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Abstract
This thesis describes the synthesis of large (fluorescent) gibbsite platelets and their phase behaviour
studied by optical observations of Bragg reflections, polarized light microscopy, and confocal laser scanning microscopy. Large gibbsite platelets (500-700 nm) were synthesized via two different methods; the
seeded growth method, in which small platelets are stepwise grown to larger sizes and the direct
growth method, in which large platelets are obtained in a one-step synthesis. These platelets were
either sterically stabilized with N-modified polyisobutylene or coated with silica. A fluorescent dye
was successfully incorporated in both systems, and the resulting platelets were suitable for confocal
microscopy studies. The phase behaviour of both systems was analyzed using observations of optical
Bragg reflections and polarized light microscopy. For silica coated platelet dispersions phase separation
was not observed. However, phase separation was observed for dispersions of sterically stabilized gibbsite; both in systems of fluorescent and non-fluorescent platelets. Confocal studies of this system reveal
that the platelets form stacks which have a preferential orientation. However, long range positional
order is not observed and therefore it is assumed that a columnar nematic phase is observed.
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Chapter 1

Introduction
Colloids play a big role in everyday life. Without realizing, we drink or eat them, use them to decorate
our houses and they even flow through our veins. Toothpaste, blood, milk, paint and glue, are all
examples of colloidal systems. Generally, colloidal systems consist of two phases that do not mix. One
of these phases consists of very small molecules and is considered as a continuum, which is called the
dispersion medium. The other phase is non-continuous and consists of larger particles, the colloids.
These colloids are particles which have, at least in one direction, a dimension roughly between one
nanometer and one micrometer [1]. The dispersed particles do not need to be solid, but can have any
state. An example of this is fog, which consists of water droplets in air.
Colloids are not only a part of everyday life, they form a very interesting fundamental research area as
well. Since colloids are relatively small, they exhibit Brownian motion, which is the random thermal
movement of particles due to fluctuations of the pressure in the solvent [2]. Brownian motion essentially
refers to the thermal motion of atoms and molecules. The advantage of colloids compared to atoms
and molecules is their size. Since they are bigger, their movement is slower and they can be visualized
directly by optical or confocal laser scanning microscopy. Moreover, under certain conditions colloids can
exhibit the same phase behaviour as atoms and molecules, forming crystal, liquid and gas phases. Due
to their slower dynamics, they show these phase transitions on experimentally more accessible timescales. These advantages of slower dynamics and the ability to directly observe them, in combination
with their tunable size, shape and interactions make colloids very suitable model systems to study
atomic and molecular systems [3, 4].
Besides spherical colloids, colloids can be synthesized with a variety of shapes, such as rod, boards and
platelets [5–7]. These non-spherical or anisotropic colloids show very interesting phase behaviour. Due
to their anisotropic shape they form a diversity of liquid crystal phases [8]. These liquid crystal phases
are spontaneously formed ordered structures in dispersion. For lyotropic liquid crystals the formation
of the different phases is an entirely entropy driven process; it only depends on the shape of the colloid
and its concentration. This is in contrast to thermotropic liquid crystals, which are commonly used in
liquid crystal displays [9]. These liquid crystals consists of molecules with anisometric shapes, such as
cholesterol derivatives. Their phase behaviour depends mainly on temperature.
An anisotropic colloidal system that is studied extensively is that of colloidal gibbsite platelets. Colloidal
gibbsite consists of hexagonally shaped Al(OH)3 platelets, with a diameter of approximately 200 nm.
These platelets can form nematic and columnar liquid crystal phases in dispersion [10, 11]. In the
nematic phase the platelets posses orientational order and in the columnar phase orientational and
2D positional order. Gibbsite forms liquid crystal phases in suspensions of sterically stabilized gibbsite
particles dispersed in an apolair solvent, as well as in suspensions of charge stabilized gibbsite dispersed
in water [11, 12]. This is remarkable since both systems differ considerably in interparticle interactions
[13]. Colloidal gibbsite systems can be used as an experimental model system for disks and cut-spheres,
which are used in theory and computer simulations [14–16]. Moreover, colloidal gibbsite can also serve
as a simplified experimental model system for clay suspensions [6].
Gibbsite liquid crystals are extensively studied with small angle X-ray scattering (SAXS) and polarized
light microscopy (PLM) [10, 17–19]. However, these liquid crystals are not yet studied in real-time and
space. The advantage of a study in real-time and space is that it gives direct insight in the structure
7
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formation and defects of a liquid crystal structure. One possible technique for studies in real-time and
space is confocal laser scanning microscopy (CLSM). The confocal microscope has a high resolution
compared with conventional microscopes and has the possibility to construct a 3D-image, giving direct
insight in the 3D-structure of the sample [20]. However, to be visualized by the confocal microscope
the colloidal platelets have to meet some requirements. First, the platelets have to be relatively large
(minimal 500 nm). Therefore, large gibbsite platelets have to be synthesized, since colloidal gibbsite
normally has a diameter of approximately 200 nm. Second, a fluorescent dye has to be incorporated.
Last, the particles have to be index matched with the solvent to reduce multiple scattering.
In the last decade several studies have been done to make gibbsite platelets suitable for confocal
microscopy. Large gibbsite platelets up to 700 nm can be made by either seeded or direct growth
methods [21, 22]. When these large gibbsite platelets are sterically stabilized and dispersed in an apolar
solvent, they can form both nematic and columnar liquid crystal phases [23]. However, a fluorescent dye
has not yet been incorporated in such platelets. Another system studied is gibbsite platelets coated
with silica. Wijnhoven [24] was able to coat gibbsite platelets with silica and Vonk et al. [25] were able
to incorporate a fluorescent dye into this silica layer, resulting in fluorescent silica coated platelets.
Because incorporation of a fluorescent dye into a silica layer seems relatively easy, these silica coated
platelets seem very promising candidates for confocal studies.
In this thesis, the synthesis and phase behaviour of large (fluorescent) modified gibbsite platelets will be
described. The ultimate goal of this master thesis is to study the liquid crystal phases of these platelets
in real-time and space with confocal laser scanning microscopy. Therefore, large gibbsite platelets with
a diameter between 500-700 nm were synthesized by two different methods; the seeded growth method
[21] and the direct growth method [22]. The synthesis of these large gibbsite platelets is described
in chapter 3. The next two chapters describe either the sterical stabilization of these platelets with
polyisobutylene (chapter 4) or the coating of these platelets with silica (chapter 5). In both systems a
fluorescent dye was incorporated as well. In the following two chapters the phase behaviour observed
in these systems, analyzed by optical observations, polarized light microscopy (chapter 6) and confocal
microscopy (chapter 7), is described. In the last chapters of this thesis conclusions are listed (chapter 8)
and possible further research is proposed (chapter 9). Finally, appendix D describes some preliminary
small angle X-ray scattering results obtained for selected samples of both systems. However, first
some background information about liquid crystals, colloidal interactions, birefringence, polarized light
microscopy and confocal microscopy will be given in the next chapter.
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Chapter 2

Theory
2.1

Liquid crystals

The phase behaviour of a hard sphere system consists of four different phases: a gas, a liquid, a crystal
and a glass phase [26]. A phase transition from an isotropic fluid phase to a crystal will occur for this
system upon compression above a volume fraction of φ = 0.494 [27]. At this concentration, the increase
in free-volume entropy overcomes the loss of stacking entropy due to crystallization. Since there is only
a hard-core repulsion between the particles, the ordering is an entirely entropy driven process.
When the shape of the particles becomes less symmetrical, as in the case of platelets or rods, a variety of
phases between the isotropic phase and the crystal phase are possible. This is due to the orientational
entropy, which has to be considered in these systems. These spontaneously formed ordered structures
in dispersion are called liquid crystals. There are three major classes of liquid crystal phases: nematic,
smectic and columnar phases. The ordering of the particles within these phases are shown in figure 2.1.

Figure 2.1: An overview of the possible (liquid crystal) phases for spheres, rods and disks upon increasing
concentration.

9
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For rod-like particles isotropic, nematic, smectic and columnar phases can be formed. In the isotropic
phase no positional or orientational order is present. Upon increasing the concentration a nematic phase
is formed, in which the rods are aligned, but do not show long-range positional order. The nematic phase
is spontaneously formed. The stability of the nematic phase can be explained purely on a entropic basis
by considering the competition between the packing or free volume entropy, which favours the nematic
phase and the orientational entropy, which favours the isotropic phase. At sufficiently high concentrations the increase in free-volume entropy by aligning the particles dominates the loss in orientational
entropy; as a result a nematic phase will be formed. When the concentration is increased further a
smectic phase is formed. In this phase besides orientational order, also quasi-long-range positional
order in one dimension is present. Or in other words; rod-like particles in the smectic phase form
layers. Within these layers the rods can still freely translate. When the concentration of the dispersion
is increased even further, a columnar phase will be observed. In this columnar phase the rods posses
orientational order and positional order in two dimensions.
In 1949 Onsager theoretically showed that a system of rods exhibit a transition from an isotropic
to a nematic phase [15]. This isotropic-nematic phase transition for rod-like particles can be qualified
using scaling arguments. When the equilibrium between the isotropic and nematic phase is reached,
the change in Helmholtz free energy ∆A is equal to zero: ∆A = ∆U − T ∆S = 0. Where U is the internal
energy, T the absolute temperature and S the entropy of the system. Since the rods have a hard-core
repulsion, the change in internal energy ∆U must be zero. Therefore the change in entropy must be
zero as well (∆S=0) for phase coexistence.
Both free-volume and orientational entropy contribute to the total entropy of the system: Stot =
Svol + Sor . Therefore, the total change in entropy is the sum of the change in these two contributions:
∆S = ∆Svol + ∆Sor = 0
(2.1)
The change in orientational entropy is given by Boltzmann’s equation:


WN,or
∆Sor = kB ln
WI,or

(2.2)

Where kB is the Boltzmann constant and W the number of possible states in a certain phase. Since
the number of possible states in the nematic phase is smaller than the number of possible states in
WN,or
the isotropic state, and are of the same order of magnitude, it follows that
< 1. Therefore the
WI,or
logarithm will be negative and in the order of ∼ −kB :


WN,or
∆Sor = kB ln
∼ −kB
(2.3)
WI,or
The change in free-volume entropy can be calculated from the excluded volume of a rod. Two perpendicular rods with a length L and a diameter D have an excluded volume on the order of Vexcl = L2 D,
leading to a free volume Vf ree = V − NL2 D for a total volume V containing N isotropic rods. When the
assumption is made that the number of accessible states is directly proportional to the free volume, the
change in free volume entropy is given by:




WN,vol
V
∼ kB ln
(2.4)
∆Svol = kB ln
WI,vol
NL2 D
When N is substituted by the number density ρ via ρ = N/V and a Taylor expansion is used on the
logarithm (ln(1 − x) → −x), discarding all terms higher than first order, this leads to:
∆Svol ∼ −kB ln(1 − ρL2 D) ∼ kB ρL2 D

(2.5)

From the equations 2.1, 2.3 and 2.5 it follows that ∆Sor = −∆Svol and thus kB ρL2 D = kB . From this
equilibrium condition the critical density ρ∗ and volume fraction φ∗ for the formation of a nematic phase
can be found:
10
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ρ∗ ∼

1
L2 D

and

φ∗ ∼

D
L

(2.6)

The above derivation is only valid when the aspect ratio ( DL )-value of the rods is large enough, so that
many-body interactions can be neglected. Although this derivation was based on scaling arguments,
the results obtained are in the right order of magnitude compared to Onsagers accurate approach [15].
In a system consisting of disks-like particles, such as gibbsite platelets, isotropic, nematic and columnar
phases can be formed as well. When compared to a system of colloidal rods, a columnar phase is
formed at higher concentrations instead of a smectic phase. In this columnar phase the platelets posses
orientational order and positional order in two dimensions. This means that the platelets are arranged
in stacks, however in these stacks the platelets can still behave as an one-dimensional liquid. The
stacks themselves are hexagonally packed.
A derivation to qualify the isotropic-nematic phase transition for a system consisting of platelets can be
done. However, in this case the many-body interactions can not be neglected, due to the shape of the
platelets. This will make such a derivation rather difficult. Therefore, simulations have been done by
Veerman and Frenkel, resulting in a phase diagram for disks-like particles (figure 2.2a) [14].

(a)

(b)

Figure 2.2: (a) Phase behaviour of cut-spheres as a function of the aspect ratio L/D and the reduced density ρ∗
as determined by simulations [14]. Where D is the diameter and L is the thickness of the platelet. (b) A snap shot
of the cubatic phase at L/D = 0.2 and ρ∗ = 0.575.

This phase diagram shows that the phase behaviour strongly depends on the aspect-ratio ( DL -value)
of the platelets. Where D is the diameter and L the thickness of the platelet. In these simulations a
nematic, columnar and cubatic phase are found for disk-like particles. The shaded region in the diagram
indicates a co-existence region of two phases. The simulations predict a nematic and columar phase for
relatively thin platelets (left-side of the diagram), while for somewhat thicker platelets, with an aspectratio between 0.14 and 0.18, only a columnar phase is predicted. For relatively thick platelets (right-side
of the diagram), no stable liquid crystal phases are found and only the isotropic and crystal phase are
predicted. For a small region in the middle of the diagram, a cubatic phase is found. The structure of this
cubatic phase is shown in figure 2.2b. The cubatic phase is predicted in this and other simulations and
recently the experimental observation of this phase in a system of sterically stabilized nickel(II)hydroxide
platelets was claimed by Junaid et al. [28, 29]. Despite these theoretical and experimental indications
of the existence of a cubic phase, the thermodynamic stability remains questionable to date [30, 31].
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2.2

2.2. Colloidal interactions

Colloidal interactions

A colloidal dispersion is stable when the suspended particles remain well dispersed in the dispersion
medium over time [32]. However, a colloidal dispersion has a higher free energy than the corresponding
material in bulk [33]. Therefore, these particles will have the tendency to aggregate to lower the free
energy, unless there is a substantial energy barrier preventing these colloids from aggregation [1]. In
the presence of such a barrier, the system can remain in the colloidal state for a very long time. This
colloidal state is therefore referred to as metastable [34].
The energy necessary to overcome this energy barrier comes from the Brownian motion of the particles.
The average translational energy of colloidal particles undergoing Brownian motion is of the order of
3
2 kT per particle, where k is the Boltzmann factor and T is the absolute temperature [1, 34]. When the
energy barrier is sufficiently high compared to kT, the chance that a particle has enough kinetic energy
to overcome the barrier will be very small and the dispersion will remain indefinitely in the metastable
dispersed state [1].
There are several ways to stabilize colloidal dispersions of which charge and steric stabilization are
mostly used. Charge stabilization is based on the repulsion between two charged particles which bear
similar charges and the stability depends on the total electrolyte concentration of the solution. The
stability of charged colloids in an electrolyte solution can be theoretically explained by the Van der
Waals attraction and the double layer repulsion between two particles. Both contributions are combined
in the DLVO theory, which forms the theoretical foundation for the stability of colloids [35]. This theory
will be discussed in paragraph 2.2.1. In case of steric stabilization, colloidal particles are stabilized by
the adsorption of polymers to the colloidal surfaces, which strongly influences the colloidal interactions
as well. This method of colloidal stabilization is discussed in paragraph 2.2.2.

2.2.1

Van der Waals and double layer interactions

The attractive forces acting on the colloids at short distances are the van der Waals forces. These
attractive forces arise from a cooperative oscillation of electron clouds, when atoms or molecules are
in close proximity [36]. Each colloidal particle can be considered as a collection of atoms. When two
colloidal particles are at very close distance, the Van der Waals interactions between all the atoms
constituting the colloids contribute to an effective attraction [34]. This colloidal Van der Waals attraction
is the summation of all atomic Van der Waals attractions. The strength of this attraction depends on
the dielectric properties of the colloidal particles and the dispersion [36].
Most colloidal dispersions would be unstable if this attractive Van der Waals interaction was not
screened by a repulsive interaction, i.e. the double layer repulsion between two charged colloids.
When a colloid is charged, the ions in the solution which bear an opposite charge (counterions) will be
attracted by the colloid, whereas ions bearing the same charge (co-ions) will be repelled, see figure 2.3a
[32]. Due to this process the distribution of ions is inhomogeneous close to the colloidal surface, while
far from the colloidal surface the concentrations of the both ions attain a constant averaged value [36].
This inhomogeneous distribution near the surface of the colloids is called the double layer. Its width
depends on the total concentration of ions in solution and is usually referred as the Debye screening
length (κ −1 ) [34]. When two colloids with the same charge approach each other, their double layers
will start to overlap, leading to a repulsive pair potential [32, 34, 36]. Hence, two colloids with the same
charge will repel each other in close proximity, due to this double layer repulsion. By varying the
total electrolyte concentration in the solution, the width of the double layer and therefore the range of
repulsion between two colloidal particles can be tuned [34]. Addition of more ions will lead to screening
of the surface charge and therefore leads to a smaller double layer and less repulsion.
The total interaction potential for charged colloids is given by the DLVO-potential (WDV LO ), which is the
sum of the Van der Waals attraction (WV dW ) and double layer repulsion (WDlr ): WDV LO = WV dW + WDlr
[1, 34, 36]. A schematic representation of the DLVO-potential is shown in figure 2.3b. In this figure the
individual contributions of the Van der Waals and double layer interactions are showed as well. When
the maximum of the DVLO-potential is sufficiently high, the colloids are prevented from aggregation and
the dispersion will be stable. The silica coated platelets described in this thesis are stabilized due to
this double layer repulsion, since the silica surface bears a negative charge when dispersed in DMF.
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(a)

(b)

Figure 2.3: (a) Colloids with similar charge are surrounded by a cloud of counterions. This inhomogeneous distribution of ions is called the double layer and prevents the colloids from coalescing. (b) Schematic representation
of the double layer repulsion between two charged spheres (dashed line top), Van der Waals attraction (dashed
line bottom) and the total interaction DVLO-potential (solid line), where h is the interparticle distance. When the
maximum in the DLVO-curve is sufficient, the colloids form a stable dispersion [36].

2.2.2

Adsorbed polymer interactions

Another way to screen Van der Waals interactions between colloidal particles is by anchoring polymer
chains onto the surface of the colloids, see figure 2.4a. These adsorbed polymer chains form a physical
barrier, that prevents the colloidal particles from aggregation [32]. This type of steric stabilization is
essential in apolar solvents, because in this type of solvents double layer repulsion is difficult to achieve
since dissociation, leading to charged surface groups, is less likely to occur [36].
When the anchored polymers are in a "good solvent", the polymer chains are swollen and will repel each
other [32]. When two colloids with polymer chains adsorbed onto their surfaces are in close proximity,
the local osmotic pressure will increase significantly, due to the competition between these polymer
chains for the same volume [36]. The steric hindrance between the chains, will lead to a repulsive
interaction between the colloids, which screens the attractive Van der Waals interaction [1].
The total interaction potential in this system is given by the sum of the attractive Van der Waals
interactions (WV dW ) and the repulsive interactions due to the overlap of polymer chains (Wpol ): Wtot =
WV dW + Wpol . This total interaction, together with the individual contributions of the Van der Waals
and brush repulsion (Wpol ) interactions are schematically represented in figure 2.4b. The Van der Waals
interactions can be further reduced by choosing a solvent with a refractive index which matches the
refractive index of the colloid, leading to a total interaction potential with only a short-range repulsion,
i.e. a hard platelet system [36]. This is the situation present in the model system of gibbsite platelets
coated with N-modified polyisobutylene dispersed in tetralin, described in this thesis.

(a)

(b)

Figure 2.4: (a) Polymer chains adsorbed onto the surface of colloidal particles form a physical barrier preventing
coalescence of the colloids. (b) Schematic representation of the steric or brush repulsion between two colloidal
spheres with polymers adsorbed onto their surface (dashed line top), Van der Waals attraction (dashed line bottom)
and the total interaction potential (solid line), where h is the interparticle distance [36].
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2.3

2.3. Birefringence

Birefringence

Suspensions of gibbsite platelets form nematic and columnar phases with orientational order and orientational order and positional order in two dimensions at sufficiently high concentrations, respectively.
As a result, these phases show birefringence i.e. light is transmitted if these crystal phases are placed
between crossed polarizers as shown in figure 2.5. Liquid crystals show birefringence due to their
anisotropic particle shape.

Figure 2.5: Birefringent nematic and columnar phases viewed between crossed polarizers. From left to right the
concentration ranges from φ = 0.19, 0.28, 0.41 to 0.47 [11].

Birefringent materials have two or more refractive indices. Gibbsite is such an uniaxial material with two
refractive indices. Due to the two different refractive indices, light that enters the crystal is refracted into
an ordinary (o-ray) and extraordinary ray (e-ray). These rays have orthogonal polarization directions;
the ordinary ray with its polarization perpendicular and the extraordinary ray with its polarization
parallel to the particle director (figure 2.6).

Figure 2.6: A schematic representation of a gibbsite platelets with the polarization of the ordinary ray (no )
perpendicular and the polarization of the extra-ordinary ray (ne ) parallel to the director.

Birefringence ∆n, also know as double refraction, is defined as:
∆n = ne − n0

(2.7)

where ne and no are the refractive indices for the extraordinary and ordinary ray, respectively. Both rays
travel with different velocities through the material. Since they experience different refractive indices,
they exhibit different optical path lengths and therefore are shifted in phase relative to one another.
This phase difference δ is given by:
2π
(ne − no )t
(2.8)
λ
where t is the path length through or the thickness of the sample. The value | (ne − no ) | t is defined
as the optical path difference (OPD) or retardation. The phase difference δ depends on the wavelength.
Therefore, the use of white light in the crossed polarizer set-up leads to interference colors, since a part
of the wavelengths will interfere constructively and a different part will interfere destructively, resulting
in the beautiful birefringence as shown in figure 2.5.
δ=
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There are two forms of birefringence: intrinsic and form or shape birefringence. Intrinsic birefringence
is a result of the anisotropy of the monoclinic crystal lattice of gibbsite and therefore characteristic for
the material. For synthetically prepared gibbsite the refractive indices of the monoclinic crystal are
α = β = 1.577 and γ = 1.595. And the largest refractive index, or slow axis, has an extinction angle of
−21° with respect to the particle director.
In the nematic phase platelets have a net average orientation of the particle director. However all
the orientations in the particle plane are still allowed, resulting in an intrinsic birefringence effectively
parallel to the director of the platelets. The intrinsic birefringence of platelets in a nematic phase is
therefore given by:
∆nintr = ∆ni φS2
(2.9)
where φ is the particle volume fraction and S2 the nematic order parameter, which is 1 for a perfect
nematic phase and 0 for an unordered isotropic phase. The value of ∆ni follows from the refractive
indices of the monoclinic crystal lattice and the extinction angle of 21°:
∆ni ≈ (γ − α) cos(21°) = 0.016

(2.10)

Shape or form birefringence results from the ordered arrangement of anisotropic particles dispersed in
a medium with a different refraction index. Therefore, the form birefringence depends both on the shape
of the particles and the index of refraction of the solvent and can thus be manipulated. The expression
for the form birefringence is given by:
∆nf orm = na − nb = φ(np − ns )

9k
(Lb − La )S2
(3 + k)2

(2.11)

In this equation np and ns are the refractive index of the particle and the solvent, respectively. φ is the
2

volume fraction, k = (1 − φ)( nn2e − 1) and La and Lb are depolarizing factors that depend on the particle
o
symmetry. The factor S2 corrects for the fact that the formed nematic phase is imperfect [13].

Figure 2.7: Intrinsic, form and total birefringence of a nematic phase of colloidal gibbsite as a function of the
solvent refractive index for φ = 0.26, S2 = 0.8, La = 0.03 and Lb = 0.94 [13].

The total birefringence ∆ntot is obtained by adding the contributions of the form and intrinsic birefringence. In figure 2.7 the intrinsic, form and total birefringence are plotted as a function of solvent
refractive index. From this diagram it can be concluded that the birefringence of a gibbsite nematic
phase is negative for most solvents, except when the refractive index of the dispersion medium is close
to that of gibbsite itself. This means that for sterically stabilized gibbsite platelets dispersed in tetralin
the birefringence is determined by the positive intrinsic birefringence, see table 2.1.
15

Chapter 2. Theory

2.4. Polarized light microscopy

Birefringence of core-shell particles, like silica coated gibbsite platelets, is a rather unexplored field of
research. Therefore it is not known what kind of birefringence will be observed in this system.
Table 2.1: Overview refractive indices.

2.4

Material

Refractive index

Gibbsite
Tetralin

1.58
1.54

Polarized light microscopy

The birefringence of a liquid crystal phase can be studied with polarized light microscopy. In this
microscope the sample is placed between two crossed polarizers. The first polarizer polarizes the light
in a certain direction, see figure 2.8. This polarized light can only pass through the second polarizer
(analyzer) when the phase of the light is changed in between by the sample. Thus when light passes
through crossed polarizers an ordered phase is present.

Figure 2.8: Schematic representation of a polarized light microscope [37].

The intensity and the color of the light passed through the analyzer depends on the magnitude of the
birefringence, however not on the sign of the retardation. To determine whether the retardation is positive or negative, the microscope can be equipped with a retardation plate. A retardation plate consists
of birefringent material with a known birefringence and orientation. Therefore, a retardation plate can
be used to determine the orientation of the gibbsite platelets in the liquid crystal phase. When placed
between the polarizer and analyzer, a fixed retardation is added to all the wave fonts in the optical path.
The retardation caused by the birefringent material can be either added or subtracted depending on
both the orientation of the retardation plate and the orientation of the director of the gibbsite platelet.
When the retardation plate and the director of the gibbsite platelet are in parallel orientation, the
retardation is added, if they are in perpendicular orientation the retardation will be subtracted. With
use of a Michel-Levy chart shown in figure 2.9, the observed colours and the known wavelength of the
retardation plate, the orientation of the platelet director and therefore the orientation of the platelets
can be determined.
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Figure 2.9: Michel-Levi chart, used to determine the orientation of the platelets [13].

The retardation plate used in this research is a full wave retardation plate with a retardation of 530 nm
and thus has a magenta color. Since the nematic phase of gibbsite dispersed in a apolar index matched
solvent has a typical retardation of 150 nm (grayish retardation color) addition of the retardation leads
to a retardation of approximately 680 nm, corresponding to a blue retardation color (parallel orientation),
see figure 2.9. Whereas subtraction of the retardation corresponds to an orange retardation color, with
a retardation of approximately 380 nm (parallel orientation).
When no light is coming through the crossed polarizers three situations are possible. The first possibility is that we are dealing with an unordered (isotropic) phase. If this is the case no light will pass
through, independent of the orientation of the polarizers. Another possibility is that an ordered phase
is present in which the platelets are oriented with their director parallel to one of the polarizers. In
this case light will pass through the polarizers when these are rotated. The last possible situation is
an ordered phase in which the platelets are oriented with their director parallel to the incident light.
This phase will retains dark when the polarizers are rotated, but birefringence will reappear when the
sample is tilted with respect to the incident light.

2.5

Confocal microscopy

The confocal microscope was developed by Marvin Minsky in the 1950’s to improve the imaging of
biological systems. Confocal microscopy is an optical imaging technique, which offers an increased
contrast and resolution compared to conventional light microscopy and has the possibility to construct
3D images.
In optical dense samples, such as biological systems and concentrated colloidal dispersions, visualization
deep within the sample is difficult, since light that enters the sample undergoes many scattering events.
Light coming from planes which are not in focus contributes to the image and interferes with details
from the focal plane, resulting in blurry images. The microscope Minsky designed improved the images
in two different ways. First, the scattering of light originated from regions outside the plane of interest
is reduced, by using a pinhole in combination with a high intensity light source and a high aperture
lens. Second, out-of-focus light is rejected by inserting a pinhole in the image focal plane on the other
side of the objective. The technique was later further improved by using a laser as light source. The
use of a point light source and a spatial pinhole to eliminate out the out-of-focus light resulted in a 3D
improvement of the resolution by a factor of 3, compared to a conventional light microscope [38].
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Figure 2.10: A schematic overview of the operating principle of a confocal microscope [39]. PMT denotes the
photo multiplier tube, which is used as detector. The pair of mirrors that scan the light in the x and y direction
are not depicted in this figure.

In figure 2.10 a schematic overview of a confocal laser scanning microscope (CLSM) is shown. The
incoming laser light passes through a pinhole to created a point source. The laser light is directed by a
dichromatic mirror towards a pair of mirrors that scan the light in the x and y direction. Subsequently, the
beam passes through the objective and excites the fluorescent sample. The fluorescent light originated
from the sample is focused by the objective lens, passes through the dichromatic mirror and through
a pinhole placed in the conjugate focal plane (hence the name confocal) of the sample. All the out-offocus light is rejected by this second pinhole. The light that is passed through this pinhole reaches the
detector, usually a photomultiplier tube (PMT). The 2D image is obtained by scanning the laser beam
point by point over the sample. However, another possible set-up is one in which the sample is moved
instead of the laser beam. The 3D image is obtain by moving the sample or focus plane in the vertical
direction and combining a series of 2D images at different depths.

(a)

(b)

Figure 2.11: (a) The diffracted image of an ideal point viewed through a perfect lens with a circular aperture,
known as the Airy Disk [40]. On the left a representation of the 3D Airy disk is shown, on the right a 2D view of
the cross section through this patterns is depicted. This Airy disk limits the maximum resolution of the microscope
in the xy-plane. (b) The point-spread-function parallel (Ixy ) and perpendicular (Iz ) to the optical axis [39].

As for a conventional microscope the resolution of a confocal microscope is limited by the diffraction of
light. If particles are observed through a circular aperture, light is diffracted. The best focused spot of
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light that a perfect lens with a circular aperture can make is called the Airy disk (figure 2.11a). The size
of this Airy disk depends on the wavelength of the laser light and the numerical aperture of the lens.
The maximum resolution of a microscope in the focal plane is determined by the size of the Airy disk,
due to the Rayleigh criterion, which states that two points should be separated by at least their Airy
disk to be distinguishable [20]. The size of the Airy disk is given by:
r = 0.61

λ
NA

(2.12)

with λ the wavelength and NA the numerical aperture of the objective lens.
The 3D generalization of the Airy disk function is the point-spread function [39]. The intensity of light
decreases in the z-direction from the center of the point-spread function, similar as the smooth decrease
in intensity from the center of the Airy-disk in the x and y-direction. However limitations in the optics
make this decrease in intensity slower for the z-direction, resulting in a poorer resolution in this direction
(figure 2.11b). The distance to the first minimum of the point-spread function in the z-direction is given
by:
λ
z = 2n
(2.13)
(NA)2
where n is the refractive index of the dispersion medium. If the numbers are filled in for the set-up
used, where λ = 488 nm, NA = 1.4 and n = 1.43 (DMF) or n = 1.54 (tetralin) this lead to maximum
resolutions as shown in table 2.2. Important to note is that resolution is not the same as the accuracy
of determining where the particle is.
Table 2.2: Confocal microscopy resolutions in the experimental systems described in this thesis.

Medium
DMF
Tetralin

wavelength (nm)

radial (nm)

axial (nm)

488
543
488
543

212
237
212
237

712
792
767
853

The use of confocal microscopy in colloidal systems is a rather recent development compared to its use
in biological systems. However, silica spheres have been used in CLSM studies for years and therefore
a lot is known about the requirements for a colloidal system to be studied with CLSM. First of all,
the refractive index of the colloidal particles and the dispersion medium need to be index matched to
diminish multiple particle scattering, which can interfere with the fluorescent light originated from the
sample. Secondly, the particles need to be labeled with a fluorescent dye. Several methods to dye
colloidal particles are known from literature [25, 41]. However, only fluorescent labeling of the particles
is not enough to study the particles on a single-particle level. Despite the good resolution of the confocal
microscope, the particles in this study still need to be separated for several hundreds of nanometers to
be able to study the platelets at the single-particle level. The platelets synthesized have a diameter of
approximately 700 nm, which is on the order of the maximum resolution of the confocal microscopy, see
table 2.2. However, the thickness of these platelets is around 35 nm, which is more than 20 times smaller
than the resolution in the z-direction. To overcome this problem larger interparticle distances could be
obtained by preparation of core-shell particles, with a fluorescent core and a non-fluorescent shell.
Another possible solution to this problem could be to study the overall liquid crystal structure formed
instead of the single particles within this structure. However, this requires highly ordered structures
and long-range positional order, which is difficult to obtain.
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Synthesis: Gibbsite
In this chapter, the synthesis of large gibbsite platelets will be discussed. First, the seeded growth
method is described in section 3.1. In this method large platelets are obtained by several growth steps
of smaller platelets. Next, the direct growth method will be discussed in section 3.2, where large gibbsite
platelets are prepared in a single step. Finally, the results of both synthesis methods are compared and
advantages and disadvantages of both methods will be discussed.

3.1
3.1.1

Seeded growth method
Synthesis

Large gibbsite platelets were grown by the seeded growth method described by Wijnhoven [21]. The
growth medium was prepared by dissolving 16.3 g aluminium isopropoxide (AIP) and 19.7 g aluminium
sec-butoxide (ASB) in 1.0 L 0.09 M hydrochloric acid by magnetically stirring for 8-10 days at 350 rpm
1 . Initially the resulting mixture was white and turbid but gradually turned transparent upon stirring.
Smaller gibbsite platelets (gg_04_a6) with an average diameter of 473 nm and a polydispersity of 11 %
were used as cores in the growth step. These cores were synthesized from aluminium alkoxides as
described by Wieringa et al. and stored in a glass bottle with a gibbsite concentration of 37 g/L [6]. For
the growth step approximately 6.0 g of gibbsite seeds is required, therefore 175 mL of gibbsite dispersion gg_04_a6 was centrifuged for 4.5 h at 600 g. This centrifuge step reduces the polydispersity and
concentrates the particles. Afterwards, the platelets were redispersed in 25 mL deionized water and
added to the freshly prepared AIP-ASB growth medium. Subsequently, the mixture was heated in a
water bath at 85 ℃ for 72 h, while the mixture was mechanically stirred at 250 rpm. For large particles
mechanical stirring is required because the particles sediment relatively fast. An uniform distribution of
seeds throughout the mixture is important, otherwise secondary nucleation takes place, leading to the
formation of small gibbsite platelets.
After three days, 800 mL of deionized water was added and the resulting dispersion was dialysed against
deionized water for a week. The dialysis tubes were mixed twice a day to prevent sedimentation. Moreover, the dialysis medium was replaced twice a day as well. The dialysis was stopped after six days
when, after refreshing the dialysis medium, no significant change in conductivity was observed. Next,
the dispersion was washed with deionized water by three cycles of centrifugation (3 h, 500 g) and redispersion. The seeded growth synthesis was performed twice, the exact reaction conditions are shown
in table 3.1.
1

The chemicals and equipment used are listed in appendix A
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3.1. Seeded growth method

Table 3.1: Overview of the reaction conditions of the seeded growth syntheses.

Synthesis

Aluminium sec-butoxide (g)

Aluminium isopropoxide (g)

Seeds (g)

19.70
19.82

16.30
16.31

6.48
6.29

Sg1
Sg2

3.1.2

Date
21-09-2011
13-11-2012

Results and discussion

The platelets were analyzed by transmission electron microscopy (TEM). Using SIS iTEM 5.0 software,
the diameter of the platelets was determined by measuring the surface area of each platelet. From the
surface area, the diameter D of an equivalent circle was calculated and averaged over more than 300
particles. The platelets of Sg1 had an average diameter D of 662.1 nm ± 8.85 % and are shown in figure
3.1a. An average diameter D of 694.0 nm ± 6.54 % was found for the Sg2 platelets, which are shown in
3.1b. An overview of the platelet dimensions is given in table 3.2. As can be seen in both TEM-pictures,
single particles are visible and aggregates are not observed. However, the single platelets have a
tendency to lie on top of each other, which is a drying effect.

(a)

(b)

Figure 3.1: TEM-images of the gibbsite platelets obtained by seeded growth, showing (a) Sg1 platelets and (b)
Sg2 platelets. Both pictures are taken after washing via centrifugation of the dispersions.

Atomic force microscopy (AFM) was used to measure the thickness of the Sg1 platelets. A section through
the platelet was taken, measuring the height of the two edges of the platelet (distances ZAB and ZC D ),
see figure 3.2a. Likewise the difference in height between the point taken just before the platelet and
the point just after the platelet (distance ZAD ) was measured. The thickness L is then approximated
as L = ZAB +ZC2D −ZAD and averaged over more than 90 particles. The platelets of Sg1 had an average
thickness L of 32.9 nm ± 12.0 % and are shown in figure 3.2b. Since the platelets have a strong tendency
to lie on top of each other, only platelets which are obviously single platelets or stacks of two platelets,
which are clearly lying on top of each other, were measured. When a stack of two platelets was measured, the total thickness was divided by two to obtain an average value for the thickness of the platelets.
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(a)

(b)

Figure 3.2: (a) A schematic representation of a section through a gibbsite platelet on a mica substrate. The
points A, B, C, and D represent the AFM measuring points (see text). (b) An AFM-image of Sg1 platelets. In the
upper left corner single platelets are shown, on the right side of the image a stack of multiple gibbsite platelets
is present.

An overview of the platelet dimensions of both syntheses is listed in table 3.2. Remarkable is the
difference in thickness found in this study compared to the thickness found by Wijnhoven [21]. Wijnhoven
reported a thickness of 38 nm for platelets with a diameter of 420 nm and a thickness of 47 nm for platelets
with a diameter of 570 nm2 . A possible explanation for this difference may be, since also stacks of two
platelets were measured in this study, sometimes a single platelet was recognized as a stack of two.
As a result, the thickness measured was divided by two, leading to a smaller value for the thickness.
Another explanation could be slightly different growth conditions, leading to a more regular growth.
This means that the growth rate of all crystal planes is more uniform, leading to a smaller increase of
thickness in a growth step [21].
Table 3.2: Overview of the platelet dimensions for different seeded growth syntheses. The diameter of the platelets
was determined by TEM. For the Sg1 platelets the thickness was measured by AFM.

Synthesis
Sg1
Sg2

Diameter (nm)

Polydispersity (%)

Thickness (nm)

Polydispersity (%)

L
D

662.1
694.0

8.85
6.54

32.8
-

12.0
-

0.050
-

2
Noteworthy to mention is that the thickness of the largest platelets was based on only 11 measurements, due to the
tendency of the platelets to group together on the substrate[21].
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3.2
3.2.1

3.2. Direct growth method

Direct growth method
Synthesis

An alternative method to grow large gibbsite platelets was tried as well. In this direct growth method
described by Shen et al., aluminium nitrate nonahydrate (Al(NO3 )3 .9H2 O) is used as precursor [22]. In a
typical synthesis, 10.0 g of aluminium nitrate nonahydrate was dissolved in 200 mL Millipore (MQ) water
under continuous magnetic stirring to form a homogeneous solution. A 10 wt% ammonia aqueous solution was added dropwise, until the pH of the mixture was 5. Subsequently, the mixture was vigorously
stirred for 10 min to obtain a homogeneous gel-like material. Next, this gel-like material was transferred
to a glass bottle and heated in an electrical oven at 100 ℃ for 10 days. Afterwards, the white precipitate
was recovered by three cycles of centrifugation (3 h, 500 g) and redispersion in Millipore water.
Since the direct growth method is relatively fast compared to the seeded growth method, this synthesis was performed several times. Syntheses Dg1 and Dg2 were performed according the synthesis
conditions described above. In both syntheses Dg3 and Dg4 four times the amount of the starting materials was used, aiming to increase the yield. The mixtures were vigorously stirred and the resulting
homogeneous gel-like material was split in three and two equal parts respectively. To study the effect
of time in the oven, the three bottles, containing the mixture of the Dg3 synthesis, were placed in the
oven for 9 (Dg3.1), 10 (Dg3.2) and 11 (Dg3.3) days at 100 ℃. Both bottles containing the Dg4 mixture
(Dg4.1 and Dg4.2) were placed in the oven for 10 days at 100 ℃. The reaction conditions of the various
direct growth synthesis are summarized in table 3.3.
Table 3.3: Overview of the reaction conditions of the direct growth syntheses.

Synthesis
Dg1
Dg2
Dg3
Dg4

3.2.2

Al(NO3 )3 .9H2 O (g)

MQ water (mL)

Days in oven

Volume per bottle (mL)

10.03
10.11
40.24
40.21

200
200
800
800

10
10
9-11
10

200
200
267
400

Date
21-09-2011
27-09-2011
12-03-2012
27-07-2012

Results and discussion

TEM-images of the resulting particles are shown in figure 3.3. The shape of the gibbsite platelets
synthesized by the direct growth method varies slightly compared to platelets grown by the seeded
growth method, see figure 3.1. The shape of the direct growth platelets is referred to as pseudohexagonal and the shape can be described as a rhombus of which the corners have been cut off, see
figures 3.3a and 3.3b. This difference in shape may be explained by the different reaction conditions.
Depending on the exact reaction conditions, the different crystal planes grow at a different rates [42].
Wijnhoven reported that platelets start to deviate from the hexagonal shape, when the growth rate of
the particles is high [21]. This indicates that the pseudo-hexagonal shape of the direct growth platelets
may be caused by a high growth rate, which favours the non-uniform growth of the different crystal
planes [42]. The shape of the platelets synthesized by direct growth is also more uniform compared to
the shape of the seeded growth platelets. This difference may be explained by the different cycles of
growth in the seeded growth synthesis. As a result of several different moments of growth there is a
possibility that in two subsequent cycles, growth of different crystal planes is favourable, resulting in
deviations in the shape of the resulting platelets. Since direct growth platelets have only one growth
cycle, this will not occur in this synthesis.
In the TEM-images of the Dg1 and Dg4 syntheses thin fiber-like structures are observed, see figure 3.3c.
These fiber-like structures might be boehmite needles, which may form as a side product during the
reaction. Moreover, figure 3.3d indicates that these (boehmite) needles may be attached to the surface
of the platelets. It is known that boehmite is formed from aqueous aluminium alkoxide solutions by
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hydrothermal treatment at temperatures around 150 ℃ or at 100 ℃ under alkaline conditions (pH=10.00)
[6, 22]. Although the reaction conditions used in the direct growth method are different (pH=5, T=100 ℃),
boehmite is still the most probable side product. However, more analysis is needed to be conclusive.
Remarkably, no side products were reported by Shen et al. [22].

(a)

(b)

(c)

(d)

Figure 3.3: TEM-images of the gibbsite platelets prepared by the direct growth method, showing (a) Dg3.4
platelets, (b) Dg3.2 platelets, (c) Dg4.1 platelets and the fiber-like structures observed and (d) a Dg1 platelet
with fiber-like structures attached to its surface. The uniform pseudo-hexagonal shape of the platelets is clearly
visible.

Scanning Electron Microscopy (SEM) was used to obtain more information about the fiber-like structures. In figure 3.4 it can be seen that the surface of the platelets is not completely smooth, but has
some irregularities, visible as the brighter spots in the SEM-images. On the TEM-images of the Dg4.1
platelets the fiber-like structures were clearly visible (figure 3.3c), however on the TEM-images of the
Dg2 platelets no fiber-like structures were observed. This is in reasonable agreement with the SEMimages, since only a few bright spots are visible at the surface of the Dg2 platelets (figure 3.4a and
3.4b) and a lot more irregularities are seen at the surface of the Dg4 platelets (figure 3.4c and 3.4d).
The irregularities observed in the SEM-images are smaller than the fiber-like structures in the TEMimages. This may be explained by the preparation method of the SEM-samples. SEM-samples have
to be conductive, therefore a thin (6.0 nm) layer of platinum is sputtered onto the samples. As a result,
thin and fragile fibers may break or are pressed together by the platinum layer, leading to smaller
irregularities on the surface.
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(a)

(b)

(c)

(d)

Figure 3.4: SEM-images of the direct growth platelets, showing (a) and (b) Dg2 platelets with some bright spots
on the surface and (c) and (d) Dg4.1 platelets with a lot of bright spots on the surface. The bright spots are caused
by irregularities present on the surface of the platelets and arise due to the charging of the SEM-sample. These
irregularities are likely the fiber-like structures, earlier observed in the TEM-images.

The diameter of the platelets was determined with TEM and averaged over more than 250 particles. The
results of these measurements are summarized in table 3.4. Remarkable is the difference in size between
the different syntheses, especially the Dg3 platelets are much smaller than the platelets obtained in the
other syntheses. Moreover, there is hardly any difference in size between the platelets of batch Dg3.1
and Dg3.2, while the platelets of Dg3.2 were one day longer in the oven and therefore an increase in
size was expected. A possible explanation for these observations could be that the pH of the different
mixtures was slightly different; the pH of the mixture was checked with pH-paper which has a relatively
large error range. This could have an influence on the particle size, since the structure and morphology
of the resulting platelets depends to a great extent on the pH of the reaction mixture [22]. An explanation
for the fact that the platelets of syntheses Dg3.1 and Dg3.2 are almost equal in size could be that the
mixture was not yet fully homogeneous at the moment that it was split in three parts. Although an
other possibility may be that the formation and growth of the gibbsite platelets is finished earlier than
described by Shen et al [22] and therefore no change in platelets sizes is observed for the Dg3.1 and
Dg3.2 platelets. The larger size of the Dg3.3 platelets could than either be explained by more starting
material due to an inhomogeneous mixture, or may be less nuclei were formed during the nucleation
step of the synthesis. As a result, more starting material was available for the seeds, resulting in larger
platelets.
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Table 3.4: Overview of the platelet dimensions for different direct growth syntheses. The diameter of the platelets
was determined by TEM. For the Dg2 platelets the thickness was measured by AFM.

Synthesis

Diameter (nm)

Polydispersity (%)

623.0
689.7
487.4
487.7
557.2
698.1
708.8

13.2
13.7
13.9
13.3
11.7
14.0
13.8

Dg1
Dg2
Dg3.1
Dg3.2
Dg3.3
Dg4.1
Dg4.2

Thickness (nm)

Polydispersity (%)

L
D

32.8

32.1

0.005

The average thickness L of the platelets was again determined by AFM-measurements. Since the
platelets were evenly spread over the mica substrate, only single platelets were measured. The thickness
L of the Dg2 platelets is 32.8 nm ± 32.1 % and an AFM-image of these platelets is shown in figure 3.5a.
The Dg3.2 platelets are shown in figure 3.5b. Unfortunately, not enough measurements were done to
determine the thickness of these platelets. However, from the measurements done it is estimated that
these platelets have a thickness of approximately 30 nm, which is comparable with the thickness found
for the Dg2 platelets. Remarkable is that the thickness measured is considerably smaller than the 40 nm
estimated by Shen et al. [22]

(a)

(b)

Figure 3.5: AFM-images of direct growth platelets, showing (a) Dg2 and (b) Dg3.2 platelets. The platelets are
evenly spread over the mica substrate.

3.3

Conclusions

In this chapter, the synthesis of large gibbsite platelets was described, using either the seeded growth or
direct growth method. Large gibbsite platelets were obtained for both methods. The sizes of the gibbsite
platelets obtained range between 490-710 nm, which are all suitable sizes for confocal microscopy
studies. Remarkable is the thickness of the platelets, which is comparable for both synthesis methods
(32 nm) and is very small, leading to a favourable DL -value for liquid crystal formation. The advantage of
the direct growth method is that this synthesis is fast and less labour-intensive than the seeded growth
method. However, some fiber-like side products were observed in this method, which may hinder coating
of these platelets with silica or PIB.
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In a suitable sample for confocal microscopy, the platelets and the solvent are index matched, to reduce
scattering. Moreover, in a index matched system the attractive Van der Waals interactions between
the platelets are negligible, leading to a hard platelet system. The refractive index of gibbsite can be
matched by either toluene or tetralin, which are both organic solvents. Inorganic particles, like gibbsite
are unstable in organic solvents. Before they can be dispersed in such a solvent, these platelets first
have to be sterically stabilized. Sterical stabilization can be done by grafting polymer chains, like
N-modified polyisobutylene (PIB), onto the surface of the platelets [23, 43]. This chapter will describe
this coating of large gibbsite platelets with N-modified polyisobutylene. First, the experimental method
of this coating will be described in section 4.2, followed by the incorporation of a fluorescent label,
which is also a requirement for confocal microscopy. Finally, this chapter will end with a more general
discussion of the results.

4.1

Particle naming scheme

For convenience, code names will be assigned to the platelets synthesized based on the core material
and the type of coating. The first part of the name indicates which type of gibbsite synthesis was used:
Sg for seeded growth and Dg for direct growth gibbsite. The second part gives information about the
coating of the platelets. Here the addition _pib is used for platelets which are grafted with PIB and the
addition _pib_fitc for platelets which are also fluorescently labeled with FITC.

4.2
4.2.1

Synthesis
Coating of gibbsite with polyisobutylene

Large gibbsite platelets were sterically stabilized by the method described by Mourad et al. [43]. In
this method the gibbsite platelets are grafted by amino-modified polyisobutylene stabilizer SAP 230TP,
a molecule which has two tails of approximately 17 polyisobutylene subunits and is shown in figure 4.1.
In a round-bottom flask 5.0 g SAP 230TP was added to 40 mL 99% 1-propanol. This mixture was stirred
magnetically at 250 rpm overnight to obtain a brown homogeneous mixture. Afterwards, approximately
1.0 g solid content of aqueous gibbsite, dispersed in 25.0 mL, was added slowly in 20 minutes. After
addition of the gibbsite dispersion, the mixture was magnetically stirred for 2 h at 250 rpm. Subsequently,
a rotational vacuum evaporator was used to remove the 1-propanol, until a highly viscous paste was
obtained. This viscous paste was freeze-dried overnight. The sediment was redispersed in ∼200 mL
toluene. The excess of SAP 230TP was removed by three cycles of centrifugation (3 h at 350 g) and
redispersion in toluene. Afterwards, the PIB-coated platelets were transferred to tetralin by two times
centrifugation (3 h, 350 g) and redispersion in a mixture of 50:50 v/v% toluene:tetralin and in tetralin,
respectively.
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Incorporation of the dye

In order to make the large gibbsite platelets fluorescent for confocal microscopy studies, a dye needs to
be chemically bound to the PIB-coating. The dye used was fluorescein isothiocyanate isomer I (FITC):
an uncharged, fluorescent molecule, which is shown in 4.1a. FITC is known for its sensitivity to primary
and secondary amines [44]; the isothiocyanate group of the FITC can react with one of the amine groups
and is therefore covalently attached to PIB-molecule, see figure 4.1b.

(a)

(b)

Figure 4.1: (a) Structural formula of FITC. (b) Reaction between the isothiocyanate group of the FITC molecule
and one of the secondary amines of the PIB-chains. The dye itself is depicted as an R-group.

In order to link the dye to PIB, first 38 mg of FITC isomer I was dissolved in 1.00 mL toluene by magnetically stirring overnight. The resulting concentration of this solution was 0.10 mol/L. To one quarter
of the PIB-coated platelets (∼0.25 g) two drops of the FITC-toluene solution (∼300 µL) were added
with a Pasteur pipette and this mixture was magnetically stirred overnight. Afterwards, the mixture
was centrifuged for 3 h at 350 g and washed with toluene until the supernatant was colorless. The
PIB-FITC-coated platelets were transferred to tetralin by three cycles of centrifugation (3 h, 350 g) and
redispersion in a mixture of 50:50 v/v% toluene:tetralin and in tetralin, respectively.
Incorporation of the FITC molecule can have an influence on the interparticle interactions and therefore
on the formation of liquid crystals. Hence, the amount of dye added was varied to study the effect of
the dye on the liquid crystal formation. Therefore, a less concentrated solution of FITC in toluene was
prepared by dissolving 19 mg of FITC isomer I in 2.00 mL toluene by magnetically stirring overnight. The
resulting dye solution had a concentration of 0.025 mol/L. From this dye solution 100 µL was added to
1.00 mL of Sg1_pib dispersion containing 0.37 g of gibbsite. The resulting dispersion was magnetically
stirred overnight and transferred to tetralin as described above. The FITC/gibbsite-PIB dispersion with
a low dye concentration (Sg1_pib_fitc_lc) contained 18 times less FITC, than the dispersion with a high
concentration (Sg1_pib_fitc_hc) of dye, see table 4.1 for more details.
Table 4.1: Overview of the conditions of the FITC-labeling reactions. In the last column the amount of FITC added
is given per gram of gibbsite-PIB.

FITC solution

Concentration (M)

Volume (µL)

Gibbsite (g)

FITC:Gibbsite (µmol/g)

0.10
0.025

300
100

0.25
0.37

120
6.67

High concentration
Low concentration

4.3

Results and discussion

Three different batches of particles were grafted with a PIB-layer. The reaction conditions are summarized in table 4.2. During the coating of the Sg1 platelets, after addition of the gibbsite dispersion Sg1
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to the SAP 230TP/1-Propanol mixture, some white sediment was visible in the mixture, which could not
be redispersed. This indicates that some platelets were unstable and aggregated. This aggregation is
possibly caused by not fully grafted platelets. Therefore, another batch Sg1 platelets was grafted with
PIB. In this coating an alternative method for homogenization was used; after the addition of the gibbsite
dispersion, the mixture was shaken by hand for a couple of minutes, followed by sonication of the mixture
for 10 min. The resulting dispersion was homogeneous and had a yellow/brown color. However, after
freeze-drying and redispersion of the sediment in toluene, a lot of white sediment was still visible in
both mixtures. Therefore, these mixtures were sonicated for another 10 min and shaken. Subsequently,
the mixtures were allowed to stand for 30 min, so that all the aggregates could sediment. This white
sediment was not further used. Both Sg1-PIB dispersions were combined and further regarded as the
same batch. During the grafting of Dg2 platelets with the PIB-polymer, the white sediment was present
as well. The same method of sonication and sedimentation of the ungrafted platelets was performed.
Table 4.2: Overview of the reaction conditions of the different PIB-coatings.

Gibbsite batch
Sg1
Sg1
Dg2

Gibbsite (g)

SAP 230TP (g)

1-propanol (mL)

Method of mixing

1.07
1.11
1.01

5.05
5.30
5.07

40
40
40

stirring
shaking
stirring

Date
02-11-2011
03-11-2011
13-03-2012

The preparation of fluorescently labeled PIB-grafted platelets is rather simple. After addition of two
drops (∼300 µL) of the 0.10 mol/L dye solution the mixture instantly turned orange. After the reaction,
five cycles of centrifugation (3 h, 350 g) and redispersion in toluene were needed before the supernatant was colorless. Afterwards, the fluorescent platelets were transferred to tetralin, in which they
formed a stable orange dispersion. Addition of 100 µL of the less concentrated 0.025 mol/L dye solution to the PIB-grafted platelets yielded a yellow dispersion. Three cycles of centrifugation (3 h, 350 g)
were sufficient to remove the excess of FITC. These platelets were stable after transfer to tetralin as well.
TEM-pictures of the PIB and PIB-FITC coated platelets are shown in figure 4.2. In figure 4.2a and
4.2b Sg1 and Dg2 PIB-coated platelets are shown, respectively. In both pictures it can be seen that
the coating was successful; the platelets are not aggregated and an excess of organic material is not
present.
Sg1_pib_fitc_hc are shown in figure 4.2c. In this sample a lot of organic material is visible and still
some particles are aggregated. This aggregation could be explained by the excess of dye, which may
be present in the sample. Therefore, the dispersion was additionally washed several times to remove
this excess of organic material. The Sg1_pib_fitc_lc platelets do not show aggregation and less organic
material is present in this sample, see figure 4.2d. These results indicate that a low dye concentration
is sufficient to provide the platelets with a fluorescent label. Whereas high dye concentrations only
make it more difficult to remove the excess dye.
The diameter of the PIB-grafted platelets was analyzed with TEM and averaged over more than 200
platelets. The results are shown in table 4.3. The diameter found for both batches is significantly larger
than the diameter found for the bare platelets; for the bare platelets a diameter of 662 nm was found for
the Sg1 platelets. For the bare Dg2 platelets a diameter of 690 nm was found. This increase in diameter
can not be explained by the coating with the PIB-chains alone, since the size of a PIB-molecule is ∼3 nm
and therefore an increase of only ∼6 nm in diameter is expected [43]. The increase observed may be
explained by the cycles of centrifugation during the coating. Because larger particles sediment faster,
smaller particles might be washed out by repeating cycles of centrifugation, leading to an increase in
diameter.
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Table 4.3: Overview of the platelet dimensions for different PIB-coated gibbsite dispersions.

Synthesis
Sg1_pib
Dg2_pib

Diameter (nm)

Polydispersity (%)

700
724

7.25
9,84

(a)

(b)

(c)

(d)

Figure 4.2: TEM-images of the gibbsite platelets grafted with PIB, showing (a) Sg1 grafted platelets, (b) Dg2
grafted platelets and Sg1 grafted platelets dyed with a high concentration (c) and low concentration (d) of FITC.
The difference in the amount of organic material present is clearly seen for (c) and (d).

4.4

Conclusions

In this chapter the steric stabilization of large gibbsite platelets, synthesized either via the direct or
the seeded growth method, was described. In both cases gibbsite platelets were successfully grafted
with a layer of N-modified polyisobutylene chains. Incorporation of the FITC dye is relatively simple
and only a low concentration of dye solution is needed to fluorescently label the PIB-coated platelets.
A significant increase in diameter was observed for both Sg1 and Dg2 platelets coated with PIB with
respect to the bare platelets. This increase in diameter may be caused by the repeated washing and
centrifugation steps.
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Synthesis: Silica coated gibbsite
The coating of gibbsite platelets with silica, described in this chapter, is based on earlier work of Vonk
et al., Wijnhoven and Vis [24, 25, 45]. To obtain silica coated gibbsite platelets, different synthesis steps
need to be performed. An overview of these different steps is given in figure 5.1. First, before the actual
silica coating, the gibbsite platelets are stabilized by adsorption of a polymeric steric stabilizer (PVP)
onto their surfaces, to improve their stability in ethanol [46]. Subsequently, a silica layer is grown in a
classical Stöbermixture [47]. To make the silica coated gibbsite platelets suitable for confocal microscopy,
a fluorescent dye needs to be incorporated into this silica layer. Two different dye molecules can be
incorporated, namely fluorescein isothiocyanate (FITC) and rhodamine B isothiocyanate (RITC). In the
third step, a thick non-fluorescent silica layer is grown around the platelets, to minimize the influence
of the incorporated dye on the interparticle interactions. Silica coated platelets without a fluorescent
label can be prepared as well. In this case, the synthesis step in which the fluorescent silica layer
is grown (step 2) is done without the addition of dye molecules. The different synthesis steps will be
discussed in more detail in the paragraphs 5.1.1, 5.1.2 and 5.1.3 of this chapter.

Figure 5.1: Schematic representation of the different synthesis steps in the preparation of fluorescent silica coated
gibbsite platelets. In step one the platelets are stabilized with the polymeric stabilizer poly(vinylpyrrolidone)
(PVP). When non-fluorescent platelets are prepared the second reaction is skipped, resulting in platelets with
just a non-fluorescent silica shell.

When a sufficient thick layer of silica is grown, the resulting platelets can be further modified by etching
out the gibbsite core with hydrochloric acid. This yields a hollow silica shell that retains the shape of
the gibbsite platelet [48]. These hollow silica platelets have a reduced density, which may be favourable
in the formation of liquid crystals, because the sedimentation velocity of these platelets is reduced. This
modification is described in more detail in paragraph 5.1.4.
Another method to reduce the sedimentation velocity and increase the stability of the silica coated
platelets is modification of the silica surface with different functional groups [39, 49]. In this chapter,
the modification of the silica surface with 3-(trimethoxysilyl)propyl methacrylate (TPM) and octadecyltrimethoxysilane (OTMOS) are described in paragraph 5.1.6. An overview of the silica coating and
the possible modifications of the resulting platelets is shown in figure 5.2.
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Figure 5.2: Schematic representation of the silica coating and the possible modifications of the silica coated
platelets.

In the remainder of this chapter the results of the silica-coating and the modifications of the resulting
particles are described in section 5.2. Finally, this chapter will end with a more general discussion of
the results.

5.1

Synthesis of silica coated platelets

Particle naming scheme
The code names assigned to the synthesized particles are based on the core material, the type of silica
shell and the modifications applied to these shells. The first part of the name indicates which type of
gibbsite particles were used: Sg for seeded growth gibbsite and Dg for direct growth gibbsite. The
second part gives information about the amount of silica precursor TEOS used during the formation of
the silica shell. Whereby 100T stands for the amount comparable to the amount used by Vis, taken
into account the different surface area of the platelets [45]. The code names 130T and 150T stand for
130% and 150% of this amount respectively. The indication 2xT means that two separate silica coatings
were performed on the same platelets to obtain a thicker silica shell. The exact amount used in all
coatings can be found in table B.1 in appendix B. Information about the incorporation of a dye molecule
is given in the third indication, whereby fitc, ritc and nd stand for incorporation of the dyes FITC,
RITC and no incorporation of a dye respectively. The indications e and u indicate that the gibbsite
core was etched out (e) or that the sample was sonicated (u). Modifications of the silica surface are
indicated with tpm or otmos for functionalization with 3-(trimethoxysilyl)propyl methacrylate (TPM) and
octadecyltrimethoxysilane (OTMOS) respectively.
For example the code name: Sg2_130T_RITC_e stands for; platelets templated on gibbsite platelets,
which were synthesized in seeded growth synthesis 2. These platelets were coated with silica during a
reaction in which 130% TEOS was used compared to the method of Vis. During the silica coating first a
fluorescent shell with the dye RITC incorporated was grown around the particles. Finally, the gibbsite
cores of these silica coated platelets were etched out.
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Stabilization of gibbsite platelets with PVP

First, the gibbsite platelets are functionalized by adsorption of the steric stabilizer poly(vinylpyrrolidone)
(PVP), see step 1 in figure 5.1. PVP is an amphiphilic, nonionic polymer which easily adsorbs onto metal
and metal-oxide surfaces [48]. Adsorption of PVP improves the stability of gibbsite platelets during the
transfer from water to ethanol, in which the silica coating is performed. Moreover, PVP also improves
the silica growth onto the platelets [46].
To graft the gibbsite platelets with PVP, a 100 g/L solution of PVP (Mw = 40,000 kg/mol) in deionized
water was prepared by magnetically stirring for several hours [45]. An aqueous dispersion of gibbsite was
added to this viscous, transparent mixture, such that the resulting concentration was 0.8 g/L gibbsite. The
resulting opaque, white dispersion was vigorously stirred for another 24 h. Afterwards, the dispersion
was either centrifuged overnight or for 3 h at 300 g. Subsequently, the sediment was redispersed in
technical grade ethanol by shaking for approximately one hour at 200 rpm. The PVP-stabilized gibbsite
platelets were coated with silica within one day to prevent desorption of the PVP.

5.1.2

Silica coating

The described silica coating procedure is based on earlier work of Wijnhoven and Vis [24, 45] and
shown in step 3 of figure 5.1. In order to coat the gibbsite-PVP platelets with silica, the platelets were
transferred to a Stöbermixture [47]. The Stöber mixture consisted of 5.6 vol% of 28-30 % or 6.8 vol% of
25 % aqueous ammonia solution and 1.0 g/L gibbsite in ethanol. Here the gibbsite concentration is the
concentration of the bare platelets, not taken into account the adsorbed PVP-layer. Moreover, it is
assumed that no gibbsite was lost during the PVP-coating. The small amount of water present in the
ammonia solution is needed to promote the hydrolysis of the silica precursor tetraethyl orthosilicate
(TEOS) and the base is used to catalyse the reaction.
First the gibbsite-PVP dispersion in ethanol was transferred to a 3 L conical flask and the major part of
the ethanol was added. Subsequently, the ammonia solution and the remaining ethanol was added. The
ammonia was added after a significant part of the ethanol was already added, to prevent aggregation of
the platelets due to a high ionic strength [45]. During the whole procedure the mixture was magnetically
stirred at 150 rpm to prevent sedimentation of the large gibbsite platelets. This sedimentation could
lead to the formation of unwanted aggregates. Next, the Stöbermixture was split into two or three equal
parts and transferred to closable glass bottles, so that different coatings, i.e. synthesis of fluorescent
and non-fluorescent platelets, could be done under the same conditions and at the same time. Under
continuous stirring, 50 µL of TEOS was added, under the surface of the mixture. In the synthesis of
fluorescent silica coated platelets, see paragraph 5.1.3, first 81 µL of APS-dye solution was added under
the surface of the mixture, followed by the addition of 50 µL TEOS. Afterwards, the bottles were closed
to prevent ammonia evaporation and the mixtures were stirred overnight and wrapped in aluminium foil
to prevent bleaching of the dye. The next day the remaining part of the TEOS was added. This could be
done by adding TEOS (periodically in different intervals) with a pipette. This method however caused
aggregation problems, therefore most of the time TEOS was ten times diluted in ethanol and added
to the mixture in 3-5 h using a peristaltic pump, see figure 5.3a. The slow and constant flow of the
peristaltic pump ensures that the TEOS concentration in the mixture remains constant. This constant
concentration of TEOS reduces the formation of secondary nucleation. The amount of TEOS used, the
formation of secondary nucleation and the total particle surface determine the resulting thickness of the
silica shell. Therefore the amount of TEOS used can be adjusted to the desired shell thickness. After
the synthesis of the silica shell the particles were washed by two cycles of centrifugation (3 h, 300 g)
and redispersion in ethanol.
The set-up used in the method described above resulted in the formation of aggregated structures during
the silica coating. Therefore, an alternative method was developed, based on the method used for the
silica coating of hematite cubes [32, 48]. In this method, a Stöbermixture was made of 525 mL ethanol,
66 mL Millipore water, 10 mL 1 wt% tetramethylammonium hydroxide (TMAH) and 200 mL of gibbsite-PVP
in ethanol dispersion. This gibbsite dispersion contained 1.0 g gibbsite platelets, so that concentration of
gibbsite in the resulting mixture was 1.25 g/L. This mixture was mechanically stirred for 10 min to obtain
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a homogeneous dispersion. Subsequently, 60 µL of TEOS was added with a pipette to the mixture under
sonication for one hour. Afterwards, the mixture was mechanically stirred overnight. In the synthesis
of fluorescent labeled platelets (see section 5.1.3), first 80 µL of APS-dye solution was added under the
surface of the mixture, followed by the addition of 60 µL TEOS. The next day, the additional amount of
TEOS was added in 45 minutes under continuous sonication and mechanical stirring, using a peristaltic
pump. Next, the mixture was sonicated and mechanically stirred for an additional 2 h. The set-up for
this reaction is shown in figure 5.3b. Afterwards, 100 mL of 200 g/L of PVP 40,000 kg/mol in ethanol was
added to further stabilize the particles and this mixture was mechanically stirred overnight. The next
day, the particles were washed two times by centrifugation for 3 h at 300 g and redispersion in ethanol.

(a)

(b)

Figure 5.3: Setup for the coating of platelets with silica, showing (a) the set-up used in the coating based on the
work of Vis and Wijnhoven, (b) the set-up used for silica-coating under continuous sonification.

5.1.3

Fluorescent labeling

To provide the platelets with a fluorescent label, a dye can be incorporated into the silica shell [25],
see step 2 in figure 5.1. Two different fluorescent dyes were used: fluorescein isothiocyanate (FITC)
and rhodamine B isothiocyanate (RITC), see figure 5.4. These dye molecules first need to react with
a coupling agent, before they can be incorporated into the silica, see figure 5.4c. The coupling agent
used was amino-propyltriethoxy-silane (APS), which acts as a linker between the dye molecule and the
TEOS. APS is very similar to the silica precursor tetraethylorthosilicate (TEOS), except one of the ethoxy
groups is replaced by an amino-propyl group. The APS-dye condenses with the TEOS, producing a
silica network with covalently bound dye molecules.
A dye solution was prepared by mixing 0.018 g (4.6 × 10−5 mol) fluorescein isothiocyanate or 0.025 g
(4.6 × 10−5 mol) rhodamine-B isothiocyanate together with 107 µL APS and 0.7 mL absolute ethanol
[45]. This mixture was stirred overnight, wrapped in aluminium foil to prevent bleaching and afterwards
stored in a refrigerator at 4 ℃.

(a)

(b)

Figure 5.4: Structural formula of (a) FITC and (b) RITC.
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(c)

Figure 5.4: (c) Reaction between APS and a dye with an isothiocyanate group. The dye itself is depicted as an
R-group.

5.1.4

Dissolution of the gibbsite core

Once the silica shell is grown onto the gibbsite surface, pure silica shells can be obtained by leaching
out the gibbsite core using a strong acid [24, 50]. This dissolution of the gibbsite core is possible because the synthesized silica shell is highly porous, making it permeable to ions and solvent molecules
[32]. These hollow silica platelets have a reduced density compared to coated gibbsite platelets. This
reduced density may be favourable in the formation of liquid crystals, since the sedimentation velocity
of these hollow platelets is reduced.
Before the gibbsite core was etched out, silica coated platelets were first transferred from ethanol to Millipore water by three cycles of centrifugation (3 h, 300 g) and redispersion in 50:50 v/v% ethanol:Millipore
water, Millipore water and approximatelly 250 mL Millipore water respectively. To the resulting aqueous
dispersion 37 % hydrochloric acid was added, until a concentration of 5 M was reached. The resulting
dispersion was stirred for two days at 200 rpm. After one day, an additional amount of approximately
150 mL 37 % hydrochloric acid was added. The time needed to dissolve the complete gibbsite core
strongly depends on the thickness of the silica shell, the particle size and the acid and particle concentration.

5.1.5

Purification and transfer to DMF

After the synthesis, the silica coated gibbsite platelets were transferred to dimethyl formamide (DMF).
This specific solvent is used since the refractive index of DMF closely matches the refractive index
of silica, therefore van der Waals interactions can be considered as negligible. Moreover, the optical
matching reduces scattering and makes the dispersions more suitable for confocal microscopy. [25]
Silica coated platelets were transferred from ethanol to DMF by subsequent centrifugation (3 h, 350 g)
and redispersion. After centrifugation, the platelets were first redispersed in ethanol. To this dispersion,
a mixture of 50:50 v/v% ethanol:DMF was added, until the resulting dispersion contained approximately
5 vol% DMF. The dispersion was centrifuged again and the sediment was redispersed in pure DMF. Next,
the dispersion was washed three times with pure DMF by centrifugation and redispersion.
Hollow silica platelets were first transferred from the acidic environment to neutral pH by subsequent
centrifugation and redispersion in Millipore water, until the pH of the dispersion was 5, which is the
pH-value of deionized water. The dispersion was transferred to ethanol, again by centrifugation and
redispersion in repectively 50:50 v/v% ethanol:water and ethanol. The hollow silica platelets can be
stored in ethanol or transferred to DMF by following the same procedure described for the silica coated
gibbsite platelets.
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5.1. Synthesis of silica coated platelets

Modifications of the silica surface

Fluorescent labeling of platelets alone is not enough to enable the study of platelets on the singleparticle level. The limited resolution of the confocal microscope compared to the thickness of the platelets
requires an increase of the interparticle distances. In concentrated samples this can be done in two
ways. The first possibility is to grow a thick undyed silica shell around the platelet. However, growing
a thick non-fluorescent silica layer highly influences the aspect ratio of the platelets and therefore the
ability to form liquid crystals. Moreover, the extra silica layers also add mass to the platelets. As a
result, the gravitational length of the platelets decreases, the sedimentation increases and the dynamics
are slowed down. All these effects may have a negative influence on the formation of liquid crystals. The
other method to increase the interparticle distance is by increasing the double layer of the platelets.
The double layer for colloids dispersed in solvents with a low dielectric constant ε is much larger,
than for colloids dispersed in a solvent with a high ε. Cyclohexyl chloride (CHC) and cyclohexane are
examples of such solvents with a relatively small ε of 7.6 and 2.02 respectively [39]. So a large double
layer should be possible to reach in theory. Moreover, both solvents have an index of refraction which
matches the refractive index of Stöbersilica well. However, due to the very small ε of cyclohexane
dissociation leading to charged surfaces is less likely to occur compared with CHC and the formation
of a large double layer in this solvent may be difficult to achieve.
Since bare silica platelets are unstable in CHC and cyclohexane, modification of the surface with a more
hydrofobic compound is required. Silica surfaces can be easily modified with different functional groups
[49, 51]. The surface properties of the silica coated platelets were modified by functionalization with
3-(trimethoxysilyl)propyl methacrylate (TPM) and octadecyltrimethoxysilane (OTMOS). These molecules
are shown in figure 5.5. Modification of the silica coated platelets with OTMOS and TPM not only gives
the possibility to increase the stability of the dispersion by increasing the electric double layer upon
dispersion in apolar solvents with a small ε, OTMOS and TPM also sterically stabilizes the platelets.
The hydrocarbon chains bound to the silica surface, increase the minimal interparticle distances, due to
the repulsive interactions between the hydrocarbon chains bound to the silica surface.

(a)

(b)

Figure 5.5: Structural formula of (a) TPM and (b) OTMOS.

Functionalization of silica with TPM
Silica was functionalized with TPM by mixing TPM with the silica coated platelets dispersed in ethanol
and adding a base catalyst, as described by Kuijk [39]. In a typical synthesis 30 mL ethanol, 0.2 g silica
coated gibbsite, 3.0 mL TPM and 1.0 mL 29 wt% ammonia were added to a 50 mL round-bottom flask. This
mixture was magnetically stirred overnight. The platelets were purified by three times centrifugation
for 1 h at 600 g and redispersion in ethanol.
Functionalization of silica with OTMOS
The silica coated platelets were functionalized with OTMOS via two different methods. In the method
decribed by Kuijk, 0.2 g gibbsite dispersed in ethanol was dried overnight in a sample concentrator at
59 ℃ [39]. The dried platelets were redispersed in 22.0 mL toluene by sonification for 10 min. To this
dispersion 2.0 mL OTMOS was added, so that the resulting mixture had a volume ratio OTMOS:toluene
of 1:10. This mixture was transferred to a 50 mL glass bottle and was sonicated for 4 h at 40 ℃. Subsequently, the mixture was magnetically stirred overnight. The next day, the platelets were washed three
times with toluene and two times with cyclohexane by centrifugal sedimentation and redispersion.
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The other method used was described by Murray [52]. In this method a mixture of 25.0 mL ethanol,
0.2 g gibbsite, 2.0 mL OTMOS and 0.8 mL 25 wt% ammonia was prepared in a 100 mL glass bottle. This
mixture was sonicated for 5 h. Afterwards, the reaction mixture was taken out of the ultrasonic bath and
was stirred overnight. The next day the platelets were washed two times with ethanol and two times
with cyclohexane by centrifugation and redispersion.

5.2

Results and discussion

5.2.1

Silica coating of gibbsite

5.2.1.1

Synthesis of a thin silica shell

During the deposition of silica on PVP-stabilized gibbsite platelets, the thickness of the silica layer is
determined by the total amount of TEOS added to the reaction mixture. For the first silica coating,
consisting of batches Sg1_100T_nd, Sg1_100T_fitc and Sg1_100T_ritc, the amount of TEOS was based
on the method described by Vis and adjusted for the total surface area of the platelets used [45]. This
amount of TEOS, 300 µL per batch, was added to the mixtures with a pipette under continuous magnetic
stirring at 150 rpm 1 . Based on the results of Vis, a thin silica layer of approximately 10-15 nm was
expected for this synthesis [45].
A TEM-image of the resulting particles is shown in figure 5.6a and a clear silica layer is visible around
the platelet. The thickness of this silica layer is around 15 nm depending on the exact batch. The
dimensions of the particles synthesized in this and the other silica coatings are listed in table B.2 in
appendix B. In figure 5.6b it can be seen that most platelets are single platelets, however some platelets
lay on top of each other and therefore it is hard to see if they form aggregates. All three batches
were stable upon transfer to DMF. In these dispersions no phase separation was observed, see section
6.3.1, probably due to the fast sedimentation of the large silica coated platelets in DMF. To overcome
this problem, silica coated platelets with a thicker silica shell were synthesized, so that eventually the
gibbsite core can be etched out, which will lead to large platelets with a slower sedimentation velocity.

(a)

(b)

Figure 5.6: TEM-images of the resulting particles with a thin silica shell, showing (a) a FITC-labeled, silica
coated platelet (Sg1_ 100T_ fitc). The silica layer is indicated with white arrows. (b) An overview of silica coated
platelets (Sg1_ 100T_ nd). The specific batch shown in the TEM-images is indicated between brackets.

5.2.1.2

Synthesis of a thick silica shell

Gibbsite platelets with a thicker silica shell can be obtained, by adding more TEOS during the reaction.
Therefore, it was calculated how much TEOS is theoretically needed for a silica layer of 20 nm. For 1.6 g
PVP-stabilized Sg1 gibbsite this is 3.08 mL. Therefore, per batch of 0.53 g gibbsite, 0.975 mL of TEOS
was added during the reaction at once with a pipette, while the mixture was continuously stirred at
1

The reaction conditions of the silica coatings are summarized in table B.1 in appendix B.
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150 rpm. Before this addition, first a small (fluorescent) silica layer was grown around the particles2 .
After the reaction a lot of secondary nucleation was observed, as can be seen in the TEM-image in figure
5.7a. This secondary nucleation was easily removed from the mixture by decantation after centrifugation.
The resulting platelets have a silica shell of approximately 40 nm, see figure 5.7b. Remarkable is the
large difference between the silica layer thickness calculated and the silica layer obtained; the resulting
silica layer is almost twice as thick as expected. There are several possible explanations for this.
First, it is possible that not all of the gibbsite platelets were transferred from the PVP-solution to the
Stöbermixture. Second, the density of the silica was estimated and therefore the actual density could
be lower, due to the presence of PVP, APS and dye. Finally, most of the platelets were grown together
during the synthesis, this will lead to a lower surface area and hence a thicker silica shell. Noteworthy
is that Vis also found a thicker silica layer than expected [45].

(a)

(b)

Figure 5.7: TEM-images of the resulting particles after addition of more silica precursor to obtain a thicker silica
shell, showing (a) FITC-labeled silica coated gibbsite platelets (Sg_ eT_ fitc). The secondary nucleation present
can be easily observed. (b) RITC-labeled silica coated platelets after several washing steps (Sg_ eT_ ritc). The
secondary nucleation is removed, the aggregates formed during the reaction can be clearly observed.

During this silica coating a lot of platelets were grown together, forming aggregates, see figure 5.7b. A
possible explanation for this could be the large amount of TEOS added to the mixture in one single step,
which could destabilize the particles and therefore lead to the formation of aggregates. One possibility
to prevent this aggregation is to add the TEOS at different intervals during the synthesis. Another
possibility is to use a peristaltic pump for the addition of the TEOS; the slow and constant flow of
the peristaltic pump ensures that the TEOS concentration in the mixture remains constant during the
reaction. Finally, the particles could also be stabilized with PVP with a higher molar weight, since
the longer polymer chains provide a better stabilization of the particles. Another explanation for the
formation of aggregates could be that despite the (magnetic) stirring still some platelets sediment during
the synthesis and grow together. An indication for this is that after the silica coating some sediment
is present. The sedimentation of particles could be prevented by stirring the mixture more vigorously
during the synthesis.
Addition of TEOS in different intervals In the next synthesis, the same amount of silica precursor was
added in two different intervals, to prevent the formation of secondary nucleation and aggregates. First,
0.750 mL of TEOS was added with a pipette under the surface of the mixture. Subsequently, the mixture
was stirred overnight and the next day the resulting 0.225 mL TEOS was added. The addition of the
silica precursor in different intervals did result in less secondary nucleation, however it did not result
in the formation of less aggregated structures, see figure 5.8a.
To study the dissolution of the gibbsite core by hydrochloric acid, the resulting platelets were transferred to a 5.0 M hydrochloric acid solution and were stirred for two days. More information about
the preparation of hollow silica shells can be found in paragraph 5.2.2. The aggregates present in this
2

This batch of particles is named Sg1_ eT were e stands for the extra amount of TEOS added.
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sample can be observed in the TEM-images of the resulting hollow silica shells, see figure 5.8b. In
TEM-images hollow silica platelets are characterized by a light core and dark edges. Since the center
of the particles contains less silica, more electrons go through, resulting in a lighter color in the TEMimages. The aggregates formed are easily recognized in the TEM-image due to the absence of one or
more of the dark edges or corners, at the point where the platelets were grown together.

(a)

(b)

Figure 5.8: TEM-images of the resulting particles after addition of the silica precursor in different intervals,
showing (a) silica coated platelets with a thick silica shell, the platelets form aggregated structures (Sg1_ eT2_
nd). (b) Hollow silica shells obtained by etching the gibbsite core with hydrochloric acid. The aggregated
structures are clearly observed after dissolution of the gibbsite core. The points where the platelets are grown
together are indicated with white arrows (Sg1_ eT2_ nd_ e).

Addition of TEOS with a peristaltic pump During the subsequent silica coatings a peristaltic pump
was used to add a diluted TEOS solution to the reaction mixture. The use of a peristaltic pump ensures
a continuous and periodic addition of the diluted TEOS solution to the reaction mixture, resulting in
a constant TEOS concentration during the reaction. This constant silica precursor concentration will
prevent the formation of secondary nucleation.
The formation of secondary nucleation was indeed significantly reduced compared to the synthesis in
which the TEOS was added in intervals. However, despite the more constant concentration of silica
precursor in the reaction mixture, still some aggregates were present in this silica coating, see figure
5.9a. The presence of these aggregates is especially observed in the TEM-images of the etched silica
shells, see figure 5.9b. The formation of aggregates despite the use of a peristaltic pump could be either
explained by insufficient stirring or inadequate stabilization of the particles in the Stöbermixture, both
resulting in the formation of aggregates.
Improved stabilization of the particles In the article of Graf et al. it is mentioned that aggregation
of gibbsite platelets could be prevented by stabilization of the platelets with PVP with a higher molar
weight [46]. The longer PVP-chains provide an improved stabilization of the platelets and hence the
formation of aggregated structures is reduced. Therefore in the next silica coating, PVP with a higher
molar weight, 55,000 kg/mol instead of 40,000 kg/mol, was used and gibbsite batch Dg1 was used as
core material.
TEM-images of the resulting particles are shown in figure 5.10a and 5.10b. Silica coated platelets with
fibers of silica attached to the surface are observed. The formation of these silica fibers is probably
caused by the fiber-like structures (boehmite needles) which are sometimes present as a side product
in the synthesis of the gibbsite platelets by the direct growth method, see section 3.2. The formation
of these silica fibers is described in more detail in paragraph 5.2.1.3. Aggregates were not observed in
this silica coating. It is however not clear if this is caused by either the use of PVP with a higher molar
weight or that it is a side effect of the fibers present on the surface of the platelets.
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(a)

(b)

Figure 5.9: TEM-images of the resulting particles after addition of the silica precursor with a peristaltic pump,
showing (a) silica coated platelets (Sg1_2xT_nd). (b) The resulting silica shells after dissolution of the gibbsite
core (Sg1_2xT_ritc_e). Secondary nucleation was not observed during the reaction, however aggregates are still
present.

(a)

(b)

Figure 5.10: TEM-images of the resulting particles after stabilization of the Dg1 platelets with PVP with a higher
molar weight, showing (a) silica coated platelets with silica fibers present onto the surface (Dg1_2xT_nd). (b)
Close-up of the particles in (a), the silica-fibers are clearly visible. The formation of these silica fibers is probably
caused by the coating of the fiber-like structures, which are sometimes present as a side product in the direct
growth synthesis. Aggregates are not observed, however it is not clear if this is caused by the usage of PVP with
a higher molar weight.

Vigorous magnetic stirring During the silica coating platelets have the tendency to sediment, when
magnetically stirred at moderate speed (150 rpm), leading to the formation of aggregates. To solve this
problem the Stöbermixture in the next synthesis was magnetically stirred at a higher speed; 250 rpm
instead of 150 rpm. When the reaction was finished, there was no indication that platelets had sedimented during reaction. TEM-images of the resulting silica coated platelets and the resulting silica
shells after dissolution of the gibbsite core are shown in figure 5.11a and 5.11b respectively. Despite
the higher stirring speed aggregates were still formed, probably due to alignment of the platelets when
the Stöbermixture was stirred more vigorously.
From these and previous results, it can be concluded that preventing the formation of aggregates during the silica coating in this experimental setup is difficult. Relatively slow magnetic stirring (150 rpm)
leads to sedimentation of the platelets during the synthesis and therefore to the formation of aggregates.
Whereas by magnetic stirring at normal speed (200-250 rpm) the platelets align during the synthesis,
see figure 5.12a, and grow together as well. Unfortunately, a window between those two regimes, in
which the stirring is sufficient enough to prevent sedimentation and in which the platelets do not show
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alignment was not found. Therefore, an alternative coating method was developed based on the work
of Rossi [32, 48]. In this method a silica coating is performed under continuous mechanical stirring and
ultrasonication to prevent the formation of aggregates.

(a)

(b)

Figure 5.11: TEM-images of the resulting particles after more vigorous stirring during the reaction, showing (a)
silica coated gibbsite (Dg4.1_2xT_nd_ue), a lot of single platelets are present, however after dissolution of the
gibbsite core several aggregates are still visible (b). These aggregates may be formed due to too vigorous stirring,
which causes the particles to align during the synthesis.

(a)

(b)

Figure 5.12: (a) Alignment of the platelets, which occurs by vigorous magnetic stirring of the gibbsite dispersion.
(b) A TEM-image of gibbsite platelets after ultrasonification for 99 min. Minor damage at the main facets of the
platelets is visible (see encircled particles), although no major damage to the shape of the platelets is observed.

Continuous ultrasonification Before the alternative methode for silica coating was used, it first was
tested if extended ultrasonication of gibbsite dispersions causes damage to the shape of the platelets.
Therefore, a small vial with Dg3.1 solution was sonicated for 99 min. A TEM-image of these platelets
after sonication can be seen in figure 5.12b. There is some minor damage observed for the main facets
of the platelets, however there is no major damage to the edges and corners of the platelets and the
shape it still intact. This result indicates that sonication during the silica coating will probably not lead
to major problems with respect to damaging the shape of the platelets.
The platelets coated in the reaction performed under continuous mechanical stirring and ultrasonication
are shown in figure 5.13. The platelets are well spread over the TEM-grid, still some organic material
is visible around the particles, probably some PVP residue. Most of the platelets are single platelets,
only a few aggregates consisting of two or three platelets are observed. The formation of these small
aggregates could be reduced by reducing the gibbsite concentration in the Stöbermixture to 1.0 g/L or
less. Following the same procedure, though using a gibbsite concentration of 1.0 g/L in the Stöbermixture,
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a batch FITC-labeled platelets was prepared. A TEM-image of these platelets is shown in figure 5.13c.
As for the undyed particles only a few small aggregates were observed. This leads to the conclusion that
continuous ultrasonication and mechanical stirring during the silica coating of large gibbsite platelets
clearly reduces the formation of aggregated structures.

(a)

(b)

(c)

Figure 5.13: TEM-images of the resulting particles. These silica coated platelets were prepared in a synthesis performed under continuous sonication and mechanical stirring, showing (a) silica coated gibbsite platelets
(Sg2_150T_nd_u). The platelets are evenly spread over the TEM-grid, indicating that most platelets are single
platelets. (b) Close-up of the particles. The platelets are laying clearly on top of each other, instead of forming
an aggregate. (c) FITC-labeled silica coated gibbsite platelets (Sg2_100T_fitc_u).

5.2.1.3

Silica coating of direct growth platelets

When direct growth platelets are used in the silica coating, platelets with fibers of silica attached to
the surface are observed, see figure 5.10a and 5.10b. These silica fibers are part of the silica layer
around the gibbsite core. The formation of these silica structures is probably caused by the fiber-like
structures, most likely boehmite needles, which are sometimes present as a side product in the direct growth synthesis, see section 3.2. The fact that the silica fibers are part of the silica layer around
the platelets indicates that these fiber-like structures are attached to the surface of the gibbsite platelets.
The gibbsite core of the these platelets was dissolved by treatment with 5.0 M hydrochloric acid. After
dissolution of the core, it was tried to reduce the amount of silica fibers at the surface of the silica
shell by ultrasonication. The resulting platelets are shown in figure 5.14a and 5.14b. In the case of
the RITC-labeled platelets (figure 5.14a) most of the silica fibers were removed from the surface of the
platelets. The amount of fibers in the non-dyed sample was reduced, however there were still fibers
present on all platelets, see figure 5.14b.
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(a)

(b)

Figure 5.14: TEM-images of the resulting particles after dissolution of the gibbsite core and ultrasonic treatment,
showing (a) RITC-labeled silica coated platelets (Dg1_2xT_ritc_eu). The amount of fibers is remarkably reduced.
(b) Silica coated platelets (Dg1_2xT_nd_eu). The amount of fibers is reduced, however on all platelets fibers are
still present.

In the next silica coating in which direct growth platelets were used, the platelets were first sonicated
before they were stabilized with PVP and coated with silica, to remove the fiber-like structures. As
a result, most of the fiber-like structures were removed from the surface before the coating with silica
has taken place. A TEM-image of the resulting platelets is shown in figure 5.15a. At the surface of the
silica coated platelets almost no silica fibers are visible, indicating that the ultrasonic treatment was
successful. Moreover, almost no aggregates were observed, see figure 5.15b. Therefore, these platelets
were transferred to DMF and used for further experiments.

(a)

(b)

Figure 5.15: TEM-images of the resulting particles, showing (a) RITC-labeled silica coated platelets
(Dg3.3_2xT_ritc). The Dg3 platelets were first sonicated before they were coated with silica. Almost no silica fibers
are present onto the surface of the resulting platelets. (b) Fluorescent hollow silica shells (Dg3.3_2xT_ritc_e),
only single platelets are observed.

The same procedure was used for the coating of Dg4.1 platelets. Despite the ultrasonic treatment of
the gibbsite platelets, still a lot of silica fibers were formed onto the surface, when coated with silica,
see figure 5.16a. The gibbsite core of these platelets was etched out with 5 M hydrochloric acid. The
resulting silica shells are shown in figure 5.16b. The platelets were not used for further experiments,
since the aspect ratio of the platelets is largely affected by the presence of these silica fibers. The
silica fibers are in particular located on the large facets of the gibbsite platelets, therefore the effective
thickness of the platelets is highly influenced by the presence of these silica fibers. As a result, the DL
will increase, which is unfavourable for the formation of liquid crystals.
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(a)

(b)

Figure 5.16: TEM-images of the resulting particles, showing (a) silica coated gibbsite (Dg4.1_2xT_nd_u), a lot
of silica fibers are present on the surface, despite ultrasonic treatment of the Dg4.1 platelets before the silica
coating. (b) Hollow silica platelets (Dg4.1_2xT_nd_ue).

Since the silica fibers are highly affecting the aspect ratio of the resulting platelets, these platelets will
be less useful for experiments involving the formation of liquid crystals. Therefore direct growth gibbsite
platelets are less suitable for silica coating reactions.

5.2.2

Hollow silica platelets

Once the silica shell is grown around the gibbsite platelets, hollow silica platelets can be obtained by
etching out the gibbsite core. Dissolution of the gibbsite core was performed by etching the platelets
in a hydrochloric acid solution of 5 M. This approach is possible since the silica layer is highly porous,
making it permeable to small ions and molecules. In figure 5.17 a typical TEM-image of a platelet is
shown both before and after dissolution of the gibbsite core.

(a)

(b)

Figure 5.17: TEM-images, showing (a) a silica coated gibbsite platelet and (b) a hollow silica platelet in which
the gibbsite core is removed by etching and only the silica shell is left.

The gibbsite cores were dissolved in a solution of hydrochloric acid, contrary to the nitric acid solution
used by Vonk [50]. The advantage of using hydrochloric acid is that dialysis is not needed to remove
all traces of ethanol, which reacts violently with nitric acid. In both acidic solutions the gibbsite core
is etched out, however the large ’flower-like’ aluminum structures observed by Vonk were not observed
when the core was etched out by hydrochloric acid [50].
Aggregated structures of silica coated platelets are easier observed after dissolution of the gibbsite
core, see paragraph 5.2.1. Separation of these aggregates from individual platelets is however difficult
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after etching, since the difference in mass between a single platelet and an aggregate is significantly
reduced during the etching process. Therefore, the dispersion containing the silica coated platelets was
allowed to stand for 30 min before dissolution of the gibbsite core, so that the aggregates could sediment.
The precipitate was discarded and the remaining dispersion was used for the etching procedure.
The speed of the dissolution of the gibbsite core depends on the particle concentration, the thickness of the silica shell and the size of the gibbsite core. When the particle concentration is too high, the
speed of dissolution of the particle cores significantly reduces after a few hours. Due to the high ion
concentration in the etching medium, the saturation point is reached and aluminium hydroxide will not
dissolve anymore. Further etching is then possible when the particles are sedimented and redispersed
in a freshly prepared hydrochloric acid solution.
In figure 5.18 TEM-images are shown of hollow silica platelets after one day, 3 days and 5 days of
etching. After one day of etching some gibbsite was still present in the particles (figure 5.18a). This may
be caused by a too high particle concentration. After addition of an additional amount of hydrochloric
acid and etching for two more days the whole core was dissolved and completely hollow silica shells
were obtained (figure 5.18b). Storage of these hollow platelets in the acidic solution led to the formation
of large aggregates and to damage to the particles (figure 5.18c). The aggregation is possibly due to
the high ionic strength of the solution, which reduces the stability of the particles.

(a) 1 day

(b) 3 days

(c) 5 days

Figure 5.18: TEM-images showing hollow silica platelets after etching for (a) one day, with still some gibbite
present in the platelets. (b) Three days, all the gibbsite is etched out. And (c) 5 days, the damage to the platelets
is clearly seen.

The thickness of the silica shell not only influences the dissolution rate of the gibbsite core, it also
determines the strength of the platelet structure. In figure 5.19 a TEM-image of hollow silica particles
is shown. The 10 nm thick silica shell is too thin to retain the shape of the platelets; some platelets are
collapsed. Generally, a silica shell thickness of 20 nm is sufficient to maintain the shape of the particles.
Of course, the size of the platelets is also important; larger platelets need a thicker shell to retain the
shape after dissolution of the core.

Figure 5.19: A TEM-image showing hollow silica
platelets with a silica shell of 10 nm. The silica shell
is too thin to retain the platelet shape.
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During dissolution of the core the particles show some instability, which is probably due to the high
ionic strength in the solution. However, their stability can be retained by repeated sedimentation and
redispersion in water and subsequently ethanol. The clear instability observed for hollow silica platelets
by Vonk, when transferring these particles to neutral environment, is not observed [50], although the resulting platelets still have the tendency to sediment relatively fast. This indicates that the platelets
are not completely stable. This instability may be caused by adsorption of positively charged Al3+
ions onto the negatively charged silica surface during the acid leaching. This might reduce the electric
double layer thickness, which keeps the particles stable. From literature is it known that the interaction
between silica surfaces and aluminium ions is relatively strong compared to other metal ions, like iron
ions [53]. This may explain why this instability is not observed for hollow silica cubes templated on the
iron oxide hematite [32].

5.2.3
5.2.3.1

Surface modifications
TPM-coated silica platelets

TEM-images of the silica coated platelets with a TPM modified surface are shown in figure 5.20. The
platelets are well spread over the TEM-grid, aggregated platelets were not observed. A small amount
of TPM modified silica-gibbsite platelets was transferred to toluene. Whereas silica-gibbsite platelets
without TPM modification are unstable in toluene, these platelets were stable, indicating that the surface
modification of the platelets with TPM was successful. The TPM-modified platelets were transferred
to cyclohexane for further experiments. However, upon transfer to cyclohexane the stability of the
platelets was clearly reduced, probably due to the strong apolar properties of this solvent. Therefore
the platelets were transferred to the more polar solvent DMF. Upon transfer to DMF the platelets
retained their stability and this dispersion was used for further experiments, see paragraph 6.3.3.

Figure 5.20: TEM-image of the silica coated platelets
modified with TPM..

5.2.3.2

OTMOS-coated silica platelets

Two different methods were studied for the modification of the silica shell with OTMOS, see section
5.1.6 for more details. The platelets modified according the procedure described by Kuijk [39] showed
some aggregation upon transfer from toluene (reaction medium) to cyclohexane, indicating that the modification was not completely successful. The platelets modified by OTMOS are shown in figure 5.21a.
The particles form aggregated structures on the TEM-grid. These structures might also have been
formed due to drying effects since cyclohexane evaporates rather fast. A more magnified view of these
platelets is shown in 5.21b. Remarkable are the broken silica shells, which can clearly be observed.
The presence of these broken silica shells implies that the silica shell detaches from the gibbsite core
during the reaction procedure. This may happen during the drying step, since upon drying the silica
shell has the tendency to shrink up to 10 % [53]. Internal stress caused by this shrinking may lead to
cracks in the relatively thin silica shell, which ultimately may lead to the detachment of the silica shell.
Another explanation for the detachment could be that the reaction conditions: ultrasonication for 5 h at
an elevated temperature, ultimately result into the detachment of the silica shell.
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In the other reaction procedure studied, described by Murray [52], the OTMOS modified platelets precipitate during the reaction, since the modified platelets are not longer stable in the reaction medium
ethanol. When these platelets are transferred to cyclohexane their stabilization is retained by three
cycles of centrifugation and redispersion in cyclohexane. A TEM-image of these platelets is shown in
figure 5.21c. The platelets show some aggregation, as seen for the platelets modified by the method of
Kuijk. A magnification of a part of this TEM-image is shown in figure 5.21d. In this sample no broken
silica shells were observed and the silica shell of these platelets seemed to be intact. Since these
OTMOS modified platelets showed the most promising stability and damage to the silica shell was not
observed, this dispersion was used for further experiments. However, when it was tried to fill capillaries for optical observations, the particles sedimented within 5 min, indicating that the dispersion was
unstable. Therefore, further experiments considering optical observations were not possible for silica
coated platelets modified with OTMOS. The instability of the platelets is not yet fully understood and
more research is necessary.

(a)

(b)

(c)

(d)

Figure 5.21: TEM-image of the silica coated platelets modified with OTMOS, showing (a) the platelets prepared
by the method described by Kuijk [39]; several broken silica shell can be observed (b). The platelets prepared by
the method of Murray [52] (c,d); no broken silica shells can be observed and an aggregate is clearly visible (d).

5.3

Conclusions

In this chapter it was shown that large (fluorescent) silica coated gibbsite platelets, with a uniform silica
shell, can be prepared in a Stöbersynthesis. The thickness of the silica shell can be adjusted by the
amount of silica precursor used. The formation of aggregates is significantly reduced when the coating
of the platelets is performed under continuous ultrasonication and mechanically stirring.
When direct growth platelets are used as a template, silica coated platelets with silica fibers onto their
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surface may be obtained. The formation of these silica fibers is due to the fiber-like structures present
at the surface of the gibbsite platelets. These fiber-like structures are side-products in the synthesis of
direct growth platelets. The resulting silica fibers at the surface of the platelets highly increases the
aspect ratio of the platelets, resulting in platelets which are not suitable anymore for the formation of
liquid crystal structures.
Hollow silica platelets can be obtained by dissolution of the gibbsite core with hydrochloric acid. The
shape of the particles is retained for platelets with a sufficient thick silica layer. The speed of the
dissolution of the gibbsite core depends on the particle concentration, the thickness of the silica shell
and the size of the gibbsite core. These hollow silica platelets can be successfully transferred to neutral
environment and form stable dispersions in ethanol.
The surface of the silica shell was successfully modified with TPM and OTMOS. However, more research
has to be done to optimize the reaction conditions for both reactions.
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Chapter 6

Phase behaviour studies: Polarized light
microscopy
This chapter describes the phase behaviour of several different systems of large platelets. The sample
preparation and liquid crystal phase behaviour studied by polarized light microscopy and observations of
optical Bragg reflections will be discussed for systems of (fluorescent) PIB-coated platelets, (fluorescent)
silica coated platelets and hollow silica platelets, respectively.

6.1

Sample preparation

Samples for phase behaviour studies were prepared from the stock dispersions of PIB-grafted platelets
in tetralin and silica coated or hollow silica platelets in DMF. Incorporation of a fluorescent dye molecule
may influence the stability of the system and thus the formation of liquid crystal phase. Therefore, both
systems with and without fluorescently labeled platelets were studied. Generally, a dispersion series,
consisting of dispersions with different gibbsite concentrations, was prepared to study the influence of
gibbsite concentration on the structure formation. Samples were made by filling rectangular capillaries
(VitroCom Inc. #W3520-100) with internal dimensions of 4.0 mm x 0.2 mm x 100 mm with dispersion,
which were subsequently flame sealed at both ends. These capillaries were stored upright at 20 ℃ in
a dark thermostatted room. The formation of a birefringent phase was regularly checked by placing
the capillaries between crossed polarizers. The orientation of different (nematic) domains was analyzed
with polarized light microscopy.

6.2

PIB-coated platelets

This section describes the phase behaviour of (fluorescent) PIB-coated platelets dispersed in an apolar
solvent. Quite a lot about this system is already known from previous studies. Both a nematic as a
columar phase were observed for small gibbsite platelets grafted with PIB by van der Kooij et al. [10, 54].
More recently, Mourad et al. observed the formation of a columnar phase for platelets with a diameter of
570 nm coated with PIB. However, in all these systems a fluorescent label was not incorporated, which
is needed for confocal studies and might have an influence on the structure formation.

6.2.1

Undyed platelet dispersions

Incorporation of the dye molecule fluorescein isothiocyanate (FITC) may have an influence on the interparticle interactions and therefore might influence the formation of liquid crystals. Therefore, platelet
dispersions without fluorescent label were used to check if our systems of large PIB-coated gibbsite
platelets show phase separation and liquid crystal formation, before this study was repeated for systems
in which FITC was incorporated. Dispersion series in tetralin were made for both Dg2 as Sg1 platelets
grafted with PIB. The Dg2_pib dispersion series ranged from 50 g/L to 300 g/L with steps of 50 g/l. A
dispersion series ranging from 50 g/L to 200 g/L with steps of 50 g/l was made for the Sg1_pib platelets.
The concentrations per dispersion series and the dates of preparation are listed in table 6.1.
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Table 6.1: Overview of the dispersion series prepared for the systems of PIB-coated platelets dispersed in tetralin.

6.2.1.1

Dispersion series

Concentrations (g/L)

Date

Dg2_pib
Sg1_pib

50, 100, 150, 200, 250, 300
50, 100, 150, 200

10-05-2012
02-03-2012

Direct growth platelets in tetralin

In figure 6.1 the dispersion of series Dg2_pib platelets in tetralin is shown, viewed between crossed
polarizers. A birefringent phase was observed in all samples, meaning that liquid crystal phases were
found. Phase separation occurred within 24 h at the high concentrations (200-300 g/L). At lower concentrations of 50, 100 and 150 g/L phase separation occurred within two weeks after preparation of the
samples. After six weeks the amount of birefringent phase in the samples did not increase anymore.
As visible in figure 6.1 different liquid crystal domains are observed within the birefringent phase. These
different domains were further analyzed by polarized light microscopy and will be discussed in more
detail later. When the samples were illuminated with white light optical Bragg reflections or iridescence
was not observed, meaning that there is no positional order in the sample and just orientational order is
present. This indicates that the birefringent phase is a nematic phase, since the platelets only possess
orientational order.

Figure 6.1: Birefringent phases of the Dg2_pib dispersions viewed between crossed polarizers. From left to
right the concentration ranges from 50, 100, 150, 200, 250 to 300 g/L. The phase observed is nematic, since only
orientational order is present in the samples. Photo is taken after six weeks of sedimentation.

The size and orientation of the different domains in the nematic phase were analyzed in more detail
with polarized light microscopy (PLM). The results are shown in figure 6.3 for the different gibbsite
concentrations. Roughly the following behaviour is observed in the samples, schematically shown in
figure 6.2. At the bottom there is a region consisting of small nematic domains, depicted as region
A in figure 6.2. On top of these small domains, a region with larger domains is observed (region B).
Subsequently, in the middle of the capillaries, a dark domain is found (region C). Finally, above this
dark domain a region with very small birefringent domains is observed (region D). Next, these different
regions observed in the birefringent phase of the samples will be discussed in more detail.
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Figure 6.2: Schematic representation of the different regions in the
birefringent phase of the 200 g/L sample. Showing (A) small nematic
domains at the bottom of the sample, (B) larger nematic domains on
top of that, (C) the large dark nematic domain in the middle of the
sample and finally (D) the very small birefringent domains present
in the upper part of the sample. The arrows indicate the direction
of the polarizers.

The small nematic domains present in the bottom part of the capillary are especially observed at high
concentrations of 150-300 g/L. (figure 6.3e-6.3l). The formation of these small nematic domains may be
caused by fast sedimentation of the large platelets at high concentration. Due to this fast sedimentation,
an equilibrium state is not reached in which the platelets can reorient and which is necessary for the
formation of large domains of platelets with the same orientation. As a result, small domains with
different orientations are formed.
A region with larger nematic domains is observed on top of these small domains and at the bottom of the
capillaries with a low concentration of 50 and 100 g/L (figure 6.3a-6.3d). In this region bands of platelets
with the same orientation are found in the samples with a concentration of 100, 150 and 200 g/L. These
domains are visible as orange colored bands in the figures 6.3d, 6.3f and 6.3h, when a retardation plate
is used to determine the orientation of the platelets. The orange retardation color indicates that these
platelets are oriented with their director parallel to the orientation of the retardation plate. Or in other
words, the platelets are oriented with their director parallel to the glass wall or oriented horizontally
in the xy-plane, see figure 6.4. Large domains are visible at the upper part of the capillaries with a
concentration of 50 and 100 g/L. These domains are shown in figures 6.3b and 6.3d and have an orange
retardation color as well. This means that the platelets in these domains have the same orientation as
the platelets observed in the bands at higher concentrations. The formation of the these large domains
may be explained by the slower sedimentation velocity of these platelets. As a result, these platelets
have more time to reach an equilibrium state in which they can reorient, forming large domains with
the same orientation.
In the middle part of the capillaries with a high concentration a large dark domain is present. This
dark domain is clearly observed in the samples with a concentration of 200, 250 and 300 g/L, see
figures 6.3g, 6.3i and 6.3k. There are three possible explanations when a black domain is observed.
The first possibility is that an isotropic phase without any orientational or positional order is present.
Another explanation is that this phase is a nematic domain with its director oriented parallel to one of
the polarizers. The last possibility is that the platelets in this phase are oriented with their director
perpendicular to the focal plane, or in other words the particles are aligned along the capillary wall
[13]. Polarized light microscopy was used to determine which of the possibilities is valid in this case.
Since the domain has the magenta color of the retardation plate in both orientations of the polarizers,
the orientation of the platelets in this domain is with their director perpendicular to the focal plane. In
other words, the platelets are aligned along the capillary wall, see figure 6.4. In this case, the domain
will appear as dark irrespective to the orientation of the polarizers, however birefringence will appear
when the sample is tilted with respect to the focal plane.
At the top of the capillaries a clear nematic-isotropic phase transition is expected, however this is not
observed in the samples studied. Instead, a region with very small nematic domains is observed in the
samples with concentrations of 150-300 g/L. These domains are shown in figures 6.3f, 6.3h, 6.3j and 6.3l
as pink domains with a yellow core in a blue background. This region could be a domain with a lot of
large tactoids with on top just solvent. A tactoid is a spindle-shaped droplet consisting of nematic phase
in the isotropic phase. Tactoids are recognized as precursors of the nematic phase [13]. The formation of
these large nematic droplets may be explained by the high concentration present in these samples. The
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initial concentration (and thus the volume fraction φ) is large enough to spontaneously form a nematic
phase [16]. Therefore, it might be possible that almost all platelets are forming nematic droplets and so
no platelets might be left to form an isotropic phase. However, the formation and exact composition of
these very small domains in this region of the capillary remains unclear. And more research, like the
observation of the development of these small domains over time, has to be done.
Noteworthy are the vertical lines observed in the 300 g/L sample, see figure 6.3l. These lines appeared
two days after the sample was prepared. This regular pattern of vertical lines may be caused by shear
alignment. When subject to shear flow, in this case caused by sedimenting particles, the platelets will
align in the direction of the shear [55]. This is possibly seen in this sample; the blue bands confirm that
the particles are aligned in the vertical direction, with their directors parallel to the retardation plate,
which is the direction of the shear flow, see figure 6.4. The magenta lines may represent platelets with
a random orientation due to tumbling.

(a) 50 g/L

(b) 50 g/L

(c) 100 g/L

(d) 100 g/L

(e) 150 g/L

(f) 150 g/L

(g) 200 g/L

(h) 200 g/L

(i) 250 g/L

(j) 250 g/L

(k) 300 g/L

(l) 300 g/L

Figure 6.3: PLM images of dispersions of Dg2_pib gibbsite platelets with different concentrations, viewed between
crossed polarizers. In images (b), (d), (f), (h), (j) and (l) a retardation plate (λ = 530 nm) is used to determine the
orientations of the platelets. The arrows indicate the direction of the polarizers, the dashed arrow indicates the
direction of the retardation plate.
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Figure 6.4: Schematic representation of the different platelet orientations observed and the corresponding retardation colors, showing (1) platelets oriented with their director perpendicular to the focal plane. Domains with
this orientation will appear as pink irrespective of the polarizer orientation. (2) The orientation of the platelets in
domains with a blue retardation color. The platelets in these domains are oriented with their director parallel to
the x-axis. (3) The orientation of the platelets in domains with an orange retardation color. The platelets in these
domains are oriented with their director parallel to the z-axis. The arrows indicate the direction of the polarizers,
the dashed arrow indicates the direction of the retardation plate.

In figure 6.5 the birefringent phase of the Dg2_pib dispersion series is shown eight months after preparing
the samples. On a timescale of months the amount of birefringent phase has decreased. This indicates
that the structure becomes more compact over time. The specific structure of bands and small nematic
domains found at higher concentrations is still clearly visible in all samples. The birefringent sediment
does not flow easily upon tilting the sample, indicating that gelation occurs over time. Although, due to
the more compact structure, the viscosity of the sediment also increases, which can also result in less
flow.

Figure 6.5: Dispersion series of Dg2_pib viewed between polarizers eight months after preparation of the samples.
A more compact birefringent phase is formed over time.

After eight months, optical Bragg reflections are not observed, although all samples show a blueish
hue upon illumination with white light, see figure 6.6. Illumination of the 300 g/L sample results in an
orange iridescence in transmission. These observations imply that a gibbsite structure with some spatial
periodicity is formed on the timescale of months. However, small angle X-ray scattering measurements
should be performed to confirm this and these will give more insight in the phases formed over time.
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Figure 6.6: Dg2_pib dispersions illuminated with white light. All samples show a bluish hue upon illumination
in reflection, here shown for the samples with a concentration of 50 (left) and 200 g/L (middle). The sample with
a concentration of 300 g/L shows a bright orange iridescence (right) upon illumination in transmission as well.

6.2.1.2

Seeded growth platelets in tetralin

The birefringent phases of the dispersion series of Sg1_pib ranging from 50 g/L to 200 g/L are shown in
figure 6.7. Phase separation occurs at concentrations of 100, 150 and 200 g/L within three days. At a
concentration of 50 g/L phase separation occurs within a week. Contrary to the Dg2_pib dispersions, an
isotropic phase is still present in the sample with a concentration of 50 g/L. Moreover, a possible phase
transition is seen in the samples with a concentration of 150 and 200 g/L, between a compact phase at
the bottom of the capillary and a less dense phase on top of it.

Figure 6.7: Birefringent nematic phases of the Sg1_pib dispersions viewed between crossed polarizers. From left
to right the concentration ranges from 50, 100, 150 to 200 g/L.

Optical Bragg reflections were not observed for these samples. However, after six months all samples
showed iridescence when illuminated with white light, see figure 6.8. Iridescence, which indicates a
structure with spatial periodicity, was observed on a timescale of months for Dg2_pib dispersion series
as well (see previous paragraph 6.2.1.1). Nevertheless, the color of the iridescence observed is rather
different. Whereas the Dg2_pib samples show a blueish hue or prominent orange iridescence, the
iridescence of the Sg1_pib samples has more pastel shades. This difference in iridescence may be
explained by the difference in platelet size. The Sg1_pib platelets have a diameter of 700 nm, whereas
the Dg2_pib platelets are somewhat larger, with a diameter of 724 nm. Although, this difference could
also either be explained by the degree of positional order present or by a different periodic structure.
The orientation of the domain can have an influence on the iridescence color observed as well. Therefore,
conclusions can not be made based on this results only. More research, like small angle X-ray scattering,
should be done to give more insight in the exact structures present.
An indication that gelation takes place over time is given by the sediment which does not flow easily upon
tilting the sample. This gelation takes place on a time scale of weeks, though a more defined gibbsite
structure can be formed on the timescale of months, implying that the individual gibbsite platelets are
not fully arrested in this gel-like state.
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Figure 6.8: Sg1_pib dispersion illuminated with white
light. All samples with a concentration between 100 and
200 g/L show iridescence upon illumination in transmission, here shown for the samples with a concentration
of 100 (left) and 200 g/L (right).

In the article of Mourad et al. the formation of a hexagonal columnar liquid crystal phase of PIB-coated
gibbsite platelets with a diameter of 570 nm is reported [23]. A columnar phase is observed in samples
with an estimated solid content of 50 wt%. For the Sg1_pib platelets (diameter of 700 nm) a solid content
of 50 wt% corresponds to a concentration of 450 g/L. Since this concentration is much higher than the
concentrations used in the Sg1_pib dispersion series, a sample with a concentration of 450 g/L was
made. At this concentration phase separation occurs within a few hours and birefringence is observed
as shown in figure 6.9a. When illuminated with white light in transmission, the sample shows iridescence
as shown in figure 6.9c. When the light is illuminated at a different angle, although still in transmission,
other colors become visible (figure 6.9d). The presence of iridescence indicates the presence of a phase
with spacial periodicity, in this case most likely a columnar or a columnar nematic phase. When white
light is shined onto the sample from the front, only a white sediment is visible, which does not show
iridescence (figure 6.9b). This white sediment does not flow easily upon tilting the sample, indicating
that gelation takes place over time.

(a)

(b)

(c)

(d)

Figure 6.9: Pictures of the Sg1_pib sample with a concentration of 450 g/L, showing (a) birefringence viewed
between crossed polarizers. (b) A white color is observed when illuminated with white light in reflection. (c) and
(d) Iridescence observed when illuminated with white light in transmission under different angles, resulting in
different colors.

All dispersions of large PIB-coated platelets show phase separation in time. Therefore, this system
seems very promising regarding the study of liquid crystal phases in real-time and space. The results
obtained by optical observations and polarized light microscopy studies are summarized in table 6.2 for
all dispersions studied.
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Table 6.2: Overview of the optical observations of the PIB-grafted gibbsite systems.

Dispersion

Concentration (g/L)

Optical observations
Birefringence Reflection
Transmission

Dg2_pib
Dg2_pib
Dg2_pib
Dg2_pib
Dg2_pib
Dg2_pib

50
100
150
200
250
300

yes
yes
yes
yes
yes
yes

blueish
blueish
blueish
blueish
blueish
blueish

Sg1_pib
Sg1_pib
Sg1_pib
Sg1_pib
Sg1_pib

50
100
150
200
450

yes
yes
yes
yes
yes

-

6.2.2

hue
hue
hue
hue
hue
hue

Date

orange iridescence

10-05-2012
10-05-2012
10-05-2012
10-05-2012
10-05-2012
10-05-2012

multicolor
multicolor
multicolor
multicolor

02-03-2012
02-03-2012
02-03-2012
02-03-2012
02-03-2012

iridescence
iridescence
iridescence
iridescence

Dyed platelet dispersions

Large gibbsite platelets coated with PIB show phase separation, see paragraph 6.2.1. However, before
these liquid crystal phases can be studied by confocal microscopy, a fluorescent dye has to be incorporated into these systems to make the platelets visible. A possible side effect of incorporation of a dye
molecule could be the (attractive) interactions between this molecules, resulting in a reduced stability
of the colloidal suspension. Therefore the influence of the extent of fluorescent labeling on the phase
behaviour and stability of the gibbsite-PIB dispersions was studied.
6.2.2.1

Sample preparation

Sg1_pib platelets were fluorescently labeled in a reaction, in which either a concentrated 0.10 mol/L or
less concentrated 0.025 mol/L FITC solution was used. For more details see paragraph 4.2.2. Dispersion
series were made of the resulting platelets dispersions Sg1_pib_fitc_hc and Sg1_pib_fitc_lc, respectively. The dispersion series of the Sg1_pib_fitc_hc in tetralin ranged from 50-145 g/L, with steps of
50 g/L. For the Sg1_pib_fitc_lc platelets a stock dispersion with a concentration of 450 g/L in tetralin
was prepared. This concentration was chosen because an undyed gibbsite-PIB dispersion of this concentration showed the most promising phase behaviour to form a columnar liquid crystal phase, see
paragraph 6.2.1.2. The fluorescent labeled dispersion Sg1_pib_fitc was mixed with an undyed Sg1_pib
dispersion with the same concentration of 450 g/L. A dispersion series was prepared in which 5, 10, 50
and 100 % of the platelets was fluorescently labeled, respectively. The overall gibbsite concentration of
these dispersions was 450 g/L. This dispersion series was prepared by addition of 0.02, 0.04, 0.20 and
0.40 mL of the Sg1_pib_fitc stock dispersion (450 g/L) to a glass vial. Subsequently, Sg1_pib dispersion
(450 g/L) was added to these glass vials until a total volume of 0.4 mL was reached, leading to a 5, 10, 50
and 100 % dyed dispersion, respectively. In a 5 % dyed dispersion, 5 % of all platelets in the dispersion
are fluorescently labeled with FITC. Hereby it is assumed that all gibbsite platelets in the Sg1_pib_fitcdispersion are fluorescently labeled. This mixture of dyed and undyed platelets was prepared to reduce
the side-effects of adding a fluorescent label to the system. When a dyed platelet is surrounded by
undyed platelets it is expected that attractive forces between dye molecules are reduced, increasing the
stability of the dispersion.
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Results and discussion

For all concentrations of the Sg1_pib_fitc_hc dispersions (50-145 g/L) a slightly birefringent gel is formed
within a few hours. The formation of a gel instead of phase separation may be explained by hydrofobic
or other attractive interactions between the dye molecules. Since the concentration of FITC during the
coupling reaction was rather high, many FITC molecules may have bound to the PIB-molecules grafted
onto the gibbsite surface (figure 4.1b). Due to a high concentration of dye molecules bound to PIB and
their supposed attractive interaction the stability of the PIB-FITC coated platelets is reduced and a gel
is formed.
A picture of the dispersion series of 5, 10, 50 and 100 % fluorescently labeled platelets in tetralin
(Sg1_pib_fitc_lc) with a concentration of 450 g/L is shown in figure 6.10a. The color difference between
the samples, due to the dye concentration, is clearly visible. The color ranges from orange for 100 %
dyed dispersion to slightly yellow for the 5 % dyed dispersion. At the bottom of the 100 % and 50 %
dyed samples a gelled sediment is formed within a day, see figure 6.10b. A sedimentation profile is
observed for the 5 % and 10 % dyed samples. This difference in sedimentation behaviour shows that the
dye indeed reduces the stability of the system as expected. Dispersions in which 5 % and 10 % of the
particles are labeled seem most promising, since the sedimentation behaviour of these dispersions is
comparable with the sedimentation behaviour of the undyed dispersions.

(a)

(b)

Figure 6.10: (a) Dispersion series of 5, 10, 50 and 100 % fluorescently labeled platelets in tetralin (Sg1_pib_fitc_lc)
with a concentration of 450 g/L. The influence of the dye on the color of the samples is clearly observed when
these samples (left) are compared to the color of the undyed platelets (right). (b) Sedimentation behaviour of the
dispersion series of 100, 50, 10 and 5 % fluorescently labeled platelets (from left to right) one day after preparation
of the samples. A sedimentation profile is still observed for the 5 and 10 % dyed platelets dispersions, in the 50
and 100 % dyed platelet dispersions a gel is formed.

Phase separation for all samples is fast and occurs within one day. The birefringent phases are shown
in figure 6.11. Although all samples show birefringence, the birefringent phase of the 5 % and 10 % dyed
samples is much larger than for the 50 % and 100 % dyed samples, which have only a small birefringent
phase at the bottom of the capillary. The orange color of the 100 % dyed dispersion is due to the large
amount of FITC present in the sample and is not caused by a birefringent phase.
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Figure 6.11: Birefringent nematic phases of the
Sg1_pib_fitc_lc dispersions viewed between crossed polarizers. From left to right the percentage of dyed
platelets ranges from 100, 50, 10 to 5 %.

The Sg_ pib_ fitc samples were analyzed with polarized light microscopy (PLM) to study the orientation
of the different domains within the sample. At the bottom of the 5 % dyed sample different domains are
visible with alternating orientations, see figure 6.12. Above this domain a larger domain with a more
pronounced orientation is visible: the blue part in the middle of the sample shown in figure 6.12b. In
this domain the director of the platelets is oriented parallel to the retardation plate. In the next large
domain (yellow in figure 6.12b) the platelets have an opposite orientation and are oriented with their
director perpendicular to the retardation plate. At the interface of the birefringent phase and isotropic
phase the formation of very small birefringent domains is observed, which may be tactoids. A magnified
view of this area is shown in figure 6.13a. The remarkable domain at the right wall of the capillary is
most likely a filling effect. In figure 6.13b a magnification of this area is shown. When analyzing the
10 % dyed sample comparable results were obtained.

Figure 6.12: PLM images of the 5%
fluorescently labeled dispersion with a
concentration of 450 g/L. In images (b)
and (c) a retardation plate (λ = 530 nm)
is used to determine the orientation of
the platelets. The arrows indicate the
direction of the polarizers, the dashed
arrow indicates the direction of the retardation plate. The white arrow in (c)
shows the remarkable domain at the
capillary wall, likely caused by filling
effects.

(a)

(b)

(c)
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(a)

(b)

Figure 6.13: PLM images of the 5% fluorescently labeled dispersion with a concentration of 450 g/L, showing (a)
the region with a lot of very small nematic domains, probably tactoids and (b) a close up of a domain at the right
wall of the capillary. This domain with a remarkable orientation is probably caused by filling effects.

The PLM results of the 50 % dyed sample are shown in figure 6.14. In figure 6.14a-6.14c the birefringent
phase at the bottom of the capillary is shown. The arrows indicate the orientation of the polarizers,
the dashed arrow indicates the orientation of the retardation plate. Due to the high concentration
of FITC present, an orange glow is interfering with the birefringence. This side-effect of fluorescent
labeling makes it more complicated to determine the orientation of the platelets in the birefringent
phase. However, still a blue retardation color is visible in figure 6.14b and 6.14c, indicating that the
platelets are oriented in this domain with their director parallel with respect to the retardation plate.
In figure 6.14d-6.14f the top of the birefringent phase is shown. Although at the top and bottom of
the sediment a region with different retardation colors is present, the middle of the sample has an
orange/yellow color. Due to the interference of the orange color of FITC it is hard to distinguish if this
color is caused by birefringence or by the color of FITC and more analysis is needed to be conclusive.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6.14: PLM images of the 50% fluorescently labeled dispersion with a concentration of 450 g/L, showing (a)(c) the bottom and (d)-(f) the top of the birefringent sediment. The arrows indicate the direction of the polarizers,
the dashed arrow indicates the direction of the retardation plate. Determination of the orientation of the platelets
is difficult, due to interference of the orange color of FITC.
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In figure 6.15 the PLM results of the 100 % dyed sample are presented. Only the bottom phase of the
sample is birefringent, although the whole sediment has an orange color caused by the even higher
concentration of FITC present in this sample. The amount of birefringence in the 50 % and 100 % dyed
sample is significantly less than for the 5 % and 10 % dyed sample, which is caused by the high concentration of fluorescently labeled platelets present in these samples. The platelets are less stable in
these dispersions, hence particles sediment fast and do not have time to find a optimal position to form
a liquid crystal structure. Therefore, it is expected that better ordered samples are formed when less
than half of the platelets is fluorescently labeled.

(a)

(b)

(c)

Figure 6.15: PLM images of the 100% fluorescently labeled dispersion with a concentration of 450 g/L, showing (a)(c) the bottom of the capillary. The arrows indicate the direction of the polarizers, the dashed arrow indicates the
direction of the retardation plate. Determination of the orientation of the platelets is difficult, due to interference
of the orange color of FITC.

Iridescence was not observed for the 50 % and 100 % dyed samples when illuminated with white light. A
problem of these samples is the orange color, which makes the observation of iridescence difficult. However, considering the relatively small amount of birefringence observed for these samples, iridescence is
not expected. Illumination of the 10 % dyed sample shows a blue iridescence (figure 6.16a and 6.16b).
In figure 6.16c the same blue iridescence is shown for the 5 % dyed sample. However, when this sample
is illuminated in transmission a more pronounced iridescence is observed, shown in figure 6.16d-6.16f.
This iridescence is comparable to the iridescence observed for the undyed platelet dispersion with the
same concentration of 450 g/L (figure 6.9). Observation of iridescence is an indication of a structure
with spatial periodicity, though other techniques like small angle X-ray scattering has to used to be
conclusive about the structure of the phase observed.

(a)

(b)

Figure 6.16: Figure continues on next page.
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(e)

(f)

Figure 6.16: Sg1_pib_fitc_lc dispersions illuminated with white light. In (a) and (b) the blue iridescence of the
10 % dyed sample is shown. (c) The blue iridescence is found for the 5 % dyed sample as well. (d)-(f) When the
5 % dyed sample is illuminated in transmission under different angles a variety of iridescence colors is observed.

6.2.3

Conclusion and discussion

In this section the phase behaviour of large gibbsite platelets grafted with PIB and (partially) fluorescently labeled with FITC was studied. All undyed gibbsite dispersions coated with PIB studied showed
phase separation. A rich (nematic) phase behaviour with a lot of differently oriented domains was observed for Dg2_pib platelets at high gibbsite concentrations. The Sg1_pib sample with a concentration
of 450 g/L showed both birefringence and beautiful iridescence within a day after preparation. These
optical observations are promising with respect to the presence of a columnar phase or other liquid
crystal phases with spatial periodicity.
The effect of incorporation of a fluorescent dye on the gibbsite structure formation is a rather unexplored field. Therefore, different parameters as dye concentration during the coupling reaction and the
percentage of dyed platelets in a sample were studied. It was found that platelets fluorescently labeled
in a reaction with a high dye concentration formed slightly birefringent gels. Whereas platelets dyed
in a reaction with a lower dye concentration showed phase separation. This phase separation was
even more pronounced when a mixture was prepared of dyed and undyed platelets. The most promising results were obtained with the Sg1_pib_fitc_lc samples where 5 % and 10 % of the platelets were
fluorescently labeled. These samples show almost the same phase behaviour and iridescence as the
undyed 450 g/L sample. Since these samples are partially fluorescently labeled direct imaging of the
gibbsite structure with confocal microscopy is possible. However, most platelets (90-95 %) are not dyed
and can therefore not be detected in the confocal microscope. This may hinder the study of the gibbsite
structure formation, since for most platelets their position in the liquid crystal structure is unknown.

6.3

Silica coated platelets

This section describes the phase behaviour of silica coated platelets and platelets with a modified
silica surface dispersed in a variety of solvents. Since the study of the structure formation of silica
coated gibbsite platelets is a rather unexplored field of research, a lot of parameters such as solvent,
concentration of the dispersion and modifications of the silica surface were studied. Samples were made
by dipping a rectangular capillary (VitroCom Inc. #W3520-100) with internal dimensions of 4.0 mm x
0.2 mm x 100 mm into the dispersion. The capillaries filled themselves due to capillary forces and were
flame sealed at both ends. Filled capillaries were stored upright in the dark at 20 ℃ in a thermostatted
room. The formation of a birefringent phase was checked by placing samples between crossed polarizers.
Polarized light microscopy was used for a more detailed analysis of the structures formed.

6.3.1

Silica coated platelet dispersions in DMF

To study the influence of concentration on the gibbsite structure formation, a dispersion series ranging
from 50-300 g/L of Sg1_100T_nd platelets in DMF was made. These platelets have a diameter of 693 nm
and a 15 nm thick silica shell. Incorporation of a dye into the silica layer could have an influence on
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interparticle interactions and thus may affect the formation of liquid crystal structures. Therefore first
samples without fluorescent dye incorporated were prepared to study the phase behaviour of bare silica
coated gibbsite platelets. A picture of the dispersion series is shown in figure 6.17. The Sg1_100T_nd
platelets are stable in DMF, nevertheless they sedimented within two days. This fast sedimentation
may be caused by the large size of these platelets. Although, based on the estimated sedimentation
length of these particles, this rather high sedimentation velocity is not expected. Another explanation
for this fast sedimentation could be that these platelets are less charge-stabilized and thus less stable
than expected.

Figure 6.17: Dispersion series of silica coated gibbsite (Sg1_100T_nd). From left to right the concentration ranges
from 50-300 g/L.

For all concentrations phase separation was not observed, which is probably due to the fast sedimentation of the silica coated platelets. Due to the growth of a silica shell around the platelets the mass
of the platelets increases. This leads to a decrease of the gravitational length and an increase of the
sedimentation velocity. The dynamics of the platelets is slowed down as well. Result of this fast sedimentation and slow dynamics is that the platelets may not have enough time for the formation of a
structured phase. There are several possible solutions to overcome this problem of fast sedimentation.
One possibility is using a solvent which is density matched to the silica coated platelets. Another
solution could be leaching out the gibbsite core, leaving a silica shell, which has a lower sedimentation
velocity. Modification of the silica surface with TPM or OTMOS may lead to a better stabilization of
the platelets both by sterical as electrical double layer stabilization. When the fast sedimentation is
caused by instability of the platelets, these modifications may reduce the sedimentation velocity.

6.3.2

Silica coated platelet dispersions in glycerol/water mixtures

To overcome the problem of fast sedimentation, dispersions of silica-gibbsite in water/glycerol mixtures
were prepared. The sedimentation velocity of silica-gibbsite platelets in water-glycerol mixtures and
the influence of this reduced sedimentation velocity on the structure formation was studied. Therefore
three water/glycerol mixtures with a weight percentage (wt%) of 20, 52 and 82 of glycerol in water
were prepared. The properties of these mixtures are listed in table 6.3. Dispersions with a silicagibbsite concentration of 150 g/L in the water/glycerol mixtures were prepared. The platelets used in
this experiment were Dg4.1_150T platelets with a diameter of 703 nm and a silica shell thickness of
21 nm. The platelets used to have fiber-like structures onto their surface, see section 5.2.1.
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Table 6.3: Properties of the water/glycerol mixtures used.

Glycerol in water (wt%)

Density (g/mL)

Index of refraction

1.0459
1.1308
1.2085

1.3572
1.4011
1.4431

20
52
80

To match the density of the silica coated platelets as good as possible a high wt% of glycerol is required. The estimated density of the silica coated platelets is 2.3 g/mL. This density is estimated based
on the densities of gibbsite (2.35 g/mL) and Stöbersilica (2.0 g/mL). The sedimentation velocity of silicagibbsite platelets in water/glycerol mixtures should be significantly reduced compared to the velocity
of these platelets in DMF, since DMF has a density of 0.944 g/mL. However, an additional problem of
water/glycerol mixtures could be that since also the dynamics of the platelets are reduced, the formation
of a liquid crystal structure could be hindered by this effect.
The water/glycerol samples prepared showed a clear sedimentation profile. In the sample with 20 wt%
glycerol the silica-gibbsite platelets sedimented within ten days. For the samples with a glycerol content
of 52 wt% and 80 wt% the platelets sedimented within a month and two months, respectively. Since the
silica-gibbsite platelets in DMF sediment within two days, the sedimentation velocity is indeed reduced.
After the samples were fully sedimented, their phase behaviour was studied. In figure 6.18a the dispersions with a weight percentage of glycerol of 52% and 80% are shown when illuminated with white
light. Iridescence is not observed for both samples. A picture of the samples viewed between crossed
polarizers are shown in figure 6.18b. Based on these observations it not clear if the samples show
birefringence. Therefore the samples were also studied with polarized light microscopy to be conclusive, see figure 6.19. Figure 6.19a shows the 52 wt% glycerol in water sample, when viewed between
the polarizers. A blueish hue is observed in the sediment. When the retardation plate (Λ = 530 nm) is
inserted an orange retardation color is observed in the sediment. Although when the polarizers were
rotated 45° the same retardation color is observed. In this case a blue retardation color is expected,
since the orientation of the retardation plate is rotated 45° with respect to the sample. This observation indicates that a liquid crystal phase is not present at a large scale. However, small angle X-ray
scattering (SAXS) or other techniques could be used to give more insight in the (local) structure of the
sediment formed. The fact that no ordered phase is formed on a large scale may be explained by the
fact that not only the sedimentation rate is decreased by the larger density of the solvent, but also the
dynamics of the platelets are slowed down. Therefore, the platelets may have more time to orientate
themselves, since they sediment more gradually. But since the dynamics of the platelets are slowed
down as well, it takes more time for the platelets to orientate. Another explanation could be that due
to the fiber-like structures onto the surface of the platelets the aspect ratio of the platelets is to high
to form an orientationally ordered liquid crystal structure. This could be tested by preparing another
dispersion series of silica coated platelets in water/glycerol.
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(b)

Figure 6.18: Pictures of silica coated gibbsite in water/glycerol mixtures, showing (a) illumination with white
light. The mixture contains 52 and 80 wt% glycerol, respectively. (b) Viewed between crossed polarizers. From
left to right the wt% glycerol in the mixture is 20, 52 and 80 %.

(a)

(b)

(c)

Figure 6.19: PLM images of the silica coated platelets in water/glycerol mixtures with a wt% of 52 %. In images
(b) and (c) a retardation plate (λ = 530 nm) is used to determine the orientations of the platelets. The arrows
indicate the direction of the polarizers, the dashed arrow indicates the direction of the retardation plate.

6.3.3

TPM-coated platelets in DMF

Silica coated gibbsite platelets were modified with TPM to increase the stability of the particles, since
the TPM-layer around the platelet sterically stabilizes the particles. To study the phase behaviour of
the TPM modified platelets a dispersion with a concentration of 100 g/L was prepared. The platelets
sedimented within one week, compared to two days for the unmodified silica-gibbsite platelets in DMF.
This result shows that these TPM modified platelets have indeed a lower sedimentation velocity than the
unmodified platelets. To study the liquid crystal formation, the sample was analyzed with polarized light
microscopy, see figure 6.20. When a retardation plate is used an orange retardation color is observed
for the sediment of the TPM modified platelets, see figure 6.20b. However, when the polarizers and
the retardation plate are rotated 45° with respect to the sample, the same orange retardation color is
observed. Whereas a blue retardation color is expected, due to the rotation of the retardation plate with
respect to the sample. This phenomenon was observed for the silica-gibbsite platelets in water/glycerol
mixtures as well. The fact that the same retardation color is observed for both orientations of the
polarizers and the retardation plate indicates that no long range order is present in these samples as
well.
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(b)

(c)

Figure 6.20: PLM images of the silica coated platelets modified with TPM dispersed in DMF with a concentration
of 100 g/L. In images (b) and (c) a retardation plate (λ = 530 nm) is used to determine the orientations of the
platelets. The arrows indicate the direction of the polarizers, the dashed arrow indicates the direction of the
retardation plate.

6.3.4

Conclusions

In this section the phase behaviour of large gibbsite platelets coated with silica was studied. Phase
separation was not observed for silica coated platelets in DMF, probably due to fast sedimentation.
Therefore, silica coated platelets were dispersed in water-glycerol mixtures, which have a larger density,
hence the sedimentation velocity of the platelets is reduced. Although the platelets sedimented slower,
no phase separation was observed for these systems as well, probably due the slower dynamic of the
platelets in these viscous mixtures. Silica platelets were also coated with TPM to obtain more stable
dispersions due to steric stabilization. More stable dispersion were indeed obtained, nevertheless also
no phase separation was observed in these systems.

6.4

Hollow silica platelets

Hollow silica platelets were prepared by etching out the gibbsite core. The resulting platelets have a
significantly reduced density compared to the original silica coated platelets. Due to this reduced density, it is expected that these platelets sediment slower and therefore may form liquid crystal structures,
since they have more time to reach an equilibrium state in which platelets can reorient.
To transfer hollow silica platelets from the acidic solution, in which the dissolution of the gibbsite core
takes place, to neutral environment and eventually to DMF, several cycles of centrifugation and redispersion are needed. During these cycles a part of the platelets remains in the supernatant and is
discarded. Therefore, only a very small amount of hollow gibbsite platelets was obtained per synthesis
and an insufficient amount was left to determine the concentration of the dispersion. Two samples of
hollow silica platelets: Dg1_2xT_nd_e and Dg3.3_2xT_nd_e in DMF were prepared. Pictures of the
Dg1_2xT_nd_e dispersion are shown in figure 6.21. When illuminated with white light, iridescence was
not observed. In figure 6.21a only the white color of the sediment is visible. When this dispersion was
viewed between crossed polarizers some birefringence was observed, see figure 6.21b. However, this
birefringence may also be caused by the glass of the capillary, which becomes slightly birefringent
when the capillary is flame sealed. To eliminate this possibility, the sample was additionally studied
with PLM. From the results of this study it was clear that no birefringent phase was present. For the
Dg3.3_2xT_nd_e dispersion, similar results were obtained; birefringence was not observed.
It is not clear why these hollow silica platelets do not form liquid crystal phases. A possible explanation could be that the platelets are not completely stable. An indication for this is the relatively fast
sedimentation of these platelets. This instability may be caused by adsorption of positively charged
Al3+ ions onto the negatively charged silica surface [53]. These ions are present in the etching medium,
due to the dissolution of the gibbsite core. The adsorption of positively charged ions will reduce the
electric double layer, which normally keeps the particles stable in dispersion. Another explanation for
the absence of birefringence could be that the birefringence is changed by the hollow center of these
silica shells. Since the birefringence of hollow silica platelets is an unexplored field of research, it is not
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known how the hollow center affects the birefringence of these platelets. Therefore, other techniques
like small angle X-ray scattering are needed to be conclusive about the presence or absence of an
ordered phase in these samples.

Figure 6.21: Pictures of hollow silica shells in DMF. (a) Illumination with white light shows a white sediment, iridescence is
not observed. (b) Some birefringence is observed when viewed
between crossed polarizers. However, this birefringence is
caused by the glass of the capillary.

(a)

(b)
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Phase behaviour studies: Confocal
microscopy
In this chapter the phase behaviour study of large platelets by confocal microscopy is described. The
sample preparation and confocal microscopy observations will be discussed for systems of fluorescent
PIB-grafted and silica coated platelets.

7.1

Sample preparation

Samples for confocal studies were prepared from the dispersion series described in paragraph 6.1 of the
previous chapter. Sample cells were prepared in two different ways. The first type of sample cells were
made from small glass vials of which the bottom was removed and replaced by a circular microscope
cover glass (Menzel Gläzer, D=22 mm, thickness=0.13-0.16 mm), which was glued to the vial, see figure
7.1a. For the platelets dispersed in tetralin an epoxy glue (Aradite AW2101) was used with hardener
(HW2951). For the platelet dispersed in DMF the first adhesive layer was glue from the Reka glue
applicator, since DMF dissolves epoxyglues. When the first layer was dry, a second adhesive layer with
Araldite epoxy glue was added for extra strength. The epoxy glue was dried for 24 hours before the
resulting sample cell was used. Each vial was filled with approximately 0.3 mL of dispersion. The second
type of sample cell was used for smaller sample volumes. These sample cells were made from round
capillaries (Vitrotubes, CV2024, 2.00(ID) x 2.40(OD)), which were glued on a rectangular microscope
cover glass (Menzel Gläzer, 24x60 mm, thickness=0.13-0.16 mm), see figure 7.1b. The same glues were
used as for the small vials. The capillaries were filled with approximately 100 µL of dispersion.

(a)

(b)

Figure 7.1: The different types of sample cells used for confocal microscopy studies, showing (a) the small glass
vials and (b) the capillaries used for smaller sample volumes.

The samples were imaged with a Nikon Eclipse TE2000U laser scanning confocal microscope equipped
with a Nikon C1 scanning head in combination with an argon laser (λ0 = 488 nm) for the FITC-labeled
69

Chapter 7. Phase behaviour studies: Confocal microscopy

7.2. PIB-coated platelets

platelets or a HeNe laser (λ0 = 543 nm) for the RITC-labeled platelets and Nikon Plan APC 100x oilimmersion lens, with a numerical aperture of 1.4. The signal for the FITC-labeled platelets was recorded
in the green channel, the signal for the RITC-labeled platelets in the red channel.

7.2

PIB-coated platelets

A dispersion series was prepared consisting of 5, 10, 50 and 100 % fluorescently labeled platelets in
a dispersion with an overall concentration of 450 g/L, see paragraph 6.2.2. Additionally, samples with
a concentration of 200, 100 and 10 g/L were prepared with 20, 10 and 5 % dyed platelets respectively.
Moreover, one sample with a concentration of 100 g/L and 10 % dyed platelets was prepared in which the
solvent was dyed as well with another fluorescent dye. In a 5 % dyed dispersion, 5 % of all platelets in the
dispersion are fluorescently labeled with FITC, the rest of the platelets does not contain a fluorescent
dye. As a result, only 5 % of all platelets can be imaged by confocal microscopy. Details about the
confocal samples prepared are summarized in table 7.1.
Table 7.1: Overview of the confocal samples studied in this thesis.

Sample name

Concentration (g/L)

Dyed platelets (%)

450
450
450
450
100
200
100
10

100
50
10
5
10
20
solvent and 10
10

Sg1_pib_fitc_100%_450g/L
Sg1_pib_fitc_50%_450g/L
Sg1_pib_fitc_10%_450g/L
Sg1_pib_fitc_5%_450g/L
Sg1_pib_fitc_10%_100g/L
Sg1_pib_fitc_20%_200g/L
Sg1_pib_fitc_10% sol_100g/L
Sg1_pib_fitc_10%_10g/L

7.2.1

Date
2012-11-06
2012-11-06
2012-11-06
2012-11-06
2012-12-06
2012-12-06
2012-12-19
2012-12-21

Sample imaging

The influence of the percentage of fluorescently labeled platelets on the ability to observe individual
particles was studied. In figure 7.2 confocal images of 5, 10, 20 and 50 % labeled samples are shown.
Individual platelets are clearly visible in samples in which either 5 or 10 % of the platelets are fluorescently labeled (7.2a, 7.2b). However, in samples in which either 20 or 50 % of the platelets are dyed,
observation of individual platelets is difficult. For even more fluorescently labeled dispersions, i.e. the
100 % dyed dispersion, the whole background of the image is green due to abundant fluorescence and
it is not possible to distinguish individual platelets anymore.
As a result of the more abundant fluorescence and limited resolution in the xy-plane, it becomes difficult
to observe individual platelets as the number of fluorescently labeled platelets increases. This is due to
the fact that the chance that two dyed platelets are next to each other increases in dispersions with a
higher percentage of dyed platelets. When two fluorescent platelets are next to each other, the distance
between these two platelets is smaller than the resolution in the xy-plane and it becomes difficult to distinguish them. In less fluorescently labeled dispersions (5-10 %) a fluorescent platelet is, in most cases,
surrounded by undyed platelets, increasing the distance between two fluorescent platelets. This results
in a situation where individual platelets can be observed. The ability to observe individual platelets in
these samples can be caused by two different situations. In the first situation, the distance between two
fluorescent platelets is larger than the resolution in the xy-plane. In the second situation, the distance
between two fluorescent platelets is smaller than the resolution, however two individual fluorescent
platelets can still be observed if they are completely surrounded by non-fluorescent platelets. This is
because the position of a small and isolated fluorescent object can often be located to a precision better
than the resolution [20].
From the above observations it can be concluded that individual platelets and their orientation are easier
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observed in dispersions with a relatively low percentage of dyed platelets (5, 10 %) than in dispersions
with a relatively high concentration of dyed platelets (20-100 %). Moreover, the phase behaviour of the
samples with a low percentage of dyed platelets is quite similar to the phase behaviour of undyed
platelets, in contrast to the phase behaviour of dispersions with a higher percentage of dyed platelets,
see paragraph 6.2.2. These qualities make the dispersions with a low percentage of fluorescently labeled
platelets interesting model systems to study liquid crystal phases in real time and space. However, a
major disadvantage of these systems is that most of the platelets in the samples can not be observed by
confocal microscopy. As a result, the position and orientation of 90-95 % of all platelets in dispersion can
not be determined. This complicates the identification of liquid crystal phases considerably, especially
when multiple domains are present which exhibit different orientations.

(a) 5% fluorescently labeled

(b) 10% fluorescently labeled

(c) 20% fluorescently labeled

(d) 50% fluorescently labeled

Figure 7.2: Confocal images of dyed PIB-gibbsite dispersions, consisting of (a) 5%, (b) 10%, (c) 20% and (d)
50% fluorescently labeled dispersions. All dispersions had an initial concentration of 450 g/L, except the 20%
fluorescently labeled dispersion (c), which had an initial concentration of 200 g/L.
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Time dependence

To study the formation of ordered structures over time, a sample with a concentration of 450 g/L with
10 % fluorescently labeled platelets was analyzed periodically in time. The results are shown in figure
7.3. All images were made at a sufficiently large distance from the bottom of the sample (5.0 µm), so that
the influence of the cover glass at the bottom of the sample has negligible influence at the formation of
ordered structures.
Directly after preparation of the sample the platelets are randomly oriented (figure 7.3a). Moreover, the
fluorescent platelets are relatively far apart from each other, since sedimentation has not taken place yet.
After three days, most platelets are still randomly oriented, however formation of little stacks and lines
of platelets was observed (figure 7.3b). After six days, domains of platelets with the same orientation
were observed (figure 7.3c). The platelets in these domains are predominantly oriented in stacks with
their director perpendicular to the wall of the capillary. This orientation is not only observed near the
capillary wall, but in the middle of the sample as well. In time, these domains increase in size and the
platelets within these domains show a more pronounced orientation (figure 7.3d-7.3f). Two months after
filling, domains with platelets oriented with their director perpendicular to the glass wall alternating
with domains with platelets oriented with their director parallel to the glass wall were observed (figure
7.3g). The observed stacks of platelets are most likely part of larger columns of platelets. However,
identifying the exact orientation and size of these columns and the assignment of platelets to a specific
column is rather difficult, since only 10 % of all platelets can be observed. As a result of this and the
insufficient resolution in the z-direction, it is almost impossible to determine if platelets are part of a
column, when they are oriented with their director parallel to the glass wall, i.e. lying flat in the image.
Due to sedimentation of the platelets in time, the concentration of platelets increases at the bottom of the
sample and the distances between particles decrease over time. Therefore, the amount of dyed platelets
per volume increases. The background fluorescence increases as well, resulting in more fluorescent
noise in the images over time. This increase in fluorescent noise is clearly seen when figure 7.3c is
compared to figure 7.3g. Another side-effect of sedimentation is that a dense and compact sediment
is formed over time at the bottom of the sample. This sediment does not flow upon tilting the sample,
however the platelets in this sediment still show Brownian motion and are able to move in the sediment
as well. This indicates that the dense structure formed is not a gel, though the movement of the platelets
further reduces in time.
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(a) 3 hours

(b) 3 days

(c) 6 days

(d) 13 days

(e) 22 days

(f) 35 days

Figure 7.3: Figure continues on next page.
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(g) 77 days

Figure 7.3: Phase separation viewed over time for a dispersion of 450 g/L with 10 % fluorescently labeled platelets.
The time elapsed after preparation of the sample is shown under each image. The formation of more ordered
structures is clearly observed in time. The photos were taken at approximately 5 µm of the bottom of the sample.

7.2.3

Concentration dependence

The influence of concentration on the structure formation was studied by analyzing samples with an
initial concentration of 10, 100 and 450 g/L and a fluorescent label percentage of 10 % four weeks after
preparation of the samples. The results are shown in figure 7.4. An increase in ordered domains is
observed with increasing concentration. In the sample with an initial concentration of 10 g/L the formation of a few small stacks of platelets is visible (figure 7.4a). Analysis of the sample with an initial
concentration of 100 g/L gives a degree of order which is comparable with the previous concentration,
although a few more stacks are observed (figure 7.4b). The order in the 450 g/L sample is more pronounced compared to the other initial concentrations. A clear domain of platelets ordered in stacks with
their director perpendicular to the glass wall is observed (figure 7.4c). Analyzing the orientation of the
stacks, result in smaller domains with different orientations of the stacks, see figure 7.4d.
The difference in the degree of order found for dispersions with a low concentration (10, 100 g/L) and high
concentration (450 g/L) can be explained by sedimentation effects and the resulting platelet concentration in the sediment. In a highly concentrated dispersion platelets sediment faster than in a dispersion
with a lower concentration. Therefore, the sediment of a dispersion with a lower initial concentration
has less platelets per volume after four weeks than a more concentrated sample and has a lower osmotic
pressures as well. As a result, the platelets in the sediment of a less concentrated dispersion have more
time to reorganize within the sediment. In other words, it is expected that in dispersions with a lower
initial concentration a structure with a higher degree of ordering is formed on a longer time scale.
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(a) concentration 10 g/L

(b) concentration 100 g/L

(c) concentration 450 g/L

(d) concentration 450 g/L

Figure 7.4: Confocal images of dispersions consisting of 10% labeled platelets studied four weeks after preparation
of the samples. The dispersions have an initial concentration of (a) 10 g/L, (b) 100 g/L and (c) 450 g/L. In (d) the
orientation of the different stacks of platelets is indicated with red arrows. The photos were taken at approximately
5 µm of the bottom of the sample.

7.2.4

Fluorescent labeling of the solvent

In dispersions where only 5 to 10 percent of all platelets are fluorescently labeled, the position and
orientation of most platelets can not be observed. A way to overcome this problem is to dye the solvent,
so that the position and orientation of all the platelets in the dispersion becomes visible. This dye
has to meet a number of requirements. First, the dye has to be able to dissolve in the solvent used,
in this case preferably tetralin and otherwise toluene. Second, the dye may not have a charge, since
a charge can have an influence on the interparticle interactions. Moreover, this dye should have an
excitation wavelength of one of the lasers present in the confocal microscope (408, 488, 543 nm). And
last, an emission wavelength or excitation wavelength considerably different than FITC, so that either
both emission signals do not interfere or that one of the dyes could be switch on by selecting a specific
excitation wavelength of the laser. The dye which closely meets this requirements is 4-dimethylamino0
4 -nitrostilbene (DANS). The structure of this molecule is shown in figure 7.5, the absorption and emission
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spectra can be found in appendix C.

0

Figure 7.5: Structural formula of 4-dimethylamino-4 -nitrostilbene.

The excitation and emission wavelengths of DANS and FITC are listed in table 7.2. From this data it
can be seen that both molecules are excited with the same laser (488 nm), however the emission of the
molecules is rather different. Where FITC emits green light, recorded in the green channel, DANS emits
orange light, recorded in the red channel of the confocal microscope. Therefore in theory, it will be
possible to switch between the two signals, giving more information about the orientation and position
of the platelets in the dispersion.
0

Table 7.2: Excitation and emission wavelengths of fluorescein isothiocyanate and 4-dimethylamino-4 nitrostilbene.

Dye

Excitation wavelength (nm)

Emission wavelength (%)

492
500

518
600

Fluorescein isothiocyanate
0
4-Dimethylamino-4 -nitrostilbene

Confocal images of the sample with a concentration of 100 g/L and 10 % dyed platelets dispersed in
0.01 M DANS in tetralin, are shown in figure 7.6. The small dark spots in the images are the nonfluorescent gibbsite platelets dispersed in the fluorescent solvent. Imaging of the fluorescent platelet
is difficult, due to the strong fluorescence of the solvent compared to the relatively weak fluorescence
of the fluorescently labeled platelets. Due to this weak fluorescence, imaging of the platelets requires
a strong signal input of the laser. However, this strong laser input increases not only the excitation
and emission of fluorescent platelets, but also these of the dyed solvent. Moreover, because DANS
has some emission in the green region as well (appendix C), this green signal is also increased. This
effect is shown in figure 7.6a, where an image of the sample in the green channel is recorded and only
the signal of the solvent is observed. From this observation it can be concluded that the signal of the
labeled platelets is to weak compared to that of the fluorescent solvent to be detected. This problem
could probably be resolved by decreasing the concentration of the dye added to the solvent.
If an image of the sample is recorded in the red channel, a less intense laser beam is needed to image the
solvent. In figure 7.6b a part of the sample close to the bottom of the capillary is shown. The influence
of the cover glass is clearly visible, since the platelets have the tendency to orientate themselves with
their director perpendicular to this glass. Or in other words, they prefer to lay flat in the xy-plane.
The platelets possess a hexagonal structure as indicated in figure 7.6c. Some platelets have another
orientation, with their director parallel to the cover glass. Or in other words, lay on their sides in the
xy-plane, examples are indicated with a blue arrow in figure 7.6c.

76

7.2. PIB-coated platelets

Chapter 7. Phase behaviour studies: Confocal microscopy

(a)

(b)

(c)

Figure 7.6: Confocal images of the 10% labeled 100 g/L sample dispersed in 0.01 M DANS in tetralin, showing
(a) the emission of DANS in the green channel and (b) the emission of DANS in the red channel of the confocal
microscope. Due to the strong emission of DANS, the weak (FITC) emission of the fluorescently labeled platelets
is not observed in both (a) and (b). The small dark spots in the image are the PIB-coated gibbsite platelets. (c)
The hexagonal order of the platelets in (b) is indicated with white hexagons, some platelets with an opposite
orientation, are indicated with a blue arrow.

The addition of a fluorescent dye to the solvent gives more insight in the structure formation. Since
all platelets are visible in this sample, the orientation and position of the platelets can be determined
with more certainty than in the samples where only a small part of the platelets is visible. Moreover,
this imaging method is complementary to the method wherein the platelets are fluorescently labeled.
In combination both techniques can be used to investigate gibbsite liquid structures more intensively
by confocal microscopy.
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Incorporation of two fluorescent labels

Another method to overcome the problem that most platelets can not be observed in dispersions wherein
only a small part is fluorescently labeled, is to label another part of the platelets with a different
fluorescent label. A suitable second fluorescent label needs to meet the same requirements as listed for
a suitable dye to dye the solvent, see the previous paragraph 7.2.4. Additionally, the dye should have
an isothiocyanate group or another functional group which is able to bind to the PIB-molecule.
One suitable fluorescent label may be eosin-5-isothiocyanate, which is shown in figure 7.7. This dye
has an excitation wavelength of 521 nm and an emission wavelength of 544 nm. This means that it is
possible to switch between this molecule and FITC by changing the excitation wavelength of the laser.

Figure 7.7: Structural formula of eosin-5-isothiocyanate.

To couple the fluorescent label to the PIB-coated gibbsite platelets, the dye has to be dissolved in
toluene or tetralin. Unfortunately, this molecule turned out to be insoluble in both solvents, preventing
the labeling of PIB-coated platelets with this fluorescent label. We have searched for another suitable
fluorescent label, however no label which fits all the requirements has been found so far.

7.2.6

Conclusion and discussion

Liquid crystal phases, formed by FITC labeled PIB-coated platelets in tetralin, were studied in realtime and space by confocal microscopy. Individual platelets and their orientation are best observed
in dispersions which contain approximately 10 % of dyed platelets. However, a disadvantage of this
low concentration of fluorescently labeled platelets is that the position and orientation of most of the
platelets can not be observed. A fluorescent dye can be added to the solvent of the dispersion to
distinguish the undyed platelets from the solvent. In this way, the position and orientation of all the
platelets can be observed in this system, giving more insight in the liquid crystal structure studied.
The platelets in the samples studied form ordered structures over time. In the phase observed, platelets
align in stacks and these stacks form domains, consisting of stacks with the same orientation. Therefore,
the phase observed is likely a columnar-nematic phase in which platelets are piled-up in stacks and
these stacks themselves form a nematic structure, see figure 7.8. This phase was earlier observed for
gibbsite platelets with a diameter of 205 nm in an aqueous dispersion by Mourad et al. [56] and was
later also observed in a system consisting of larger (416 nm) sterically stabilized platelets dispersed
in toluene [17]. For unambiguous phase identification more research has to be done. One possible
technique, which gives more insight into the structure of the liquid crystal phase, is small angle X-ray
scattering (SAXS). Some preliminary SAXS results for this systems are presented in appendix D.
The main problem with the study of gibbsite liquid crystal phases by confocal microscopy is the limited
resolution of the confocal microscope in the z-direction. The maximal resolution in this direction is
approximately 770 nm, which is similar to almost 20 times the thickness of the platelets. This makes it
rather hard to see if platelets are positioned in the same vertical plane, when they are oriented with
their director perpendicular to the bottom of the capillary.
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Figure 7.8: Schematic representation of the columnar nematic phase (Ncol). In this phase, the platelets form
stacks and the stacks form a nematic phase [56].

7.3

Silica coated platelets

A sample of silica coated platelets with a concentration of 50 g/L was analyzed by confocal microscopy.
The platelets have a diameter of 695 nm and a thickness of 66.3 nm. The silica layer of these platelets
is 17 nm thick and the incorporated dye is FITC. In figure 7.9 a confocal image of this sample is shown.
The image was taken a day after the sample was prepared. The individual platelets are clearly visible
and an isotropic phase is observed. The different orientations of the platelets are indicated with red
arrows. Since no ordered phase is observed yet for large gibbsite platelets coated with silica, an
intensive phase behaviour study as done for the PIB-coated platelets has not been performed. However,
this picture indicates that the silica coated platelets are very suitable for confocal imaging. Due to the
non-fluorescent silica shell around the fluorescent silica layer, the interparticle distance is increased.
As a result, the distance between two fluorescent cores is minimal two times the silica shell thickness,
which is favourable for observing individual platelets.

Figure 7.9: Confocal image of FITC-labeled silica coated gibbsite, an isotropic phase is observed. The sample
had an initial concentration of 50 g/L. The photo was taken at approximately 5 µm of the bottom of the sample.

Phase behaviour studies of dispersions of large silica coated gibbsite platelets by confocal microscopy
is not possible yet, since phase separation is not yet observed. A future additional experimental problem
when studying this system could be that the solvent used (DMF) has the tendency to dissolve all types
of glues over time. Therefore, the dispersions can only be stored for a maximum of approximately four
months in the confocal sample cells used. After this period of time, DMF has dissolved even the most
resistant glue and the sample dries in. A possible solution to this problem could be fusing the glass
vial or capillary together with the cover glass. Unfortunately, the cover glass is to thin for this. Using a
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thicker cover glass is not an option, since the oil-immersion lens of the confocal microscope is calibrated
on a glass thickness of 0.17 mm. As a result, usage of a thicker cover glass will blur the image. Another
possibility could be using another solvent. The refraction index of silica can also be matched by DMSO
or water/glycerol mixtures. Since DMSO also dissolves most of the glues, the best solvent to overcome
this problem seems to be a water/glycerol mixture, however this solvent decreases the dynamics of the
platelets and therefore has an influence at the formation of the liquid crystal structure.
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Conclusions
Large gibbsite platelets were synthesized via either the seeded growth or direct growth method. In
both methods the resulting platelets had a diameter between 500-700 nm, which is a suitable size for
confocal microscopy studies of individual platelets. Due to the relatively small thickness, which was
approximately 30 nm, all of the gibbsite platelets synthesized had aspect ratios favourable for the formation of both nematic and columnar liquid crystal phases.
The large gibbsite platelets were successfully covered with an uniform (fluorescent) silica shell via
a Stöbersynthesis. Moreover, we successfully modified the silica surface with TPM and OTMOS. Hollow silica platelets were obtained by dissolution of the gibbsite core with hydrochloric acid.
Phase separation was not observed in all systems consisting of silica coated platelets. This is probably
caused by the fast sedimentation of these platelets. Due to this fast sedimentation the platelets may
not have enough time for the formation of a structured phase. Modification of the silica surface led to
more stable systems, but also in these systems liquid crystal phases were not observed.
Phase separation was not observed in the hollow silica platelet samples as well. It is unclear why these
hollow silica platelets do not form liquid crystal phases. A possible explanation could be that these
platelets are not completely stable, since they sediment relatively fast. Another explanation could be
that the birefringence is changed due to the hollow center of these platelets and therefore an ordered
phase may not be recognized.
Confocal microscopy studies were performed on the fluorescently labeled silica systems. Individual
platelets were observed and their orientation could be determined. Phase behaviour studies of systems
of large silica coated platelets with confocal microscopy are not possible yet, since phase separation is
not yet observed for these systems.
Large gibbsite platelets were sterically stabilized with N-modified polyisobutylene (PIB) as well. A
fluorescent dye was successfully incorporated, resulting in samples suitable for confocal microscopy.
In systems consisting of PIB-coated platelets without fluorescent label phase separation was observed
for all concentrations. At high concentrations (200-300 g/L) a rich nematic phase, consisting of numerous
domains with different orientations, was observed. After eight months, these samples showed iridescence, indicating that a more ordered phase is formed over time. At even higher concentration (450 g/L)
phase separation and iridescence were observed within a day after preparation, indicating the presence
of a liquid crystal phase with spatial periodicity.
Incorporation of a fluorescent dye has a large influence on the phase behaviour of the system. It was
found that platelets fluorescently labeled in a reaction with a high dye concentration, formed birefringent
gels, whereas platelets dyed in a reaction with a lower dye concentration showed phase separation.
This phase separation was even more pronounced when a mixture of dyed and undyed platelets was
prepared. The samples in which 5 % or 10 % of the platelets was fluorescently labeled showed phase
behaviour at a concentration of 450 g/L similar to the undyed system with the same concentration.
These systems were studied with confocal microscopy. Individual platelets and their orientation were
best observed in samples which contained 10 % of dyed platelets. In this system the platelets form
ordered structures in time. In the phase observed, platelets align in stacks and these stacks themselves
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form domains, consisting of stacks which posses the same orientation. Therefore, the observed phase
is probably a columnar-nematic phase. The main disadvantage of this system is that the position and
orientation of most of the platelets can not be observed, since undyed platelets are not visible in the
confocal microscope. Therefore this system is not an ideal model system yet.
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Outlook
Silica coated gibbsite systems
Further research could focus on the failure of the large silica coated platelets to form liquid crystal
phases. It would be interesting to find the cause of this problem. Especially, because smaller (undyed)
silica coated platelets showed phase behaviour in previous studies [45]. One possible experiment could
be to vary the ionic strength of the systems and see if this has an influence on the formation of liquid crystal phases. Another possible experiment is modification of the surface of these platelets with
different functional groups to reduce the sedimentation velocity of these platelets. In this thesis, some
preliminary results have been obtained for platelets modified with TPM and OTMOS. However, the reaction conditions for both reactions have to be optimized and other modifications, like the esterification
of stearyl alcohol onto the silica surface, could be performed [49]. Furthermore, the density of the resulting platelets could be further matched by transferring these platelets to cyclohexyl chloride instead of
cyclohexane. Since the platelets are density matched in this solvent, the sedimentation velocity of the
platelets is reduced and they have more time to reorient themselves into ordered structures. Moreover,
a large electric double layer can be obtained in this solvent [39]. Therefore, in theory, liquid crystals
with large interparticle distances could be formed.
In this study and in the previous study of smaller silica coated platelets by Vis, it was found that dyed
silica coated gibbsite platelets do not form liquid crystal phases [45]. This indicates that the formation of
liquid crystals of fluorescent platelets may be even more difficult to achieve. However, it would be very
interesting to overcome this problem, since a liquid crystal consisting of fluorescent platelets will make
it possible to study this system by confocal microscopy in real-time and space at the single particle level.
Besides preparation of other systems, it would also be interesting to study the systems prepared in
this study in more detail with small angle X-ray scattering (SAXS), to be conclusive about the extent of
order in these samples.

PIB-coated gibbsite systems
In further research it would be interesting to further analyze the orientation of the individual platelets
within the systems prepared in this study by confocal microscopy and follow the orientation of these
platelets over time. This could provide useful information about the formation of liquid crystal phases
in time.
Moreover, it would be very interesting to study these systems with SAXS and see if the results obtained
by the SAXS studies correspond to the results obtained by confocal microscopy studies. This may be
very important, since in the present confocal experiments most of the platelets have an unknown orientation and position, caused by the fact that only 10 % of the platelets was fluorescently labeled. In
SAXS all the platelets contribute to the scattering pattern, regardless of whether they are fluorescently
labeled. Therefore, SAXS measurements provide information about the orientation of all the platelets,
which could not be obtained by the confocal microscopy measurements alone.
Furthermore, these systems could be used to study the behaviour of individual platelets in an external
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electric field by confocal microscopy. This is interesting, since it would be possible to study the (change
in) orientation of individual platelets during the change of an external electric field.
However, the main focus of further research should be resolving the problem that in the present systems only 10-20 % of the platelets are dyed and therefore visible in confocal microscopy studies. In this
study, this problem was tried to resolve by either addition of a dye to the solvent, or searching for an
appropriate second fluorescent label, which could be incorporated in the PIB-coating. Addition of a dye
to the solvent seems promising, however the concentration of the dye in the solvent has to be optimized.
Up til now, no suitable second fluorescent fluorescent label is found yet. The most suited dye seems to
be rhodamine-B isothiocyanate (RITC), however this molecule has a charge and this may have a large
influence on the stability of the system, but further experiments could be done to be conclusive.
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Appendix A

Equipment and chemicals
In this appendix the equipment en chemicals used are listed.

A.1

Equipment

TEM
Transmission electron microscopy images were recorded using a Philips FEI Tecnai 10 electron microscope, operated at 100 kV with a SIS MegaView II CCD camera. The pictures were analyzed using SIS
iTEM 5.0 software.
SEM
Scanning electron microscopy images were recorded using a Philips XLFEG30 scanning electron microscope, with a maximum acceleration speed of 10 kV. The samples were prepared on a freshly cleaved
piece of mica. To make the samples conductive, a 6 nm thick platinum layer was sputtered onto the
surface.
AFM
Atomic force microscopy measurements were performed on a Digital Instruments Multimode SPM
MMAFM-2 operated in tapping mode. Nanoscope v614r1 software was used for further analysis of
the data. The samples were prepared on a freshly cleaved piece of mica.
Polarization microscope
Polarized light microscopy images were recorded using a Nikon Eclipse LV100Pol microscope equipped
with a full wave retardation plate (Λ = 530 nm), a 2x Nikon CFI Plan UW objective and 10x and 20x
Nikon CFI Plan Fluor ELWD objectives. The microscope was in a tilted position with the focal plane
along gravity in order to allow investigation of the samples in upright position. Images were made with
a Micropublisher 5 megapixel CCD camera (MP5, QImaging)
Confocal microscope
Samples were imaged with a Nikon Eclipse TE2000U laser scanning confocal microscope with a Nikon
C1 scanning head in combination with a HeNe laser (λ0 = 543 nm) for the excitation of RITC and DANS
or an argon laser (λ0 = 488 nm) for the excitation of FITC and a Nikon Plan APC 100x oil-immersion lens,
with a numerical aperture of 1.4. The fluorescence signal of FITC was recorded in the green channel,
the signal of RITC and DANS in the red channel.

A.2

Chemicals

All chemicals were used as received from the suppliers. All water used in the synthesis was purified by
a Synergy Millipore water purification system.
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Chemical

Abbreviation

Formula

Supplier

Grade/Purity

Aluminium isopropoxide
Aluminium sec-butoxide
Aluminium nitrate nonahydrate
Amino-modified polyisobutylene
Polyvinylpyrrolidone (Mw = 40.000)
Polyvinylpyrrolidone (Mw = 55.000)
Fluorescein isothiocyanate isomer I
Rhodamine B isothiocyanate
Eosin-5-isothiocyanate
0
4-Dimethylamino-4 -nitrostilbene
3-Aminopropyltriethoxysilane
Tetraethyl orthosilicate
3-(Trimethoxysilyl)propyl methacrylate
Octadecyltrimethoxysilane
Ammonia
Ammonia
Tetramethylammonium hydroxide
Hydrochloric acid
Dimethylformamide
Ethanol (absolute)
Ethanol (technical)
1-Propanol
Glycerol
Cyclohexane
Toluene (absolute)
Toluene (technical)
Tetralin

AIP
ASB

C9 H21 O3 Al
C12 H27 O3 Al
Al(NO3 )3 .9H2 O
SAP-230TP
(C6 H9 NO)n
(C6 H9 NO)n
C21 H11 NO5 S
C29 H30 N3 O3 SCl
C21 H7 Br4 NO5 S
C16 H12 N2 O2
C9 H23 O3 NSi
C8 H20 O4 Si
C10 H20 O5 Si
C21 H46 O3 Si
NH3(aq)
NH3(aq)
C4 H13 NO
HCl(aq)
C3 H7 NO
C2 H6 O
C2 H6 O
C3 H8 O
C3 H8 O3
C6 H12
C7 H8
C7 H8
C10 H12

Fluka
Aldrich
Sigma-Aldrich
Infineum UK LTD.
Aldrich
Aldrich
Sigma
Aldrich
Sigma
Sigma
Sigma-Aldrich
Aldrich
Aldrich
Aldrich
Sigma-Aldrich
Contain
Fluka
Merck
Sigma-Aldrich
Merck
Interchema
Acros Organics
Bufa B.V.
Acros Organics
Acros Organics
Interchema
Sigma-Aldrich

Purum, ≥ 97%
97%
p.a. ≥ 98.5%

PIB
PVP
PVP
FITC
RITC
EITC
DANS
APS
TEOS
TPM
OTMOS

TMAH
DMF
EtOH
EtOH

Mw = 40,000 g/mol
Mw = 55,000 g/mol
90%
Mixed isomers
≥ 95%
≥ 99.8%
≥ 98%%
≥ 99%
98%
98%
p.a., 28-30% in H2 O
Analytical grade, 25% in H2 O
25% in H2 O
p.a.
≥ 99%
p.a.
Technical grade
Extra pure, ≥ 99%
p.a.
p.a. ≥ 99.5%
99.98%
Technical grade
99%

Appendix A. Equipment and chemicals

Table A.1: Overview chemicals used.

Appendix B

Data silica coated gibbsite
In this appendix an overview of the reaction conditions of the silica coating reactions performed in this thesis are listed in table B.1. More information about
the experimental conditions of the silica coatings can be found in section 5.1. An overview of the platelet dimensions for the different silica syntheses are
listed in table B.2.
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Table B.1: Overview of the reaction conditions of the different silica coatings. In this table the indication "method 1" stands for a silica coating performed as described
by Wijnhoven and Vis [24, 45], the indication "method 2" stands for a silica coating performed under continuous ultrasonication. The indications F and R in the column
"dye-solution" stand for FITC and RITC respectively and the number stands for the different dye-solutions prepared. The amount of TEOS added is divided into the amounts
added during the growth of the different silica layers. In the last column of the section "silica growth" the total amount of silica precursor added is given. The last column
of this table refers to the figures displaying the TEM-images of the resulting particles.

Dye-solution
Method

Synthesis

1
1
1

Silica growth

Gibbsite (g)

Amount (µL)

Batch

TEOS (mL)

Total (mL)

Addition method

Sg1_100T_nd
Sg1_100T_fitc
Sg1_100T_ritc

0.53
0.53
0.53

0.0
80.7
80.7

F1
R1

0.050
0.050
0.050

1
1
1

Sg1_eT_nd
Sg1_eT_fitc
Sg1_eT_ritc

0.54
0.54
0.54

0.0
80.7
80.7

1
1

Sg1_eT2_nd
Sg1_eT2_fitc

0.54
0.54

0.0
80.7

0.250
0.250
0.250

0.300
0.300
0.300

F1
R1

0.050
0.050
0.050

0.975
0.975
0.975

F2

0.050
0.050

0.750
0.750

0.225
0.225

Date

Figure

pipette
pipette
pipette

08-11-2011
08-11-2011
08-11-2011

5.6b
5.6a

1.025
1.025
1.025

pipette
pipette
pipette

07-02-2012
07-02-2012
07-02-2012

1.025
1.025

pipette
pipette

20-03-2012 5.8a
20-03-2012
Continues on next page

5.7a
5.7b

Dye-solution
Method

Synthesis

1

Silica growth
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Gibbsite (g)

Amount (µL)

Batch

Total (mL)

Addition method

Sg1_eT2_ritc

0.54

80.7

R2

0.050

0.750

0.225

1.025

pipette

20-03-2012

1
1

Sg1_2xT_nd
Sg1_2xT_ritc

1.00
0.60

0.0
80.7

R2

0.100
0.050

0.652
0.326

0.300
0.261

1.052
0.637

pump
pump

07-05-2012
07-05-2012

5.9b

1
1

Dg1_2xT_nd
Dg1_2xT_ritc

0.80
0.40

0.0
80.7

R3

0.050
0.050

0.750
0.261

0.226
0.113

1.026
0.513

pump
pump

30-05-2012
30-05-2012

5.10b,5.10a

1
1

Dg3.3_2xT_nd
Dg3.3_2xT_ritc

0.56
0.28

0.0
80.7

R3

0.050
0.050

0.480
0.215

0.420
0.230

0.950
0.495

pump
pump

01-08-2012
01-08-2012

1
1

Dg4.1_2xT_nd
Dg4.1_2xT_ritc

0.79
0.79

0.0
80.7

R4

0.050
0.050

0.845
0.845

0.775
0.775

1.670
1.670

pump
pump

26-09-2012
26-09-2012

5.16a

1
1

Sg1_150T_nd
Sg1_150T_fitc

0.81
0.81

0.0
80.7

F2

0.050
0.050

0.580
0.580

0.630
0.630

pump
pump

29-10-2012
29-10-2012

5.11a

2

Sg2_150T_nd_u

1.00

0.0

0.060

0.850

0.910

pump

03-12-2012

5.13a

2
2

Sg2_100T_nd_u
Sg2_100T_fitc_u

0.80
0.80

0.0
80.0

0.060
0.060

0.430
0.430

0.490
0.490

pump
pump

15-01-2013
15-01-2013

5.13c

F2

TEOS (mL)

Date

Figure

5.15a

Appendix B. Data silica coated gibbsite

Table B.1 – Continued from previous page

Table B.2: Overview of the platelet dimensions of the resulting platelets after coating with silica. In this table the average diameter D and thickness L are listed after
performing the silica coating. The average diameter of the platelets was determined by TEM-measurements. The thickness of the gibbsite core was determined for
Sg1-platelets by AFM. For platelets templated on either Dg or Sg2-gibbsite platelets the thickness of the core was estimated at 32 nm. The thickness of the platelets after
silica coating was determined by addition of the increase in average diameter (determined by TEM) to the thickness of the core. The silica layer thickness was in all cases
estimated as half the increase in average diameter after coating.

(nm)

Silica layer (nm)

63.7
66.3
71.9

0.092
0.095
0.103

15
17
20

stable
stable
stable

3.3
7.3
4.2

111.5
115.9
111.3

0.150
0.156
0.150

39
42
39

aggregated
aggregated
aggregated

not further analyzed
not further analyzed
not further analyzed

-

-

-

-

aggregated
aggregated
aggregated

Sg1_2xT_nd
Sg1_2xT_ritc

693
682

7.6
7.9

63.7
52.9

0.092
0.078

15
10

aggregated/too thin shell
aggregated/too thin shell

Dg1_2xT_nd
Dg1_2xT_ritc

660
667

10.3
10.3

∼70
∼70

∼0.106
∼0.112

18
22

silica fibers
silica fibers

Dg3.3_2xT_nd
Dg3.3_2xT_ritc

591
590

8.8
8.5

∼65
∼65

∼0.110
∼0.110

16
17

some silica fibers
some silica fibers

Dg4.1_2xT_nd
Dg4.1_2xT_ritc

766
764

6.4
9.1

∼135
∼135

∼0.176
∼0.177

52
51

silica fibers
silica fibers

Sg1_150T_nd
Sg1_150T_fitc

733
717

7.2
6.9

103.9
88.1

0.142
0.123

36
28

aggregated
aggregated

Sg2_150T_nd_u

729

7.0

∼67.8

∼0.093

17

stable

Sg2_100T_fitc_u

719

6.9

∼57.8

∼0.080

12

stable

Name

Diameter <D> (nm)

Polydispersity (%)

Thickness <L>

Sg1_100T_nd
Sg1_100T_fitc
Sg1_100T_ritc

693
695
701

7.6
8.3
7.2

Sg1_eT_nd
Sg1_eT_fitc
Sg1_eT_ritc

741
745
740

Sg1_eT2_nd
Sg1_eT2_fitc
Sg1_eT2_ritc

L
D

Remarks
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Appendix C

Absorption and emission spectra of DANS
0

In this appendix the absorption and emission spectra of 4-dimethylamino-4 -nitrostilbene (DANS) in
benzene can be found.
4-Dimethylamino-4'-nitrostilbene in benzene

M o l a r E x t i n c t i o n ( c m ⁻¹ /M )
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Wa ve l e n g t h ( n m )
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Figure C.1: Absorption spectrum of 4-dimethylamino-4 -nitrostilbene [57].

4-Dimethylamino-4'-nitrostilbene in benzene
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Figure C.2: Emission spectrum of 4-dimethylamino-4 -nitrostilbene [57].
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Appendix D

Phase behaviour studies: Small angle
X-ray scattering
In order to analyze the extent of ordering in the observed phases in more detail, small angle X-ray
scattering (SAXS) measurements were performed on selected samples at the Dutch-Belgian beamline
(DUBBLE) at the European Synchrotron Radiation Facility in Grenoble. In this appendix some preliminary results of these measurements are presented. First, a short introduction to SAXS will be given,
followed by the results of a fluorescently labeled PIB-coated sample and a sample consisting of silica
coated platelets. Finally, this appendix will end with conclusions.

D.1

Introduction

In small angle X-rays scattering (SAXS), a sample is irradiated with X-rays with a wavelength λ. The
sample scatters the incoming beam, resulting in waves with different intensities and different angles
θ from the incident beam, due to constructive and destructive interference. An important parameter in
~ , which is the difference of the wave vector of the incident
SAXS experiments is the scattering vector q
beam and the scattered wave [58], see figure D.1. Another important parameter is the scattering angle
θ, which is defined as the angle between the incident beam and the scattered wave.

~ and the scattering angle θ.
Figure D.1: Schematic representation of the scattering vector q

The length of the scattering vector, q, is related to the scattering angle θ and the wavelength λ by:
q=

4π
θ
sin
λ
2

(D.1)

In crystals, scattering objects are arranged on a periodic crystal lattice, which consists of a set of discrete
planes of scatters separated by a distance d, see figure D.2a. The angle between the incident beam and
planes of scatters is defined as θ2 . Incident waves will interfere constructively only when the path length
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difference 2d sin θ2 is equal to an integer number of wavelengths λ [59] (figure D.2b). This condition of
constructive interference is expressed by Braggs law:
2d sin

θ
= nλ
2

(D.2)

When Bragg’s law is rearranged and multiplied with 2π this leads to:
4π
θ
2π
sin =
λ
2
d

(D.3)

From this equation and equation D.1 follows an important relation between the length of the scattering
vector q and the spacing d between the planes within the crystal:
q=

2π
d

or

d=

2π
q

(D.4)

In a crystal there is a limited set of spacing d values. Thus, at a fixed wavelength the Bragg law is
fulfilled only for a limited set of scattering angles.

(a)

(b)

Figure D.2: (a) Schematic representation of Bragg’s law. The incident beam is reflected by each lattice plane of
the crystal, constructive interference only occurs when the pathlength difference is equal to an integer number of
wavelengths. (b) Geometrical construction to calculate the pathlength difference.

D.2

Sample preparation

The samples for SAXS studies were the same as used for the optical observations and polarized
light microscopy measurements. The samples were prepared in rectangular capillaries (VitroCom Inc.
#W3520-100) with internal dimensions of 4.0 mm x 0.2 mm x 10.0 mm. The samples measured were
Sg1_pib_fitc_10%_100g/L for the fluorescently labeled PIB-coated platelet dispersion and Sg1_100T_nd
for the silica coated platelet dispersion.

D.3

Results

D.3.1

Fluorescently labeled PIB-coated platelets

The sample measured shows clear birefringence viewed between crossed polarizers, see figure D.3a.
Moreover, various iridescence colors are visible when the sample is illuminated with white light under
different angles, see figures D.3b-D.3d. This iridescence is most pronounced in the upper part of the
sediment. The presence of birefringence and iridescence indicates that a structure with spatial periodicity is present in the upper part of the sample. Therefore, SAXS measurement were done at this region
of the sample.
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(a)

(b)

(c)

(d)

Figure D.3: Optical observations of the Sg1_pib_fitc_10%_100g/L sample, showing (a) birefringent phase viewed
between crossed polarizers and (b-d) iridescence when illuminated with white light. The different colors are
observed under different angles of illumination.

The small angle X-ray scattering pattern of the Sg1_pib_fitc_10%_100g/L sample and its corresponding peak profile are shown in figure D.4. The pattern shows a sharp intense ring-like reflection
at q=0.009 nm−1 and a weaker liquid-like reflection at q=0.06 nm−1 . The very weak reflection at
q=0.13 nm−1 is probably a second order peak. These q-values correspond to distances in real space
of 698 nm and 105 nm respectively and indicate that the liquid crystal structure formed in the sample
is a columnar nematic (Ncol) phase [17, 56]. The platelets in this phase form short stacks, which in
turn have a nematic ordering, see figure D.5. In these short stacks the lateral correlations between the
particle positions give rise to a stack axis Ξ which is oriented in parallel position with respect to the
particle normal ξ. This leads to strong side-to-side correlations and therefore to an intense scattering
peak at low q, which is in the order of the particle diameter, combined with a broad reflection at high
q originating from the liquid like interactions between the particles within the stacks as we observed
here [56]. The reflections in this SAXS pattern are found in all orientations indicating that multiple Ncol
domains are present. It has to be noted that the here found distance of 698 nm agrees quite well with
the particle diameter (∼ 668 nm) whereas the found value of 105 nm is rather large compared to the
particle thickness (∼ 39 nm). This is probably due to the fact that although we used an organic solvent,
some charges are probably present in the system, causing the particles to be surrounded by a large
double layer. The resulting electrostatic repulsion is stronger within the stacks where the particles
are oriented face-to-face, hence large surface areas, than between the stacks where the particles are
oriented edge-to-edge, hence small surface areas. In conclusion, SAXS results confirm the results from
confocal microscopy which also indicated that a Ncol phase was formed.

(a)

(b)

Figure D.4: (a) High resolution SAXS pattern of a domain with a columnar-nematic structure. The beam was
stopped by a triangular beam stop. (b) Corresponding intensity profile.

103

Appendix D. Phase behaviour studies: Small angle X-ray scattering

Figure D.5: Schematic representation of the columnar-nematic phase, in which the platelets are forming stacks
that, in turn, display nematic ordering. In this figure D is the interparticle distance, Ξ is the stack axis and ξ is
the platelet normal [17].

D.3.2

Silica coated platelets

In this thesis we described that phase separation was not observed for silica coated gibbsite. However,
after 12 months of sedimentation one sample showed phase separation at the most upper part of the
sample, see figure D.6. When viewed between crossed polarizers this small area of ordered platelets is
clearly visible D.6b. Optical Bragg reflections were observed as well, when this sample was illuminated
with white light, see figure D.6d. The upper part of the sample was studied in more detail with SAXS
to give more insight in the phase present.

(a)

(b)

(c)

(d)

Figure D.6: Optical observations of the Sg1_100T_nd sample, showing (a) birefringent phase viewed between
crossed polarizers, (b) a magnification of the upper part of the sample showed in (a), (c) iridescence when illuminated with white light and (d) a magnification of the optical Bragg reflections showed in (c).

In figure D.7a the small angle X-rays scattering pattern of the Sg1_100T_nd sample is shown. The
pattern shows, like the pattern of the PIB sample, a strong reflection at low q and a broad reflection at
a higher q-value originating from the columnar nematic phase. The corresponding intensity profile is
shown in figure D.7b. The side-to-side correlation peak is again found at 0.009 nm−1 . However, these
silica coated gibbsite platelets have a larger diameter (∼ 693 nm) indicating that the stacks are closer
together. The liquid-like reflection is now found at a smaller q value, at q=0.029 nm−1 , corresponding to
a real space distance of 216 nm. Although these platelets are considerably thicker (65 nm), this is a big
difference and cannot be explained without doing more research. It most likely is due to the different
L
D of the particles and the specific conditions in this low dielectric solvent (DMF).
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(a)

(b)

Figure D.7: (a) High resolution SAXS pattern of the silica coated system. In this pattern a high intensity ring-like
reflection at low q-values and a broad liquid-like reflection at higher q-values are visible. The beam was stopped
by a triangular beam stop. (b) Corresponding intensity profile.

D.4

Conclusions

The preliminary results of the small angle X-ray scattering measurements show that a columnar nematic
phase is formed in both systems, which confirms the findings of the confocal microscopy studies of the
PIB-grafted system.
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