by the application of an ex-

ternal electric field as it allows reorientation of the dumbbells without

destroying the crystallinity.
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7.1 Introduction

The self assembly of colloids into colloidal crystals received a lot of attention
in the recent literature [1] not only because it is an interesting condensed mat-
ter model system in the study of crystallization, but also for its use in realizing
advanced materials such as photonic crystals [2]. In principle, self assembly is
an inherently cheap method to produce 3D structures, however, for single sized
spheres these are more or less limited to body centered cubic (bcc) for long range
repulsive systems or face centered cubic (fcc) for harder potentials. Moreover,
external fields are necessary to guide the self assembly, e.g. to orient crystals in
preferred orientations. External fields can also help to obtain some new crystal
structures such as hexagonally close packed (hcp) with colloidal epitaxy [3] and
body centered cubic (bct) with electric fields [4, 5], but the number of symmetries
and structures is limited. One way to significantly increase the number of struc-
tures available is to turn to binary colloidal crystals. For instance, in the case of the
recently discovered binary crystals made from particles with an opposite charge
the number of different crystal structures has been more than doubled [7, 8].
Moreover, even for binary hard sphere crystals new phases have recently been
discovered, such as binary Laves phases which could lead to a diamond photonic
crystal but which have for now only been realized in computer simulations [9].
Another approach to arrive at a richer set of crystal structures is to make the in-
teraction potentials in between the particles more complex [10–12]. For instance,
by creating so-called patchy particles [11] or by using anisotropic rod-like shaped
colloids [13]. Perhaps the simplest anisotropic particles (certainly if one wants to
make them from spherical building blocks) are two spheres held together: dumb-
bells. The self assembly of colloidal dumbbells is not only of scientific importance
fundamentally as they are the colloidal analogue of diatomic molecules but may
also be useful for photonic band gap materials applications [14]. For instance, Li
et al. [15] have shown with photonic band gap calculations that dumbbell crystals
ordered in specific crystal lattices can exhibit a full photonic band gap. Recently,
the first experimental papers on dumbbell self organization were presented, but it
mainly was focussed on 2D systems [16, 17]. In computer simulations more work
on 3D systems has been done, for instance Vega et al. and Marechal and Dijkstra
studied the phase behavior of hard colloidal dumbbells [18, 19]. In the phase di-
agram of hard dumbbells Marechal and Dijkstra observed plastic crystals for an
aspect ratios below 0.4. The aspect ratio is defined as the length-to-diameter ra-
tio L*=L/σ, where L is the distance between the centers of the two overlapping
spheres and σ is the diameter of each sphere (For clarity, here in our definition
of a dumbbell the two spheres forming it can overlap). For aspect ratios over 0.4
and at higher volume fractions there is an ordered crystal phase and for aspect
ratios over 0.9 there is an aperiodic crystal phase. This aperiodic crystal phase
was first predicted by Frenkel for a 2D system much earlier [20]. In the 2D phase
that Frenkel found dimers have random orientations and it thus is a rare exam-
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ple of a disordered equilibrium solid phase. Marechal and Dijkstra predict the 3D
equivalent of this crystal phase, which they call an ’aperiodic crystal’ also in part
of the 3D phase diagram as mentioned above [19]. In Fig. 6.1 (of Chapter 6) the
phase diagram of Marechal and Dijkstra is given where the aspect ratio is plot-
ted against volume fraction (φ) and against number density (ρ∗). In this chapter
we present experimental results on self-assembly and crystallization of colloidal
silica dumbbells synthesized according to procedure of Johnson et al. [26]. They
are dispersed in index matching solvent DMSO-water and also in organic solvents.
Here we investigate the crystal structures of the dumbbells, compare their struc-
ture with literature predictions and discuss their possible photonic applications.
As mentioned in Chapter 6 charged particles dispersed in a solvent of dielectric
constant 4<ǫ<10 exhibit soft interactions for sufficiently low ionic strengths. For
the soft system we investigated particles with a core aspect ratio of 0.9 and for
the hard dumbbell system we used two different aspect ratios of 0.9 and 0.7. An
important finding was that without an electric field we only obtained glassy sys-
tems, this is why electric fields were used in all crystallization experiments. An
external electric field prevented the formation of the aperiodic crystal structure,
which is at close packing photonically not different from an fcc crystal of single
spheres. In addition to this an external electric field is a very efficient tool to con-
trol the rotational degree of freedom of the anisotropic particles, especially in the
case where softness in the potential literally leaves more room for this [22, 23].
We are fully aware of the fact that the parameter space that is spanned up by
the double layer thickness (softness), size ratio of the particle cores and electric
dipole induced dipolar field strength is large. Moreover, as far as we know, the
phase diagram of soft-hard-dipolar dumbbells is not yet known, contrary to that
of soft-hard-dipolar spheres [7, 8]. In this chapter we only probed the parame-
ter space with a few points, but the results obtained with these points give an
indication of the increased possibilities for new structures.

Long range repulsions due to large screening lengths that can be achieved in
cyclohexyl bromide (CHB) effectively increased the value of σ such that L*=L/σ
values around 0.44 can be reached. This opened the way to explore a plastic solid
phase as described in the previous chapter. In addition to this, a soft interaction
makes crystallization easier for particles probably for kinetic reasons, moreover as
mentioned they can also be more easily manipulated with an external field. The
lower kinetic barriers in soft systems make them superior systems for studying
self assembly.

Moreover, as colloidal dumbbells are analogues of diatomic molecules their
phase study is of also fundamental importance. The crystal structures found for
colloidal dumbbells of aspect ratio 0.7 and 0.44 are similar structures to α-O2(aspect
ratio 0.42) and α-F2 (aspect ratio 0.50). They all have a base-centered-monoclinic
crystal structure with C2/m symmetry [24]. For diatomic molecules multipolar in-
teractions, of which quadrupolar interaction is the most significant, play a signif-
icant role in stabilizing some crystal structures, like α-N2 (aspect ratio 0.3) [25],
Cl2, Br2 and I2 with Cmca symmetry and aspect ratios of 0.63, 0.72 and 0.84, re-
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spectively [24](see Table 7.1). It is also striking that simple theory excluding the
quadrupolar interactions, but retaining the Lennard-Jones interaction, predicts
the base-centered monoclinic crystal structure with C2/m symmetry to be the sta-
ble structure for aspect ratios from 0.32 to 0.84 for all of the diatomic molecules
[24]. They also find P6m2 structure closely stable with very slight difference in
free energy (0.02% difference in energy). Considering the dipolar forces between
the dumbbell colloids due to the presence of the electric field, which aligns all
dumbbells in the field direction, our findings are in agreement with the literature
structures of diatomic molecules.

7.2 Experimental details

Particles

Synthesis of Particles: 1.3 µm and 800 nm silica spheres were synthesized via
seeded growth of Stöber [27] silica particles synthesized according to van Blaaderen
et al. [28] with a rhodamine isothiocyanate (RITC) labeled core. The fabrication
of the dumbbells was done according to the procedure of Johnson et al. [26] de-
veloped in our lab. For the 0.9 aspect ratio dumbbells, 1.3 µm silica particles were
first dimerised and then coated with a thin silica layer to covalently stick the sphe-
res. For 0.7 aspect ratio dumbbells, 800 nm silica particles after being dimerised
were coated with extra silica to a diameter of 1.3 µm per sphere of the dumbbell.
For dispersing the silica dumbbells in conventional solvents like dimethylsulfox-
ide (DMSO) no extra treatment was made. However, to disperse them in CHB the
particles were surface modified. Prior to purification with density gradient cen-
trifugation (DGC) [26] technique the silica dumbbells were coated with a layer
of 3-(trimethoxysilyl)propyl methacrylate (TPM) under Stöber conditions. After
this TPM coating the silica particles were still water dispersible and purified with
DGC. No more than 1% of spheres were left in the dumbbell suspension after
DGC. The purified dumbbells were dispersed in CHB with the help of poly(12-
hydroxy stearic acid) (PHSA) stabilizer, which is used in the synthesis of PMMA
particles according to the procedure of Bosma et al. [29]. 5-15mg of PHSA-PMMA
graft-comb stabilizer was dissolved in 10 g of CHB and this solution was used to
disperse dried silica dumbbells. The electric field applied was an AC electric field
with a frequency of 1MHz, high enough that the double layer ions cannot follow
the field. Particle dispersions were put in a capillary with 0.4 mm square cross
section, which was sputter coated with chromium (3 nm) and gold (9 nm) on
two opposite sides for applying an external electric field, as shown in Fig. 7.1.

Refractive index matching dimethylsulfoxide DMSO:water solutions were pre-
pared as described in ref. [30] where 11.6% water was mixed with 88.4% DMSO
by weight.

The symmetry of the crystal structures obtained for dumbbells were inves-
tigated by using a computer programme specifically designed to classify crystal
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Figure 7.1: Sample cell with two parallel plate electrodes (a) Photograph of the ∼ 5 cm long & 0.4
mm wide sample cell, on top of a supporting microscopy slide. (b) Schematic cross section of the
sample cell in (a). Electric field is along y-axis and gravity is shown with "g".

structures based on particle coordinates, which is available online [33].

7.3 Results and discussion

It was found for all systems studied here that apart from a few layers close to
the glass bottom wall the sediments obtained without an electric field were amor-
phous and glassy solids as illustrated in Fig. 7.2. These glasses are of interest in
their own [34]. However, in this chapter the main focus is on the crystal struc-
tures of dumbbells. In case of the hard dumbbell system crystals were obtained
by sedimentation in the presence of an electric field. It should also be mentioned
that the crystals we obtained had an average height of 7-11 layers of particles
after sedimentation and the initial volume fractions of the dispersions were 7-9%.
It is important to remark here that all structures in this chapter formed not only
under the influence of an electric field, but also under the influence of a gravita-
tional field. The gravitational length of our dumbbells was 230 nm for 0.9 aspect
ratio dumbbells in DMSO:water. Gravitational length is known from experiments
for spheres (285 nm) [36] and from simulations for dumbbells (0.25-1) [32].

As mentioned, the phase diagram for soft-hard and dipolar dumbbells is not
known, but it is instructive however, using estimates of the double layer thickness
and the dipolar field strength between two spheres, to place the parameters used
for the dumbbells in the phase diagram of that of soft dipolar spheres under the
same parameters. This gives for instance an indication of how dominant the dipo-
lar interactions are. For estimating the dimensionless prefactor γ, which measures
the strength of the dipole induced on the particles, we used the following formula
(more details can be found in ref. [6] together with the phase diagrams of dipolar
hard and soft spheres.):

γ =
πσ3β2ǫmǫ0|Eloc|

2

8kBT
(7.1)
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Figure 7.2: Confocal microscopy image of
RITC labeled silica dumbbell glass formed by
sedimentation without an electric field. The
aspect ratio of these particles is 0.7. Image
size is 23.25µm*23.25µm

where Eloc is the local electric field and defined as Eloc = E + Edip. Here, E is
the external field and Edip is the field induced by the other dipoles and the polar-
izability of the particles in the medium is determined by β as β = (ǫp-ǫm)/(ǫp
+ 2ǫm), where ǫp is the dielectric constant of the particles and ǫm is the dielec-
tric constant of the medium. Here, Eloc was also estimated by Eloc=E/(1-απ/6)
[31]. The double layer thickness for the hard dumbbell cases is about several tens
of nanometers. Here, we find the volume of the dumbbell and take the half of it
as the volume of the sphere and assume this truncated sphere as a sphere for cal-
culations. The volume of the dumbbell is given with the following formula [32],
where r is the radius of a sphere of the dumbbell.

Vdb =
4πr3

3
(1+

3

2
L∗ −

1

2
(L∗)3) (7.2)

Crystals of Hard Dumbbells with an aspect ratio 0.9

Crystals of colloidal hard dumbbells with an aspect ratio of 0.9 were produced
by sedimentation of the particles in the presence of an electric field. The particles
aligned along the electric field direction and self-assembled into crystals upon sed-
imentation, which took about 20-30 minutes. The crystal structure was annealed
by flipping the sample cell up & down 3-4 times and repeating the sedimentation
while keeping the field on, in a similar procedure as was previously found for
spheres [30]. For the particular case shown in Fig. 7.3 we estimated γ as 383 for
a sphere of dumbbell, which indicates strong dipolar interactions.

Confocal microscopy images of the resulting crystals of the RITC labeled silica
dumbbells in an electric field of 177 Vrms/mm are shown in Fig. 7.3. An image
from the 3D crystal stack in the xy-plane is given in Fig. 7.3a.

Although all particles are dumbbells, only the cores of the spheres making up
the dumbbells are visible in the microscopy image. The high aspect ratio of the
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Figure 7.3: Confocal microscopy images of RITC labeled silica dumbbells in a crystal formed in an
electric field of 177 Vrms/mm with an aspect ratio of 0.9. (a) An image in the xy plane of the 3D
stack, where dumbbells are oriented along the field and form a hexagonal pattern ( (110) plane),
only fluorescent sphere centers of the dumbbells are visible. (b) An image of the same stack in the
xy-plane clearly shows the bridge-site stacking of the crystal structure. Here 4 layers of the stack
were superimposed and the inset shows two hexagonal planes of dumbbells that were overlaid, where
white and gray spheres corresponds to dumbbell spheres of different hexagonal layers. (c) An image
of the xz-plane where aba stacking is observed ( (001) plane). Image size (a)=23.78µm*23.78µm,
(b)=21.6µm*13.2µm, (c)=25.5µm*∼8.5µm. Color version of the image is on page 123.

particles complicates the visualization of the dumbbell particles. These dumbbell
particles structurally are very close to two touching spheres, which makes them
look like single spheres in confocal microscopy images, although in movies of the
particles the dumbbells can be recognized as the coupled centers move in unison.
When the spheres making up the dumbbells are considered as separate spheres,
stacking of the spheres is identical to the bct lattice of single spheres. Note that
single spheres in an electric field also exhibit a bct structure [30, 35]. However,
when the centers of mass of the dumbbells are considered the crystal structure is
a tetragonal structure with space group number 129 and a symmetry of P4/nmm;
the Wyckoff position of this structure is c with z=-0.125 [37]. The parameters
for the unit cell are; a=1.5µm, b=1.5µm and c= 2.5µm. In this structure the
dipolar interactions are significant and determines the final structure. An image
of the dumbbells that is an overlay (superposition) of particles in xy-planes of
4 layers is shown in Fig. 7.3b, this image is actually similar to what one would
observe for the bct structure of single spheres and shows the bridge-site stacking
of the next layer on the previous one. Fig. 7.3c shows an image of the same stack
of particles in the xz-plane, where the dumbbells are now perpendicular to the
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image plane. This clearly illustrates the aba stacking of the crystal phase and
agrees with the designated space group. Note that a single sphere making up
the dumbbell appears stretched in the z-direction due to the larger width of the
microscope‘s point spread function in this direction.

Figure 7.4: Tetragonal unit cell of
hard dumbbell particle crystal with
an aspect ratio of 0.9 formed in
an electric field of 177 Vrms/mm.
The crystal has a P4/nmm sym-
metry with the space group num-
ber 129. Here a,b= 1.5µm and c=
2.5µm.

In Fig. 7.4 the unit cell of a crystal of the hard dumbbells with 0.9 aspect ratio is
given, where the dumbbells are aligned along the field direction and the dumb-
bells at the base-centers are shifted by a quarter of a unit cell parameter in the
field direction. Note that one sphere of the center dumbbell touches the upper and
lower unit cell planes. As the field was increased to ∼ 250 Vrms/mm the crystal
structure was destroyed. Inhomogeneity of the field at higher fields caused for-
mation of stripes at the edges close to electrodes, while pushing the rest of the
particles closer to the middle of the capillary.

Crystals of Hard Dumbbells with an aspect ratio 0.7

Crystals of colloidal hard dumbbells with an aspect ratio of 0.7 (with a gravita-
tional length of 400 nm) were grown similar to the previous case by sedimen-
tation of the particles in an electric field. The particles got aligned in an electric
field and self-assembled into crystals upon sedimentation. Confocal microscopy
images of the resulting crystals of RITC labeled silica dumbbells in an electric
field of 147 Vrms/mm are shown in Fig. 7.5 where we estimated the prefactor
γ as 243 for half of a dumbbell. As is seen in Fig. 7.5a the dumbbell particles
can be easily distinguished and tracked as a result of the lower aspect ratio that
keeps the labeled cores closer to each other. The images of the 3D crystal stack
in the xy-plane, xz-plane and in the yz-plane are shown in Fig. 7.5a, b and c,
respectively. In the xy-plane the hexagonal order of all aligned-dumbbell parti-
cles is noticeable. In 3D these particles form a stack, similar to the fcc lattice of
hard spheres in that the next layers are identical to the first, but shifted along the
dumbbell length in y-direction. However, here centers of the dumbbells form a
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Figure 7.5: Confocal microscopy images of RITC labeled silica dumbbells with an aspect ratio of 0.7
in a 3D crystal formed with an electric field of 147 Vrms/mm. (a) An image of an xy plane out of
the z-stack, where the dumbbells are oriented along the field and form a hexagonal pattern. (b) An
image reconstructed from the same stack in the zy plane where the abcdea stacking is visible. (c) A
reconstructed image out of the same 3D stack in the xz plane where only the ada layers are visible,
(d) an image made by projecting 8 layers in the xy plane, which is evidence for close-packing and
the regularity of the crystal. The inset is the stacking of the hexagonal layers, where white and gray
dumbbells show different layers. Image size (a) =27.09µm*27.09µm. Color version of the image is
on page 124.

abcdea stacking sequence instead of an abca stacking of fcc. In this stacking the
coordinate of the dumbbell repeats itself at the 6th layer whereas this happens in
the 4th layer for an fcc crystal (see Fig. 7.5b). The image of the xz-plane shown in
Fig. 7.5c shows only 3 layers with a rectangular symmetry. These layers are ada

layers of the stack, which means that particles from the 1st, 4th and 6th layer are
visible. As can be seen from Fig. 7.5b in the 4th layer the other (complementary)
sphere of the dumbbell particle comes to the same y-position as the 1st layer and
this is the reason for the 4th layer (ada layers) to be observed in the xz plane im-
age given in Fig. 7.5c. The image shown in Fig. 7.5d is a superposition of 8 layers
in the xy-plane. The superposition of layers for this kind of abcdea stacking re-
sults surprisingly in a very neat image, which fills all the possible holes and forms
regular hexagons composed of the fluorescent cores of the spheres. It should be
noted that the superposition of an fcc crystal of singles would just yield the same
superposition. We think that this is a result of close packing, however here close
packing is restricted by the aspect ratio and shape of the dumbbells.

From our analysis of the particle coordinates we found the crystal structure
to be base-centered monoclinic with the space group C2/m (number 12) and
a Wyckoff position a. The unit cell parameters for the structure are as follows;
a=4.4µm, b=1.7µm an c=1.5µm. Crystals with base-centered monoclinic phase
and C2/m symmetry were also predicted for dumbbell particles by Vega et al.
[25], which they named CP1 and CP2 for close-packed fcc-like and hcp-like stack-
ing of the dumbbell centers of mass. Note that the structure of α-O2 has the same
base-centered monoclinic structure with a unit cell angle β = 132o [38] whereas
in our dumbbell structure β=153o. Also the orientation of the dumbbells in α-O2

differs: dumbbell axes orient perpendicular to the ab-plane in the unit cell of α-
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O2. However, in our system dumbbell axes are parallel to the ab-plane. We think
that the different aspect ratios brought about the difference in the angle β. Here
the electric field does not directly influence β, but it fixes the orientation of the
dumbbell and it is possible that changing the orientation of the electric field with
respect to gravity may change β or the stacking. The unit cell of the crystal struc-
ture and the angle β are depicted in Fig. 7.6. From this unit cell it can be seen
that the orientation of the external electric field and the aspect ratio of the dumb-
bells influence the angle β. The aspect ratio of Br2 is 0.72 and is closest to the
above structure, however the observed structure for Br2 is an orthorhombic crys-
tal with a Cmca symmetry [24](see also Table 7.1). It was suggested theoretically
that quadrupolar interactions, which do not exist for our colloidal dumbbells, sta-
bilized the orthorhombic phase of Br2 with respect to the monoclinic phase. In
addition to this the dipoles on the dumbbells do not only align the particles but
may also affect the stable structure of the crystal formed.

Table 7.1: Stable phases and aspect ratios of di-atomic molecules [24].

α-N2 α-O2 F2 Cl2 Br2 I2

Stable phases Pa3a C2/m C2/mb Cmcac Cmca Cmca

Aspect ratio 0.32 0.42 0.5 0.63 0.72 0.84
a cubic b monoclinic c orthorhombic

Figure 7.6: Base-centered monoclinic unit
cell of colloidal dumbbell crystals with the
C2/m symmetry and the space group number
12.

After the electric field strength was increased to 234 Vrms/mm (γ estimated
as 615) for the already crystalline particles the structure of the system evolved
to a bct phase in few seconds, but we allowed the system evolve for 10 minutes
before making images. The confocal images given in Fig. 7.7 show the bct phase
clearly. The xy-plane as seen in Fig. 7.7a has hexagonally ordered dumbbells sim-
ilar to the previous case, however, the stacking is different here. Again, the layers
are identical but shifted half a period perpendicular to the dumbbell length. The
xy-plane given in Fig. 7.7b is characterized by aba stacking where the 3rd layer
is at the same position as the 1st, resulting in 4-fold symmetry. This stacking is a
property of bct and combined with the Fig. 7.7c, which has hexagons of singles
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Table 7.2: Crystal structures of dumbbells with different aspect ratios, interactions and electric field
strength.

Sample∗ Space group H-M symbol Wyckhoff position-β parameters Fig.

0.9 - hard - high 129a P4/nmm c, z=-0.125 a=1.5µm, b=1.5µm, c=2.45µm 7.3

0.7 - hard - low 12b C2/m a, β=153o a=4.4µm, b=1.7µm, c=1.5µm 7.5

0.7 - hard - high 139c I4/mmm e, z = -0.05 a=1.1µm, b=4.1µm, c=1.1µm 7.7

0.4 - soft - lowd 12b C2/m a, β=152o a=3.0µm, b=7.1µm, c=3.2µm 7.8

0.4 - soft - lowe 12b C2/m a, β=136o a=3.0µm, b=3.0µm, c=4.0µm 7.9

0.4 - soft - high 139c I4/mmm e, z = -0.05 a=2.1µm, b=2.1µm, c=6.9µm 8.4
∗ The sample is described by aspect ratio, interaction and field strength, respectively.
a =tetragonal, b=monoclinic, c=body-centered-tetragonal
d stands for the abca stacking for sample Fig. 7.8.
e stands for the aba stacking for sample Fig. 7.9

indicates a bct phase. To have an idea about the long range stacking we superim-
posed 6 layers in xy-plane on top of each other. This resulted in the image given in
Fig. 7.7d, where the dumbbells are sitting on the bridge-site in the x-axis and form
a rectangular structure, which belongs to bct. The space group of this crystal phase
is I4/mmm with space group number 139. Because the movements in the unit cell
are small and did not require a restacking of layers this is a martensitic crystal-
crystal transition [36]. Space groups, space group numbers, Hermann-Mauguin
(H-M) symbols, Wyckhoff positions and parameters of this crystal structure are
tabulated in Table 7.2 along with all other structures.

Figure 7.7: Confocal microscopy images of RITC labeled silica dumbbells with an aspect ratio of 0.7
in a crystal formed with an electric field of 234 Vrms/mm. (a) An image in the xy-plane of the 3D
stack, where hexagonally ordered dumbbells oriented along the field are observed. (b) An image of
the same stack in the yz-plane where the aba stacking is visible. (c) An image of in the xz-plane where
aba layers are visible. (d) The 6 layers of the z-stack are superimposed on each other, implies that all
the layers were on top of each other. Image size (a) =25.05µm*25.05µm. Color version of the image
is on page 124.
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Crystals of Soft Dumbbells with an effective aspect ratio ∼ 0.4

Here, crystals of colloidal soft dumbbells were made by sedimentation of the par-
ticles (with an aspect ratio of 0.9 and a gravitational length of 320 nm) in an
organic solvent (CHB) as described in Chapter 6. Besides the plastic solid phase
that formed when no field was applied and described in Chapter 6, particles also
form more fully ordered crystals when an electric field is applied. It was easier
to obtain crystals with the soft system and no flipping of the sample was found
to be necessary for annealing the crystal structure as the repulsion between the
particles gave apparently enough freedom for the particles to rearrange during
the sedimentation process. The Coulomb repulsion between the particles, which
causes the soft interaction, keeps the particles well separated and enables them
to be rotated by an external electric field easily. The crystalline structure can be
turned on & off easily by switching the electric field. The confocal microscopy
images of the crystal structure obtained, when an electric field of 106 Vrms/mm
was applied, are given in Fig. 7.8. As is seen from the image of the xy-plane in Fig.
7.8a particles were aligned by the field. The value of γ was 12 for a half of the
dumbbell, which means that the dipole-dipole interactions were relatively mild.
The effective aspect ratio of the dumbbells in this structure was 0.44. Nematic
order parameter (S3d) for these soft dumbbell particle systems were found to be
as 0.864 ±0.006 when an external electric field of 106 Vrms/mm was applied
and it was 0.00 ±0.02 for the case without an electric field (see also Chapter
6). The structure observed for the soft dumbbells in a moderate electric field is
again a base-centered monoclinic structure with space group number 12 and with
a C2/m symmetry. This structure has the same symmetry as the 0.7 aspect ratio
hard dumbbells in moderate electric fields, however, here the unit cell angle βwas
152o instead of 153o, as was the case for the hard dumbbell crystal. The stacking
shown in Fig. 7.8b belongs to a phase with C2/m symmetry. Here an abca stack-
ing, where 4th layer of particles has the same position as the 1st, is observed. The
rectangle in the image outlines the abca stacking of the crystal. The superposi-
tion of layers in xz-plane of the stack is shown in Fig. 7.8c which agrees with the
proposed space group. The unit cell parameters of this system are: a=7.1µm,b
=3.0µm and c=3.2µm with β=152o. Aspect ratio of F2 is 0.50 and is closest to
the above structure and F2 is observed to have the same symmetry C2/m with an
angle β=134.6o. F2 was also suggested to be a simple van der Waals‘ solid with
low quadrupolar interactions [24]. In case of diatomic molecules there is a tilt of
molecular axis with respect to the unit cell axes, this tilt angle does not exist in
our crystals due to the electric field and this may cause changes in β.

Most of the crystal domains of these colloidal soft dumbbells at lower electric
field strengths (106 Vrms/mm) were observed to have a base-centered mono-
clinic phase with C2/m symmetry, but in the sample cell we also observed regions
which had a structure with an aba stacking. The images of this crystal structure
that was also observed with an electric field of 106 Vrms/mm (where we esti-
mated the prefactor γ as 12 for a half of the dumbbell) are given in Fig. 7.9. As
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Figure 7.8: Confocal microscopy images of soft dumbbells, which formed a base-centered monoclinic
crystal with C2/m symmetry when an electric field of 106 Vrms/mm ( prefactor γ was 12 for a half
of the dumbbell ) was applied. (a) An image in the xy-plane scanned in sequence to build up a 3D
stack. (b) An image in yz-plane reconstructed from the 3D stack, the rectangular region outlines abca
stacking of the crystal. (c) An image in xz-plane superimposed over 3 layers in this plane that shows
the hexagonal order of the fluorescent cores of the dumbbells aligned along the field, which agrees
with the proposed C2/m symmetry of phase. Image size (a)= 46.80µm*46.80µm. Color version of
the image is on page 124.

is seen from an image of xy-plane in Fig. 7.9a particles were aligned head-to-toe
parallel to the electric field, contrary to all the other structures. The structure
observed for the soft dumbbells under these circumstances was base-centered
monoclinic with the symmetry group C2/m but with unit cell angle β=136o. The
stacking shown in Fig. 7.9b shows an aa stacking with a square symmetry. Here
the 3rd layer of particles has the same position as the 1st layer. A projection of
5 layers in the xy-plane is shown in Fig. 7.9c. This image agrees with the unit
cell shown in Fig. 7.10. Note that in Fig. 7.9c two crystal domains are observed
on the right and left hand side of the image with a line defect in the center. The
unit cell parameters of this system are similar to the previous soft system with;
a=3.0µm,b =3.0µm, c=4.0µm and β=136o. Note that here in Fig. 7.9a parti-
cles form parallelograms, which looks like a different stacking with respect to the
previous case under similar conditions. However, as seen in the unit cell of this
structure shown in Fig. 7.10, the unit cell is again the base-centered monoclinic
C2/m. However, here the orientations of the dumbbells were different: they were
not lying in the hexagonal plane but passing through it. This suggests that here
the structure was grown on the parallelogram face instead of the hexagonal one
with the same symmetry. Note that, the effective aspect ratio of the system is
similar to that of F2 with a similar β=136o (for F2 β=134.6o), with the same
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Figure 7.9: Confocal microscopy images of soft dumbbells, which form a base-centered monoclinic
crystal phase with C2/m symmetry when an electric field of 106 Vrms/mm (γ ≈ 12) was applied.
(a) Image of an xy-plane scanned in sequence to build up a 3D stack, (b) an image in yz-plane recon-
structed from the 3D stack, the square region outlines the aa stacking of the crystal, where b is not
visible from this view, (c) an overlay of 5 xy layers, this image shows the stacking of the phase clearly.
Image size (a)= 55.28µm*55.28µm. Color version of the image is on page 125.

base-centered monoclinic structure and similar to α-O2 as well with aspect ratio
0.42 and β=132o. This time the orientation of the dumbbells is identical to that
of the molecules in α-O2 and F2. The observed monoclinic angle β is also nearly
the same.

Figure 7.10: Monoclinic unit cell of colloidal
dumbbell crystals, which is base-centered
monoclinic with the C2/m symmetry and the
space group number 12. Here, it is observed
that dumbbells are oriented differently when
compared with the previous case. This is
the corresponding unit cell for the structure
shown in Fig. 7.9

After the electric field strength was increased from 106 Vrms/mm to 200
Vrms/mm (raising the prefactor γ to 45 for half of the dumbbell) the crystal
structure of the system evolved to a bct phase with space group number 139 and
with a I4/mmm symmetry. It should be noted that the effective aspect ratio of
the dumbbells in this crystal structure due to the high field strength increased
to 0.6, whereas it was 0.44 for the soft systems with moderate electric fields
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Figure 7.11: Confocal microscopy images of soft dumbbells, which form a bct crystal when an electric
field of 200 Vrms/mm (γ ≈ 45) was applied. (a) Image of an xy-plane scanned in sequence to build
up a 3D stack, (b) Image of an yz-plane reconstructed from the 3D stack, the square region outlines
the aba stacking of the crystal. (c) An image of an xz-plane of the stack showing the hexagonal order
of the dumbbells aligned along the field, which agrees with the proposed bct phase, (d) a projection
of 6 layers in the xy-plane, this image shows the bridge-site stacking of a bct phase clearly. Image size
(a)= 59.12µm*59.12µm. Color version of the image is on page 125.

(106 Vrms/mm). The confocal images given in Fig. 8.4 show different planes of
the new structure. The xy-plane as seen in Fig.8.4a has the hexagonally ordered
dumbbells similarly to the previous case, however, the stacking is different in this
case. Because the movements in the unit cell are small and did not require a
restacking of layers this is a martensitic crystal-crystal transition. This is similar
to the fcc-bct transition that was observed for hard dipolar spheres [36]. The xy-
plane given in Fig.8.4b shows an aba stacking where the 3rd layer is at the same
position as the 1st. This stacking is a property of the bct lattice, and combined
with the Fig. 8.4c, showing hexagons of singles proves the bct phase. To have
an idea about how the layers were stacked in the z direction we superimposed
6 layers in the xy-plane on top of each other. This resulted in the image in Fig.
8.4d where the dumbbells are sitting on the bridge-site in the x-axis and form a
rectangular structure of bct. The unit cell parameters for the bct phase of these
soft dumbbells are: a=2.1µm,b =2.1µm and c=6.9µm.

7.4 Conclusions & outlook

We have made a first start at exploring experimentally the crystallization of col-
loidal dumbbell particles in the presence of an electric field with respect to the
aspect ratio and the softness of the inter-particle interactions as set by the Debye-
Hückel screening length. The phase behavior becomes mich richer with the inclu-
sion of the long-ranged charge or soft interactions between the particles by using
a solvent with a dielectric between 4<ǫ<10. This also lowers to aspect ratio to
0.44. The soft interactions were found to facilitate crystallization and furthermore
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enabled the manipulation of the crystal properties with an electric field by allow-
ing literally more room for the external field to align the dumbbells in different
directions or switch between different crystal structures through a martensitic
transition. The silica particles used in this work would not crystallize in the ab-
sence of an electric field. This is probably due to their rapid sedimentation and
short gravitational length, which quickly leads to kinetic arrest resulting in amor-
phous or glassy solids. However, with the electric field the particles crystallized
quite readily with their long axis parallel to the field. Note that, in this work the
structures observed were the equilibrium phase structures combined with gravity
as the particles were not density matched but only refractive index matched.

We analyzed the crystallization of dumbbells with a hard core size ratio of 0.7
and 0.9 for two values of the double layer thickness, one small compared to the
particle size and the other on the same order of the particle size. Moreover, the
crystals were grown at two electric field strengths. Already at this quite sparse
probing of the enormous parameter space we observed 6 different crystals struc-
tures of which to the best of our knowledge 4 have not been seen before. We
also observed a martensitic crystal-crystal transition as a function of the electric
field strength. For the crystals obtained with the long-ranged soft repulsions it
was furthermore clear that the electric field could be used to reorient the dumb-
bells while maintaining crystallinity and thus change the crystal properties. Such
switching behavior is interesting for photonic use of such crystals. Although it
is clear from these few results that the possibilities for new crystals structures
with these anisotropic particles are significantly increased it is also clear that a
more extensive study of the phase behavior, possible martensitic switching, and
the glass formations in these systems is warranted. When dumbbell particles are
dispersed in CHB two different kind of structures with the monoclinic C2/m sym-
metry were observed at low field strengths and a bct phase is observed at high
field strengths. Crystals of base-centered-monoclinic C2/m symmetry were also
predicted for hard dumbbell particles by Vega et al. [25]. Notably, some of the
diatomic molecules also form crystals with C2/m symmetry. α-O2 and F2 crys-
tals are known to form base-centered monoclinic phases with C2/m symmetry.
Although it is known that for α-O2 the magnetic dipole moment has a role to sta-
bilize the α phase [39], F2 is a simple van der Waals solid without any significant
dipolar or quadrupolar interactions [24], and the base-centered monoclinic phase
is only caused by the geometry of the molecule and van der Waals attractions.
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8
Chains of Colloidal Beads

An external electric field induces dipolar interaction between colloidal

particles. Inter-dipolar interactions favors head-to-toe arrangement of the

colloids and this causes the particles to form string fluids for low-volume-

fraction dispersions and relatively low dipolar interaction energies. In this

chapter we show our preliminary results on making permanent chains

out of colloidal spherical particles. With this methodology it was possi-

ble to make colloidal chains from emulsion droplets, silica particles and

polystyrene particles. By coating the dipolar strings with extra material,

either the same or different from the core allowed us to make the strings

permanent. This procedure offers a way of synthesizing anisotropic par-

ticles with the length tunable by the electrode spacing. Such permanent

strings of colloidal particles are potentially interesting as a model system

for studying liquid crystalline phase transitions. In addition to that flexible

strings are useful as model system for (bio)polymer systems.



110 CHAPTER 8

8.1 Introduction

Macroscopic properties of a colloidal suspension can change dramatically by ap-
plying an external electric field. An electric field can increase the viscosity of the
suspension by several orders of magnitude and can turn the original fluid into a
solid-like material. As the field is switched off the material returns back to the
original state. Colloidal suspensions that exhibit this property are called electro-
rheological fluids [1, 2]. In an electro-rheological fluid, the colloidal particles are
suspended in a solvent with a significantly different dielectric constant. The par-
ticles acquire a dipole moment in an external electric field due to this permittivity
contrast.

The change observed in the flow behavior of such electro-rheological suspen-
sion is due to the induced dipole-dipole interactions between the particles that
lead to a change in the microstructure. Electro-rheological fluids, due to the pos-
sibility of easy manipulation of the macroscopic properties by switching the field,
have found a variety of industrial applications, such as hydraulic valves, clutches,
brakes and displays [3, 4]. There have been many experimental, e.g. Ref. [5–8]
focus on work of our own group which pioneered quantitative real space analysis
of these systems, theoretical, e.g. [9–13], and simulation studies, e.g. [14–16],
investigating the nature of the field-induced particle structures of these fluids.

Figure 8.1: Dipole-dipole interac-
tions induced by an electric field. (a)
For each pair of particles the vector r,
which connects their centers, forms
an angle θ with the direction of
the external electric field, oriented
along the z axis. (b) The dipoles
(depicted as arrows) favor particle
configurations in which they are
aligned in a head-to-toe fashion.

The phase diagram of dipolar hard and soft spheres as a function of dipolar
strength was studied experimentally by Yethiraj et al. [5]. For low volume frac-
tions the structure was found to be a string-like fluid phase, which is basically a
combination of chains of particles in the field direction and a liquid like order in
the plane perpendicular to it, see Fig. 8.1. The same behavior was also shown in
computer simulations by Hynninen et al. [17] that confirmed the stability of the
observed crystal structures and predicted also some structures other than Yethiraj
et al. [5] observed.

In this chapter, we will mainly focus on suspensions with low particle concen-
trations. Here, we assume that the particles interact via a pair-potential that can
be written as the sum of a DLVO type screened Coulomb interaction [18, 19], a
hard-core repulsion, and point-like dipole-dipole interactions [20]. We will ne-
glect the van der Waals interactions, because our systems are either well index
matched and/or the repulsions are of sufficient range that the particles will never
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come into contact. The first two contributions are isotropically repulsive and for
two particles, separated by the vector rij, it can be written as follows:

UYukawa(rij)

kBT
=






ǫc
exp[−κ(rij−σ)]

rij/σ
, rij ≥ σ

∞, rij < σ
(8.1)

where kB is Boltzmann‘s constant, T the absolute temperature, κ the inverse De-
bye screening length (κ−1=1/

√
8πλBc for a number density 2c of a monovalent

salt is given below) and σ the hard-core, or particle diameter. The value of this
potential at contact (when rij = σ) is

ǫc =
Z2

(1+ κσ/2)2
λB
σ

(8.2)

where Z is the particle charge and λB = e2/4πǫ0ǫmkBT is the Bjerrum length of
the suspending medium with dielectric constant ǫm; e is the elementary charge
and ǫ0 is the permittivity of vacuum. The (point) dipole-dipole contribution to
the total interaction can be written as:

Udip(rij)

kBT
=
γ

2
(
σ

rij
)3(1− 3cos2θij) (8.3)

where, θij is the angle that rij forms with the z axis, which is the direction of the
electric field (Fig. 8.1a). The dimensionless prefactor is given by:

γ =
p2

2πǫ0ǫmσ3kBT
(8.4)

and p =π
2βǫ0ǫmσ

3Eloc is the dipole moment induced in the particle by the
local electric field Eloc = E + Edip. Here, E is the external field and Edip is the
field induced by the other dipoles. Finally, the polarizability of the particles in the
medium is determined by β :

β =
ǫp − ǫm

ǫp + 2ǫm
(8.5)

where ǫp is the dielectric constant of the particles. From these equations, it can
be seen that the phase behavior basically depends on four parameters: the density
of the suspension, the charge of the colloids, the screening length of the solvent
and the strength of the applied field. From Eq. 8.3 it is also clear that the dipole-
dipole interaction is anisotropic. It gives rise to an attraction when θij < 54.7, but
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repulsive interactions otherwise. It can be concluded that when the colloids are
not highly charged and when the screening length is not high the dipole-dipole
interaction easily overcomes the repulsions and forms strings of colloids for low
particle concentrations. It is important, though, that there are significant charge-
charge interactions at far enough distance, otherwise the strings start to interact
laterally and become sheets and bct crystals [21].

Inspired by similar behavior, Bibette and co-workers have observed string for-
mation by applying an external magnetic field to magnetic beads and they con-
ducted notable work to understand the bridging of polymers used for stabilizing
the magnetic particles in an external magnetic field. Although the strings they
formed to understand the bridging were not permanent they have shown strings
which last for few days long [22]. A similar idea by Velev and co-workers was used
to fabricate micro-wires by the assembly of metal nanospheres [23], where con-
ductive spheres were aligned by applying an external electric field to form wires
for bio- and micro-circuits. In addition to this recent work Farle and co-workers
reported 1D assembly of magnetic cobalt spheres, which were made permanent
with a silica shell around the particles [24]. This kind of strings of particles that
form a 1D assembly are important for micro-electronics as wires in case of conduc-
tive spheres and important photonically for offering the possibility of changing the
aspect ratio of the particles [25]. In addition to the above mentioned functions
the controlled production of such segmented rods is useful to study the liquid
crystal phase transitions and basics of polymer dynamics experimentally which is
well established computationally and theoretically.

Fabrication of flexible strings may also offer the chance of studying and mim-
icking bio-polymers like DNA, actin and microtubules, which are all quite stiff
compared to ’regular’ polymers.

8.2 Experimental details

Particle preparation

1.3µm silica particles were synthesized with seeded growth of Stöber [26] silica
particles synthesized according to van Blaaderen et al. [27] with a rhodamine-
B-isothiocyanate (RITC) labeled core. An electric field was applied to the silica
particles under Stöber conditions, which means the presence of ethanol,ammonia
and silica precursor: tetraethyl orthosilicate (TEOS). Particle growth in the pres-
ence of an electric field caused the particles to stick to each other covalently
because of the growth of a thin silica shell around touching particles. String for-
mation for silica particles was observed in ethanol and in glycerol. Glycerol with
10-20% (v/v) of ammonia was the optimum condition for long and stiff silica
strings, which gave the necessary silica coating in 2-3 h. For a 0.5-1 % volume
percent particle dispersion in 10 mL glycerol, an amount of 100 µL TEOS was
added for the coating of silica strings. We put the mixture in a capillary, apply
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an electric field of 200 V/mm and let the reaction for 2-3 hours. Glycerol due to
its higher density and viscosity is superior to ethanol because of slower Brownian
motion, which keeps the chain of particles more straight.

Monodisperse emulsion droplets were synthesized according to the procedure
of Zoldesi et al. [28]. We found that by playing with the ammonia concentration
it was possible to get large monodisperse droplets as large as ∼4 µm. The idea
we applied was to increase the ammonia concentration as we increased the con-
centration of precursor dimethyl dimethoxysilane (DMDS). Typically Zoldesi et
al. used 2-10 % (v/v) ammonia with 2-10 % (v/v) DMDS concentrations but we
used 20-25 % (v/v) ammonia with 5-10 % (v/v) DMDS with the methodology
of keeping ammonia always higher than DMDS concentration. Larger droplets
were manipulated easier with an electric field (see Equation 8.3 where σ3 is a
volume term) and the resulting shells and strings of larger droplets are more
elastic compared to the ones templated from smaller droplets [29, 30]. For confo-
cal microscopy measurements of emulsion droplets the fluorescent RITC dye was
coupled to 3-aminopropyl triethoxy silane (APS) prior addition to the droplet dis-
persion. The coupling reaction was done in a little amount of ethanol (0.5 mL)
solution by mixing 0.1 mL APS with ∼ 0.001 g of RITC and sonicating at least for
1 h. It is important to keep the amount of ethanol low because ethanol dissolves
the oil droplets. RITC is normally soluble in water and stays in water first, how-
ever the APS-RITC reaction product likes oil droplets more, compared to water
and labels the droplets after a diffusion period. For the synthesis of strings the
dispersion of droplets with the silica precursor was let for a period for the shell
growth before applying the electric field, which caused less overlap between the
shells in the string and yielded in better flexibility. However droplets could also
be stringed up without the shell formation but in any case for the string forma-
tion the silica shell is necessary to stick the droplets to each other. The amount of
TEOS for the shell growth was 0.018M as described in Ref. [28].

Polystyrene (PS) particles were synthesized according to the procedure of
Goodwin et al. [31] and were dispersed in ethanol for further experimentation.
The PS particles were grown larger with titania in the presence of an electric field
according to the conditions described in Chapter 5. For all sample preparations
volume fractions of the samples were kept below 0.5 % to avoid particle aggrega-
tion as they sediment. For 10 mL ethanol dispersion of particles 0.1 mL tetra-butyl
titanate (TBT) was used to coat PS particles together.

Experiments were made in rectangular capillaries 0.1 mm*1 mm size, equipped
with conductive wires for applying an electric field of 1 MHz frequency, in order
to only polarize the particle cores and not the double layers.
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Figure 8.2: A series of confocal microscopy images of a large emulsion droplet in time which shows
the diffusion of the APS-RITC couple into the droplet over 2 hours of time. In the first panel all the
dye is in the dispersing medium and the droplet is dye-free, whereas in the last panel all the dye has
gone into the droplet and the medium is almost free of dye. The images in the panels were taken at
times t:0 min, 11 min, 23 min, 35 min, 46 min, 57 min, 69 min, 80 min, 92 min and 102 min. Image
size of single a panel is 167.8µm*167.8µm.

8.3 Results and discussion

8.3.1 Chains of Emulsion Droplets

Emulsion droplets

For the synthesis of labeled emulsion droplets, first the emulsion droplets with
the method of Zoldesi et al. [28] were synthesized and then the dye RITC cou-
pled to APS was added to the dispersion medium of the emulsion droplets. As
APS-RITC is soluble in water it first stayed in the water phase but diffused subse-
quently into the oil phase in time in which it is apparently better soluble. It was
already known that RITC is hydrophilic (with an ionic structure) and dissolves in
water and does not diffuse into the oil phase of PDMS droplets. However previous
work done by Vincent and co-workers [32] had shown that silane precursors like
APS and methyl-triethoxy silane (MTES) when mixed with the PDMS droplets,
diffuse into the oil phase and cause the droplets to swell. However, only MTES
forms a network (cross-link) with the oligomers of PDMS. It was also shown by
Vincent and co-workers [32] by using NMR that MTES couples to the network
of the DMDS molecules, but that APS is only physically driven to the oil phase
because of better dissolution and does not couple to the structure due to the
steric hinderance of the functional group on the precursor whereas this functional
group is significantly smaller in MTES. For the droplets with APS there were no
triply functioned siloxanes detected, which meant APS stayed in the droplet as
a monomer or it coupled only to the ends of the linear oligomer that amounts
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only ∼15 % of the droplet [32]. For the same reason the APS-RITC molecule does
not couple to the droplet network, but only diffuses into the oil phase and labels
the droplets. A series of confocal microscopy images of a large emulsion droplet,
which shows nicely the diffusion of the dye, is given in Fig. 8.2. It is seen from
the confocal microscopy images shown in Fig. 8.2 that at the beginning of the
series the continuous phase (water) contains all of the dye, whereas the emulsion
droplet is free of dye. The images in the panels of Fig. 8.2 were taken over a
period of 102 min.

Figure 8.3: (a) Confocal microscopy image of
RITC labeled emulsion droplets . Image size
=59.33µm*59.33µm.

In time it is observed that the contrast between the water and oil phase first
decreases and after a while becomes the reverse of the start of the experiment.
Apparently, the coupling of RITC to APS makes it more favorable for the RITC
molecules to diffuse into the emulsion droplet than to stay in the water phase.
The confocal images were taken over 102 minutes, which is approximately the
time the APS-RITC molecules took to completely diffuse to the emulsion droplets.
It is likely that the poly-dimethylsilane (PDMS) nature of the emulsion droplets
and APS has a similar structure and motivates the RITC diffusion into the droplets.
After approximately 2 hours of diffusion time the particles became all labeled as
shown in Fig. 8.3.

To see a difference in size we have performed SLS on the emulsion droplets
before and after the addition of the APS-RITC. The SLS graph is given in Fig. 8.4
and shows the size growth of the droplets as the dye is added, which was also
observed by the Vincent group [32]. Fig. 8.4 shows that the emulsion droplets
with a diameter of 1740 nm with 5% polydispersity swelled into 2 µm size with
the addition of APS-RITC. SLS curves of the droplets (symbols) were fitted to the-
oretical calculations of the full Mie solutions to the form factor (line) with the
refractive index of the droplets 1.37 and 1.36 before and after addition of the
dye, respectively. One other evidence that APS-RITC does not couple to the emul-
sion droplets was observed when TEOS was added to the medium, TEOS started
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Figure 8.4: SLS experimental curves of the emulsion droplets (symbols) in water fitted to theoretical
calculations of the full Mie solutions to the form factor (lines) for droplets before and after addition
of the APS-RITC dye. The refractive index of the emulsion droplets was estimated to be 1.37 and 1.36
before and after dye incorporation.

to form a solid silica shell on the oil droplet together with the APS, as new APS
molecules diffused towards the silica shell. We observed that as the silica shell
formed, APS integrated into the silica shell and diffused back from the oil phase
to the shell to incorporate with silica shell, resulting in fluorescent labeled shells.

Chain formation of emulsion droplets

According to the procedure of Zoldesi et al. [28], as TEOS is added into the dis-
persion of the emulsion droplets a silica shell grows on the droplets. We applied
the same procedure in the presence of an electric field for producing permanent
strings of emulsion droplets.The electric field arranges the emulsion droplets into
strings and as the silica shell grows on the droplets the strings become permanent.
In Fig. 8.5 reflection mode confocal microscopy images of the droplet strings are
shown. In the panels of the figure different conformations of the same string in
time can be observed from the images taken over 1 min. These different con-
formations in time clearly demonstrate the flexibility of the string. As found by
Zoldesi et al. [30] silica shells formed around the PDMS droplets, which were
elastic, could buckle inwards depending on the size and thickness of the shell. We
think that with the strings formed by the method proposed here, it is possible to



CHAINS OF COLLOIDAL BEADS 117

Figure 8.5: Reflection mode confocal microscopy images of flexible emulsion droplet strings the con-
formational differences in the images show the flexibility of the chain. Image size of a panel is =32.89
µm*32.89 µm. Images were taken at times t: 0 sec, 6.5 sec, 13 sec, 19.5 sec, 26 sec, 32.5 sec, 39 sec,
45.5 sec, 52 sec, 58.5 sec and 64 sec.

play also with these parameters to produce flexible or non-flexible strings of silica
shells. Here we give an example of flexible strings as shown in the panels of Fig.
8.5 and work is in progress to analyze the results to obtain an estimate of the
elastic modulus for the strings.

Figure 8.6: Bright field microscopy images of a flexible emulsion droplet string, which was trapped
with 3 traps by using optical tweezers and the middle trap was moved up and down to bend the string.
The panels show the 3 conformations of the string when traps were on a line (first panel), when the
middle trap was moved up (second panel) and when the middle trap was moved down (third panel.
Scale bar=2 µm.

To explicitly show the flexibility we used optical tweezers to hold the string
with 3 traps on a line. Fig. 8.6 demonstrates three different conformations of the
string. First, three traps were on a line and the string was linear. As the middle
trap was moved upwards the string started to bend as shown in the second panel.
It was also shown that by moving the middle trap in the opposite direction of
the previous case the string could be bent downwards. Together with Fig. 8.5 this
result proves the flexibility of these strings.
The emulsion droplets as mentioned before could be labeled with a fluorescent
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Figure 8.7: Confocal microscopy image
of RITC labeled fluorescent emulsion
droplet strings. Scale bar 5 µm.

dye by simply coupling this dye to APS and adding this to the dispersion of emul-
sion droplets. By using labeled droplets, labeled strings can easily be formed as
shown in Fig. 8.7. The study and analysis of strings for estimating elastic modu-
lus is easier and more accurate for the labeled strings with fluorescence images in
comparison to the reflection images.

Figure 8.8: Chains of silica particles labeled with RITC with a size of 1.3 µm. (a) confocal microscopy
fluorescence image of several chains, (b) TEM image of a chain of silica particles. Image size (a)
90.87µm*90.87 µm.
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8.3.2 Chains of Silica Particles

It is well known [5–8] that silica particles dispersed in ethanol (or glycerol) will
form strings if an external electric field on the order of 0.1 V/µm and 1 MHz
frequency is applied. Here we have demonstrated that if the field is applied in
a Stöber solution with the silica precursor, particles can grow together to form
strings. For this purpose we put a very dilute particles dispersion in ethanol (or
glycerol) with ammonia and TEOS. When the field was applied for 2-10 hours
depending on the ammonia concentration the silica growth on the particles was
found to be enough to hold the particles together, which yields the silica chains
shown in Fig. 8.8a. The silica growth on the particles should at least be 30 nm
to keep the particles together. It should be kept in mind that while the string was
formed by the electric field the Brownian motion drives fluctuations in the string
shape so the field should be high enough to keep the particles in close contact
against the double layer repulsion and high enough to arrive at strings that are
more or less straight. Note that the glycerol medium for the string formation of
silica particles gave better results because of the slower Brownian motion. With
this technique it was also possible to take out these silica chains from the capillary
into a dispersion and make TEM images of the strings, as shown in Fig. 8.8b where
the silica growth is no more than few tens of nanometers.
In the strings that we synthesized the length distribution of the particles is broad.
As an electric field is applied particles span the length between the two electrodes
and as the field is turned off the particles randomly break down from the weakest
point on the chain and this causes the polydispersity of the strings. In future
work this can be easily improved upon by making the strings stronger (for long
strings) with a thicker silica layer or by bringing down the distance between the
electrodes.

8.3.3 Chains of PS Particles

The method we used for the string formation is a general method and can be
used to make strings from any type of colloids if they can be coated with another
material to keep them together. To prove the generality of the technique we tried
to build strings from PS particles and coated these PS particles with titania as
described in Chapter 5. We applied an AC electric field to a dispersion of PS
particles dispersed in a medium including a titania precursor and the stabilizer
Lutensol ON 50. Reflection mode confocal microscopy images of the PS chains
produced from PS particles with a size of 870 nm and coated with titania in the
presence of an electric field are shown in Fig. 8.9. The reflection mode image was
taken after the electric field was switched off.

The strings formed by the PS particles by seeded growth of titania together
with the seeded growth of silica on the emulsion droplets and silica particles
proves that coating in the presence of an electric field is a general approach to
produce chains of beads.
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Figure 8.9: Reflection mode confocal microscopy images of chains of PS particles with a size of 870
nm and coated with titania in the presence of an electric field. Image size 54.13µm*54.13 µm.

8.4 Conclusions & outlook

We have described a general fabrication route for the 1D assembly of colloidal
particles, which produces permanent strings of particles. We have demonstrated
the procedure by performing seeded growth of silica and titania on silica, PS parti-
cles and emulsion droplets. Here the formation mechanism of the chains includes
covalently connecting the particles to each other. This method offers a way of
synthesizing anisotropic particles. Furthermore, permanent strings of colloids are
interesting as a model system for studying anisotropic particles phase transitions
and flexible strings can find use as simplified model system for (bio)polymers.
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Selected Figures in Color

Figure 4.7 (a) Lateral trap stiffness and (b) axial trap stiffness as a function of particles diamater plotted against
the diameter of the core diamater with an anatase-core, and an amorphous-titania-shell with the refractive indices
of 2.3 and 1.8, respectively

Figure 7.3 Confocal microscopy images of RITC labeled silica dumbbells in a crystal formed in an electric field of
177 Vrms/mm with an aspect ratio of 0.9. (a) An image in the xy plane of the 3D stack, where dumbbells are
oriented along the field and form a hexagonal pattern ( (110) plane), only fluorescent sphere centers of the
dumbbells are visible. (b) An image of the same stack in the xy-plane clearly shows the bridge-site stacking of the
crystal structure. Here 4 layers of the stack were superimposed and the inset shows two hexagonal planes of
dumbbells that were overlaid, where white and gray spheres corresponds to dumbbell spheres of different
hexagonal layers. (c) An image of the xz-plane where aba stacking is observed ( (001) plane). Image size
(a)=23.78µm*23.78µm, (b)=21.6µm*13.2µm, (c)=25.5µm*∼8.5µm.
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Figure 7.5 Confocal microscopy images of RITC labeled silica dumbbells with an aspect ratio of 0.7 in a 3D crystal
formed with an electric field of 147 Vrms/mm. (a) An image of an xy plane out of the z-stack, where the
dumbbells are oriented along the field and form a hexagonal pattern. (b) An image reconstructed from the same
stack in the zy plane where the abcdea stacking is visible. (c) A reconstructed image out of the same 3D stack in
the xz plane where only the ada layers are visible, (d) an image made by projecting 8 layers in the xy plane, which
is evidence for close-packing and the regularity of the crystal. The inset is the stacking of the hexagonal layers,
where white and gray dumbbells show different layers. Image size (a) =27.09µm*27.09µm.

Figure 7.7 Confocal microscopy images of RITC labeled silica dumbbells with an aspect ratio of 0.7 in a crystal
formed with an electric field of 234 Vrms/mm. (a) An image in the xy-plane of the 3D stack, where hexagonally
ordered dumbbells oriented along the field are observed. (b) An image of the same stack in the yz-plane where the
aba stacking is visible. (c) An image of in the xz-plane where aba layers are visible. (d) The 6 layers of the z-stack
are superimposed on each other, implies that all the layers were on top of each other. Image size (a)
=25.05µm*25.05µm.

Figure 7.8 Confocal microscopy images of soft dumbbells, which formed a base-centered monoclinic crystal with
C2/m symmetry when an electric field of 106 Vrms/mm ( prefactor γ was 12 for a half of the dumbbell ) was
applied. (a) An image in the xy-plane scanned in sequence to build up a 3D stack. (b) An image in yz-plane
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reconstructed from the 3D stack, the rectangular region outlines abca stacking of the crystal. (c) An image in
xz-plane superimposed over 3 layers in this plane that shows the hexagonal order of the fluorescent cores of the
dumbbells aligned along the field, which agrees with the proposed C2/m symmetry of phase. Image size (a)=
46.80µm*46.80µm

Figure 7.9 Confocal microscopy images of soft dumbbells, which form a base-centered monoclinic crystal phase
with C2/m symmetry when an electric field of 106 Vrms/mm (γ ≈ 12) was applied. (a) Image of an xy-plane
scanned in sequence to build up a 3D stack, (b) an image in yz-plane reconstructed from the 3D stack, the square
region outlines the aa stacking of the crystal, where b is not visible from this view, (c) an overlay of 5 xy layers, this
image shows the stacking of the phase clearly. Image size (a)= 55.28µm*55.28µm.

Figure 7.11 Confocal microscopy images of soft dumbbells, which form a bct crystal when an electric field of 200
Vrms/mm (γ ≈ 45) was applied. (a) Image of an xy-plane scanned in sequence to build up a 3D stack, (b) Image
of an yz-plane reconstructed from the 3D stack, the square region outlines the aba stacking of the crystal. (c) An
image of an xz-plane of the stack showing the hexagonal order of the dumbbells aligned along the field, which
agrees with the proposed bct phase, (d) a projection of 6 layers in the xy-plane, this image shows the bridge-site
stacking of a bct phase clearly. Image size (a)= 59.12µm*59.12µm
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Summary

In this thesis, we have presented the results of our synthesis and experimental
investigations of a variety of colloidal systems. Colloidal particles are a hundred
or thousand times larger than atoms or molecules, but suspended in a liquid they
display the same phase behavior, including fluid, crystalline and glassy phases.
This makes them excellent condensed matter model systems. In addition to this
colloids as being building blocks of many objects in macro- world they are perfect
to study the insights of matter. Besides the use of spherical colloids in today‘s
technology and science anisotropic colloids are also increasing their importance
and use in current scientific research. Several anisotropic particles systems are
described here from synthesis to applications and phase behavior.
As a start, we highlighted in Chapter 2 the synthesis of eccentric titania core,
silica shell particles. We showed that core-shell particles of titania with a silica
shell yielded eccentric particles by extensive shrinkage of the core compared to
the silica shell when calcined in an oven. on the way to synthesize the core-shell
titania-silica particles we have also found that drying of the titania particles was
crucial and not frying the particles left them porous, which gave us the possibility
of synthesizing composite titania-silica particles. In the composite titania-silica
particles we have found that silica was dispersed homogeneously in the particle,
which shows the highly porous structure of titania prior to drying.

In Chapter 3 by using the knowledge we learned from Chapter 2 we showed a
general method to synthesize perovskite particles based on titania. Porous titania
particles prior to drying could adsorb the metal salts by simply sonicating these
salts in a dispersion. We showed that stoichiometric addition of the metal salts
followed by a calcination step resulted in monodisperse perovskite colloids of mi-
crometer size, where the titania particles behave like a template for the colloidal
perovskites. We also showed synthesis of metal core, perovskite shell particles,
which could find applications in capacitors and finally we have shown the ease to
manipulate these particles by addition of Pr salt for luminescence of the colloids.

In Chapter 4, we described the first seeded growth of titania particles starting
with an anatase-titania core. Amorphous titania was coated on these crystalline
spheres. We also described ways of tuning the refractive index of the amorphous
titania shell by adding silica and calcination, which gave different refractive in-
dices for different ways of manipulation. The actual aim of synthesizing these
particles; their stiffer optical tweezing properties were also investigated and it
was found that the core shell titania particles can be trapped twice stiffer than
conventional same size polystyrene particles. We expect that these particles will
find use for biophysical experiments where stiffer trapping is necessary.

Based on what we learned from Chapter 4 we managed to coat several other
colloids with a titania shell. In Chapter 5 we describe a general method to coat
sub-micron colloidal particles with titania as shown for silver, polystyrene, gibb-
site and silica. Thickness of the titania coating with our method is easy to change



127

by changing the amount of the seeds and the titania precursor. We could tune
the thickness from 15 nm to 250 nm for the polystyrene example, which is rare
in literature. We also show ways for fabrication of titania shells by dissolving or
burning the core.

In Chapter 6 & 7 phase behavior of silica dumbbells is explored. By dispersing
the silica dumbbells in an organic solvent it is possible to change the particles
interaction from hard to soft. Bringing in the soft interactions also enables us
to explore the low aspect ratio region of dumbbells effectively , which is hard to
produce synthetically. In Chapter 6 crystals of soft dumbbells are investigated with
and without an external electric field. Effectively decreasing the aspect ratio of the
dumbbells with soft interactions makes it possible to observe the plastic crystal of
dumbbells predicted for aspect ratios lower than 0.4 by computation. In a plastic
crystal of dumbbells particles are freely rotating whereas an external electric field
aligns all the particles and brings orientational order along with positional order.
Laser diffraction of these to systems with and without an electric field (crystalline
with field and fluid-like with no field) shows that this soft dumbbells can find
applications as a photonic switch, which turns on & off the photonic band gap
with switching the electric field.

In Chapter 7 phase behavior of hard dumbbells are explored for two aspect
ratios of 0.9 and 0.7 in the presence of an varying external electric field that
aligns the particles and stimulates the crystallization. In addition to this phase
behavior of soft dumbbells in an electric field was investigated and compared with
the hard dumbbells system. Possible photonic properties of these crystal types are
also discussed.

Finally in Chapter 8 synthesis of a new type of anisotropic particles was launched.
In the presence of an electric field low volume fraction dispersions are known to
form strings. Here we show the preliminary examples of permanently sticking
these string particles to each other forming "chains of beads". The strings of sil-
ica particles was permanently stuck to each other by coating extra silica on them
and similarly emulsion droplets were also coated with silica, which yielded a soft
string of silica shells with elastic properties. Strings of polystyrene particles coated
with titania was studied to extend the method.
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Samenvatting

In dit proefschrift presenteren we de resultaten van onze syntheses en het ex-
perimentele onderzoek aan diverse colloïdale systemen. Colloïdale deeltjes zijn
honderd tot duizend keer groter dan atomen of moleculen, maar gesuspendeerd
in een vloeistof vertonen ze toch hetzelfde fasegedrag. Zo vormen ze bijvoor-
beeld vloeistoffen, kristallen en glazen. Ook zijn colloïden bouwstenen van vele
objecten in de macro-wereld en daarom perfect geschikt om meer inzicht in de
materie te verkrijgen. Naast het gebruik van bolvormige colloïden in de huidige
technologie en wetenschap, worden anisotrope colloïden ook steeds belangrijker
en meer gebruikt in het huidig wetenschappelijk onderzoek. Hier worden verschil-
lende anisotrope deeltjes systemen beschreven van synthese tot toepassingen en
fase gedrag.

We starten in Hoofdstuk 2 met de synthese van deeltjes met een excentrische
titania kern en een silica schil. We tonen aan dat deze titania deeltjes met een sil-
ica schil excentrische deeltjes opleveren wanneer ze gecalcineerd worden in een
oven; de kern krimpt dan sterk ten opzichte van de silica schil. Tijdens het werken
aan de synthese van de kern-schil titania-silica deeltjes hebben we geconstateerd
dat het drogen van de titania deeltjes cruciaal was: door ze niet te verhitten
bleven de deeltjes poreus, wat ons de mogelijkheid gaf tot de synthese van com-
posiet titania-silica deeltjes. Voor deze composiet titania-silica deeltjes hebben we
geconstateerd dat silica homogeen in het deeltje verspreid was, waaruit de zeer
poreuze structuur van titania voorafgaand aan het drogen blijkt.

In Hoofdstuk 3 beschrijven we een algemene methode voor de synthese van
perovskiet deeltjes, gebaseerd op de kennis die we in Hoofdstuk 2 over titania
verkregen hebben. Poreuze titania deeltjes kunnen metaalzouten adsorberen vo-
ordat ze gedroogd worden door simpelweg een dispersie met deze zouten te
sonificeren. We tonen aan dat stoichiometrische toevoeging van metaalzouten,
gevolgd door een calcinatiestap, resulteert in monodisperse perovskiet colloïden
van micrometer grootte. Hierbij dienen de titania deeltjes als template voor de
colloidale perovskieten. We beschrijven ook de synthese van deeltjes met een
metalen kern en een perovskiet schil, met toepassingen in condensatoren. Tot slot
laten we zien hoe gemakkelijk deze deeltjes te manipuleren zijn door toevoeging
van Pr zout voor luminescentie van de colloïden.

In Hoofdstuk 4 beschrijven we de eerste ’seeded growth’ van titania deeltjes
waarbij we met een anastase titania kern beginnen. Deze kristallijne titania ker-
nen werden bedekt met amorf titania. We beschrijven ook manieren om de brek-
ingsindex van de amorfe titania schil te beïnvloeden door silica toe te voegen en
te calcineren, wat verschillende brekingsindices gaf voor verschillende manieren
van manipulatie. Het doel van de synthese van deze deeltjes is de mogelijkheid
ze vaster te klemmen met een optisch pincet. Het bleek dat de kern-schil titania
deeltjes tweemaal vaster kunnen worden geklemd dan conventionele polystyreen
deeltjes van dezelfde grootte. We verwachten dat deze deeltjes gebruikt zullen
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worden in biofysische experimenten waar vaster klemmen met een optisch pincet
nodig is.

Gebaseerd op wat we in Hoofdstuk 4 geleerd hebben zijn we erin geslaagd
verschillende andere colloïden te bedekken met een titania schil. In Hoofdstuk
5 beschrijven we een algemene methode om sub-micron colloidale deeltjes met
titania te bedekken, zoals zilver, polystyreen, gibbsiet en silica deeltjes. De dikte
van de titania laag in onze methode is gemakkelijk te in te stellen door de ho-
eveelheid kernen en de titania precursor nauwkeurig te kiezen. We kunnen de
dikte van de schil variëren van 15 nm tot 250 nm voor polystyreen kernen, wat
zeldzaam is in de literatuur. We laten ook manieren zien voor de fabricatie van
titania schillen door de kern van de deeltjes op te lossen of te verbranden.

In Hoofdstuk 6 & 7 wordt het fasegedrag van silica dumbbells verkend. Door
de silica dumbbells in een organisch oplosmiddel te suspenderen is het mogelijk
om de interactie tussen de deeltjes te variëren van hard tot zacht. Het op deze
manier induceren van zachte interacties geeft ons de mogelijkheid om de as-
pect ratio van de dumbbells te verkleinen, dergelijke deeltjes zijn moeilijk anders
te produceren. In Hoofdstuk 6 zijn kristallen van zachte dumbbells onderzocht
met en zonder een extern elektrisch veld. De effectieve verlaging van de aspect
ratio van de dubbells door middel van zachte interacties maakte het mogelijk
een plastisch kristal van dumbbells te observeren. Het plastisch kristal was door
berekeningen voorspeld voor deeltjes met een aspect ratio lager dan 0.4. In een
plastisch kristal van dumbbells draaien deeltjes vrij rond terwijl een extern elek-
trisch veld de deeltjes oplijnt en oriëntationele en positionele orde brengt. Laser
diffractie aan deze systemen met en zonder elektrisch veld (kristallijn met veld
en vloeistofachtig zonder veld) laat zien dat deze zachte dumbbells toepassingen
kunnen vinden als een fotonische schakelaar, die de fotonische band gap aan en
uitzet door het elektrisch veld te schakelen.

In Hoofdstuk 7 wordt het fasegedrag van harde dumbbells verkend voor twee
aspect ratio’s, 0.9 en 0.7, in de aanwezigheid van een extern elektrisch veld dat de
deeltjes oplijnt en kristalvorming stimuleert. Ook wordt het fasegedrag van zachte
dumbbells in een elektrisch veld onderzocht en vergeleken met het harde dumb-
bells systeem. Mogelijke fotonische eigenschappen van deze kristaltypes worden
ook behandeld.

Tot slot wordt in Hoofdstuk 8 de synthese van een nieuw type anisotrope
deeltjes gelanceerd. In de aanwezigheid van een elektrisch veld vormen deeltjes
in dispersies met lage volumefractie rijen. Hier tonen we de eerste voorbeelden
van het permanent aan elkaar plakken van de deeltjes in deze rijen om "kralen-
kettingen" te vormen. De rijen van silica deeltjes werden permanent aan elkaar
geplakt door een extra laagje silica om ze heen te groeien. Op dezelfde manier
werden ook emulsiedruppels met silica bedekt, wat een zachte slinger van silica
schilletjes met elastische eigenschappen opleverde. Om de methode uit te breiden
zijn ook rijen van polystyreen deeltjes bedekt met titania bestudeerd.
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