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Introduction

1

The central topic of this thesis is the formation and characterization of liquid 
crystals (LC) [1, 2]. The key feature in this research is how we can influence the 
formation of liquid crystals and tune the liquid crystalline structures formed. 
Liquid crystals have a wide range of possible applications including lasers, pho-
tovoltaics and field-effect transistors [3]. They are, however, mostly known for 
their application in liquid crystal displays (LCD) [4]. 

The work in this thesis focuses on colloidal liquid crystals. A colloid is a parti-
cle with a dimension roughly between a few nanometers and a few micrometers 
[5]. Although colloids are considerably larger than atoms and molecules, their 
behaviour is very similar, only on a much slower timescale. Their larger size 
combined with the slower dynamics makes it significantly easier to study them. 
In addition, the inter-particle interactions can be tuned. Colloidal particles are 
therefore frequently used a ‘model’ system for more complex atoms and mo-
lecular systems. Additionally, colloids are highly susceptible to external electric 
and magnetic fields.  

The systems studied in this thesis are goethite and gibbsite. They consist of 
colloidal mineral particles. Also these systems function as model systems. They 
will, most likely, not be directly suitable for applications but the fundamental 
knowledge obtained on the formation and behaviour of the liquid crystals is not 
limited to these systems and can be applied to more complex systems.

This introduction aims to give a background of the work described in this 
thesis. We will first describe and explain what colloidal liquid crystals are and 
how they are formed (section 1.1). In section 1.2 various methods that can be 
used to influence liquid crystal phase behaviour -the earth gravitational field, 
an external magnetic field and spatial confinement- will be described. Then we 
will introduce the colloidal mineral systems studied in this work, goethite and 
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gibbsite (section 1.3). Additionally we will give a short introduction of the two 
techniques that were predominantly used to characterize the liquid crystals 
(section 1.4). Finally the outline of this thesis is given in section 1.5.  

1.1 Colloidal liquid crystals
Colloidal liquid crystals consist of ordered anisotropic colloidal particles, like rods 
and platelets [6-8]. When these particles are brought in suspension, i.e. dispersed in 
a liquid medium, they have the ability to self-organize into various liquid crystalline 
structures including isotropic (I), nematic (N), smectic (S) and columnar (C) phases. 
In the I phase the particles do not possess any long-range order. In the N phase the 
particles are aligned and thus possess orientational order, but lack positional order. 
In the S phase orientationally ordered particles are stacked in layers and thus have 
in addition positional order in one dimension. In the C phase the oriented particles 
stack into columns, which form a periodic structure in two dimensions. The spon-
taneous formation of colloidal liquid crystals is an entropy-driven process. Already 
in the 1940s Onsager explained in his seminal work [9] the I - N phase transition 
for rod-like particles on the basis of the particle shape alone: at sufficiently high 
concentration the loss in orientational entropy is smaller than the gain in excluded 
volume entropy, i.e. translational entropy. As a result the particles favour nemat-
ic alignment. Later Frenkel and co-workers predicted the formation of N, S and C 
phases of hard anisotropic particles using computer simulations [10-13]. Generally, 
more highly ordered phases (S, C) are found for higher particle volume fractions.

The first observation of a colloidal liquid crystal was of the N phase, which was 
found in a suspension of ribbon-like vanadium pentoxide (V2O5) particles [14]. Later 
the N phase was also found in suspensions of rod-like tobacco-mosaic-virus (TMV) 
particles [15, 16] and plate-like bentonite, a natural clay [17]. The nematic phase 
found in systems of rod-like particles (which align their long axis) is often referred 
to as prolate nematic (N+), while plate-like particles display oblate nematic ordering 
(N−), in which the short particle axes are aligned. For particles with a shape exactly 
in between rod- and plate-like the rare biaxial nematic phase (NB) is predicted [18-
20]. In the NB phase both particle axes are aligned [21]. Nowadays a rich variety of 
different liquid crystalline phases has been observed in suspensions of anisotropic 
mineral particles, which has been extensively reviewed in the papers by Davidson 
& Gabriel [6, 7] and Lekkerkerker & Vroege [8].

1.2 Influencing liquid crystal phase behaviour
Colloidal liquid crystals are highly susceptible to external fields. External fields are 
therefore prime candidates for influencing liquid crystal phase behaviour. We dis-
cuss two external fields that are frequently used: the earth gravitational field (of 
course always present) and a magnetic field. Additionally, the influence of spatial 



Influencing liquid crystal phase behaviour

3

confinement on LC phase formation will be discussed.

Gravitational field
Generally, the influence of the gravitational field on the formation of mineral liq-
uid crystal phases is very important. At low volume fractions a colloidal dispersion 
builds up a barometric concentration profile [22, 23] proportional to exp(−z/lg) 
where z is the vertical height and lg the gravitational length. The gravitational length 
is inversely proportional to the mass density difference Dr (between the particles 
and the solvent) and the particle volume Vparticle  

(1.1)l k T
g Vg

B

particle

=
∆r

,

where g is the gravitational acceleration and kBT the thermal energy. The gravita-
tional length of colloidal mineral particles can easily be 1 mm or less. The sedimen-
tation profile for more concentrated dispersions may contain different coexisting 
liquid crystal phases. However, it should be borne in mind that in a sedimented 
multiphase system the osmotic pressure at each interface between different phases 
is different so that Gibbs’ phase rule predicting the maximum number of coexisting 
phases does not necessarily hold for a macroscopic sample in a gravitational field 
(even for the monodisperse case). For a polydisperse system, like colloidal min-
eral particles, the chemical potential for each component must be equal at each 
interface and also the typical gravitational length (Eq. (1.1)) can strongly vary for 
components with different particle volumes. Since this effect couples to the frac-
tionation or partitioning of particles over the different phases, sedimented colloidal 
systems may display very rich phase behaviour. For the N phase, e.g., the tendency 
that long rods order first due to their larger excluded volume [24, 25] is reinforced 
by sedimentation and leads to additional fractionation. Generally, in sedimentation-
induced phase-separated samples the more highly ordered phases are formed be-
low the less ordered and disordered phases. Liquid crystalline phases with partial 
positional order (S, C) may be more difficult to form since inherent polydispersity 
may prevent particles to fit within the positionally ordered structures. Hence, low 
polydispersity rods form layer-like smectic [26, 27] phases while the smectic phase 
destabilizes at higher length polydispersity favouring the nematic phase at low den-
sity and the columnar phase at higher density [28-30]. If sedimentation takes place 
sufficiently slowly, Brownian motion may permit particles to keep re-arranging 
[31] and fractionating. 

Sedimentation and fractionation are therefore of significant importance in the 
mineral liquid crystal formation process; it enables systems to locally reduce the 
polydispersity, which is inherent for colloidal mineral particles. This stimulates the 
formation of positionally ordered phases which enriches the liquid crystal phase 
behaviour. 
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External magnetic field
When a (colloidal) particle is submitted to an external magnetic field, a magnetic 
moment is induced in the particle. Anisotropic colloidal particles often have an ani-
sotropic magnetic susceptibility tensor and hence the induced moment results in 
alignment of a specific axis, generally the long axis, in the field. The strength of the 
induced magnetic moment depends on the strength of the magnetic field.  

For low particle volume fractions the field-induced alignment breaks the sym-
metry of the isotropic phase and an orientationally ordered para-nematic (pN) 
phase is formed. The degree of the induced order is expressed in the nematic order 
parameter, which under certain restrictive conditions, i.e. field strength, can take 
values of true nematic phases. This is supported by Khokhlov and Semenov [32] 
who constructed theoretical phase diagrams for several types of rod-like particles 
in an external field of various field strengths. Also Fraden and co-workers studied 
the field-induced alignment of colloidal anisotropic particles. They determined the 
alignment of rod-like virus particles, TMV-virus and fd-virus respectively, as a func-
tion of concentration, polydispersity and ionic strength in the entire isotropic range 
[33-35].  

Usually, for colloids consisting of magnetically anisotropic material it is energeti-
cally most favourable to align their long axis parallel to the magnetic field [36], as is 
the case for the examples described above. However, various colloids do not display 
this behaviour due to the material they are composed of and/or the specific crystal 
structure. Examples are plate-like beidellite [37] and Co-doped ZnO nanowires [38] 
which were found to align their long axis perpendicular to the field due to their 
magnetocrystalline anisotropy.

Apart from aligning particles in the I phase, an external magnetic field can ad-
ditionally be utilized to realign spontaneously formed liquid crystals. Liquid crys-
tals often consist of several small domains with different orientations. By applying 
an external field the different domains will realign and fuse to form a large single 
domain. The bulk of research on this topic is devoted to nematic phases, and has 
been studied in various dispersions of anisotropic colloidal particles. For example, 
in a relatively dilute N phase of V2O5-ribbons it was found that the magnetic field 
removes the topological defects and produces a completely aligned single nemat-
ic domain [39]. More recently similar behaviour was found in a nematic phase of 
GdPO4 nanorods [40]. The field-induced formation of single nematic domains was 
also found in suspensions of lath-shaped nontronite [41] and disk-shaped beidellite 
[37, 42], both natural clays.

Confinement
Anisometric colloids have, due to particle-wall interactions, a favourable orienta-
tion near a wall or a surface. For example plate-like particles prefer to align their 
normal perpendicular to a flat wall (homeotropic anchoring), whereas rod-like par-
ticles often align their longest axis parallel to a flat wall (homogenous anchoring). 
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For bulk samples the effect of the wall-induced alignment decays away from the 
wall and can often be neglected. For sufficiently confined samples though, the wall 
anchoring can have a significant influence on the liquid crystal phase behaviour. 
Theoretical work on suspensions of rod- [43] and plate-like [44] particles confined 
between two planar parallel walls (i.e. slit-pore confinement) revealed that suf-
ficiently strong confinement lowers the I – N binodal; alignment imposed by the 
walls induces formation of the N phase which is now found at volume fractions 
for which the bulk is isotropic. This phenomenon, known a capillary nematization, 
vanishes again below a critical wall separation distance of some particle lengths.

Regarding positionally ordered phases in confinement, capillary smectization was 
theoretically predicted for specific wall separation distances [45-47]. These studies 
additionally predicted that confinement can induce S – S demixing in a binary mix-
ture of rods with identical diameters but dissimilar lengths.

Little experimental work has been published on positionally ordered liquid crys-
tals of hard rod/plate-like particles in confinement. One of the few experimen-
tal studies was performed by Dammone and co-workers who studied the direc-
tor fields of nematic liquid crystals of fd-virus rod-like particles in channels with 
wedge-structured walls for various wedge angles [48]. They found a splay-to-bend 
transition with increasing wedge angle. Interestingly, the defect formed where 
splay configuration meets bend configuration could be observed with confocal la-
ser scanning microscopy (CLSM). 

In general, the effects of several types of confinement on suspensions of aniso-
tropic particles have been studied extensively theoretically. Experimental research 
has also been performed, but not to the same extent and it mainly focused on ne-
matic liquid crystals. Barely any experimental research has been performed on con-
fined positionally ordered liquid crystals of (hard) colloidal particles. The challenge 
lies in the characterization techniques, e.g. small angle x-ray scattering (SAXS) is an 
excellent technique to characterize positionally ordered liquid crystals, but since 
confinement samples are often micrometer sized the scattered intensity is (too) 
low. Difficulty also lies in characterizing the structures locally. However, colloids are 
on the verge of becoming accessible with the improved optical techniques. Lettin-
ga and Grelet e.g., were able to directly visualize single particle transport between 
smectic layers of fd-virus using CLSM [31]. Recently also a smectic phase formed 
in a system of fluorescent rod-like silica particles could be observed at the single 
particle level with CLSM [49]. 

1.3 Colloidal systems in this thesis
In this thesis two different systems of anisometric mineral particles are studied: 
board-like goethite and plate-like gibbsite. Mineral particles have several advan-
tages: they are electron rich and therefore highly susceptible to external fields. Ad-
ditionally, they have a high thermal stability and therefore the LCs are stable over a 
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wide range of temperatures. 

Goethite
Goethite (a-FeOOH) is a naturally occurring iron-oxide that has been used as a pig-
ment since prehistoric times. Colloidal goethite particles can be synthesized via 
hydrolysis of iron-nitrate [50, 51]. The resulting board-like particles (Fig. 1.1(a)) 
are characterized by their three distinct axes: the length (L) > width (W) > thick-
ness (T). The particles have an inherent polydispersity which can, depending on 
the synthesis method, be as high as 55%. Therefore sedimentation and fractiona-
tion in the earth gravitational field has proven extremely important for the goethite 
LC phase behaviour. This was already suspected from the observation of a smectic 
phase within a 55% polydisperse batch [52], which is far above the terminal poly-
dispersity of 18% for the smectic phase of spherocylinders [29]. Careful analysis 
of the size distributions of coexisting I, N, S and C phases [53] showed an almost 
threefold increase of particle length over 5 cm sample height, a strongly reduced 
polydispersity (<28%) in the S phase and the exclusive presence of the longest par-
ticles in the C phase, which acts as a waste disposal for particles that do not fit the 
smectic periodicity. In contrast, a similar system with an overall polydispersity of 
17% only displayed a gradual shift of 10% in the length distribution without chang-
ing its form while a C phase was completely absent.

Goethite also has outstanding magnetic properties. This was presumably already 
discovered in ill-defined iron oxide dispersions in the early 1900s by Majorana, Cot-
ton and Mouton, who observed a magnetic field-induced positive birefringence in 
weak fields, which decreased to reach even negative values above a certain field 
strength [54-56]. This behaviour was not understood until a century later, when 
Davidson, Lemaire and co-workers found that this behaviour could be attributed to 
anti-ferromagnetic goethite particles bearing a permanent magnetic moment along 
L, while the magnetic easy axis is perpendicular to the L-axis [57]. The particles 
therefore align their L-axis parallel to a weak magnetic field, but reorient to align 
their T-axis parallel to fields above a certain critical magnetic field strength (B*) [50, 
58, 59].

Magnetic fields have therefore frequently been used to study and influence the 
phase behaviour. A weak magnetic field was e.g. used to align macrodomains of 
spontaneously formed biaxial liquid crystal phases formed in a batch with a shape 
almost exactly in between rod- and plate-like (L/W ≈ W/T) [60]. The crystal struc-
tures were characterized by SAXS and the field was applied in different directions 
to reveal the full 3D structures. SAXS revealed a NB phase on top of a biaxial smectic 
phase. Although their L/W ratio was slightly larger than their W/T ratio, biaxial 
phases could still be formed due to a rather high particle polydispersity (25%), 
which stabilizes the biaxial phases [61].

Apart from aligning LC domains, magnetic fields were also found to induce phase 
transitions in dispersions of goethite. For example, a stable NB phase is formed 
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when a strong (above B*) magnetic field is applied to a N+ phase [57-59, 62]. Van 
den Pol et al. found that this property, in combination with the system’s inherent 
polydispersity, can be utilized to induce NB – N+ phase separation in a dispersion of 
slightly elongated goethite boards [63, 64]. The strength of the induced magnetic 
moment scales with particle volume, thus for larger goethite particles the critical 
magnetic field (B*) is slightly lower. Applying a  magnetic field with a  carefully cho-
sen field strength to the N+ phase induces a NB phase for part of the particles. The 
created excluded volume between the differently oriented particles is sufficient to 
cause macroscopic  phase separation.

Particle alignment in dense suspensions in a strong magnetic field is a compli-
cated process which can lead to the formation of positionally ordered phases. It was 
e.g. found that applying a strong magnetic field to a dense nematic phase can trig-
ger the N ⟶ C phase transition [65]. Also the S phase was found to transform into 
a C phase in a strong magnetic field [52]. This transition was found only in systems 
with a high polydispersity, in which the C phase was also spontaneously formed. In 
systems with a low polydispersity, which displayed I – N – S phase separation, the 
S phase remains smectic in a strong magnetic field [66]. Dispersions of chromium-
modified goethite form two different C phases: the centred rectangular (RC) and the 
simple rectangular (RS) columnar phase. In dispersions of these particles a strong 
magnetic field was found to induce the RS ⟶ RC phase transition [67]. 

In this thesis we study the effect of the earth gravitational field on a chromium-
modified goethite dispersion, which displays I – N – S – RS – RC phase separation, 
over a time span of five years (Chapter 2). Additionally, we study the influence of 
a magnetic field with various field strengths, all smaller than B*, on the biaxial-
ity of the nematic phase (Chapter 4) and the reorientation process of the C phase 
in a strong magnetic field (Chapter 5). In Chapter 3 we take a different approach 

Fig. 1.1 Transmission electron microscopy images of (a) goethite and (b) gibbsite. The black 
bars denote 500 nm.

(a) (b)
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to influence goethite LC phase behaviour. Instead of applying an external field, we 
change the inter-particle interactions from soft-repulsive to attractive by introduc-
ing a depletant into the dispersion. 

Gibbsite
Gibbsite (g-Al(OH)3) is an intermediate in the Bayer process for aluminium produc-
tion [8] in the form of agglomerates of small crystals. Synthetic colloidal gibbsite 
can be conveniently obtained by hydrolysis of a mixture of aluminium hydroxides 
at 85˚C [68]. The particles typically have a diameter D of ~200 nm and a high as-
pect ratio (Fig. 1.1(b)). Gibbsite suspensions are a unique plate-like system as they 
display a well-defined I – N – C phase separation [69]. Also for this system the earth 
gravitational field plays a significant role in the liquid crystal phase formation. For 
example a polydispersity of 25% in the platelet diameter does not preclude the C 
phase from forming [8]. Interestingly, for polydisperse platelets a density inversion 
for the I – N phase was found [70], which could be explained by fractionation effects 
[71]. Thicker platelets sediment faster but they remain, due to their smaller aspect 
ratio, in the isotropic phase for volume fractions at which the thinner platelets al-
ready form the nematic phase. The importance of sedimentation speed is also ap-
parent from a study in which the sedimentation process was sped up by centrifuga-
tion. Whereas slow sedimentation can lead to the formation of a single columnar 
phase [69, 72], fast sedimentation at 900g led to the formation of many small co-
lumnar liquid crystals [73]. Additionally, under osmotic compression exerted by a 
free polymer a single hexatic domain was formed, which lacks long-range positional 
order [74].

Gibbsite is colourless and is therefore a prime candidate for optical studies. Polar-
ized light microscopy, e.g., was used to study the shape and director field of gibb-
site particles confined in tactoids (nematic droplets formed in the I phase). There 
is a competition between the particles preferring homeotropic anchoring and the 
elastic energy favouring a homogenous director field. Small tactoids were therefore 
found to have a homogenous director field, but are deformed and have an oblate 
shape, whereas larger tactoids remain spherical with a radial director field with a 
point-defect in the centre [75]. Gibbsite particles will align in a magnetic field [76, 
77], which can therefore be used to change the director field and shape of a tactoid 
[78, 79].

Gibbsite can easily be grown to larger sizes via a seeded-growth method [80, 81], 
and can additionally be fluorescently labelled [81]. Gibbsite is therefore a candidate 
for CLSM experiments. However, by increasing the particle size the sedimentation 
speed will increase and inherently the formation of well-ordered liquid crystals can 
be hindered. E.g. for large gibbsite platelets it was found that phase separation only 
took place after the main part of the sample had sedimented into an amorphous 
phase [82]. In another system of large platelets the hexagonal columnar phase was 
found, although SAXS revealed the presence of orientational fluctuations in the co-
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lumnar structure; the average platelet orientation was decoupled from the column 
axis. These effects could be ascribed to gravitational compaction [83]. 

In this thesis we focus on large gibbsite platelets. These larger particles are chal-
lenging for x-ray scattering experiments. Due to their short sedimentation length 
the liquid crystalline structures formed are less ordered. Additionally, resolution 
becomes an issue since their larger size requires smaller scattering angles. How-
ever, the recent development of a micro-radian x-ray scattering set up [84] enables 
SAXS experiments for larger colloids. In Chapter 6 we develop a ‘3D-SAXS’ meth-
od, in which the samples are studied with different orientations to obtain more 
information about the 3D liquid crystal structure. In Chapter 7 we describe several 
methods to adjust the gibbsite system such that the particles can be used for confo-
cal microscopy. Additionally we study the LC structures formed locally, at the parti-
cle level and in real-space with CLSM.

1.4 Characterization 
In this thesis various techniques are used to study and characterize the liquid crys-
tals. Here we give a short introduction of the technique that was predominantly 
used: small angle x-ray scattering. Additionally confocal laser scanning microscopy, 
the technique that is crucial in Chapter 7, is introduced.

Small angle x-ray scattering
SAXS is a scattering method in which high energy x-rays are used to determine the 
structure of particle systems in terms of averaged particle sizes or shapes [85]. Fig. 
1.2(a) shows the basic principle of SAXS. X-rays are sent through the sample and 
every particle scatters the incoming beam. The scattered signal is collected by a 2D 
detector, often a CCD camera, which results in a scattering pattern. This pattern is 
typically represented as a function of the scattering vector Q, which is the vector 
connecting the wave vectors of the direct beam (k0) and the scattered beam (k1), as 
illustrated in Fig. 1.2(b). The length of the scattering vector Q is defined as 

Q=
4π
λ

θsin( ), (1.2)

where 2q is the angle between the scattered and incident beam. Since colloids are 
relatively large (nm-mm) compared to the wavelength of the x-rays (~ 1Å) the scat-
tering angles are extremely small, hence the name small angle x-ray scattering.

The scattering intensity is determined by the scattering of single particles in the 
suspension and the interference of their contributions. For anisometric particles, 
however, the separation of the scattering intensity into the form (P(Q)) and struc-
ture (S(Q)) factors is ambiguous because of the coupling of orientational and posi-
tional degrees of freedom. In densely packed periodically ordered structures pro-
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nounced Bragg peaks develop in the structure factor. The positions of its maxima 
(Qpeak) indicate the average characteristic distances (d) between the aligned parti-
cles by

d
Qpeak

=
2p

. (1.3)

For positionally ordered systems these peaks are found at well-defined angles in-
dicative for the crystal structure. The ratio between the Q-values of the peak posi-
tions reveal the crystal symmetry. Smectic peaks, e.g., have ratios 1, 2, 3, 4, 5. where-
as for (perfect) hexagonal symmetry the peaks have ratios 1, √3, 2, √7, 3 [85]. For 
orientationally ordered systems (N phases) the sharp Bragg peaks are replaced by 
diffuse reflections that peak at certain azimuthal angles, which reveal the particle 
alignment. Because all particles in the bulk scatter, the average structure of all il-
luminated particles is measured.

Confocal laser scanning microscopy
While SAXS is an excellent technique to reveal average liquid crystal structures of 
large areas of the sample at once, it does not give information on the local struc-
ture. An excellent technique to study colloidal particles in real time and space is 
CLSM. CLSM is an optical imaging technique. The basic principle is sketched in Fig. 
1.3. A single spot in the sample is illuminated through the use of an objective lens 
and an illumination pinhole. The emitted light is subsequently focused by an iden-
tical lens onto the second emission pinhole, which is positioned exactly at the fo-
cal plane conjugate to the imaged spot. Therefore the bulk of light emitted from 
elsewhere in the sample, i.e. the out-of-focus light, does not pass through this pin-
hole. The light generally is detected by a photo-multiplier tube and a 2D image 
of the sample is obtained. Because the out-of-focus light is eliminated, a 3D im-
age can be obtained by scanning through the sample in the lateral and axial direc-
tions. The use of pinholes, eliminating the out-of-focus light, results in CLSM hav-
ing an increased contrast and resolution compared to regular optical techniques.  

incident 
x-ray

k0
sample

detector

k0

k1
2θ

(a) (b)

k0

k1

θ
Q

Fig. 1.2 Schematic representations of (a) small angle x-ray scattering where k0 is the wave 
vector of the incident beam, k1 the wave vector of the scattered beam and 2q the angle be-
tween the incident beam and the observation direction and (b) the scattering vector Q.
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CLSM exhibits best results in fluorescence mode and the particles therefore need 
to be fluorescently labelled. The anisometric mineral particles used in this thesis, 
goethite and gibbsite, are not fluorescent and additionally have dimensions below 
the resolution of the microscope. Goethite is a coloured pigment and is therefore 
not suitable for CLSM. Gibbsite on the other hand, is colourless, can be grown to 
larger sizes and can be fluorescently labelled. In the final chapter of this thesis we 
therefore focus on imaging gibbsite liquid crystals in real-time and space using con-
focal laser scanning microscopy.

1.5 Outline of this thesis
This thesis focuses on the liquid crystal phase behaviour and characterization of 
liquid crystals of colloidal mineral particles. Small angle x-ray scattering is the char-
acterization technique that is predominantly used throughout this work. Addition-
ally, we also take steps towards enabling CLSM for liquid crystal characterization, 
which might enable future research on confinement studies of positionally ordered 
colloidal liquid crystals. 

This thesis is split into two parts. Part 1 describes the goethite system, in which 
the focus is on influencing liquid crystal phase formation, partly by using external 
fields. In Chapter 2 we follow a sample of polydisperse (30%) chromium-modified 
goethite colloids, that spontaneously form I, N, S and two types of columnar phases, 
that is slowly sedimenting in the earth gravitational field over a time span of five 
years. In Chapter 3 a different approach is taken. Instead of using an external field, 
we introduce a depletant, which changes the interaction between the particles, and 
study its effect on goethite phase behaviour. We investigated two different goethite-
depletant systems with similar particle dimensions but different polydispersities. 
Furthermore, we make use of external magnetic fields aiming in Chapter 4 to tune 

illumination
pinhole

dichroic mirror

emission
pinhole

objective 
lens

sample

incident beam
emitted light
out-of-focus light

Fig. 1.3 Schematic drawing of the principle of a confocal microscopy. By using two emission 
pinholes, all out-of-focus light (dashed lines) is filtered out, which severely improves the 
resolution and contrast.
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the biaxiality of the N phase by varying the field strength, and in Chapter 5 to study 
the reorientation process of the columnar liquid crystal phase in a high magnetic 
field

In part 2 we focus on liquid crystal formation of large gibbsite platelets. Due to 
their high sedimentation velocity they often form less ordered phases. In Chapter 6 
we therefore develop a ‘3D’-SAXS method to enable better characterization of dis-
torted positionally ordered structures. Chapter 7 describes different methods to 
modify the platelets such that they are suitable for CLSM. Additionally, the liquid 
crystal phase formation of these modified platelets is studied with CLSM. 
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2
Ageing in a system of polydisperse 
board-like goethite particles

The rich liquid crystalline phase behaviour of a polydisperse system of chro-
mium-modified goethite particles sedimenting in the earth gravitational field 
has been studied for five years. We observe that the particles stay highly mobile 
over years and the rich phase behaviour keeps developing in novel and even 
surprising ways. While in many other colloidal systems particle size polydisper-
sity suppresses the formation of ordered phases, goethite particles form mul-
tiple co-existing ordered phases. The particle polydispersity problem is then 
solved by particle exchange between co-existing phases. One usually expects 
that a less ordered phase (e.g., nematic) is formed first while crystallization of 
the smectic and columnar crystals might take longer time. For goethite particles 
we find the opposite, i.e. the nematic phase grows over years at the expense of a 
better ordered smectic phase. Moreover, SAXS patterns revealed peak splitting 
for both the smectic and the columnar phase meaning that the system displays 
fractionated crystallization. We further discovered that the centred rectangular 
columnar phase (RC) spontaneously forms out of the simple rectangular colum-
nar phase (RS). The reverse transition is observed as well. We explain the ease 
of these martensitic transitions by showing how slight rotation and translation 
of the particles triggers the transition. 
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2.1 Introduction
Suspensions of anisotropic particles are able to self-organize into various liquid 
crystal phases with nematic (N), smectic (S) and columnar (C) structures. In the N 
phase there is only orientational order. In the smectic phase the oriented particles 
are stacked into layers and thus have positional ordering in one direction as well. In 
the columnar phase the oriented particles form columns which are stacked in two 
dimensions.

Although much attention has been paid to organic liquid crystals which are well 
known for their application in liquid crystal displays, mineral liquid crystals have 
enhanced electrical, optical and magnetic properties and a better thermal stability 
[1] and therefore deserve study in their own right. 

However, synthetic colloids have an inherent polydispersity which is known to 
suppress ordering. For example, a crystal of colloidal spheres cannot accommodate 
a polydispersity higher than the so-called terminal polydispersity of about 6 – 8 % 
[2, 3]. For dispersions of rod-like particles it is predicted on the basis of computer 
simulations that the smectic phase cannot contain particles with a length polydis-
persity above 18% because the particles will not fit into the smectic layers [4]. 

Some theories address the influence of fractionation, showing for example for 
both bidisperse and continuous systems that fractionation occurs for isotropic-
nematic phase separation in dispersions of colloidal rods [5-7]. The longer rods 
orient first and form the nematic phase, while the shorter rods remain in the isotro-
pic phase [8-11]. For spheres it is shown that they can display fractionated crystal-
lization, when the polydisperse suspension splits into fractions with narrower size 
distributions. If local values of the polydispersity then end up below the terminal 
polydispersity, each of these fractions can consequently form crystals with differ-
ent periods [12-17]. This fractionated crystallization has actually been observed for 
liquid crystals in a system of polydisperse colloidal disks [18].

Dispersions of colloidal board-like goethite (a-FeOOH) particles show rich liquid 
crystalline phase behaviour, including the nematic, smectic and two different types 
of columnar phases, the rectangular simple (RS) and the rectangular centred (RC) 
[19-24]. For a specific particle aspect ratio even biaxial nematic and smectic phases 
are found [25, 26]. Because of the special magnetic properties of individual goethite 
particles [27, 28] the system is highly susceptible to external fields as well. 

Surprisingly, for goethite systems with a high polydispersity (35 - 50%) it was 
shown that their polydispersity does not suppress, but actually enriches the phase 
behaviour [29, 30]. In contrast to systems with lower polydispersity besides the 
nematic and smectic also columnar phases were observed. Goethite particles have a 
high density which makes sedimentation an important factor as well. The interplay 
between the high polydispersity, sedimentation and phase separation induces frac-
tionation which locally can reduce the polydispersity by a factor of at least two [29]. 
It was shown that at high polydispersity the columnar phase and smectic phase 
coexist and that the columnar phase acts as a waste disposal for particles which 
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do not fit within the smectic phase. Fractionated crystallization, as was observed 
for plate-like particles, was expected but has never been observed before for this 
system. 

In this chapter we have studied the phase behaviour of a highly polydisperse 
(30%) dispersion of chromium-modified goethite boards by small angle x-ray scat-
tering (SAXS) and polarized light microscopy (PLM), over a span of five years. Inter-
estingly, the initially already rich phase behaviour keeps developing over time, lead-
ing to an increasing volume of nematic phase, fractionated crystallization in smectic 
and columnar phases and providing a proof for the delicate balance between the 
two forms of the columnar phase. 

2.2 Experimental 

2.2.1 Synthesis and sample preparation
The chromium-modified goethite particles were obtained by the hydrolysis of iron/
chromium nitrate at high pH. This was performed according to the procedure de-
scribed by Lemaire et al. [23] but slightly adjusted to incorporate chromium ions 
[24, 31]. 1 M NaOH (Acros, reagent ACS, pellets 97+%) was added to a 0.1 M chro-
mium/iron nitrate solution (Cr(NO3)3.9H2O, Merck, p.a. and Fe(NO3)3.9H2O, Fischer, 
p.a.) until the pH of the solution was 9. The precipitate was redispersed in Millipore 
(mp) water and NaOH was added until a pH of 11-12 was reached. The precipi-
tate was aged at 70 °C for 10 days. The particles were washed with mp water and 
charged with 3M HNO3 (Merck, 65%, p.a.). After washing with mp water the par-
ticles were dispersed in slightly acidified (with HNO3) mp water to obtain a stable 
dispersion at pH = 3. The H+ and charge-compensating NO3

- concentrations deter-
mine the salt concentration. Therefore, the Debye length is 10 nm at most. The par-
ticle volume fraction φ was 0.08. 

A flat glass capillary with internal dimensions of 0.2 x 4.0 x 100 mm3 (Vitrocom 
W3520-100) was filled with the Cr-goethite dispersion. The capillary was flame-
sealed and stored vertically to assure the formation of a density gradient.

2.2.2 Characterization
Inductively coupled plasma optical emission spectroscopy (ICPOES) showed that 
approximately 5% of the iron atoms were substituted by chromium. The chromium 
substitution increases the critical magnetic field strength B*, which was found to be 
~550 mT for the particles described in this chapter.

A Technai 10 (FEI company) transmission electron microscope (TEM) was used 
to determine particle size distributions. Of about 300 particles the length and width 
were measured with iTEM imaging software to determine the average length (<L>) 
and width (<W>) and their standard deviations (δL and δW). The length polydis-
persity is then defined as σL = δL /<L>. Because few particles lay on their side the 
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thickness T was hard to measure and was determined for about 10 particles. The 
particle dimensions were found to be <L> x <W> x <T> = 227 x 68 x 22 nm with a 
polydispersity of about 30% in all dimensions. 

Small angle x-ray scattering
We have collected SAXS patterns during six measurement sessions which were 
done over a time span of five years using the microradian diffraction setup [32] at 
the BM26 DUBBLE [33] beamline and the ID02 high brilliance beamline [34] of the 
European Synchrotron Radiation Facility (ESRF, Grenoble, France). Patterns were 
collected by different 2-dimensional x-ray CCD-based detectors. Exact details of the 
used setup slightly varied for the different measurements but typically a photon 
energy of 12 - 13 keV was used, with a sample-detector distance of 7 - 10 m. Dur-
ing most sessions magnetic fields were applied with a variable permanent mag-
net (of beamline ID02) with which a field strength of up to 1.5T could be reached. 
By changing the distance between the NdFeB poles (which are made of stacks of 
NdFeB) the strength of the field could be varied and by changing the NdFeB stacks 
the direction of the field could be altered. Sometimes also a homemade permanent 
magnet was used.

Here we collect the results of the SAXS measurements to determine the charac-
ter of the liquid crystal phases, which were always done before the magnetic field 
was applied. This means that in between the experiments the sample was able to 
relax its structure after magnetic field application. During every measurement the 
sample was measured in the middle of the capillary and patterns were obtained 
every mm along the vertical direction (y) of the capillary.

Polarized Light Microscopy
A polarized light microscope (Nikon LV100Pol) equipped with a 2x Nikon CFI Plan 
UW and a 10x Nikon CFI Plan Fluor ELDW objective was used to study the bire-
fringence and the liquid crystal phases within the sample. The microscope was in 
a tilted position with the focal plane along gravity in order to allow investigation of 
the sample in an upright position to prevent the gravity induced density gradient 
in the sample from being distorted. Images were captured by a MicroPublisher 5 
megapixel CCD camera (MP5, Qimaging).  

2.3 Results and Discussion

2.3.1 Phase behaviour through the years
Here we present observations on a dispersion of chromium-modified goethite par-
ticles (5:95 Cr:Fe). The particles have a critical magnetic field strength (B*) of ~550 
mT above which the induced magnetic moment is larger than the permanent mag-
netic moment and the particles will change orientation. A flat capillary was filled 
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with the dispersion (φ = 0.08) in November 2006 and stored vertically to assure the 
formation of a density gradient in the gravitational field. The phase behaviour of the 
system has been studied by small angle x-ray scattering (SAXS) and polarized light 
microscopy (PLM), over a span of five years.

Fig. 2.1(a) shows a schematic overview of the development of the different liquid 
crystal (LC) phases formed in the capillary. PLM clearly reveals phase separation 
and the appearance of the LC between crossed polarizers suggests the character (N, 
S, C) of the LC phase (Fig. 2.1(b)). With a white light source Bragg reflections could 
be observed in both the S and S + C phase, which helped distinguishing between 
the N and the S (+C) phases. Furthermore, detailed structure characterization and 
final LC structure assignment were done with SAXS. Patterns were taken every mm 
along the height of the capillary. There were six measurement points with differ-
ent time intervals. The first three (Jun, Aug, Nov 07) with an interval of about two 
to three months, the next two (Sep 08, Jun 09) with an interval of approximately a 
year and the last measurement (Oct 11) was done over two years later. For other 
research purposes magnetic fields were applied. The black arrows in Fig. 2.1(a) 
indicate when a magnetic field was applied, the strength of that field and in which 
direction. At low field strengths particles align along their L axis and above B* they 
reorient and will align along their T axis. The effect of the field is always temporary; 
after the field is switched off the particles are eventually able to relax to their pre-
ferred configurations without field. 

Fig. 2.1(a) shows that the sample displays rich and complex phase behaviour al-
ready half a year after sample preparation (Jun 07); the isotropic, nematic, a large 
smectic and the simple rectangular columnar phase (RS) are observed. After sedi-
mentation for a year also the centred rectangular columnar phase (RC) is observed 
(Nov 07). After a couple of years in which both columnar phases are coexisting (Nov 
07 – Jun 09) the columnar RS phase completely disappears and the RC columnar 
phase is the only columnar phase present.

For the first four measurements the large smectic phase has approximately the 
same size, but over time the amount of smectic phase decreases. For the nematic 
phase the contrary is observed; it steadily grows over time. 

The last two SAXS measurements done in 2009 and 2011 showed fractionated 
crystallization in the smectic phase and in 2011 in the columnar phase as well. This 
has recently been observed in suspensions of gibbsite platelets [18] but was never 
seen before in goethite. In the following parts we will focus on some selected fea-
tures.

2.3.2 Polydispersity induced nematic phase
The observations reported above again point to the influence of polydispersity on 
the phase behaviour. Normally, in sedimenting colloidal liquid crystals a density 
gradient is formed which induces phase separation; phases with different volume 
fractions are formed on top of each other, the phase with the highest density form-
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Fig. 2.1 (a) Schematic representations of the liquid crystal phases observed in the capillary 
constructed from SAXS (supported by PLM) measurements done at six moments over five 
years. SAXS patterns were obtained every mm along the vertical direction (y) of the capil-
lary. Grey represents the I phase, green the N, red the S and the blue colours the two differ-
ent C phases, RC and RS. The vertical arrows indicate when magnetic fields were applied. The 
field was always applied after the LC phases were determined. The strength of the field and 
direction (→ means along capillary width and x along capillary thickness) are mentioned 
as well. B* = 550 mT. 0 mm is at the bottom of the capillary.  (b) PLM images of the phase 
separated sample in Jun 07 and Oct 11. White bars mark the interfaces between the different 
LC phases. The enlarged area shows the I - N interface with increased picture brightness to 
increase visibility of the interface.
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ing at the bottom of the capillary. So for this system, one would expect the most 
highly ordered columnar phase at the bottom, with the smectic, nematic and iso-
tropic phase respectively on top. The higher the degree of ordering in the liquid 
crystal phase, the longer it normally takes for the corresponding structure to form. 
This means that one expects the smectic phase to grow over time, while the nematic 
phase decreases.  

Previous research already showed that polydispersity explains the coexistence of 
the columnar and smectic phase at the same height: the particles too large to match 
the smectic periodicity in this system are expelled to the columnar phase, which 
acts as a waste bin.

In the present experiments we see the nematic phase steadily grow over time. 
This is in contrast to the size of the smectic phase which decreases over time (Fig. 
2.1) after staying - within the accuracy of the measurements - approximately equal 
for about a year (Fig. 2.1(a)).  This peculiar behaviour strongly suggests that the 
nematic phase is not only formed by sedimenting particles from the isotropic phase 
but also by smaller particles that are expelled from the smectic phase. We observed 
that even after phase separation the smectic phase slowly keeps developing. Fig. 
2.3 shows that over time smectic domains with different periodicities, hence low-
er polydispersities, are formed at the same height in the capillary. This so called 
‘fractionated crystallization’ will be discussed in the next section (section 2.3.3). 
Moreover, Fig. 2.1(b) shows that finally a large single, well ordered smectic domain 
is formed. From this it is clear that Brownian rearrangement of particles happens 
for a long time. To obtain this high ordering and low polydispersity in the smec-
tic phase the particles that do not ‘fit’ the smectic periodicity are excluded. The 
columnar phase accommodates the larger particles that, due to fractionation and 
sedimentation, are lower in the sample. The smaller particles that are higher in the 
sample are easily ‘absorbed’ in the nematic phase which can accept a much higher 
polydispersity. In this respect, the nematic phase can - like the columnar phase for 
the longer particles - be considered a waste bin for shorter particles that do not fit 
within the smectic layers.

Board- or rod-like systems with high polydispersity normally favour the nematic 
phase over the smectic phase. By expelling the particles that do not fit the smectic 
periodicity the goethite system locally reduces its polydispersity and still favours 
the smectic phase, large rather stable smectic domains are present. 

2.3.3 Fractionated crystallization
We saw before that the system deals with polydispersity by expelling the too large 
and too small particles into columnar and nematic phases respectively. Previous 
measurements [29] demonstrated that goethite systems fractionate, meaning that 
there is a gradient with the larger particles lower in the sample, and the smaller 
particles in the top of the sample. It was found that due to this effect, the local poly-
dispersity can be twice as low as in the parent dispersion.
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In this paper we show for the first time that these systems may also display frac-
tionated crystallization (i.e. the presence of crystal domains with different periods 
at the same height in the sample). This was observed with SAXS for the first time in 
the smectic phase after three years of sedimentation (Jun 2009).

This fractionated crystallization is demonstrated in the SAXS pattern shown in 
Fig. 2.2(a). This pattern was measured in 2011, after five years of sedimentation. 
The sharp reflections in the horizontal direction and the liquid-like reflection in 
the vertical direction, both labelled S1, originate from one set of smectic inter- and 
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Fig. 2.2 (a) High resolution SAXS pattern of a RC and S phase measured in the Cr-goethite 
sample in Oct 11 at y = 2.5 mm. Reflections labelled S1 and S2 originate from the smectic 
interlayer periodicity and the liquid-like interactions within the layers, respectively. Reflec-
tions labelled C originate from the Q11 and Q20 columnar reflections. The solid and dashed 
arrows emphasize the split Bragg peaks indicating fractionated crystallization in the smectic 
and the columnar phase, respectively. The black bar denotes 0.05 nm-1. (b) I(Q) profile taken 
of the area between the black solid lines in (a). S and C again indicate reflections from the 
smectic and columnar phase respectively. For the 3rd order smectic reflection we clearly see 
split peaks. For the 2nd order it is less clear but a shoulder can be observed. (c) I(Q) profile 
taken of the area between the grey dashed lines in (a). Again S and C indicate reflections 
from the smectic and columnar phase, respectively. Here we clearly see split peaks for the 
columnar Q20 reflection and a shoulder at the Q11 reflection.
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intralayer distances. The weak reflection labelled S2 is from a smectic domain with 
another orientation. The rings labelled C originate from the Q11 and Q20 columnar 
RC reflection. If one looks closer, one clearly sees that the sharp S1 reflections are 
split (black arrow), indicating that there are two characteristic interlayer distances 
(with almost similar orientation) at that height in the capillary. The same can be 
seen for the reflections of the columnar phase (dashed arrow). 

This is even clearer from the intensity profiles in Fig. 2.2(b, c). One profile was 
taken of the area between the black lines, the first two reflections at Q = 0.038 nm-1 

and 0.057 nm-1 are the 2nd and 3rd order of the smectic periodicity and especially at 
the 3rd order reflection double peaks can be observed. For the 2nd order reflection it 
is less clear, but the peak is asymmetric, a shoulder can be observed (indicated by 
the black arrow). The two reflections at higher Q-values originate from the colum-
nar RC phase. Fig. 2.2(c) shows the intensity profile of the area between the dashed 
lines, at low Q a weak peak is visible from the smectic periodicity, as is the liquid-
like peak seen around 0.1 nm-1. The two columnar reflections at 0.078 nm-1 and 
0.120 nm-1 are again split proving the presence of fractionated liquid crystals. 

To summarize these observations the smectic interlayer periodicity (D) was plot-
ted against the height in the capillary (y) in Fig. 2.3. From 2007 through 2008 regu-

y (mm)

D
 (n

m
)

Jun 07
Aug 07
Nov 07
Sep 08
Jun 09
Oct 11

        
Fig. 2.3 The interlayer distances D measured in the S phase plotted against the distance 
from the bottom of the capillary y (0 mm is at the capillary bottom), measured at the same 
moments in time as the schematic drawings in Fig. 2.1(a). From 2007 till Sept 2008, there 
is a continuous gradient in D with the largest distances found at y = 0 since the largest par-
ticles are at the bottom of the capillary. However in 2009 we see a discontinuous transition 
(dashed lines); two characteristic interlayer distances are measured at the same position, in-
dicating fractionated crystallization. The same can be observed for an ever larger area in the 
Oct 2011 measurements (dotted lines). Here, up to three different characteristic distances 
were detected at the same position.
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lar fractionation can be seen, there is a continuous gradient in the periodicities. 
The periodicity is largest at the bottom of the capillary, because larger particles 
sediment faster. However, in 2009 we see a discontinuous transition; two charac-
teristic interlayer distances are observed at the same height. The same holds for 
the 2011 measurements, where even three characteristic distances were measured 
at the same position. The decrease in the interlayer distances in 2011 which can 
be observed for y > 3 mm is most likely due to compression of the system by aging 
after fractionated crystallization.  

Due to the several ways the system accommodates its high polydispersity - the 
formation of nematic and columnar ‘waste bins’, both fractionation and fraction-
ated crystallization - the system manages to form a remarkable large and stable 
single smectic domain over time. In 2011 the size of this single domain was more 
than 10 mm2 (Fig. 2.1(b)).

For the first measurements smaller single domains were observed as well, but 
these might be induced by the magnetic field. However, the particles stay highly mo-
bile, as Fig. 2.1(a) shows, and between 2009 and 2011 there was no magnetic field, 
indicating that the formation of this large single smectic domain is spontaneous. 

2.3.4 Columnar phases
Fig. 2.1 shows that two different columnar phases were observed, the rectangular 
simple (RS) and the rectangular centred (RC) phase, depicted in Fig. 2.4(a, b) re-
spectively. These structures were already described in ref. [24] where a simple cell 
model was given which shows that entropically the RS phase is slightly favoured. 
The entropy difference DS = kB(ln WS – ln WC) with W the configurational space per 
particle between the two phases varied from 0.32 kB per particle (bare particles) up 
to 3.4 kB per particle (Debye length taken into account). In the presence of a strong 
magnetic field the orientation of the shortest particle axis is fixed due to the in-
duced magnetic moment in combination with excluded volume interactions (which 
favor alignment of T over W, see Chapter 4). In this case the model shows that the RC 
phase is favoured by 0.14 to 0.22 kB per particle. This rationalized the observation 
reported in that article that the RS phase was favoured and the RC phase was only 
observed after being induced by a strong magnetic field. 

Here, we see for the first time that the RC phase is also formed spontaneously. In 
Fig. 2.1(a) we clearly see that in November 2007 the RS phase is present, which has 
spontaneously transformed into the RC phase by September 2008. Fig. 2.4(c) shows 
the SAXS pattern measured in the sample. The two rings at Q = 0.064 and 0.100 nm-1 

(Fig. 2.4(e)) originate from the RC Q11 and Q20 reflections.
Fig. 2.1(a) shows that both phases change into each other quite easily and they 

even coexist, for example in November 2007 and 2009. Indeed the SAXS pattern in 
Fig. 2.4(d) with the accompanying intensity profile (Fig. 2.4(f)) shows reflections 
from both phases.

From this we can conclude that there is a fine interplay between the phases and 
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Fig. 2.4 Schematic drawings of the (a) RC and (b) RS phase with their characteristic cell dis-
tances shown in black. Bragg reflections are expected at Qhk = 2p/dhk. High resolution SAXS 
images of (c) the coexisting RC and S phase measured in Sept 08 and (d) coexisting RC, RS 
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the pattern in (c). Peaks are assigned to the RC Q11 and Q20 reflections. (f) I(Q) profile of the 
pattern in (d). Peaks are assigned to the RS Q10, Q01 and Q11 reflections and the RC Q11 and Q20 
reflections, where RS,Q11 is at the same Q as RC.
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there is no phase that is clearly favoured by the system. The model, which already 
predicts very small entropy differences, is probably not accurate enough to be con-
clusive. The spontaneous formation of the RC phase for example cannot be explained 
with the model. The model does not account for polydispersity, which is playing an 
important role in this system. Also fractionation can influence the delicate balance 
between the phases.

2.3.5 Ease of the RC – RS martensitic transition
The fact that the phases transform into each other and coexist is easily understood 
if one studies the two different structures carefully. First of all, the structures both 
have the same particle density. Fig. 2.4(a, b) show that the RC structure has two par-
ticles per 132 x 130 nm cell, whereas the RS structure has one particle per 101 x 85 
nm cell, which is indeed ½ x 132 x 130 nm. It is assumed that the distance between 
the particles in the third direction remains the same.  

Besides, from Fig. 2.4(e) it is clear that the reflection QRs,11 is equal to QRc,20, mean-
ing that the two structures have a common characteristic distance: RS,d11 =  RC,d20. 
It can then be seen that it is easy to transform the structures into each other (Fig. 
2.5). If the particles in the RS phase slightly rotate around their long axis (by ap-
proximately 45°) and the layers slide a little over each other, the RC phase will be 
obtained. Also the other way around, a shear force created by for example moving 
the sample or applying a magnetic field can make the layers slide over each other 
which triggers the formation of the RS phase. After or during sliding of the layers 
only a simple rotation is necessary to switch phases.

These transformations from one phase into the other are small and underline the 

Fig. 2.5 Schematic representation of the RS – RC martensitic transition pathway. By rotating 
the particles in the RS phase by 45° only a little sliding of the layers over each other is needed 
(emphasized by the dotted lines) to obtain the RC phase.
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delicate balance between the two phases.

2.4 Conclusions 
We have studied the phase behaviour of a polydisperse chromium-modified goe-
thite dispersion over a span of five years using PLM and SAXS measurements. We 
have observed that the particles stay highly mobile over years and that the system 
keeps developing interesting phase behaviour. This phase behaviour is induced 
by the high polydispersity and a strong tendency of the system to form a smectic 
phase, which expels the longer particles to the columnar phase(s) [29]. We now ob-
served that the system continues creating an increased amount of nematic phase to 
which too small particles from the smectic phase are expelled. We saw for the first 
time split Bragg reflections in SAXS patterns for both the smectic and the columnar 
phase meaning that the system also displays fractionated crystallization to locally 
decrease the polydispersity. These ways of lowering the polydispersity locally con-
tribute to the preservation of the smectic phase. Over a period of five years, a very 
large and stable single smectic domain is obtained.
Moreover, we show for the first time that the centred rectangular columnar phase 
is spontaneously formed out of the simple rectangular columnar phase. The phases 
can transform into each other easily which we explained by the RS and RC phases 
having the same particle density and one equal characteristic distance so that a  
small transformation - sliding of the layers and simple rotations - is enough to trig-
ger the martensitic transition between the phases.
We conclude that polydisperse aqueous goethite dispersions remain very versatile 
liquid crystal formers due to their particles’ capacity to keep rearranging even after 
many years.
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3
Phase behaviour in suspensions of 
goethite colloids and small spheres

We study the influence of a spherical depletant on the phase behaviour of goe-
thite board-like particles with the length/width aspect ratio slightly larger than 
the width/thickness ratio. Here we present the results of an exploratory study. 
Using small angle x-ray scattering we find that the depletion-induced attrac-
tion between the particles leads to the formation of the smectic phase. We find 
isotropic - smectic phase separation for all depletant concentrations used; the 
nematic phase is not observed. The scattering patterns of the depletant induced 
smectic phase reveal smaller distances between the particles within the layers, 
while the smectic interlayer periodicity increases. This suggests that the de-
pletant particles are located in between layers of goethite particles. Scattering 
patterns of the particle ordering within the layers reveal multiple peaks which 
suggests biaxial ordering. We find that the depletant-induced smectic phases 
are highly viscous and unresponsive to weak magnetic fields. We compare our 
results with theoretical work which predicts biaxial nematic phases for a simi-
lar system and similar depletant concentrations. Our results indicate that these 
depletant concentrations induce a sufficiently strong attraction between the 
particles, leading to a more highly ordered liquid crystal phase (smectic phase) 
superseding the nematic phase. Our results imply that for future research in-
cluding nematic phases in goethite-depletant mixtures significantly lower de-
pletant concentrations should be used.
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3.1 Introduction 
Suspensions of hard anisotropic (mineral) particles have the ability to self-organize 
into various liquid crystalline structures involving nematic (N), smectic (S) and co-
lumnar (C) phases [1]. In the N phase the particles are orientationally ordered. In 
the S and C phase the particles additionally have positional order in one and two di-
mensions, respectively. This process is predominantly entropy driven and the liquid 
crystal phase formed therefore depends on the particle shape and volume fraction. 

The liquid crystal (LC) phase behaviour of colloidal particles can be influenced 
in various ways . External electric and magnetic fields are frequently used to reori-
ent and fuse liquid crystalline domains  or to induce phase transitions. Also spatial 
confinement is known to influence the phase behaviour: e.g. slit-pore confinement 
can lower the I – N [2, 3] as well as the I - S binodal [4]. 

LC phase behaviour can not only be changed by externally applied forces, but can 
also be influenced by changing the interactions between the particles. By changing 
the salt concentration of the dispersion the thickness of the double layer surround-
ing the particles will change. This can e.g. be used to suppress the chirality of the 
particles [5] or to tune the effective particle anisotropy [6]. 

Another way to change the particle interactions is by adding a depletant -non-
adsorbing polymers or small colloidal particles- to the dispersion. The depletion 
interaction causes an effective attraction between colloidal particles [7, 8] which 
gives rise to rich phase behaviour [9]. While most studies are performed on spheri-
cal colloids a significant body of work has also been done on the addition of poly-
meric depletants to suspensions of rod-like and plate-like colloids. An example is 
the work of Dogic et al., who studied the addition of the polymer dextran to suspen-
sions of fd-virus. They found that adding polymer widens the I – N coexistence re-
gion [10], while at higher dextran concentrations the I – N transition is superseded 
by the I – S transition [11]. This depletant-induced broadening of the I – N phase 
was also observed in several other studies (see ref. [9], chapter 6). 

Also small colloidal spheres have been used as depletants [9]. Studies of mix-
tures of anisotropic particles and small colloidal spheres revealed rich phase behav-
iour. E.g. the addition of small silica spheres to dispersions of platelets was found 
to significantly broaden the I - C coexistence region [12] and to lead to a floating 
nematic phase sandwiched between two isotropic phases [13]. For suspensions of 
hard sphero-cylinders it was predicted that the addition of large spheres stabilizes 
the  nematic phase, while the addition of small spheres stabilizes layered phases 
[14, 15]. Experimentally, a depletant-stabilized layered phase was observed by Ad-
ams et al. in mixtures of fd-virus and polystyrene spheres [16]. 

The depletant concentration has a large influence on the phase behaviour. Like 
for polymeric depletants the I – S transition was found to supersede the I – N transi-
tion for high depletant concentrations [11, 14, 16]. At even higher depletant con-
centrations microphase separation [16] as well as kinetically arrested phases do 
occur [17]. 
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Recent theoretical work describes the effects of the depletion interaction on the 
phase behaviour of board-like particles [18]. Board-like particles, characterized by 
three distinct axes with dimensions L > W > T, are especially interesting; their shape 
is in between plates and rods and so is their phase behaviour. N, S as well as C phases 
have been observed. Additionally, they represent the simplest model for which the 
rare biaxial nematic phase (NB) was predicted [19]. Particles in regular uniaxial ne-
matic phases are orientationally ordered in one dimension, rods forming a prolate 
(N+) and plates forming an oblate (N-) nematic phase. In contrast, particles in the 
NB phase are aligned along all three directions. The NB phase can be interpreted as 
a balanced competition between rod-like (N+) and plate-like (N-) behaviour and is 
therefore predicted for board-like particles with L/W = W/T [20-22]. The theoreti-
cal work of Belli et al. shows that the addition of a (hard) depletant, which favours 
N- ordering, to a system of board-like particles with L/W slightly larger W/T, fa-
vouring N+ competition, induces N+ - N- competition. As a consequence the NB phase 
is predicted to be stable for a range of depletant concentrations [18].

Goethite board-like particles, known to display N, S and at higher polydispersity 
C phase separation [23], constitute one the few experimental realizations of the 
rare NB and biaxial smectic phase [24, 25]. Unfortunately, the shape of particles is 
hard to control experimentally and the particles rarely satisfy the L/W = W/T con-
dition [26]. Colloidal goethite particles also have peculiar magnetic properties: a 
permanent magnetic moment along the L-axis combined with a magnetic easy axis 
perpendicular to the permanent moment. This makes them highly susceptible to 
an external magnetic field as they align their long axis parallel to a weak magnetic 
field, but realign to align their long axis perpendicular to magnetic fields with field 
strengths above a critical magnetic field strength B* [27].

In this chapter we present the results of an exploratory study of the influence of 
a depletant on the phase behaviour of goethite board-like particles. Inspired by the 
theoretical work of Belli et al. [18] -predicting a depletant induced biaxial nematic 
phase- we chose goethite systems with particle aspect ratio’s similar to those of the 
theoretical system [18]. This theoretical work does not take into account polydis-
persity -inherent for colloidal systems- which is known to have a significant influ-
ence on the stability of the NB phase [28]. Therefore we use two goethite systems: 
one with a low (13%) and one with a high (27%) polydispersity. The volume frac-
tions and the size of the added depletant were chosen such as to resemble the theo-
retical system. The experimental goethite-depletant systems, as well as the sample 
preparation and the experimental techniques that were used are described in sec-
tion 3.2. In section 3.3 we present our results, which are then discussed in section 
3.4 in the context of theoretical predictions. Finally, in section 3.5 we will conclude 
and give recommendations for further research. 
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3.2 Experimental

3.2.1 Goethite synthesis
Two different goethite systems were used: regular goethite (gr) and aluminium 
modified goethite (ga), in which part of the iron atoms are substituted with alu-
minium atoms. 

Low polydisperse gr was synthesized according to a slightly adjusted version of 
the forced hydrolysis method described by Krehula et al. [29] 25 mL of 25% TMAH 
(tetramethyl ammonium hydroxide, Aldrich 25% w/w in water) was added, under 
vigorous stirring, to 70 mL of 0.16 M iron nitrate. The solution was aged at 100 °C 
for 12 days. 

The aluminium modified ga particles were obtained by the hydrolysis of iron/
aluminium nitrate (Al(NO3)3.9H2O, Aldric, 98+%) at high pH similar to the proce-
dure of chromium-modified goethite described in section 2.2.1. 1 M NaOH was 
added to a 0.1 M aluminium/iron nitrate solution until the pH of the solution was 9. 
After this, the precipitate was redispersed in dd water and NaOH was added until a 
pH of 11-12 was reached. Aging took place at 50 °C for 14 days. 

The obtained dispersions were washed and stabilized in the same way as de-
scribed in section 2.2.1. 

3.2.2 Goethite characterization
Inductively coupled plasma optical emission spectroscopy (ICPOES) showed that 
approximately 4.8% of the iron atoms were substituted by aluminium. The alumin-
ium substitution increases the critical magnetic field strength B*, which was found 
to be ~450 mT for system gr and ~700 mT for system ga, but does not have an 
influence on the phase behaviour.

Particle size distributions were determined with TEM and iTEM imaging soft-
ware as described in section 2.2.2. For both systems, the length L and width W and 
their corresponding polydispersities were measured of about 300 particles. T was 
measured of approximately 20 particles. The particle dimensions found are shown 
in Table 3.1. Similar to the board-like system described in the paper of Belli et al. 
[18] the goethite particles of both systems have a L/W ratio, which is slightly larger 
than W/T. The difference in the aspect ratio’s between particles from the gr and the 
ga system is negligible within the experimental uncertainties.

Table 3.1 Particle dimensions and their polydispersity σ for both goethite systems.

System <L> (nm) σL (%) <W> (nm) σW (%) <T> (nm)
gr 184 13 57 19 ~18
ga 183 27 55 28 ~17
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3.2.3 Sample preparation
Silica spheres were used as a depletant (ludox-cl, 30 wt% in water, Sigma). These 
spheres have a diameter d = 17 nm and are coated with a layer of aluminium oxide 
to change the surface charge from negative to positive. The density of the particles 
is estimated to be 2 g/cm3 [31]. Goethite dispersions were mixed with the depletant 
dispersion in different ratios to obtain samples with different goethite and deple-
tant volume fractions (φg and φd, respectively). φg ranges from 4 to 13%, φd ranges 
from 0 to 4.8%. The silica dispersion as obtained from the supplier has an unknown 
salt concentration. For the ga-depletant samples the silica dispersion was washed 
three times with slightly acidified (with HNO3) mp water. It is assumed that the salt 
concentration is determined solely by the H+ and NO3

- ions. The Debye length is then 
10 nm at most. For the gr-depletant samples the silica dispersion was washed once. 
Therefore, some additional salt might be present in these samples. All dispersions 
had a pH of 3.

Flat glass capillaries (Vitrocom, W3520-100 and W3510-100) were filled with 
the different goethite-depletant dispersions. The capillaries were flame-sealed and 
stored in upright position to assure the formation of a density gradient. 

3.2.4 Small angle x-ray scattering
SAXS patterns were collected using the microradian diffraction set up [32] at the 
BM26 DUBBLE beamline [33] of the European Synchrotron Radiation Facility (ESRF, 
Grenoble, France). A photon energy of 12 keV was used, with a sample-detector dis-
tance of ~7 m. Patterns were collected using three different two-dimensional x-ray 
CCD-based detectors with a pixel size of 9, 22 (both Photonic Science) and 172 mm 
(Pilatus). Two homemade variable permanent magnets were used to apply mag-
netic fields parallel and perpendicular to the x-ray beam. By changing the distance 
between the poles, the field strength could be varied from 3 to ~700 mT for both 
magnets. The x-ray beam was estimated to have a cross-section of about 500 μm at 
the sample. Patterns were collected in the middle of the capillary and at different 
heights along the vertical (y) direction using a motorized translational stage.

3.3 Results 
Using SAXS we studied the influence of a depletant on the phase behaviour of the 
two different goethite systems: system gr with a polydispersity of 13%, and system 
ga with a polydispersity of 27%. In order to properly investigate the influence of 
the added depletant, we first characterized the phase behaviour of the bare disper-
sions. This is discussed in section 3.3.1.  The results of the dispersions with added 
depletant are described in section 3.3.2. In section 3.4 we will then discuss our re-
sults and compare them to other theoretical and experimental work. 



Chapter 3 Dispersions of goethite colloids and small spheres

40

3.3.1 Phase behaviour without depletant
System gr
SAXS patterns taken in a sample with a goethite volume fraction (φg) of 12% are 
shown in Fig. 3.1. The sample was allowed to sediment for a month before the SAXS 
measurements were performed. The pattern taken at the bottom of the capillary 
(Fig. 3.1(a)) shows an intense and sharp reflection at Q = 0.031 nm-1 combined with 
a weak and diffuse reflection at Q = 0.08 nm-1, characteristic of the smectic phase. 
The reflections, corresponding to real space values of 203 and 79 nm, originate 
from the smectic interlayer periodicity and the liquid interactions within the lay-
ers, respectively. Fig. 3.1(b) shows the pattern that was taken 11 mm higher in the 
sample. Also here the diffuse reflection at 0.08 nm-1 originating from the  shortest 
particle dimensions can be observed. Additionally, another diffuse reflection can be 
observed at Q = 0.032 nm-1. This characterizes the liquid crystal phase present as 
the nematic phase. The weak reflection at short Q originates from positional cor-
relations of the longest particle dimension. However, the reflection is too weak and 
too diffuse to originate from a smectic phase. The presence of these positional cor-
relations indicates that this nematic phase is close to the N - S interface and thus on 
the verge of becoming a smectic phase.

The nematic phase present appears to be a prolate uniaxial nematic phase (N+) 
as only one reflection of the liquid-like interaction between particles within the lay-
ers was observed. Additionally, this diffuse reflection corresponds to a real space 
value of 79 nm. This is too small to originate from correlations of solely the W-
dimension of the particles (57 nm) taking into account the Debye length (~10 nm) 
and the fact that within the layer -where the particles only possess orientational 
order- the spacing between the particles is large. It therefore appears that this re-
flection originates from correlations from both the particles’ W and T dimensions. 
This indicates that the particles can freely rotate around their long axis which is 
characteristic of the N+ phase.
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Fig. 3.1 SAXS patterns (a, b) and corresponding peak profiles (c) taken in a one month old 
gr sample with φg = 12% 1 mm above the bottom of the capillary (y = 1) and 11 mm above 
the bottom of the capillary (y = 11). The black bars denote 0.05 nm-1. The peak profiles are 
taken of the entire scattering patterns.
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System ga
SAXS patterns taken in a ga sample with a goethite volume fraction of 7% are shown 
in Fig. 3.2. The sample was six months old at the time of measuring. The SAXS pat-
terns show only diffuse reflections characteristic of the nematic phase. This can be 
attributed to the high polydispersity of the ga particles, which can inhibit positional 
ordering, especially on short (~months) timescales [34, 35]. The SAXS pattern tak-
en at the bottom of the capillary (y = 0 mm, Fig. 3.2(a, b)) is highly anisotropic and 
displays two broad reflections in orthogonal directions at QW ≈ 0.047 nm-1 and QT 
≈ 0.107 nm-1. These reflections originate from correlations of the W and T particle 
dimensions; the ratio between QW and QT is 2.3 which closely matches the W/T ratio 
taken into account the Debye length (~10 nm). This indicates that the liquid crystal 
phase present is the biaxial nematic phase (NB) [24]. 

The pattern shown in Fig. 3.2(c) is taken 2 mm above the bottom of the capillary 
(y = 2 mm). Also this pattern is anisotropic, but the effect is significantly less than 
at y = 0 mm. The I(Q) profiles taken in orthogonal directions (Fig. 3.2(d)) only vary 
slightly. In both directions a very broad peak consisting of reflections from correla-
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Fig. 3.2 SAXS patterns and their corresponding peak profiles taken in a six months old ga 
sample with φg = 7%  at the bottom of the capillary (a, b) and 2 mm above the bottom of 
the capillary (c, d). Solid and dashed lines in (a) and (c) indicate the regions of which I(Q) 
profiles were taken. The white horizontal bars in the SAXS patterns are an artefact of the 
detector. The black bars denote 0.1 nm-1.
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tions of both the W and T particle dimensions can be observed. In one direction the 
contribution from the T particle dimension is higher (solid line), whereas in the 
other direction the contribution from the W particle dimension is higher (dashed 
line). This means that the biaxial ordering is very weak. The phase resembles the 
prolate uniaxial nematic phase, which would display only one reflection around 
0.08 nm-1, as was observed for the gr system.

It is quite remarkable that the ga system, which has practically the same particle 
dimensions as the gr system, forms a NB phase, while the gr system does not. This 
can be attributed to the higher polydispersity of the ga system. Belli et al. [28] theo-
retically predicted that polydispersity stabilizes the NB phase because it induces 
N- - N+ competition. Our experimental findings confirm this theoretical prediction.  

3.3.2 Phase behaviour with added depletant
System gr
Using SAXS we studied the influence of a depletant by characterizing the phase be-
haviour in several samples with different depletant concentrations (φd = 1.2, 2.2, 
2.8, 3.7 and 4.8%). The SAXS-patterns revealed I - S phase separation in all samples. 
Remarkably, the N phase, which was observed for the system without depletant and 
is predicted by Belli et al. [18], was not observed. Also optical observations indicat-
ed I – S  phase separation. Fig. 3.3(a) shows a typical picture of a sample containing 

(a) (b) (c)

Fig. 3.3 (a) Typical photograph of a capillary containing a goethite-depletant dispersion (gr 
with φd = 3.7 and φg = 8.5%).  (b) and (c) show the Bragg reflections in the capillary which are 
visible under illumination -under different angles- with white light.  The white bar denotes 
1 mm, the dashed white line indicates the transition from the I - S. The arrow points to small 
S domains nucleated on the capillary wall.
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a goethite-depletant mixture (φd = 3.7 and φg = 8.5%). An isotropic phase on top of 
a 6.5 mm high sediment can be observed. Upon illuminating the sample with white 
light beautiful Bragg reflections can be observed (Fig. 3.3(b)), of which the color 
changes with the angle of the incident light (Fig. 3.3(c)). These reflections are char-
acteristic of a positionally ordered -smectic or columnar- phase. The goethite parti-
cles in the gr system have a low polydispersity which excludes the C phase [23]. The 
Bragg reflections can be observed throughout the sediment which indicates that 
the entire sediment is S.  The arrow in Fig. 3.3(a) points to small areas in the I phase 
in which Bragg reflections can be observed. These are most likely small S domains 
which nucleated on the capillary wall. Using SAXS we characterized the LC phases 
in detail.  Below we present and discuss typical SAXS patterns of several gr samples.

Fig. 3.4 shows three SAXS patterns taken at different heights in a sample with a 
goethite volume fraction of 7.1, and a depletant volume fraction of 3.7%. The sam-
ple was allowed to sediment for eight months before SAXS patterns were taken. 
Both SAXS patterns taken in the 5 mm high sediment, at y = 4 and 5 mm, respec-
tively (Fig. 3.4(a, b)), show that the system has indeed formed a smectic phase: (in-
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Fig. 3.4 SAXS patterns taken in a gr sample with φd = 3.7% and φg = 7.1% at different heights 
in the capillary: y = 4 (a), 5 (b) and 6 mm (c) from the bottom of the capillary. The arrow 
in (b) points to the reflection of the smectic interlayer periodicity. The black bars denote 
0.1nm-1. The peak profiles shown in (d) are averaged over all angles of the scattering pat-
terns.
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tense) sharp reflections originating from the interlayer periodicity can be seen at 
low Q.  For the pattern taken at y = 4 mm (Fig. 3.4(a)) these reflections can even 
be observed up to the 2nd order. Diffuse and very weak reflections of the liquid-like 
order within the layers can be observed at higher Q-values. The SAXS pattern taken 
at the top layer of the smectic sediment (Fig. 3.4(b)) shows smectic reflections in 
all directions, indicating that multiple S domains are present. The main part of the 
smectic phase is a single smectic domain, like the pattern shown in Fig. 3.1(a).

The pattern taken directly above the sediment (Fig. 3.4(c, d)) does not show any 
reflections; only a steep decrease in intensity can be observed. This pattern corre-
sponds to an isotropic phase. This confirms that the entire sediment is smectic; the 
N phase was not observed. The I – S phase separation is remarkable as the bare sys-
tem also displayed, even five years after sample preparation, a N phase. Addition-
ally, this goethite-depletant sample has a relatively low φg of 7.1%. In dispersions 
with lower volume fractions it generally takes more time for positionally ordered 
phases to develop [36]. 

The sample was studied in detail to obtain more information about the character 
of the S phase. Therefore SAXS-patterns were taken with higher exposure times to 
reveal the liquid-like intra-layer reflections. The patterns and corresponding peak 
profiles are shown in Fig. 3.5. The peak of the smectic inter-layer reflection is at Q 
= 0.028 nm-1, with a second order peak at 0.056 nm-1. This corresponds to a smec-
tic periodicity of ~224 nm. Highly interesting is the peak profile of the liquid re-
flections (Fig. 3.5(c), solid line). In a regular smectic phase the particles within the 
layer are orientationally ordered in one dimension only; the particles can still freely 
rotate around their long axis. Therefore one correlation peak is expected, originat-
ing from correlations of the average of the W and T particle dimensions [23, 37]. 
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Fig. 3.5 SAXS patterns taken in a gr sample with φd = 3.7% and φg = 7.1% at y = 4 mm with a 
normal exposure time (a) and with a higher exposure time (b) and their corresponding I(Q) 
profiles (c). The black dashed and grey solid lines in (a) and (b) indicate the sections of the 
patterns of which the I(Q) profiles were taken. The black bars denote 0.1 nm-1.
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However, in this sample the SAXS pattern displays two weak diffuse reflections at Q 
≈ 0.08 (~79 nm) and 0.17 nm-1 (37 nm). The aspect ratio between these two reflec-
tions is ~2.1 which agrees with the ratio between the W and T particle dimensions 
(57 and 18 nm, respectively) taken the Debye length into account. The reflections 
therefore seem to originate from the particle width and thickness. Similar peaks 
are observed in biaxial (smectic) phases [24] and this suggests that the particles in 
the depletant induced smectic phase may be biaxially ordered. However, the peaks 
are very weak. Additionally, the fact that both reflections are observed in the same 
pattern points to the presence of multiple domains.

A general way to be conclusive about the biaxiality of a smectic phase is by rea-
ligning the smectic phase using a small magnetic field applied parallel to the direc-
tion of the x-ray beam. The particles align their long axis parallel to field, hence 
the smectic layers will then orient perpendicular to the x-ray beam. The liquid re-
flections originating from the two shortest particle dimensions are then revealed 
and can carefully be studied [24]. This was also tried for this sample. Normally, a 
magnetic field strength of ~60 mT is sufficient to realign the smectic phase. How-
ever, the smectic phase in this sample did not respond to magnetic fields with field 
strengths up to 380 mT, which is the maximum field strength that could be tried 
without going above the critical field strength. It appears that the addition of a de-
pletant makes the system dense and highly viscous and therefore rather unrespon-
sive to an external magnetic field.

The measurements were therefore repeated on a younger sample with a lower 
depletant density. The sample had a depletant volume fraction φd of 1.2%, a goethite 
volume fraction φg of 8.5% and was allowed to sediment for 1.5 months. The top 
row in Fig. 3.6 shows SAXS patterns taken at four different heights in the capillary, 
at y = 0.2, 1, 1.5 and 1.8 mm, measured before a magnetic field was applied. The 
patterns reveal a 1.5 mm high, single-domain, smectic sediment. The pattern at y 
= 1.8 mm originates from the isotropic phase, hence again the N phase was not ob-
served. The second row in Fig. 3.6 shows SAXS patterns taken while a magnetic field 
of 15 mT was applied in the direction perpendicular to the x-ray beam. Normally 
goethite particles will align their long axis in a weak field, hence the smectic reflec-
tions are expected to be along the direction of the magnetic field. From the patterns 
it appears that only the very top layer of the sediment responded to the field as is 
illustrated by the arrow in Fig. 3.6, which points to the weak reflection found along 
the field. The main part of the smectic domain retains its original position. The SAXS 
patterns taken lower in the sediment did not change after applying the field, indi-
cating that the particles in the smectic phase did not realign. 

The third and the fourth row in Fig. 3.6 show the patterns taken in the sample 
after having been in a 100 mT magnetic field, which was first oriented perpendicu-
lar to the x-ray beam (3rd row) and finally parallel to the x-ray beam (4th row). For 
both cases the sample had been in the field for ~24 hours at the moment the SAXS 
patterns were taken. In the perpendicular field, the main part of the sediment has 
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reoriented in the field. Only the very bottom part of the sediment retains its original 
position. In the parallel magnetic field, again only the top ~0.5 mm of the sediment 
has completely realigned. 

For the small part of the sediment that did align in the magnetic field the pos-
sible biaxiality of the smectic phase was studied for both directions of the mag-
netic field. Fig. 3.7(a, b) show the SAXS patterns taken at y = 1 and 1.5 mm in a 100 
mT field directed perpendicular to the x-ray beam, respectively. The accompanying 
peak profiles (Fig. 3.7(c, d)) reveal that the smectic reflections are found at similar 
Q-values as found for the samples with φd = 3.7% (Fig. 3.4, Fig. 3.5). Additionally, 
two liquid reflections can be observed in the pattern taken at y = 1 mm at simi-
lar Q-values. This again reminds of biaxial ordering. However, the peaks are very 
weak. The pattern shown in Fig. 3.7(d) taken at y = 1.5 mm only shows one liquid 

B=15mT

B=100mT

X
B=100mT

B=0mT

y=0.2 y=1 y=1.5 y=1.8

Fig. 3.6 SAXS patterns taken at four different heights in a 1.5 months old gr sample with φg 

= 8.5% andφd = 1.2% without a magnetic field (top row), in magnetic fields directed perpen-
dicular to the x-ray beam of 15 and 100 mT (2nd and 3rd row, respectively) and in a 100 mT 
magnetic field which was oriented parallel to the x-ray beam (bottom row). The black bars 
denote 0.05 nm-1.
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reflection at Q = 0.17 nm-1. This originates from correlations of the shortest parti-
cle dimension (T). Reflections originating from the W-dimension are not observed. 
This means that reflections of L and T are observed in orthogonal directions, which 
is characteristic of a single biaxial smectic domain. However, again the reflection 
originating from the liquid-like interactions is extremely weak and it is therefore 
not conclusive that this reflection originates from a biaxial phase. Fig. 3.8(a) shows 
the SAXS pattern taken at y = 1.5 mm in a magnetic field of 100 mT directed paral-
lel to the x-ray beam. The pattern is asymmetric. The corresponding I(Q) profiles 
(Fig. 3.8(b)), taken in orthogonal directions, reveal one reflection at Q = 0.17 nm-1, 
originating from T, in the horizontal direction. However in the vertical direction, re-
flections of correlations of both W and T can be observed. For a true biaxial smectic 
phase only the reflection of W would have been expected in this direction [24]. The 
azimuthal profiles of the scattering intensity are plotted along two circles at fixed 
Q -at QT = 0.17 and at QW = 0.08 nm-1- are shown in (Fig. 3.8(c)). It is clear that the 
correlation peak of T has two maxima spaced ~180°. For a true biaxial phase one 
would expect the correlation peaks of W spaced ~180 degrees, with its maxima 
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Fig. 3.7 SAXS patterns taken at y = 1 and 1.5 mm ((a), (b) respectively) in a 1.5 months old gr 
sample with φg  = 8.5% and φd = 1.2% in a 100 mT magnetic field directed perpendicular to 
the x-ray beam.  The black bars denote 0.05 nm-1. The accompanying I(Q) profiles are shown 
in (c) (y = 1 mm) and (d) (y = 1.5 mm). The dashed and solid lines in (a) and (b) indicate the 
sections of the patterns of which the I(Q) profiles were taken.
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exactly in between the T correlation peaks. However, here the correlation peaks 
of W are weak and are very noisy. Recently, we observed that biaxiality decreases 
in an increasing magnetic field (see Chapter 4 and ref. [38]). This effect was found 
to be strongest for lower volume fractions. This effect might be observed here. We 
can however not be conclusive since the smectic phase in these systems cannot be 
aligned with a weaker magnetic field. 

Comparing the found Q-values for the smectic inter- and intralayer reflections to 
the values found for the bare gr system gives valuable information about the influ-
ence of the depletant. The liquid intra-layer reflections for the depletant induced 
(biaxial) smectic phase are found at significantly higher Q-values; 0.17 nm-1 for T 
and 0.08 nm-1 for W, while for the sample without depletant, the uniaxial reflec-
tion originating from correlations of both W and T was found to be QWT = 0.08 nm-1 
(Fig. 3.1). This indicates that the attraction induced by the depletant reduces the 
distance between the particles within the layer. 

The smectic periodicity however, was found to be significantly larger for the 
samples with depletant. In combination with the decrease in particle distance with-
in the layers, this suggests that the depletant particles are expelled from the layers 
and might now be located in between the smectic layers. 

In summary, the addition of a depletant induces the smectic phase, thereby sup-
pressing the nematic phase. The diffuse reflections originating from the liquid-like 
interaction within the layers are clearly not originating from an ordinary smectic 
phase. The reflections remind of biaxial ordering, however we cannot be conclusive. 
The smectic phase formed in the goethite-depletant dispersions is highly viscous 
and therefore rather unresponsive to external fields, even for the lowest depletant 
volume fraction of 1.2%. It appears that the depletion-induced attraction between 
the goethite particles is strong. 

The original gr system without depletant already has a strong tendency to form 
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Fig. 3.8 (a) SAXS pattern taken at y = 1.5 mm in a 1.5 months old gr sample with φg = 8.5% 
and φd = 1.2% in a 100 mT magnetic field directed parallel to the x-ray beam. The wedge 
shaped lines indicate the areas of which the I(Q) profiles shown in (b) were taken. De circu-
lar lines indicate the Q-distances at which the azimuthal profiles shown in (c) were taken.  
The black bar denotes 0.1 nm-1.
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a smectic phase. Therefore the effects of adding a depletant were additionally stud-
ied for system ga, which has comparable dimensions but due to its high polydisper-
sity only forms a (biaxial) nematic phase on a timescale of years. 

System ga
The phase behaviour of system ga with respectively 1, 2, 3, and 4.5 v/v% depletant 
was characterized in a similar way as system gr and the (SAXS) results are pre-
sented in this section. Similar to the gr system again only an I - S phase separation 
was observed, independent of the depletant volume fraction. 

This is demonstrated by the SAXS patterns shown in the top row of Fig. 3.9 for a 
four months old sample with φd = 4.5 % and φg = 6.0 %. All patterns taken in the 4 
mm high sediment reveal sharp and intense reflections at short Q originating from 
the smectic interlayer periodicity. Higher order peaks, characteristic of the S phase, 
are not observed but the accompanying I(Q) profiles (Fig. 3.10(c)) clearly show 
strong sharp reflections at low Q combined with very weak and broad reflections 
originating from the liquid-like intralayer interactions at high Q. This confirms that 
the liquid crystal phase present is smectic; for a N phase both reflections would be 

B= 3mT 
X

B= 120mT   
X

B= 475mT 
X

y=1 y=3 y=4 y=5
S I

Fig. 3.9 SAXS patterns taken in a four months old ga sample with φd = 4.5% and φg = 6.0% at 
four different heights in the capillary (y = 1, 3, 4 and 5 mm) in a very weak magnetic field of 
3 mT (top row) and in magnetic fields of 120 and 475 mT (middle and bottom rows, respec-
tively). The magnetic field was applied in the direction parallel to the x-ray beam. The black 
bar denotes 0.05 nm-1.
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broad and of the same order of intensity, with the reflection at high Q stronger than 
the reflection at low Q. It is quite remarkable that I - S phase separation is observed, 
since the bare ga system did not form a smectic phase on the timescale of years. 
Here, we observed I - S phase separation on a timescale of months. The plots in Fig. 
3.10(c) reflect that the smectic phase is formed on a short timescale. Normally, in 
polydisperse systems like the ga system the smectic interlayer periodicity depends 
on the height in the capillary due to fractionation [23, 35]. However, in this system 
the change in peak position of the interlayer periodicity at short Q is negligible (Fig. 
3.10(d)). The fast formation of the smectic phase might also explain the absence of 
higher order peaks for the smectic periodicity: individual layers will contain poly-
disperse particles which frustrates the positional order between smectic layers. 

Again, it was tried to realign the smectic phase using an external magnetic field 
to study the character of the smectic phase more carefully. The SAXS patterns in the 
second and third row in Fig. 3.9 are taken in a parallel magnetic field of 120 and 
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Fig. 3.10 (a) SAXS pattern taken at y = 1 mm in a four months old ga sample with φd = 4.5% 
and φg = 6.0%  in a weak magnetic field of 3 mT. The magnetic field  was applied in the direc-
tion parallel to the x-ray beam. The wedge shaped lines indicate the areas of the patterns of 
which the I(Q) profiles shown in (b) were taken. The black bar denotes 0.05 nm-1. (c) I(Q) 
profiles averaged over all angles of the SAXS patterns taken at three different heights, y = 1, 
4 and 5 mm in the capillary. A zoom of the area in the square is shown in (d).
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475 mT, respectively. Like for the gr-depletant system, the smectic phase is rather 
unresponsive; only the very top layer of the smectic sediment reorients in a (rather) 
strong field of 475 mT. Also for a sample with a lower depletant volume fraction of 
1.2 %, the sediment was unresponsive up to a field strength of 160 mT. 

Despite the poor response to an external magnetic field, also here it was tried to 
determine the character of the smectic phase. Fig. 3.10(a, b) shows the SAXS pat-
tern taken at y = 1 mm and the accompanying I(Q) profiles. The plot shows a sharp 
and strong peak at Q = 0.024 nm-1 and a very weak and broad reflection at Q = 
0.18 nm-1. In another (6 months old) sample, with φg = 11%, φd = 1.2%, the SAXS 
pattern (Fig. 3.11) reveals a sharp and strong reflection at Q = 0.024 nm-1 as well. 
However, here two very weak and diffuse reflections originating from the liquid-
like interactions within the layers can be observed at Q = 0.09 and 0.20 nm-1.  The 
ratio between these two values (QW/QT ≈ 2.22) suggests that the reflection observed 
around Q ≈ 0.09 nm-1 originates from correlations from the W particle dimension, 
while the reflection around Q ≈ 0.19 nm-1 originates from correlations of T. Like for 
the gr system, these reflections remind of a biaxial smectic phase. But again, these 
patterns alone are not fully conclusive and the systems are too viscous to align in a 
weak magnetic field. 

The reflections of the particles within the smectic layers are often found at ap-
proximately similar Q-values as the reflections of the N phase [24]. Like for the gr 
system, also here the intra-layer reflections appear to be at considerably higher Q-
values than in the systems without depletant (Fig. 3.2), again indicating that the 
depletion induced attraction reduces the distance between the particles within the 
layer. The reflection of the smectic periodicity found at Q = 0.024 nm-1 in both sam-
ples corresponds to a real space value of 262 nm and originates from the smec-
tic interlayer periodicity. This value is significantly larger than the particle length 
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Fig. 3.11 (a) SAXS pattern taken at y = 1 mm in a ga sample with φd = 1.2% and φg = 11.0% 
and (b) its accompanying I(Q) profile (averaged over all angles of the scattering pattern).  
The black bar denotes 0.05 nm-1.
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(183 nm) + the Debye length. It again appears that the spherical depletant particles 
might be located in between the smectic layers. 

It is noteworthy to mention that while the particles from the gr and ga systems 
have practically the same dimensions, the smectic period is significantly larger for 
the ga-depletant system than for the gr-depletant systems. This can be attributed 
to the high polydispersity of this system in combination with the fast formation of 
the S phase, which inhibits fractionation. 

3.4 Discussion 
Our experimental results show that the addition of a depletant, in the concentra-

tion regime of ~1 – 5 v/v%, to a system of goethite board-like particles induces 
the formation of a smectic phase while the formation of the nematic phase is sup-
pressed. This is quite remarkable: for the comparable theoretical system with simi-
lar particle and depletant dimensions and concentrations, stable NB phases were 
predicted for depletant volume fractions up to at least 6% [18]. The theoretical 
work mentions that the nematic phase becomes unstable in favour of the smectic 
phase at higher depletant densities [18], something that is also generally observed 
for rod-depletant systems [11, 16, 39]. Our experimental observation of the imme-
diate formation of smectic phase in favour of the nematic phase indicates that our 
system already is in the high depletant density limit. It therefore seems as if the the-
ory underestimates the strength of the depletion-induced attraction between the 
board-like particles. Theoretical restrictions regarding e.g. polydispersity, which is 
inherent for colloidal particles, charge and possible particle orientations are inevi-
table. The discrepancy between our experimental results and this theoretical work 
again demonstrates the challenge of a quantitative comparison between theory and 
experiment [10]. 

A general trend is observed upon comparing the inter-particle distances found in 
our goethite-depletant system with the bare goethite systems: the distance between 
the particles within the smectic layers decreases while the distances between parti-
cles in adjacent layers, and thus the distance between the smectic layers, increases. 
Adams et al. [16] reported microphase separation in a system of fd-virus and small 
polystyrene spheres into a ‘lamellar’ phase, which consist of layers of aligned rods 
alternating with layers of spheres. Similarly, Kleshchanok et al. reported that in a 
C phase, formed in a platelet-sphere mixture, the depletant particles are located in 
between the columnar stacks [12]. We observed that, while the addition of a deple-
tant induces attraction between the particles, the smectic layer distance increases. 
The observed increase was found to be larger than the sphere diameter. This sug-
gests that also in the depletant-induced smectic phase formed in our systems the 
depletant might be located in between the smectic layers, similar to the ‘lamellar’ 
phase described by Adams et al. [14, 16]. This layered phase is predicted [13] for 
depletant concentrations higher than concentrations at which a miscible, nematic 
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phase is formed. This again suggests that the depletant volume fractions used in our 
work are too high for stable nematic phases to be formed.   

While the theoretically predicted NB was not observed, we did observe remark-
able SAXS reflections from the particles within the layers that remind of biaxial 
peaks. In a regular smectic phase the particles in the layers are only ordered along 
their long axes and hence one perpendicular reflection, originating from both the 
W and T dimensions of the particles, is expected [23, 37, 40]. Here we either ob-
served two peaks at different Q-values, or we observed one peak at a high Q-value. 
In the former the reflections are presumed to originate from correlations of W and 
T, respectively, like was previously observed for a biaxial smectic phase [24]. In the 
latter the peak was observed at such a high Q-value that it can only originate from 
correlations of solely T. Also this suggests biaxiality. Although the smectic phase 
observed in our systems clearly is not a regular uniaxial smectic, we cannot be fully 
conclusive about the possible biaxial ordering of the particles within the layers. The 
smectic phases are unresponsive to (weak) external magnetic fields and the order-
ing within the layers can therefore not fully be characterized. 

Noteworthy to mention is the type of smectic phase that is formed in the ga-
depletant system. Belli et al. [18] predict that the addition of a depletant to a system 
of elongated board-like particles can induce the formation of a NB phase. Elongated 
board-like particles favour N+ ordering, while the depletion interaction favours N- 
ordering. It is clear that in our experimental system the depletant effects are strong 
and thus the depletant concentration is too high. The bare ga system already spon-
taneously formed a NB phase. Upon addition of a depletant, theory then predicts the 
formation of a N- phase, and at higher depletant/goethite volume fraction a smectic 
phase in which the particles in the smectic layers are aligned along their T-axis. 
However, we clearly observe a smectic layer periodicity corresponding to the par-
ticles longest axis. Additionally we have indications that particles within the layers 
are biaxially ordered. The discrepancy between the theoretical predictions and the 
experimental results can be understood by the fact that the positionally-ordered 
smectic phase is not properly included in the density-functional model described 
in ref. [18]. Moreover, it seems that the depletion attraction in the experiment is 
too high to observe the predictions of the theory. We therefore provide an order-of-
magnitude estimate of the depletion attraction below. 

Around each goethite particle there is a volume the depletant cannot penetrate: 
the excluded volume. It is entropically favourable to minimize the total excluded 
volume. This happens when the particles are in close proximity such that their ex-
cluded volumes overlap [9]. The volume available for the depletant will increase 
by the amount of the overlap volume DV. This leads to an increase in entropy and 
accordingly the depletion interaction reduces the free energy of the system by udepl 
satisfying
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udepl
dk T

V
vB d

=−f ∆ , (3.1)

where kB is the Boltzmann constant, T is temperature, vd = (π/6)(d)3 the volume of 
a depletant particle and DV the overlap volume. For the scenario’s sketched in Fig. 
3.12(a) we define DV as L x T x d, W x W x d, L x W x d, for prolate, oblate and biaxial 
ordering respectively. It follows from Eq. (3.1) that the most favourable particle 
orientation is the orientation which has the largest DV. It is schematically demon-
strated in Fig. 3.12(a) that for this reason biaxial ordering is favoured over oblate 
and prolate ordering. Likewise, Fig. 3.12(b) illustrates that smectic layering is pre-
ferred over nematic alignment.

Using Eq. (3.1) we find for φd = 2% that udepl is -0.4 kBT for both prolate and oblate 
ordering and -1.4 kBT for biaxial ordering. This means that already for one of the 
lowest φd used in this research biaxial ordering is favoured by ~1 kBT, which is sub-
stantial enough for the particles to have a significant preference for biaxial order-
ing. Similar motivations hold for the preference of S over N ordering (Fig. 3.12(b)). 
The most favourable orientation is when the particles are stacked face-to-face. It is 
noteworthy to mention that Eq. (3.1) assumes ideal depletants. Asakura & Oosawa 
[41], as well as Walz and co-workers [42], calculated that the depletion interac-
tion is greatly intensified when the depletants are charged, which is the case in our 
systems. It is therefore likely that the values calculated above for udepl are underes-
timated. 

The values above are calculated on a two-particle level and are meant to give 
an indication instead of representing the full 3-dimensional multi-particle system. 
However, pair-wise interactions play a large role compared to multi-body interac-
tions in the formation dynamics of liquid crystals and the values found here are 
therefore relevant.

This depletion interaction is not high enough to induce bulk phase separation 
into a depletant rich and a goethite rich phase. For similar reasons as described 
above it can be understood that the depletant particles are located mostly in be-

(a) (b)

prolate
L aligned

oblate
T aligned

biaxial
nematic smectic

Fig. 3.12 Simplified schematic drawings illustrating two neighbouring particles and their 
corresponding overlap volumes (striped areas) that are (a) prolate, oblate or biaxially or-
dered. The same is shown in (b) but now for two neighbouring particles in the nematic and 
smectic phase.
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tween the smectic layers as the loss in udepl is smallest for the W/T faces of the parti-
cles. Additionally, the length polydispersity leaves room for the depletant particles 
to fit in between the layers [16]. 

3.5 Conclusions & Outlook
In this paper we present the results of an exploratory study on the influence of the 
depletion interaction on goethite phase behaviour. We added a depletant to a goe-
thite system that spontaneously displays I - N - S phase separation, as well as to a 
goethite system that without depletant displays I - NB phase separation. Using SAXS 
we found I – S phase separation for both systems. The addition of a depletant induc-
es the formation of the smectic phase, while the formation of the nematic phase is 
suppressed. The depletion induced attraction decreases the particle spacing within 
the layers, while the interlayer periodicity increases. This suggests that the deple-
tant induced microphase separation: the depletant particles are expelled from the 
layers and are subsequently located in between the layers of goethite particles. 

Our results indicate extraordinary orientational ordering of the particles within 
the layers. From SAXS the particle ordering reminds of biaxial ordering. We can 
however not be conclusive and further, more systematic, research is needed.

It appears that the chosen depletant volume fractions (1 – 5%) are already suffi-
ciently high to destabilize phases which only possess orientational order. The theo-
retically predicted NB phase, which was predicted for the particle dimensions and 
concentrations of our systems, was not observed. It appears that the theory under-
estimates the strength of the depletion attraction. For future research we therefore 
recommend to use significantly lower depletant concentrations. The fact that in this 
study rather low depletant volume fractions already lead to pronounced changes in 
the phase diagram, like the disappearance of the N phase, can also be ascribed to the 
depletant particles carrying a charge. This intensifies the depletion interaction. We 
therefore also recommend using neutral depletants. An additional option to lower 
the strength of the depletion interaction is using a polymeric depletant. Polymers 
can deform around the board-like colloids and the depletion effect is therefore ex-
pected to be weaker than for the solid particles that were used in this research. 
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4
Tuning biaxiality of nematic phases 
of board-like colloids by an external 
magnetic field

We study the influence of a magnetic field on the biaxial nematic phase of 
board-like goethite colloids both experimentally and theoretically. Using syn-
chrotron small angle x-ray scattering techniques we find that applying a mag-
netic field along the main director of the biaxial nematic phase leads to a clear 
decrease in biaxiality with increasing magnetic field strength. Above a certain 
magnetic field strength the biaxiality is completely suppressed and the biaxial 
nematic phase transforms into an ordinary prolate uniaxial nematic phase. In 
order to interpret the physical mechanism behind this phenomenon, we devel-
op a mean-field theory for the liquid crystal phase behaviour of the suspension. 
Within this theory the magnetic properties of the particles are modelled by tak-
ing into account the effect of both the permanent and the induced magnetic 
dipoles. The resulting phase diagrams support our experimental findings of the 
field-induced biaxial nematic to prolate uniaxial nematic transition. They ad-
ditionally predict that for more plate-like particles, which initially would only 
display oblate nematic ordering of the shortest axis, the rare biaxial phase can 
be induced by applying a magnetic field with a carefully chosen field strength, a 
parameter which can be easily tuned. 
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4.1 Introduction
Anisotropic particles, like rod-, board- and plate-like particles, have the ability to 
form liquid crystals. There are various liquid-crystalline phases of which the ne-
matic phase (N), in which the particles are orientationally ordered, is most com-
mon. Liquid crystals are of great fundamental interest but are also widely used in 
for example liquid-crystal displays (LCDs) [1]. In LCDs an external electric field con-
trols the polarization of light by switching the orientation of particles or molecules 
in the nematic phase. The liquid crystals that are predominantly used in LCDs are 
thermotropic (molecular) liquid crystals [1]. However, lyotropic liquid crystals of 
mineral particles might be promising candidates for application in LCDs as well: 
they are cheap, have an enhanced susceptibility to external fields and a high ther-
mal stability [2, 3]. 

The spontaneous formation of lyotropic liquid crystals is an entropy-driven pro-
cess. Already in the 1940s Onsager explained in his seminal work the isotropic - ne-
matic (I - N) phase transition for rod-like particles on basis of particle shape alone 
[4]. He showed that at sufficiently high volume fraction the loss in orientational 
entropy is compensated by the gain in excluded volume entropy. 

There exist different nematic phases. In the usual (uniaxial) nematic phase the 
particles’ main axes orient along a common direction. This is either the long particle 
axis in rod-like systems, the resulting nematic being the prolate uniaxial nematic 
(N+) phase, or the short particle axis in plate-like systems, alignment of which re-
sults in the oblate uniaxial nematic phase (N-). Additionally, there is the biaxial ne-
matic (NB) phase, in which particles orient along both axes. The appearance of this 
NB phase in the phase diagram was theoretically predicted by Freiser [5] in 1970 
and immediately attracted significant attention [6-10] since the improved align-
ment makes biaxial nematic phases promising candidates for LCDs. Unfortunately, 
the biaxial nematic phase is rare. There are few experimental examples, most of 
which are still under debate [11-13]. 

Board-like colloidal particles of the mineral goethite (a-FeOOH) constitute one of 
the few known experimental realizations [14] of the NB phase. Above a volume frac-
tion of typically 0.1, the goethite particles - characterized by their length L > width 
W > thickness T - not only spontaneously orient their L-axis but their W- and T-axes 
as well. Depending on the degree of polydispersity and volume fraction of the parti-
cles, this can either be a biaxial nematic phase, a biaxial smectic phase (in which the 
particles are stacked in layers), or both [14-16]. 

Understanding the factors determining the formation of biaxial liquid crystal 
phases is important for possible applications [17]. Biaxial nematic stability can be 
interpreted as a balanced competition between rod-like and plate-like behaviour. 
Theoretically, biaxial phases are found for specific particle dimensions close to the 
condition (L/W) = (W/T), hence for particles with a shape in between rod- and 
plate-like [18]. However for the goethite system unexpectedly a direct I - NB phase 
transition was also found for slightly elongated board-like particles with a shape 
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parameter (u ≡ (L/W) - (W/T)) of 0.1 [14]. Theory explained [19] that the stabil-
ity of the goethite NB phase could be attributed to the system’s high polydispersity 
(~25%) which leads, similar to the effect of a depletant [20], to N+ - N- competition. 

Colloidal goethite particles have very peculiar magnetic properties which makes 
them highly susceptible to an external magnetic field [21]. They possess a perma-
nent magnetic moment along their long axis, but their magnetic easy axis is per-
pendicular to this axis [21]. Therefore, particles align parallel to a weak magnetic 
field but reorient to align their long axis perpendicular to a magnetic field with a 
field strength higher than the critical magnetic field strength (B*) [21-26]. Since the 
particles easily align in a (weak) magnetic field, magnetic fields are often used to 
reorient goethite (biaxial nematic) liquid crystal phases [26, 27]. 

In this chapter we investigate the effect of a magnetic field on the stability of the 
goethite biaxial nematic phase both experimentally, using small angle x-ray scatter-
ing (SAXS), and theoretically, by means of a mean-field theory. In section 4.2 we de-
scribe the experimental goethite system, sample preparation and the SAXS set-up. 
In section 4.3 we describe the theoretical framework: a mean-field theory where 
the magnetic properties of the particles are modelled taking into account the effect 
of the permanent and induced magnetic moments. Section 4.4 and section 4.5 then 
describe the experimental and theoretical results, respectively. Finally, in section 
4.6 we draw our conclusions.

4.2 Experimental

4.2.1 Goethite synthesis, characterization and sample preparation
Goethite particles were obtained by hydrolysis of iron nitrate at high pH similar to 
the procedure described in section 2.2.1. However, particle ageing now took place 
at room temperature for 9 days. The obtained dispersions were washed and stabi-
lized in the same way as described in section 2.2.1. 

Particle size distributions were determined with TEM and iTEM imaging software 
as described in section 2.2.2. The length L and width W and their corresponding 
polydispersities were determined of 600 particles. Thickness T and the polydis-
persity in T were determined from 150 particles. The average particle dimensions 
were found to be L x W x T = 254 x 83 x 28 nm with a polydispersity of 25% in all 
dimensions. The shape parameter u ≡(L/W - W/T) ≈ 0.1. Since T was measured 
independently from W an estimate of the variation in u cannot be given [28]. 

A flat glass capillary with internal dimensions of 0.2 x 4.0 x 100 mm3 (Vitrocom 
W3520-100) was filled with the goethite dispersion. The initial goethite volume 
fraction (φg) was 12.5%. The capillary was flame sealed and stored in upright posi-
tion to assure the formation of a density gradient by the gravitational field of the 
earth. 
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4.2.2 Small angle x-ray scattering measurements
SAXS measurements were performed at the BM26 DUBBLE beamline [29] of the 
European Synchrotron Radiation Facility (ESRF, Grenoble, France) in a similar way 
as described in section 3.2.4. The patterns were collected using a CCD detector with 
a pixel size of 22 mm (Photonic Science). The two homemade variable permanent 
magnets described in section 2.2.2 were used to apply magnetic fields parallel or 
perpendicular to the x-ray beam. Relative goethite volume fractions were deter-
mined from the x-ray adsorption measured at different heights in the sample.

4.3 Theoretical framework
We developed a mean-field density functional theory to predict the phase behav-
iour of hard board-like particles under the effect of a magnetic field. By calculat-
ing the excluded volume between two uniaxial rods as a function of their orienta-
tion, Onsager was able to predict the stability of a nematic liquid crystal phase [4]. 
Unfortunately, the corresponding expression for the excluded volume of a pair of 
board-like particles is not available. Hence, in the present analysis we circumvent 
the problem by adopting a discrete-orientation model [30].

In Ref. [30] it is shown that the isotropic-nematic transition of uniaxial rods 
remains first-order if the number of allowed orientations is gradually decreased 
from infinity (Onsager’s continuum) [4] to three (the Zwanzig model of rods) [31]. 
Although a similar study for board-like particles has not been performed yet, the 
results of Ref. [30] suggest that the nature of the isotropic-nematic transition is 
robust with discretising the orientation degrees of freedom. Note, however, that the 
location of the binodal, the magnitude of the phase gap, and the nematic ordering of 
the coexisting nematic state in Ref. [30] all do depend on the degree of discretiza-
tion. Therefore, one should expect the predictions of the discrete-orientation model 
for the present system to be mainly qualitative.

Within this model the total number of orientations is reduced to the i = 1,..., 6 in-
dependent ways a board-like particle can align its main axes along those of a fixed 
Cartesian reference frame. Moreover, we assume each particle to carry a permanent 
magnetic dipole directed along the longest axis. We indicate with a = +,- when the 
magnetic dipole is oriented parallel and antiparallel to the Cartesian axis, respec-
tively. As a result, the orientation of a single board-like particle can be identified 
with the pair (ia), giving rise to a total of the 12 independent orientations depicted 
in Fig. 4.1.

4.3.1 Density functional theory
We consider a system of N identical board-like particles with dimensions L x W x T 
in a volume V at room temperature T under the effect of the homogenous external 
energy field uia. Let us indicate with ria the number density of particles with orien-
tation (ia) in a homogeneous phase, satisfying the normalization condition
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where φ = Nv/V is the particle volume fraction and v = L x W x T is the single-particle 
volume. The free-energy functional per unit volume is defined as [32] 
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where b = (kBT)-1, kB is the Boltzmann constant and L is the thermal wavelength. 
The first term on the right-hand side of Eq. (4.2) represents the ideal-gas contribu-
tion, whereas fexc is the excess free energy per unit volume due to particle-particle 
interactions. The excess free energy cannot be evaluated exactly and hence has to 
be approximated. In the present study we employ the second-virial approximation, 
according to which 
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where Eii’ is the excluded volume of two particles with orientations i and i’, respec-
tively, due to the interparticle repulsion [19, 20]. In the present model magnetic 
interactions between particles are disregarded due to the relatively negligible 
strength of their magnetic dipoles. The term G(φ)=(1-3/4φ)/(1-φ)2 in Eq. (4.3) is a 
Parsons-Lee correction term [32-35], introduced in order to reduce the quantita-
tive deviations expected in the second-virial approach. Finally, the last term on the 
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Fig. 4.1 Orientational degrees of freedom of a magnetic board-like particle in the restricted-
orientation model.
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right-hand side of Eq. (4.2) represents the external energy contribution to the free 
energy of the system, which is discussed in the following section. Once an approxi-
mation for the excess free energy fexc is established, the equilibrium single-particle 
density is found as the minimum of Eq. (4.2) under the constraint of Eq. (4.1). In 
other words, the equilibrium single-particle density at the packing fraction φ is cal-
culated by solving the Euler-Lagrange equation
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Due to its non-linear character Eq. (4.4) cannot be solved analytically. However, 
standard algorithms such as the Picard method can be applied to its numerical so-
lution. 

From the knowledge of the equilibrium single-particle density ria one can inves-
tigate the broken symmetries of the phase point under consideration by calculating 
the nematic order parameters. In case the nematic director is the vertical axis in Fig. 
4.1, the (prolate) uniaxial nematic order parameter can be expressed as

U O P v
. . . .= + − + + +[ ]
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This order parameter takes positive values in case of prolate nematic ordering, 
while negative values for oblate nematic. On the other hand, a zero value describes 
an isotropic phase. Additionally, in order to take into account the possibility of bi-
axial ordering, one has to introduce a biaxial order parameter, which we define as

B O P v
. . . .= −∑φ ρ ρα α

α
1 4 (4.6)

 

4.3.2 Magnetic energy
Let us consider the energy of a single goethite particle in a constant external mag-
netic field with strength B directed along the z axis. Let m = 1.7 x 10-20 Am2 be the 
strength of the particle’s permanent magnetic dipole [36]. By referring to Fig. 4.1, 
one finds that in the absence of an induced magnetic dipole the magnetic energy in 
the present discrete-orientation model reads

u mBi i iα α αδ δ δ δ=− + −+ −( )( ),
1 4 (4.7)

where δ is the Kronecker delta. On the other hand, most of the peculiar magnetic 
properties of goethite particles are due to the presence of an induced magnetic di-
pole [21, 22, 24]. Such an induced dipole is known to develop in the plane perpen-
dicular to the permanent dipole, that is, along the shortest and the intermediate 



Experimental results

65

particle axes. In order to account for such an induced magnetic dipole, Eq. (4.7) has 
to be substituted by the following expression 

u mB KBi i i i i i iα α αδ δ δ δ δ δ δ δ=− + − − + + ++ −( )( ) ( ),
1 4

2

2 3 5 6 (4.8)

where

K
v
=
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In the previous equations v = L x W x T is the single-particle volume, m0 = 4p x 10-7 
NA-2 the magnetic permeability and Dc=c⫽ - c⫠  the susceptibility anisotropy with 
respect to the long axis of the particle. Experimental measurements for the sus-
ceptibility anisotropy of such particles exist and suggest a value varying between 
-3 x 10-4 (in ref. [23]) and -7 x 10-4 (in ref. [36]). In principle, one could plug these 
values into Eq. (4.9) to obtain an estimate for the coefficient K. In practice, however, 
the large uncertainty of the particle volume v due to the relatively high degree of 
polydispersity of the sample does not allow for a sufficiently accurate estimate of K. 
In order to overcome this limitation, we apply our model to predict the value of the 
constant K. We chose K such that at room temperature in the dilute limit the critical 
magnetic field takes the experimental value of 250 mT. The corresponding value of 
K was found to be K = 2.9 x 10-20 A2m4J-1. This corresponds to a susceptibility anisot-
ropy of -1.2 x 10-4 which is close to the values found in literature. 

4.4 Experimental results
The sample was allowed to sediment for three months before SAXS patterns were 
taken. The liquid crystal phases formed in the sample were first characterized in 
a very weak magnetic field of 3 mT applied parallel to the x-ray beam. This is the 
lowest field possible with the magnet poles at maximum spacing. At low volume 
fractions, such a weak field might partially direct the main director along the field 
but does not change the liquid-crystal phase itself. SAXS patterns were taken every 
0.5 mm along the y-direction (Fig. 4.2) of the capillary and revealed an isotropic 
phase on top of a 3 mm high nematic sediment. The left column in Fig. 4.2 shows the 
collected SAXS patterns taken in a magnetic field of 3 mT at three different heights 
in the sediment: at the capillary bottom (y = 0 mm) and at 1.5 and 2 mm above the 
capillary bottom. All three patterns show similar diffuse reflections characteristic 
of a (biaxial) nematic phase. The patterns are highly anisotropic; two orthogonal 
peaks can be observed at large scattering vectors. The radial profiles corresponding 
to the SAXS-pattern taken at y = 0 mm (black line in Fig. 4.3(b)) reveal Q-values of 
0.045 (140 nm) and 0.086 nm-1 (73 nm) respectively. They originate from the cor-
relations of the W and T dimensions of the particles, respectively. The ratio between 
the Q-values of the two peaks QT/QW = 1.9 agrees reasonably well with the particle 
aspect ratio W/T taken into account the Debye length (~10 nm). Additionally, the 



Chapter 4 Tuning biaxiality by a magnetic field

66

sample had been sedimenting for only three months, which means that φg is rela-
tively low and thus that the inter-particle spacing is large compared to the particle 
dimensions. For the pattern taken at y = 2 mm (Fig. 4.3(d)) reflections are found 
at slightly smaller Q-values. Due to sedimentation the goethite volume fraction de-
creases with the height in the sample (φg,y=0 = 1.27 x φg,y=2) hence the particle spacing 
is slightly larger at y = 2 mm. Azimuthal profiles of the scattering intensity along 
circles at the Q-values corresponding to the correlation peaks are shown in Fig. 
4.3(a, c). The different correlation peaks clearly appear along orthogonal directions 
of each other. From the plots and the patterns it is clear that the particles are orien-
tationally ordered in three dimensions hence the patterns taken at 3 mT originate 
from the biaxial nematic liquid crystal phase (NB) (Fig. 4.2) [14]. 

To study the influence of an external magnetic field on the NB phase SAXS-pat-
terns were taken while stepwise increasing the magnetic field strength. The meas-
urements were taken at the same heights in the capillary as before. The magnetic 
field strength ranges from 40 to 120 mT. This is far below the critical magnetic field 
strength, hence the particles align their long axis along the field. The resulting SAXS 
patterns are shown in Fig. 4.2. For the patterns taken at y = 0 mm, there is no sig-

B=40mT B=80mT

y=1.5

y=2

B=3mT

y=0
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W T
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Fig. 4.2 SAXS patterns taken at three different heights in the capillary (y = 0, 1.5 and 2 mm) 
submitted to an external magnetic field of 3, 40, 80 and 120 mT, respectively. The magnetic 
field direction is parallel to the x-ray beam. (1) & (2) Schematic drawings illustrating the 
NB and N+ phase seen along the L-axis, respectively. (3) Schematic drawing of the capillary. 
Liquid crystal phases are denoted by I (isotropic) and N (nematic). The presented SAXS pat-
terns were taken at the positions denoted by x. The black bar denotes 0.1 nm-1.
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nificant change due to the increase of the magnetic field strength. Compared to the 
pattern taken at 3 mT, a subtle increase in intensity can be observed, as well as a 
slight change in the directions in which the reflections can be found. This is due to 
the particles aligning in the field. Similar conclusions can be drawn from the ra-
dial profiles (Fig. 4.3(a, b)). Fig. 4.3(b) shows the subtle increase in intensity for 
the patterns taken at B > 3mT. However, the positions of the peaks are unchanged. 
The azimuthal profiles (Fig. 4.3(a)) confirm this, as well as the slight change in ori-
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Fig. 4.3 Plots of selected SAXS patterns shown in Fig. 4.2 illustrating the decrease in biaxial-
ity as a function of the height in the capillary y and of the magnetic field strength. (a) and 
(c) show the azimuthal plots at QW (dashed lines) and QT (solid lines) for y = 0 and y = 2 mm 
respectively (taken as illustrated in (e)). (b) and (d) show the radial profiles taken along two 
orthogonal directions corresponding to the W (dashed lines) and T (solid lines) reflections 
respectively (taken as illustrated in (f)).
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entation of the nematic reflections. The observed reflections however still clearly 
indicate the biaxial ordering of the nematic phase for all magnetic field strengths. 
Whereas the magnetic field effects on the NB phase at y = 0 mm are small, the effect 
on the NB phases is significant at y = 1.5 and 2 mm, where the volume fraction φg is 
lower. For the patterns taken at y = 1.5 mm, the anisotropy of the pattern decreases 
when the magnetic field strength increases (Fig. 4.2). This indicates that the actual 
biaxial order decreases upon increasing the magnetic field. The sharp character of 
this transition is manifested upon going from 40 to 80 mT. 

The decrease in biaxial ordering is even more pronounced for the patterns taken 
at y = 2 mm; at 80 and 120 mT the patterns appear to be isotropic. This indicates 
that the particles lost their biaxial ordering and formed a prolate uniaxial nematic 
phase (N+) instead (schematic drawing Fig. 4.2). The magnetic field-induced NB to 
N+ transition observed at y = 2 mm is confirmed by the radial and azimuthal pro-
files shown in Fig. 4.3(c, d). The I(Q) plots originating from the pattern taken at 
120 mT given in Fig. 4.3(d) show that the combined reflections of both the W and 
T correlations of the particles are present in both orthogonal directions. The radial 
profiles are even almost identical. Additionally, the peaks of the independent W and 
T reflections are barely visible; they almost entirely fused to form one reflection 
at a Q-value in between QW and QT. This is characteristic of the uniaxial nematic 
phase and confirms the NB to N+ transformation. The azimuthal plots (Fig. 4.3(c)) 
show the loss of biaxial order with increasing field strength as well. Already at 40 
mT the peaks have become broader and at 120 mT the different positional correla-
tion peaks barely appear along orthogonal directions. For the profile taken at QW, 

the integrated intensity of the reflection is equal for the entire profile. The angular 

B=40mTB=10mT B=120mT

y=0

y=2

B

Fig. 4.4 SAXS patterns taken at two 
positions in the capillary (y = 0 and 
2 mm), in a magnetic field varying 
from 10 to 120 mT. The magnetic 
field direction is perpendicular to 
the x-ray beam and is denoted by the 
black arrow. The black bar denotes 
0.1 nm-1.
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extension of the diffuse reflections indicates that the particles can now freely rotate 
around their L-axis, indicating N+ ordering once more.  

To confirm these observations the biaxiality was studied by applying the mag-
netic field in the direction perpendicular to the x-ray beam. SAXS patterns and the 
corresponding radial and azimuthal profiles are shown in Fig. 4.4 and Fig. 4.5, re-
spectively. The patterns taken at y = 0 mm show a reflection at short Q originating 
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Fig. 4.5 Plots of selected SAXS patterns shown in Fig. 4.4 illustrating the decrease in biaxial-
ity as a function of height in the capillary y and the magnetic field strength. (a) and (c) show 
the azimuthal plots (taken as illustrated in (e)) at QT (~0.08 nm-1 (solid lines)) and at QL 
(~0.017 nm-1 (dashed lines)) for y = 0 and y = 2 mm respectively in a 10 mT magnetic field. 
Both plots show the biaxiality of the nematic phase. (b) and (d) show the radial profiles 
taken along the direction of the reflection at large Q for 10, 40 and 120 mT (taken as illus-
trated in (f)).



Chapter 4 Tuning biaxiality by a magnetic field

70

from the longest axis of the particles combined with a reflection at Q = 0.084 nm-1, 
originating from particles’ shortest dimension. Reflections of the W-correlation of 
the particles are not observed, thus confirming the biaxiality of the nematic phase. 
Upon increasing the magnetic field strength, the reflection of T remains at fixed Q, 
confirming the biaxiality of the nematic phase at y = 0 mm in a magnetic field of 120 
mT (Fig. 4.5(b)). 

The SAXS-pattern taken at y = 2 mm and B = 10 mT shows  the reflections of the 
NB phase: a weak reflection at short Q originating from L and in the orthogonal 
direction the T-reflection at Q = 0.083nm-1. It is clear from the I(Q) profiles of the 
patterns taken at B = 40 and 120 mT that the peak at large Q is shifting to lower 
Q-values (Fig. 4.5(d)). This indicates that reflections are not solely originating from 
the T-dimension of the particles but from the W-dimension as well. This means that 
the particles are able to rotate around their long axis and are no longer biaxially 
ordered.

It is also interesting to investigate the influence of the magnetic field when the mag-
netic field strength is getting closer to the critical magnetic field strength B*. It is 
known that, due to goethite’s specific magnetic properties, particles in the nematic 
phase align their L-axis in weak magnetic fields (B < B*) but reorient to align their 
T-axis in strong magnetic fields (B > B*). As a result the N+ phase transforms into 
a rotated NB phase -where the particles’ long axis is now aligned perpendicular to 
the field- when submitted to a strong magnetic field. Here we observed the NB to N+ 
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Fig. 4.6 Azimuthal plots of the SAXS patterns (inset) taken at y = 2 in magnetic fields of 160 
and 200 mT. The magnetic field direction is parallel to the x-ray beam. The integrated area is 
illustrated by the dashed circles in the inset. The solid and dashed arrows represent the peak 
height for the 160 mT and the 200 mT plots respectively. It is clear that the peak height of the 
200 mT plot is larger than the peak height of the 160 mT plot. This indicates that biaxiality 
has increased again at 200 mT.



Theoretical results

71

transition in magnetic fields weak compared to the critical magnetic field, where 
the particles do not rotate yet and the induced magnetic moment does not have a 
significant influence on the phase behaviour. In Fig. 4.6 we present SAXS patterns 
with their corresponding azimuthal plots taken at y = 2 mm in magnetic fields with 
field strengths (B =160 and 200 mT) closer to B* (250 mT). The profile of the pat-
tern taken at B = 160 mT is similar to the profile at 120 mT, the differences are 
negligible. However if the profile corresponding to the pattern taken at 200 mT is 
compared to the one of 160 mT, it appears that the amplitude of the peaks has in-
creased. This suggests that the biaxial ordering slightly increased again. This might 
indicate that the perpendicular induced magnetic moment starts playing a role: the 
particles start aligning their T-axes as well thereby increasing the biaxial ordering 
of the board-like particles.

4.5 Theoretical results
The theoretical framework described in section 4.3 was applied to predict phase 
diagrams for board-like particles submitted to an external magnetic field. Fig. 4.7 
shows the well-known [7, 37] zero-field case as a function of the shape parameter 
(u ≡ L/W-W/T) and volume fraction (φ). A system of board-like particles undergoes 
a transition to a prolate uniaxial nematic phase (N+) if u  > 0, to an oblate uniaxial 
nematic (N-) if u < 0 and to a biaxial nematic (NB) if u = 0. Such isotropic-nematic 
phase transitions are in general discontinuous, albeit very weakly, and become con-
tinuous in a Landau critical point only if u = 0. Here and in what follows we focus 
on low enough volume fractions so that the stability of inhomogeneous phases (e.g., 
smectic, crystals, ...) can be neglected. 

The phase diagrams for board-like particles submitted to magnetic fields of inten-
sity 3, 40, 80 and 120 mT are shown in Fig. 4.8. For comparison the zero field case 
is shown by the white lines. Let us first focus on Fig. 4.8(a), which reports the phase 
diagram of board-like particles in the presence of a 3 mT magnetic field. In spite of 
the low field strength, the effect of the explicit breaking of the rotational symmetry 
due to the field is already evident. First, due to the coupling between the permanent 
magnetic dipole and the field, the particles acquire a weak tendency to align their 
long axis L along the field even at very low volume fraction. As a consequence, the 
symmetry of the low-density isotropic phase (Fig. 4.7) becomes the same as that 
of the prolate uniaxial nematic phase (red region in Fig. 4.7 and Fig. 4.8). Such a 
phenomenon closely resembles the phase behaviour of rods under the effect of an 
external magnetic field which couples to the orientation of their main axis [38]. 
In the latter context, the low-density phase which acquires the same symmetries 
as the higher-density nematic phase is termed “para-nematic”. The distinction be-
tween a nematic and a para-nematic phase is needed as long as the two phases are 
separated by a discontinuous phase transition. This happens to be the case as long 
as the field strength is sufficiently low. However, at high enough field strength such 
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a phase transition becomes continuous, and the two phases merge into the same 
nematic phase [38]. As pointed out in the analysis of the zero-field case (cf. Fig. 4.7), 
in the present model the isotropic-nematic phase transition of board-like particles 
is very weakly discontinuous. This means that at a magnetic field strength as low 
as 3 mT this phase transition is already continuous, and the distinction between 
para-nematic and nematic phases is pointless. The second manifest effect of the 
external field on the phase behaviour of board-like particles is the disappearance 
of the oblate uniaxial nematic phase (blue region in Fig. 4.7) in favour of the biaxial 
nematic (green region in Fig. 4.7 and Fig. 4.8). It is important to realize that at such 
a low magnetic field the deviations from the zero-field case play the role of a very 
weak symmetry-breaking perturbation. This statement is confirmed by the fact that 
the transition line (black dashed line) between the only two phases left in the phase 
diagram, that is the N+ and the NB, does not change appreciably from the zero-field 
case. In contrast, relevant deviations in the N+ - NB transition develop at higher mag-
netic field strengths. The phase diagram in Fig. 4.8(b) shows that already at 40 mT 
the original NB phase formed close to the Landau critical point, where φ is relatively 
low, has transformed into a N+ phase. The phase diagrams for magnetic fields of 
80 and 120 mT (Fig. 4.8(c, d)) show that the NB - N+ transition line shifts to higher 
volume fractions with increasing magnetic field strengths. This indicates that more 
and more of the original NB phase is transformed into a N+ phase. 

An alternative way to visualize the data is offered in Fig. 4.9, where we report 
the phase diagram of a system of board-like particles with fixed shape parameter 
u = 0 (L/T=9; W/T=3) as a function of the magnetic field strength. This plot shows 
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Fig. 4.7 Phase diagram of magnetic board-like particles in the absence of a magnetic field. φ 
= volume fraction. Here and in the following plots the shape parameter u (≡ L/W – W/T) is 
modified by changing the aspect ratio L/T while keeping W/T fixed at 3. Solid lines indicate 
(very weakly) first order transitions, whereas dashed lines indicate continuous transitions. 
Liquid crystal phases are denoted by I (isotropic), N-, N+ and NB (oblate uniaxial, prolate uni-
axial and biaxial nematic, respectively). 
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explicitly the variation of the NB to N+ transition with the intensity of the field. The 
transition line shows that the magnetic field strength needed to induce the N+ phase 
increases with increasing volume fraction. Above a certain volume fraction the par-
ticles remain in the NB phase for all field strengths lower than B*. These theoretical 
predictions agree with the experimental observations of the field-induced NB to N+ 
transition. Our experimental results also indicated that the biaxial order is restored 
when the magnetic field strength approaches the critical magnetic field strength 
(B* = 250 mT). Also this is supported by theory. The black arrow in Fig. 4.9 clearly 
shows the re-entrant NB to N+ to NB transition. Interestingly, Fig. 4.9 also shows that 
for field strengths above B*, where alignment along the short axis T is favoured, the 
NB phase again loses biaxial order but now in favour of oblate uniaxial ordering. 

It is crucial to keep in mind that in the present model the NB - N+ transition is 
continuous. This means that the biaxial ordering and the prolate uniaxial ordering 
close to the transition line are weak, hence those phases do not differ as drasti-
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Fig. 4.8 Theoretical prediction of phase diagrams of magnetic board-like particles in a mag-
netic field of (a) 3 mT, (b) 40 mT, (c) 80 mT and (d) 120 mT under the effect of the external 
potential in Eq. (4.8). White lines represent the zero-field phase diagram. N+ and NB denote 
the prolate uniaxial and biaxial nematic liquid crystal phase, respectively.
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cally from each other as appears from the phase diagram at first glance. This is also 
emphasized by the order parameter plots shown in Fig. 4.10. At a volume fraction 
of ~0.23 the NB phase transforms into the N+ phase in a field of 40 mT for particles 
with u = 0 (Fig. 4.8(b), Fig. 4.9). It is however apparent from the order parameter 
plots (Fig. 4.10(b)) that the corresponding decrease in the biaxial nematic order 
parameter is not drastic upon going from 3 to 40 mT. The biaxial order parameter 
decreases with increasing B and at high enough field strengths, e.g. 80 mT for a 
volume fraction of 0.23, eventually becomes zero, indicating that the particles are 
no longer biaxially ordered. The uniaxial order parameter along L plotted in Fig. 
4.10(a), in contrast to the biaxial order parameter, increases with increasing field 
strength. The discontinuities in the curves’ first derivatives represent the N+ - NB 

transition points. 
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Fig. 4.9 Theoretical prediction of the phase diagram of magnetic board-like particles with 
shape parameter u = 0 (L x W x T = 9 x 3 x 1) as a function of volume fraction φ and mag-
netic field strength. The black arrow illustrates the re-entrant NB to N+ to NB transition with 
increasing field strength.
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Fig. 4.10 (a) Uniaxial order parameter (U.O.P.) and (b) biaxial order parameter (B.O.P.) plot-
ted as a function of volume fraction φ for four magnetic field strengths (3, 40, 80 and 120 mT 
respectively) for particles with u = 0 (L x W x T = 9 x 3 x 1).
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The theoretical predictions of the influence of the magnetic field on the other 
liquid crystal phases are also interesting. As expected, the phase diagrams in Fig. 
4.8(a) show that the magnetic field breaks the symmetry of the isotropic phase and 
induces the N+ phase, which in turn transforms into the N- phase for B > B* (Fig. 4.9). 
Especially interesting is the influence of the magnetic field on the N- phase, which is 
expected at zero field for particles with u < 0. The phase diagrams in Fig. 4.8 clearly 
show that the N- phase transforms into the rare biaxial nematic phase under the 
influence of a magnetic field. Alignment of the particles’ L-axes in the field breaks 
the symmetry of the N- phase which leads to the formation of the NB phase. Again, 
one has to realize that the induced NB phase in a 3 mT magnetic field has very weak 
biaxial ordering; the corresponding biaxial order parameter (not shown) increases 
with increasing field strength.

4.6 Conclusions & Outlook
Using SAXS we observed that goethite particles in the NB phase lose their biaxial 
ordering upon applying a magnetic field along the main director of the NB phase. 
The extent of the loss of biaxial ordering strongly depends on the strength of the 
magnetic field. The field-induced NB to N+ transition can be understood in terms of 
the entropy balance that drives lyotropic liquid crystal formation. The stability of 
the NB phase can be interpreted as a balanced competition between rod-like (N+) 
and plate-like (N-) behaviour. The interaction of the applied magnetic field with the 
permanent magnetic moment along the L-axis of the particles substantially nar-
rows the orientation distribution function which describes the orientation of the 
particles. ‘Fixing’ the L-axis of the particles in the field releases more space for the 
particles to rotate freely along their L-axis. This increases the orientational entropy 
and pushes the particles towards N+ ordering. 

We additionally found that the extent of the loss of biaxial ordering strongly de-
pends on the goethite volume fraction φg. At high volume fractions the field-induced 
observed decrease in biaxiality is significantly less; and is even negligible for suf-
ficiently high φg. This can be explained by the excluded-volume entropy that favours 
NB ordering and whose contribution to the total entropy strongly increases with 
increasing volume fraction.

The loss of biaxial ordering persists up to a field strength of B ≈ 160 mT. For high-
er magnetic fields strengths, closer to B*, the biaxial order was found to increase 
again as a result of alignment of the particles’ T-axes due to the increasing induced 
magnetic moment. 

Theoretically the influence of a magnetic field was studied using a mean-field 
theory in which the magnetic properties of the particles were modelled by taking 
into account the effect of both the permanent and the induced magnetic dipoles. 
The theoretical results agree well with the experimental findings in spite of the 
approximations required. Moreover, polydispersity, which is known to have a sig-
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nificant influence on goethite phase behaviour [15, 19, 28, 39], is not accounted for 
in the present analysis. Therefore the absolute values given in the theoretical phase 
diagrams and the order parameter plots presented in this paper are not expected 
to be quantitatively trustworthy. Nevertheless, the theory gives reliable qualitative 
predictions on the effect of the magnetic field on the phase behaviour of magnetic 
board-like particles. 

Interestingly, the theory also predicts that the rare NB phase can be formed upon 
applying a magnetic field to a N- ordered phase of particles with a negative shape pa-
rameter. This magnetic-field induced NB phase opens up new possibilities. Normally 
a very specific shape of (goethite) board-like particles is required (L/W = W/T) to 
create a biaxial nematic phase. There is a small NB window around u = 0 that will be 
truncated by the smectic phase at higher volume fractions [40]. However, the shape 
of the particles is an experimental parameter that is hard to tune [41]. Our new 
findings predict that the rare NB phase can easily be induced by applying a magnetic 
field with a carefully chosen field strength to a N- phase. The magnetic field strength 
is a parameter that is easy to tune and the field-induced N- to NB transition is not 
limited to the goethite system presented here. Our theoretical work implies that for 
any system of board-like particles that carry a magnetic (or electric) dipole along 
their longest axis and favours N- ordering in zero field, the NB phase can be induced 
by applying a weak magnetic (or electric) field.

It is also worth mentioning that our theoretical model indicates that it is not nec-
essarily true that the T-axis aligns in a strong magnetic field because it is the mag-
netic easy axis, which has generally been assumed [21, 22, 24-26]. This assumption 
was always made from the experimental observation that goethite particles in the 
nematic phase align along T in a strong magnetic field. However, in the nematic 
phase other factors like the excluded volume entropy have a strong influence on the 
alignment of the particles. The theoretical work presented in this paper shows that 
even when the magnetic susceptibilities along W and T are equal, particles align 
along T since alignment along W is strongly suppressed due to the excluded volume 
interactions. For future work it is therefore interesting, although challenging, to in-
vestigate the alignment of particles in very dilute suspensions to exclude the effects 
of multiple-particle interactions. 

To summarize, the results presented in this paper show that a magnetic field is a 
useful ‘tool’ to control nematic phases of board-like particles. Carefully choosing the 
volume fraction and the magnetic field strength, parameters that are both easy to 
tune, enables the formation of the NB phase (out of N-) as well as the N+ phase (out 
of NB). Additionally, Belli et al. [20] already theoretically predicted that the addition 
of a depletant can induce both the NB and N- phase in systems of board-like particles 
with a positive shape parameter. Both options open up possibilities to engineer the 
desired character of the nematic phase for a range of particle shapes. This is espe-
cially useful since the rare biaxial nematic phase can now be induced.
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5
Alignment pathway of the goethite 
columnar liquid cyrstal phase 
studied by SAXS

The alignment of board-like goethite particles in the dense rectangular centred 
columnar liquid crystal phase in an external magnetic field is studied using 
small angle x-ray scattering (SAXS). Transient SAXS-patterns show broadening 
of the columnar reflections in specific directions. While the reflections along 
the field stay at a constant Q-value, the other reflections do not. These results 
imply a certain pathway of reorientation. It appears that alignment proceeds via 
collective rotation of domains inducing ‘nanoshear’ between the layers of par-
ticles, which slide over each other. The results support the recently suggested 
martensitic transition pathway for the simple and centred rectangular colum-
nar phases, which were found to spontaneously transform into each other in 
another goethite system. The results also provide a fine example of how SAXS 
can be used to study reorientation behaviour of liquid crystals at the nanoscale.
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5.1 Introduction
When dispersed in a fluid, anisometric colloidal particles form complex fluids with 
remarkable properties. For example, their advanced rheological properties such as 
high yield stress and strong shear thinning are of interest for numerous applica-
tions and have been studied in detail for both rod-like [1] and plate-like particles 
[2, 3]. Anisometric colloidal particles in suspension are also able to self-organize 
into various liquid crystalline phases including isotropic (I), nematic (N), smectic 
(S) and columnar (C) phases [4]. 

Until now a rich variety of liquid crystalline phases was reported in suspensions 
of plate-like [5-8] and rod-like [9, 10] particles.

These lyotropic liquid crystals are very susceptible to external fields and have a 
high thermal stability. A remarkable example displaying unique properties is pro-
vided by suspensions of board-like goethite particles (a-FeOOH) which were found 
to form N as well as S and C phases. The inherent polydispersity of the particles sur-
prisingly does not suppress, but actually enhances the phase behaviour (Chapter 
2). It was found to induce the columnar phase, which is only found in polydisperse 
(>20%) goethite - coexisting with a smectic phase - and acts as a ‘waste bin’ for the 
particles that do not fit the smectic periodicity [11, 12]. 

In addition goethite particles also have peculiar magnetic properties [13]; they 
possess a permanent magnetic moment along their longest axis and an induced 
magnetic moment with its easy axis perpendicular to the permanent moment. 
Therefore particles in suspension align their long axis parallel to a small magnetic 
field but reorient to align their shortest axis parallel to a strong magnetic field (with 
B* the critical field strength where particles realign from parallel to perpendicu-
lar to the field, see also Chapter 4). These alignment and reorientation phenomena 
open wide possibilities for easy manipulation of the liquid crystal phases by an ex-
ternal magnetic field (Chapter 4). It has been shown that a strong magnetic field 
induces formation of the columnar phase; both the N → C and S → C reversible 
transitions have been observed [11, 14]. 

The particle properties of goethite can be changed by partially substituting iron 
by different elements (Chapter 2, Chapter 43 and ref. [15]). For example chromium-
modified goethite shows similar phase behaviour but has a higher B*. Moreover, 
two types of columnar structures, centred rectangular columnar (RC) and simple 
rectangular columnar (RS), have been observed [16]. The two columnar structures 
can spontaneously transform into each other but this martensitic transition be-
tween them can also be induced by a magnetic field (Chapter 2, [17]). 

Small angle x-ray scattering (SAXS) is a key technique in characterizing the static 
liquid crystal structures of colloidal particles, whether or not formed spontaneously 
or induced by a magnetic field. Here we show that SAXS is also a powerful technique 
to study alignment pathways by studying the reorientation behaviour of the goe-
thite columnar phase in a strong magnetic field. Deformed transient SAXS-patterns 
suggest the presence of specific deformations induced by microscopic local shear 
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between layers of particles. These new insights are similar to the martensitic RS - RC 
pathway that was suggested earlier (ref. [17] and Chapter 2).

5.2 Experimental 

5.2.1 Synthesis, characterization & sample preparation
Experiments were performed on two different goethite dispersions, dispersion 
g1 and dispersion g2. Dispersion g1 consists of the same goethite particles as de-
scribed in section 4.2.1. These particles have dimensions L x W x T = 254 x 83 x 28 
nm with a polydispersity of ~25% in all directions. 

The goethite particles for dispersions g2 were synthesized following the same 
protocol as for the g1 particles (according to the method described in section 4.2.1). 
The g2 particles have slightly different dimensions of L x W x T = 282 x 68 x ~25 nm 
with an overall polydispersity of ~35%. 

Flat glass capillaries with internal dimensions of 0.2 x 4.0 x 100 mm3 were filled 
with dispersions g1 and g2 with initial goethite volume fractions of 10.6 and 5.2%, 
respectively. The capillaries were flame-sealed and stored in upright position.

5.2.2 Small angle x-ray scattering
SAXS measurements were performed to study the liquid crystalline phase be-
haviour and the orientation dynamics in an external magnetic field. These meas-
urements were performed at the BM-26 DUBBLE beamline of the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France) [18], using the microradian 
resolution setup developed by Petukhov et al. [19]. The selected energy of the x-
ray beam was 12.4 keV. Two different CCD detectors (both Photonic Science) were 
used, one with a pixel size of 22 mm x 22 mm and one with a pixel size of 9 mm x 9 
mm. Both detectors were placed at a distance of 7 m from the sample. A variable 
permanent magnet (from the ID02 beamline) was used, which uses two stacks of 
NdFeB permanent magnets to generate magnetic fields up to 1.5 T by adjusting the 
distance between the NdFeB stacks.

5.3 Results and Discussion
First we present observations in a capillary filled with goethite dispersion g1 with 
an initial volume fraction of 10.6%. The sample was allowed to sediment for almost 
six years during which an equilibrium density profile was formed. Despite careful 
gluing of the capillary the solvent slowly evaporated, the overall volume fraction at 
the moment of measuring was estimated to be 25%. Before a magnetic field was 
applied, SAXS measurements were done at different positions along the vertical 
direction of the capillary to determine the different liquid crystal structures that 
were formed. The measurements revealed rich phase behaviour: from the top to the 
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bottom of the capillary respectively an isotropic, nematic, smectic and a columnar 
phase coexisting with a smectic phase were found.

The columnar phase was monitored while a stepwise increasing magnetic field 
was applied. The magnetic field was perpendicular to the x-ray beam. Fig. 5.1(a) 
shows the SAXS pattern of the columnar phase coexisting with the smectic phase in 
a weak field of 3 mT, which is the weakest field achievable for this set up with the 
magnet poles at maximum spacing. The dense columnar phase does not respond to 
such a low field, hence this pattern can be considered as without field. The pattern 
shows the 11 and 20 reflections, at Q = 0.083 and 0.139 nm-1, respectively, charac-
teristic of the centred rectangular columnar phase with unit cell dimensions of 119 
by 90 nm as illustrated in Fig. 5.1(c). The reflections appear as ‘rings’, indicating 
that there are numerous columnar domains with different orientations. The weak 
02 reflection is not visible in this pattern but was observed with increased exposure 
time. This reflection is weak since it is in the vicinity of the form factor minimum. 
The bright reflections observed at small angles originate from the interlayer perio-
dicity from an adjacent smectic domain.

The columnar reflections were undisturbed up to a magnetic field strength of 
~300 mT, which is approximately 50 mT above the critical magnetic field strength 
B*. At higher field strengths – where the particles will align their shortest axis T 
parallel to the field – the columnar reflections slowly started to change. The SAXS 
pattern of the columnar phase at 440 mT is shown in Fig. 5.1(b). The intensity of 
the 11 and 20 columnar reflections is increasing in specific directions, meaning that 
the different domains have started to reorient in the field. While some columnar do-
mains grow, other domains, that are unfavourable in the magnetic field, melt. This 
effect is increasing with increasing magnetic field strength. Fig. 5.1(d) shows the 
SAXS pattern of the RC phase after 30 minutes in a strong magnetic field of 1.4 T. In-
deed, the RC columnar reflections are now found in certain directions only, meaning 
that a large single columnar domain is formed. Highly interesting is the deforma-
tion of the 11 reflection which is broadened and is more rod- rather than arc-like, 
which is emphasized by the dashed circle at fixed scattering vector (Q). It therefore 
appears that the 11 reflection has broadened and can now be found over a small 
range of Q-values varying from 0.078 to 0.087 nm-1, which includes values both 
larger and smaller than the original Q-value. In contrast, the 20 reflection along the 
field is found at the fixed Q-value of 0.139 nm-1, hence the d20 spacing is undisturbed. 

 The observed broadening of the 11 reflection suggests certain deformations 
within the columnar domains, which presumably arise during the reorientation 
process. In general, the alignment of ordered phases in an external field can pro-
ceed via various scenarios. For example, it can involve growth of favoured domains 
at the expense of domains with incorrect orientation. Alternatively, reorientation 
can involve collective rotation of domains to attain the proper orientation. Previous 
studies have revealed rather complex reorientation pathways of smectic domains in 
thermotropic [20] and lyotropic [21] liquid crystals. 
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The data presented in Fig. 5.1 can shed some light on the reorientation pathway 
of the columnar liquid crystalline domains. The peculiar peak broadening can be 
understood as a result of collective rotation of domains in a viscous environment 
created by other domains. The interactions between the particles and the magnetic 
field will generate a torque applied to each particle and, via the interparticle in-
teractions, to the whole domain. During rotation a domain will experience a shear 
field, applied opposite to the rotation direction. As a result of the applied shear, the 
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Fig. 5.1 (a) SAXS pattern of the multidomain centred rectangular (RC) phase before the 
strong magnetic field was applied showing the 20 and 11 columnar reflections. (b) Tran-
sient SAXS-pattern of the RC columnar phase in a field of 440 mT. The columnar reflections 
are more pronounced in the direction along the magnetic field. (c) Schematic drawing of the 
RC unit cell with dimensions of 199 by 90 nm. (d) Deformed transient SAXS pattern of the RC 
phase in a field of 1.4 T. The 11 reflection is rod-like and can be found at different Q-values 
which is emphasized by the smallest circle which is at fixed Q from the centre. The 20 re-
flection remains at a constant Q-value. In all three scattering patterns, reflections from the 
smectic phase can be observed as well, they are denoted with “S”. Black arrows indicate the 
direction of the magnetic field. The black bars denote 0.1 nm-1.
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Fig. 5.2 (a) Schematic drawing of the RC phase and its characteristic distances. The top black 
arrow indicates the reorientation direction of the structure induced by the B-field. The two 
black arrows at the bottom represent the subsequent sliding of the {20} planes over each 
other. (b) Schematic drawing of the transient deformed columnar phase in the B-field. The 
distance between the {11} crystal planes has changed and is both larger (green lines) and 
smaller (blue lines) than the original distance. W and T in the schematic drawings represent 
the width and thickness of the particles. (c) Schematic drawing of the expected SAXS pattern 
for the transient columnar phase shown in (b). The same colours are used for the changes in 
the 11, 20 and 02 reflections respectively as in (a) and (b).
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{20} crystal planes can slightly slide relative to each other leading to a deformed 
crystal structure, as schematically illustrated in Fig. 5.2(a, b). Fig. 5.2(b) clearly 
shows how the spacing between the {11} crystal planes has changed and is now 
larger (green lines) in one specific direction and smaller (blue lines) perpendicular 
to that direction than the original spacing. Note that the deformation in Fig. 5.2(b) is 
slightly exaggerated compared to true experimental values as Fig. 5.2(b) is meant to 
illustrate the principle. For a domain approaching the most favourable orientation 
from another direction, the applied shear field will result in a similar deformation 
but applied in a different direction. At the moment of observation different domains 
possess a different degree of deformation. Their ensemble then produces the pecu-
liar broadening seen in Fig. 5.1(d). The spacing between the {20} planes remains 
the same. The {02} distance also changes but the effect is less pronounced than for 
the {11} crystal planes. 

The expected SAXS pattern for this type of deformed structure (Fig. 5.2(b)) is 
schematically drawn in Fig. 5.2(c). The 11 reflection (red) is split and shifts to Q-
values both larger (blue) and smaller (green) than the original value, whereas the 
20 reflections (grey) along the magnetic field remain at fixed Q. Similar to the 11 re-
flection, the 02 reflection can be found at range of different Q-values but this range 
is considerably smaller than for the 11 reflection. This schematic pattern indeed 
corresponds to the observed SAXS pattern in Fig. 5.1(d). The 02 reflections can be 
seen in the SAXS pattern but are still weak due to the proximity of the form fac-
tor minimum. However, these reflections were properly observed in measurements 
with longer exposure times. This confirms the reorientation pathway in which the 
magnetic field induced nanoshear induces the layers of columns to slide over each 
other. 

The specific broadening of the 11 reflection observed in the SAXS pattern (Fig. 
5.1(d)) obtained in this sample was also observed in a capillary with goethite dis-
persion g2 (Fig. 5.3(b)) when similar experiments were performed. The observed 
behaviour illustrates a typical phenomenon that is frequently observed in the goe-
thite columnar phase in an external magnetic field. 

The g2 sample of which the patterns are shown in Fig. 5.3 had been sediment-
ing for roughly 3.5 years. The patterns were taken 0.5 mm above the bottom of the 
capillary (where the osmotic pressure is high). Fig. 5.3(a) shows the SAXS pattern 
before the strong magnetic field was applied. The 11 and 20 reflections character-
istic of the centred rectangular columnar (RC) phase can be observed up to the 2nd 

order. This pattern was taken with a lower exposure time, hence the 02 reflections 
are not visible. Also here the magnetic field was applied perpendicular to the x-ray 
beam and the field strength was stepwise increased up to 1.5 T. Fig. 5.3(b) shows 
the SAXS pattern taken approximately 30 minutes after the magnetic field reached 
a strength of 1.5 T. Like for the g1 sample, the 11 reflection is smeared out over a 
range of Q-values while the 20 reflection remains at a fixed Q. The range of Q-values 
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at which the 11 reflection can be found appears to be larger in the g2 sample than 
in the g1 sample. This indicates that in this sample the deformation of the crystal 
structure, due to the field-induced shear between the layers of particles, is even 
more pronounced.

The SAXS patterns in Fig. 5.1 and Fig. 5.3 also show reflections from the smec-
tic phase. This smectic phase transforms (for the greater part) into the columnar 
phase in the strong magnetic field. The field-induced S → RC transition follows a 
complex mechanism and is partly described in the paper by Van den Pol et al. [21]. 
The smectic and columnar phases are in adjacent macroscopic domains and it is 
therefore assumed that the influence of the evolution of the smectic phase on the 
reorientation of the columnar phase is negligible.  

Chapter 2 in this thesis describes a study on a sample of chromium-modified goe-
thite to which magnetic fields were applied over time. In this study it was observed 
that the RS and RC columnar phases transform into each other via a martensitic tran-
sition. A closer look at the structures predicted a shear induced transition pathway 
(Chapter 2, ref. [17]). This prediction is now supported by the new information 
presented in this work, which suggests a very similar scenario. The fact that the RC 
phase is more often observed experimentally suggests that the RS phase is probably 
a metastable structure. The present data suggest that the deformations induced by 

  11

 20 S

3mT 1.5T

  11

 20
S

(a) (b)

Intensity Intensity
Fig. 5.3 (a) SAXS pattern of the multidomain centred rectangular (RC) phase before the 
strong magnetic field was supplied showing the 11 and 20 columnar reflections. (b) Tran-
sient SAXS pattern of the RC phase in a field of 1.5 T. The 11 reflection is rod-like and smeared 
out over a range of Q-values, as is emphasized by the dashed circle, whereas the 20 reflection 
remains at fixed Q (emphasized by dotted circle). Reflections labelled S originate from the 
smectic intra-(a) and interlayer (b) reflections. Black arrows indicate the direction of the 
applied magnetic field. The black bars denote 0.1 nm-1.
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local shear can promote a transition to the metastable RS structure. 
It is also worth noticing that the connection between micro-rheological proper-

ties of complex fluids with their macroscopic viscosity can be rather non-trivial [22, 
23]. Although the micro-rheology methods were not applied in the present study, 
the results show that transient SAXS patterns are able to reveal the local deforma-
tions at the nanoscale in response to a microscopic shear. The method is not limited 
to our goethite system and can be applied to various types of complex colloidal 
fluids and applied forces. An advantage of using SAXS is that there is no need to 
use tracer particles or to adapt the colloids, like fluorescently label them, which is 
necessary for popular micro-rheology techniques [22]. Therefore, SAXS might be 
an additional technique, which is able to complement the micro-rheological studies 
of complex colloidal fluids. E.g. for suspensions of plate-like clay particles [7, 24] as 
well as rod-like virus particles [25] it is reported that the local structure determined 
by SAXS could be connected to the systems’ rheological properties. In this work we 
did not specifically study temporal dynamics. Normally, patterns were measured 
some minutes after application of the field. The rotation process was shorter than 
that. However relaxation of the structural deformations is much longer since the 
patterns shown in Fig. 5.1(d) and Fig. 5.3(b) did not change significantly on the 
scale of an hour. Future studies can therefore include more detailed observations of 
real-time reorientation dynamics.

5.4 Conclusions
We have studied the reorientation behaviour of the goethite columnar phase in a 
strong external magnetic field using SAXS. It was found that during reorientation 
the magnetic field induces shear between the layers which makes them slide over 
each other. The SAXS pattern of the resulting transient deformed columnar crystal 
structure shows broadening of the columnar reflections in specific directions. The 
reflections along the field stay at constant Q-value, whereas other reflections do 
not. With these new observations we support the shear induced transition pathway 
which was proposed in Chapter 2 for the RS – RC martensitic transition in chromium-
modified goethite [17].

Furthermore, we showed that SAXS is a useful technique not only for characteri-
zation of static crystal structures but can also be used to study alignment pathways 
and orientation dynamics at the nanoscale.   
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We present small angle x-ray scattering data of single-domain nematic and 
columnar liquid crystal phases in suspensions of sterically stabilized gibbsite 
platelets. The measurements are performed with different sample orientations 
to obtain information about the 3D structure of the liquid crystalline phases. 
With the x-ray beam incident along the director of the nematic phase a strong 
correlation peak is observed corresponding to the side-to-side interparticle 
correlations, which suggests a columnar nematic structure. Upon sample rota-
tion this side-to-side correlation peak of the nematic shifts to higher Q-values 
suggesting the presence of strong fluctuations of small stacks of particles with 
different orientations while the overall particle orientation is constant. In the 
hexagonal columnar phase clear Bragg inter-columnar reflections are observed. 
Upon rotation, the Q-value of these reflections remains constant while their in-
tensity monotonically decreases upon rotation. This indicates that the column 
orientation fluctuates together with the particle director in the columnar phase. 
This difference between the behaviour of the columnar and the nematic reflec-
tions upon sample rotation is used to assign the liquid crystal phase of a sus-
pension consisting of larger platelets, where identification can be ambiguous 
due to resolution limitations. 

6
3D structure of nematic and 
columnar phases of gibbsite 
platelets
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6.1 Introduction
Suspensions of anisotropic colloidal particles, such as rods and platelets, show rich 
phase behaviour involving nematic (N), smectic (S) and columnar (C) lyotropic 
liquid crystalline states. The first observations of the N phase were already made 
in 1925 by Zocher of spontaneously self-organizing ribbon-like vanadium pentox-
ide (V2O5) particles [1]. Later N phases were also found to occur in suspensions 
of tobacco mosaic virus [2, 3], goethite rods [4] and clay plate-like particles [5]. 
Nowadays a rich variety of different liquid crystalline phases are reported in sus-
pensions of rod-like [6-8], board-like [9, 10] and plate-like particles [11-21]. For 
the plate-like particles these include the observations of the I - N phase transition 
in suspensions of mixed metal hydroxides [15], F-hectorite [16], nontronite [13] 
and beidellite [14], as well as the observation of the I - C phase transition in nickel 
hydroxides [11] and the occurrence of the I - S phase transition in extended sheet 
materials [12]. 

Several techniques are available to study liquid crystalline systems, ranging from 
polarized light microscopy [22, 23], (cryo) transmission and scanning electron mi-
croscopy (cryoTEM/SEM) [24], NMR [12, 25] and neutron scattering [26-28] to 
wide and small angle x-ray scattering (WAXS/SAXS) [28] and more recently, trans-
mission x-ray microscopy (TXM) [29]. Of these methods, polarized light microscopy 
is most commonly used, as it reveals phase separation and indicates particle orien-
tation. For structure characterization in the range of approximately of 5 to 500 nm 
SAXS has proven to be a powerful technique. Since the detailed atomic structure is 
irrelevant, scattering is sensitive only to the particle shape and their ordering.

Gibbsite (g-Al(OH)3) suspensions are a unique plate-like system as it displays a 
well-defined I - N - C phase separation [19]. It was extensively studied with polar-
ized light microscopy and SAXS for both sterically and charge stabilized particles 
[19, 21, 24]. The hexagonally shaped disk-like particles have a thickness signifi-
cantly smaller than the diameter. These can be synthesized with varied sizes using 
the seeded growth method [30] and it has been shown that 560 nm sized sterically 
stabilized gibbsite platelets are also able to form hexagonal columnar liquid crys-
tals [31]. Larger particles have the advantage that they can be made visible with 
confocal microscopy but they are more challenging for x-ray scattering as resolu-
tion becomes an issue, due to disorder and size fractionation [21, 31, 32]. 

So far the SAXS measurements are usually reported with a single orientation 
of the sample which often coincides with the particle normal, due to anchoring at 
the container wall. A more profound characterisation of the 3D structure can be 
achieved by studying large single domain samples under various sample orienta-
tions. Moreover, for large particle systems this information is crucial for unambigu-
ous phase identification. 

In this article we show that characterization of the full 3D structure is an ef-
fective method to distinguish between different liquid crystalline phases especially 
when the resolution becomes an issue. In a system with small (~200 nm) platelets 
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the N phase with columnar nematic (NC) structure and the C phase are studied in 
3D. In the NC structure small particle stacks are formed which have a stack axis that 
can fluctuate while the average particle normal remains constant. This decoupling 
causes a characteristic increase in the scattering vector Q upon rotation. In the C 
phase there is no decoupling hence Q remains constant when the sample is rotated. 
With the obtained information the technique is then applied to a system of larger 
platelets (~400 nm) and used to determine its 3D liquid crystal structure. 

6.2 Experimental

6.2.1 Materials
Two different particle suspensions were used, one consisting of small and one of 
larger sterically stabilized gibbsite platelets referred to as system 1 (S1) and sys-
tem 2 (S2), respectively. The S1 hexagonal colloidal gibbsite platelets (g-Al(OH)3) 
were prepared from an acidic aqueous aluminium alkoxide solution, according to 
the procedure of Wijnhoven et al. [33]. The particles were subsequently grafted 
with end-functionalised polyisobutene and were dispersed in toluene [34]. For S2 
large particles were synthesized via the seeded growth method from small gibbsite 
platelets; a detailed description of the procedure is described in section 7.2.1 of this 
thesis. The particles obtained after five growth steps were grafted with polyisobu-
tene and suspended in tetralin. 

Transmission electron microscopy (TEM) was used to determine the surface 
area of over 200 particles for both systems. The particle diameter D was determined 
to be 232 nm for S1 and 411 nm for S2 with a polydispersity of 20% and 10% re-
spectively. In solution the thickness of the stabilizing layer is expected to be 2-3 nm, 
giving effective diameters Deff  of 237 nm for S1 and 416 nm for S2 (Table 6.2).

Table 6.2 Properties of the different gibbsite systems S1 and S2.

System Deff (nm) σ (%)
S1 237 20
S2 416 10

6.2.2 Sample preparation
To promote the formation of large single columnar crystals non-adsorbing polymer 
(poly-dimethylsiloxane, Mw = 423 kDa) was added at a concentration of 0.8 g/l to a 
dispersion of S1 with a volume fraction of 0.38 [21, 35]. The suspension was placed 
in a flat capillary with internal dimensions of 0.3 x 3 mm. For S2 a home made flat 
capillary consisting of two coverslips (24 x 50 x 0.15 mm and 24 x 24 x 0.15 mm) 
glued together with internal dimensions of 0.15 x 20 mm was made and filled with 
a highly viscous suspension of S2. The capillaries were stored upright for a period 
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of one year for S1 and 40 days for S2, which allows the establishment of a gravity 
controlled profile of osmotic pressure in the samples. In Fig. 6.1 a schematic repre-
sentation of the sample cells and the sedimentation profiles as observed between 
crossed polarisers is shown. In S1 the I - N - C phase transitions were observed as 
indicated with the dotted lines. In S2 birefringence was observed but the liquid 
crystal phase was unassigned. 

6.2.3 Small angle x-ray scattering
X-ray studies were performed at the Dutch-Belgian beamline BM-26 DUBBLE [36] 
of the European synchrotron radiation facility (ESRF) in Grenoble, France using a 
microradian setup [20, 37]. The selected energy of the x-ray beam was 11 keV for 
S1 and 13 keV for S2. The CCD detector used (Photonic Science) had a pixel size of 
22 x 22 mm and was placed at a distance of 8 m from the sample. The sample cell 
was mounted perpendicular to the x-ray beam on remotely controlled, motorized 
translation and rotation stages. The samples were scanned along their y-axis and 
the measurements discussed in this article were done at the positions marked with 
a cross in Fig. 6.1(a, b). At these positions the sample was rotated around its y-axis 
over an angle a as shown in Fig. 6.1(c), in the range of 0˚ – 50˚. 

6.3 Results and Discussion

6.3.1 System 1 (S1)
In S1 SAXS measurements were done at several positions along the y-axis. 3D meas-
urements were performed at two positions, one in the domain determined to be 
nematic and one in the domain determined to be columnar at positions marked in 

S1

x

x

I

N

C

x

y

α

x-ray
beam

S2(a) (b)

(c)

Fig. 6.1 Schematic representation of the sample cells of (a) S1 and (b) S2. Crosses mark the 
positions in the samples where SAXS patterns were taken. (c) Illustration of sample rotation 
around y (seen from top).
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Fig. 6.1(a). In the capillary the platelets will align flat against the glass wall; hence 
the x-ray beam is parallel to the platelet normal for a = 0°.

In Fig. 6.2 the SAXS diffraction patterns as well as the corresponding horizontal 
and vertical intensity profiles measured in the N domain are shown for a = 0°, 30° 
and 50°. Intensity profiles are obtained by integration of the pattern over the area 
between the black and red lines as shown in Fig. 6.2(a). The diffraction pattern 
measured at a = 0° (Fig. 6.2(a)) shows a broad ring-like reflection with a maximum 
at scattering vector Q = 0.024 nm-1 (Fig. 6.2(d)). This corresponds to a distance in 
real space of 262 nm, which is in the order of D. This broad and strong reflection 
indicates presence of pronounced side-to-side correlations, which is a signature of 
the columnar nematic structure (NC) [38]. In this phase the platelets form short 
stacks that in turn display nematic ordering. As illustrated in Fig. 6.3(a), in these 
short stacks the lateral correlations between the particle positions give rise to a 
stack axis X parallel to the particle normal x. This leads to strong side-to-side cor-
relations and hence an intense scattering peak.

The patterns measured at a = 30° and 50° (Fig. 6.2(b, c), respectively) both show 
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Fig. 6.2 High resolution SAXS-patterns of a single N domain with NC  structure in S1 at a = 
(a) 0° (b) 30° and (c) 50° and (d-f) accompanying vertical and horizontal intensity profiles. 
Black en red lines in (a) show the areas of which intensity profiles were taken in the vertical 
and horizontal direction, respectively. Blue crosses mark the expected horizontal peak posi-
tion for NC, according to Q0 / cos a. The direct beam was absorbed by a square-shaped lead 
beamstop.
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elongation of the ring-like pattern and a decrease in intensity in the horizontal di-
rection. As expected, the peak position in the vertical direction (along the rotation 
axis) remains the same, as is confirmed by the intensity profiles shown in Fig. 6.2(d, 
e). 

The increase in Q suggests the presence of an apparent correlation length short-
er than D when the structure is seen at an angle. This can be understood as follows: 
the stacks in the NC phase can also be formed by platelets which are slightly shifted 
with respect to each other as illustrated in Fig. 6.3(b). While the average particle 
normal x is constant and approximately perpendicular to the capillary wall, the 
stack axes X fluctuates and is as a result decoupled from x. When the structure is 
seen at angle a, the apparent side-to-side distance will then be D cos a. 

Fig. 6.3(c) illustrates how the variation in the axes of the stacks δX broadens the 
side-to-side reflections in reciprocal space leading to an increase in Q via Qa = Q0 / 
cos a, with Qa and Q0 the scattering vectors measured at a and a = 0°, respectively. 
The expected peak positions for a = 30° and 50° are marked with a blue cross in 
the intensity profiles in Fig. 6.2(e, f) and correspond well to the measured peak 
maxima.

 
The SAXS pattern and corresponding intensity profile in the horizontal directions 
obtained in a large single columnar domain of approximately 8 mm in sample S1 at 

30°

0°
δΞ

(c)

(b)

D cos α α

Ξξ(a) Ξξ

Fig. 6.3 Schematic representations of NC structure where short particle stacks are formed 
where x and X are (a) coupled and (b) decoupled due to the rotation of X over an angle a 
causing the side-to-side correlation to be shorter according to D cos a and (c) top view rep-
resentation of NC reciprocal space and the broadening in side-to-side correlations due to δX 
variations (green lines). The intersections represent the observed patterns at a = 0° and a = 
30° rotation resulting in a larger scattering vector (blue arrows).
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a = 0° are shown in Fig. 6.4(a, d). Strong Bragg reflections can be observed at Q = 
0.029 and 0.058 nm-1. These values relate to each other as 1:2, confirming that they 
originate from the 10 and the 20 reflections of the hexagonal columnar structure. 
The 11 and 21 reflections can also be observed but these are not discussed here as 
the horizontal part of the pattern is integrated as indicated with the black lines in 
Fig. 6.4(a). 

The patterns measured at a = 30° and 50° (Fig. 6.4(b, c)) and the corresponding 
intensity profiles (Fig. 6.4(d, e)) show a decrease in intensity in the horizontal di-
rection, whereas the peak positions remain constant. In the highly ordered hexago-
nal C phase the particles are stacked into perfect columns, which in turn order in a 
hexagonal structure. The result is a column axis coupled to the average particle ori-
entation (which is determined by the glass wall), hence X = x and the Bragg reflec-
tions will be sharp point-like features in the 3D reciprocal space. It is therefore ex-
pected that the 10 and 20 reflections are only visible at a = 0°. However, our results 
do show some of the 10 and 20 reflections upon rotation. This indicates presence of 
domains with slightly different column orientations where the directions of both X 
and x can fluctuate. However, the fact that the value of Q is constant upon rotation 
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Fig. 6.4 High resolution SAXS-patterns of the S1 C phase at a = (a) 0° (b) 30° and (c) 50°, 
with (d) accompanying intensity profiles. (e) Decrease in intensity for increasing a of the 10 
and the 20 columnar reflections. Dots and squares represent experimental data, lines are a 
guide for the eye. (f) Positions of Q10 as determined for a and the expected position for a NC 
structure. Black lines in (a) shows the area of which intensity profiles were taken. The direct 
beam was absorbed by a square-shaped lead beamstop.
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indicates that here the coupling between these X and x still holds: X = x. Fig. 6.4(e)  
shows the angular dependence of the 10 and 20 intensity and indicates that most 
fluctuations of X (and x) occur over a range of 20° with a maximum of 30°. These 
domains are most likely situated in the centre of the capillary where the influence of 
the glass walls is expected to be smallest. Fig. 6.4(f) emphasizes the drastic differ-
ence in the a-dependence of the 10 peak positions for the C phase when compared 
to the expected position for the NC structure.  

6.3.2 System 2 (S2)
In S2 the liquid crystal phase could not be determined from polarization micros-
copy experiments. Due to the large dimensions of the platelets in sample S2, it is 
challenging to determine the intrinsic width of the reflections, which occur at con-
siderably lower Q-values. Another complication is that in liquid crystals consisting 
of large platelets (columnar) reflections can be seriously broadened by disorder of 
different types [21, 31] and by the presence of size fractionated crystals [32]. To de-
termine the liquid crystal structure the sample was therefore measured with SAXS 
along its y-axis and 3D SAXS was done at the marked position in Fig. 6.1(b).
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Fig. 6.5 High resolution SAXS-patterns of S2 at a = (a) 0° (b) 30° and (c) 45° with (d-f) ac-
companying intensity profiles for vertical and horizontal directions. Black and red lines in 
(a) show the areas over which intensity profiles were taken in the vertical and horizontal 
direction, respectively. The blue crosses mark the Q-values of the expected peak positions 
for NC. The direct beam was absorbed by a wedge-shaped tantalum beamstop.
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Fig. 6.5(a) shows the SAXS pattern measured at a = 0°. A circular pattern with 
strong side-to-side correlations with a maximum at Q = 0.0136 nm-1 and a much 
weaker reflection at Q = 0.028 nm-1 are observed. These might be assigned to 10 
and 20 reflections, as observed in the C phase in S1, but they are relatively weak and 
broad. It is thus ambiguous to assign the liquid crystal phase based on this alone. In 
Fig. 6.5(b-f) the SAXS patterns and the accompanying intensity profiles measured 
at a = 30° and 45° are shown. Here the elongation in the horizontal direction with 
an increase in Q can be observed. Since this is specific for the NC structure the phase 
can be unambiguously identified as such.

However, in Fig. 6.5(e, f) it can be seen that the increase in Qmax is not as high 
as expected according to the dependence Qa = Q0/cos a observed in the N phase 
of S1. Thus, the results obtained in S2 are in between those seen in the N phase (X 
fluctuates, x is constant on average) and the C phase (both X and x fluctuate keep-
ing X = x on average) of S1. This points to the presence of significant fluctuations 
of not only the axes X of the stacks, but also average particle orientation x. It is the 
combination of the fluctuations of both X (broadening the reflections along a line 
orthogonal to Q) and x (broadening the reflections along an arc), which lead to the 
observed shape of the side-to-side reflections, which is illustrated in Fig. 6.6. The 
fluctuation of x can have several causes. First of all, the larger particle size leads to 
a shorter sedimentation time. As a result, the particles have less chance to reorient 
themselves. Secondly, the difference in the sample age can also be an important fac-
tor [39]. Thirdly, there is no non-absorbing polymer added in S2, which in S1 could 
have caused stronger anchoring at the capillary wall. 

The information obtained on the 3D structure of S2 clearly shows that the sam-

0°
αQ3

Q1

Q2

Fig. 6.6 Schematic representation of NC reciprocal space where x is constant (grey lines) 
and x fluctuates (black lines) which causes the broadening of side-to-side correlations to be 
distorted. At a = 0˚ Q1 is equal for both, but at an angle a Q2 (fluctuating x) is found to be 
shorter than Q3 (constant x).
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ple has a N phase with a NC structure with several domains where both X and x 
fluctuate and are decoupled. The expectations are that after some time the particles 
in the S2 system will align better to the walls resulting in a single NC domain.

6.4 Conclusions 
We have studied and identified different liquid crystal phases of suspensions of 
small and large gibbsite platelets using SAXS measurements. By rotating the sam-
ples around the vertical axis by an angle a, information about the 3D structure of 
the N and C phase was obtained. For the N phase in a suspension of 237 nm sized 
platelets a NC structure is found, where fluctuations of the stack axes X are decou-
pled from a constant overall particle normal x. This led to an apparent decrease in 
the side-to-side correlation distance with a.

On the contrary, in the C phase X and x are coupled causing the side-to-side cor-
relation and hence Q-values to remain constant. With this information the liquid 
crystal phase of a gibbsite dispersion consisting of large (416 nm) platelets was 
studied and the structure was identified as NC with several domains. This conclu-
sion could not have been based on a scattering pattern at a = 0° alone and illustrates 
the importance of exploring the 3D reciprocal space for unambiguous identification 
of the liquid crystal structure. With the obtained knowledge we would like to take 
the 3D research further in the future by measuring a range of angles so that the full 
3D reciprocal space can be reconstructed as was for example done in Ref. [40] and 
[41] for a system of hard colloidal spheres.
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We adapt the plate-like gibbsite system such that the particles, and the liquid 
crystals they form, can be studied in real time and space with confocal laser 
scanning microscopy (CLSM). We synthesize gibbsite platelets with dimensions 
larger than the resolution of the confocal microscope using two different meth-
ods: a one-step synthesis and a seeded-growth synthesis in which regular gibb-
site platelets are used as seeds. We then fluorescently label the particles in two 
ways: either through attaching a dye to a steric polymeric stabilizer on the par-
ticle surface, or through incorporating a dye into a silica layer which is grown 
around the particle. We study the liquid crystal structures formed with confocal 
microscopy, supported by small angle x-ray scattering. With CLSM single parti-
cles can be observed, their (local) ordering can be resolved and the liquid crys-
tal phase can be determined. We show that CLSM is a technique complemen-
tary to the techniques generally used to study liquid crystal phase behaviour 
and shows promise for future experiments. We do however find that the dye 
influences the inter-particle interactions. As a consequence it is challenging to 
obtain stable dispersions. Additionally, liquid crystal phase formation becomes 
more difficult due to the large particle size; the particles have a high sedimen-
tation speed which inhibits the formation of a true long-range positionally or-
dered columnar phase. We therefore give suggestions and recommendations 
for improvement of the system for further research. 

7
Gibbsite systems for confocal 
microscopy studies
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7.1 Introduction
Anisotropic particles such as rod-, board- and plate-like particles have the ability to 
spontaneously form liquid crystals (LCs). Their phase behaviour is predominantly 
entropy driven and the phase formed depends on the particle shape and volume 
fraction [1-4]. Various liquid crystalline phases exist, including nematic (N), smectic 
(S) and columnar (C) phases. In the N phase the particles only possess orientational 
order. In the S and the C phase the particles additionally possess positional order 
in one and two dimensions, respectively. Also colloidal mineral particles are known 
to display rich phase behaviour [5, 6]. In the first part of this thesis we described in 
detail the phase behaviour of board-like goethite (a-FeOOH). Other examples are 
rod-like boehmite (g-AlOOH), fd-virus and silica rods [7, 8]. Examples of plate-like 
particles include nickel hydroxide and natural clays like bentonite and beidellite 
[6]. An exceptional system of plate-like particles is gibbsite (g-Al(OH)3). These syn-
thetic clay platelets display an isotropic I – N – C phase separation [9]. 

There are various ways to influence the liquid crystal formation. As colloidal 
(mineral) particles are highly susceptible to external fields, electric and magnetic 
fields are frequently used to engineer LC phases [10]. Moreover, anisometric par-
ticles generally have a preferred orientation near a wall or surface. Therefore con-
finement, e.g. by using slit-pore cells, can be used to influence the LC formation [11]. 

Several experimental techniques are used to characterize and give insight in col-
loidal LC structures. Frequently used are small angle x-ray scattering (SAXS) [12, 
13], polarized light microscopy (PLM) [14, 15], and to a lower extent transmission 
and scanning electron microscopy (cryo-TEM/SEM) [16]. As discussed in several 
other chapters in this thesis, SAXS is an excellent technique to characterize average 
bulk liquid crystalline structures. However various studies, like confinement stud-
ies, require characterization of the local crystal structure. PLM can be used to ana-
lyse smaller domains, but cannot access the structure on the single-particle level 
and mainly gives information about average particle orientations. PLM is therefore 
predominantly suited to visualise the particle director field in, e.g., nematic liquid 
crystals. Cryo-electron microscopy does give information at the particle level, but 
the required elaborate sample preparation, which includes freezing and cutting of 
the sample, is challenging and can have an influence on the structures. 

Techniques to study liquid crystals in real-time and direct space at the single 
particle level are rare. The recently developed technique of full-field transmission 
x-ray microscopy (TXM) enables taking real-space images of even opaque liquid 
crystals [17]. With this technique, which uses hard x-rays (> 10 keV), the smectic 
phase in a system of colloidal silica rods was visualized. However, TXM visualizes 
the entire sample thickness in one image. Therefore, highly ordered, single LC do-
mains are required. Resolution limits and imaging contrast could be significantly 
improved by using softer x-rays in vicinity of the adsorption edge of a particular 
element present in the sample. This, however, severely limits the sample thickness 
to a few microns [18-21]. 
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Confocal laser scanning microscopy (CLSM) is a technique that is able to image 
one spot of a 3D sample at a time. CLSM is intensively used to study crystallization 
of spherical particles [22, 23]. Also anisotropic colloids are on the verge of becom-
ing accessible with CLSM. With e.g. CLSM it was revealed that the director field of 
nematic liquid crystals of fd-virus in wedge-structured channels depends on the 
wedge angle [24]. Another example is described in the work by Lettinga and Grelet 
who directly visualized single particle transport between S layers of fd-virus [25]. 

All these examples deal with rod-like particles. In this chapter we, to our knowl-
edge, characterize for the first time the liquid crystal structure of plate-like parti-
cles in real-time and space using CLSM. We chose colloidal gibbsite as a model sys-
tem. Regular gibbsite platelets have dimensions, a diameter (D) of typically ~160 
nm and a thickness (L) of ~15 nm [26], which are below the resolution of a confocal 
microscope. Additionally, CLSM requires fluorescent particles. Gibbsite is not fluo-
rescent. We therefore adapted the gibbsite system. Platelets were grown to larger 
sizes [27] and were fluorescently labelled via two different methods. These synthe-
ses as well as the sample preparation are described in section 7.2. Dispersions of 
the resulting systems were studied with CLSM, supported by SAXS. The results are 
described in section 7.3. Due to the large particle size the formation of (long-range) 
positionally ordered phases turned out to be challenging. We therefore end with 
recommendations for further research and conclusions in section 7.4. 

7.2 Experimental
The gibbsite platelets were grown to larger sizes via two different methods, ei-
ther via the seeded growth method [27] or via a one-step synthesis [28]. This is 
described in section 7.2.1. We labelled the particles via two different methods. In 
method 1 we first sterically stabilize the particles and subsequently attach a fluo-
rescent dye to the stabilizing pol ymers. In method 2 a fluorescent silica shell is 
grown around the particles. These synthesis steps are described in section 7.2.2. 
In section 7.2.3 and section 7.2.4 the sample preparation and equipment used are 
described, respectively.

7.2.1 Gibbsite synthesis
Seeded growth method
The seed particles were synthesized by hydrothermal treatment of aluminium 
alkoxides, according to the procedure described by Wierenga et al. [26] An acidic 
solution containing 1.0 L hydrochloric acid (0.09 M, 37 %, Merck), 15.2 g alumin-
ium-iso-propoxide (> 97 % Fluka) and 20.0 g aluminium-sec-butoxide (97 %, Al-
drich) was mechanically stirred for 10 days. The mixture was subsequently heated 
in a glass reaction vessel in a 85 ˚C thermostatted water bath for 72 h. The resulting 
colloidal dispersion was centrifuged at 1000g (overnight) in order to remove the 
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smallest particles and to decrease the polydispersity. The resulting dispersion was 
dialyzed against demineralized (dd) water in tubes of regenerated cellulose (Visk-
ing, MWCO 12000 – 14000) until the conductivity dropped to 20 mS cm-1. Accord-
ing to the seeded growth method described by Wijnhoven [27] the seed particles 
were dispersed in a fresh batch of the acidic alkoxide solution described above. The 
mixture was again heated at 85 ˚C for 72 h under constant mechanical stirring to 
perform a seeded growth step. After growth the particles were treated as described 
above: dialysis against dd water and centrifugation. This seeded growth step was 
repeated 5 times. Centrifugation and stirring speeds were adjusted for the larger 
particles. The resulting platelets were stored in dd water.   

Direct-growth method
Large gibbsite platelets were also synthesized via a one-step method. According to 
this direct-growth method described by Shen et al. [28] 10.11 g aluminium-nitrate-
nonahydrate (p.a. Sigma-Aldrich) was dissolved in 200 mL Millipore (mp) water 
under continuous magnetic stirring to obtain a homogeneous solution. Ammonia 
(10 wt%, 28-30 % in H2O, Sigma-Aldrich) was added dropwise until the pH of the 
mixture was 5. Subsequently, the mixture was vigorously stirred for 10 min to ob-
tain a homogeneous gel. The gel was transferred to a glass bottle and heated in an 
electrical oven at 100 ˚C for 10 days. The white precipitate that formed was recov-
ered via three cycles of centrifugation (3 h, 500g) and redispersion in mp water. 

7.2.2 Fluorescent labelling 
Sterically stabilized fluorescent gibbsite
The large gibbsite particles synthesized were sterically stabilized with amino-mod-
ified polyisobutylene chains (PIB) by the method described by Mourad et al. [29, 
30]. 5.0 g PIB (SAP230TP, Infineum U.K. Ltd.) was added to 40 mL 1-propanol (> 
99%, Acros Organics). The mixture was magnetically stirred for ~20 h until the 
polymer looked well dispersed. 25 mL of aqueous gibbsite solution (40 g/l) was 
added dropwise to the mixture. The solvents were removed using a rotational vacu-
um evaporator, followed by a freeze-drying step. The resulting mixture of particles 
and PIB polymer was redispersed in toluene (technical grade, Interchema). Some 
particles aggregated. These aggregates sediment within minutes and were removed 
by allowing the dispersion to sediment for ~30 min and removing the supernatant 
(which now only contains stabilized particles). The supernatant was washed to re-
move excess PIB through multiple cycles of centrifugation (500g for 3 h) until the 
supernatant remained colourless. The sterically stabilized particles obtained were 
transferred to tetralin (99%, Sigma-Aldrich) through two cycles of centrifugation 
and redispersion. 

19 mg fluorescein isothiocyanate isomer 1  dye (FITC, 90%, Sigma) was dis-
solved in 2.00 mL toluene by magnetically stirring overnight, to obtain a solution 
with a concentration of 0.025 M. Part of the sterically stabilized gibbsite was fluo-
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rescently labelled by adding 100 mL of the dye solution to 1 mL of the gibbsite (370 
g/L) dispersion under continuous stirring for ~20 h. The resulting yellow mixture 
was washed by centrifugation and redispersion in tetralin until the supernatant 
remained colourless. 

Gibbsite coverage with a (fluorescent) silica shell
The gibbsite particles were covered with a (fluorescent) silica layer grown via 
the hydrolysis of the silica precursor tetra-ethylortho-silicate (TEOS) in a Stöber 
mixture consisting of ethanol, water and ammonia [31], based on the methods de-
scribed by Vonk et al. [32, 33] and Wijnhoven [33]. 

To enhance the stability of the gibbsite particles in ethanol first a polymer, poly-
vinyl pyrrolidone (PVP), is grafted onto the surface of the platelets. 100 g PVP (MW 
= 40.000 g/mol, Aldrich) was dissolved in 1L dd water by magnetically stirring for 
~3 h. Aqueous gibbsite dispersion was added such that the resulting dispersion had 
a gibbsite concentration of ~1 g/L. This dispersion was stirred vigorously for ~24 
h. Subsequently, the dispersion was centrifuged (300g for 3h) and redispersed in 
ethanol (p.a. Merck). 

A dye solution was prepared by dissolving 0.018 g FITC and 107 mL amino-pro-
pyltriethoxy-silane (APS, > 98%, Sigma-Aldrich) in 700 mL ethanol (technical grade, 
Interchema) by continuous stirring for ~24 h. 

The Stöber mixture was created by adding, consecutively, ethanol and ammonia 
under continuous stirring to the gibbsite-PVP dispersion such that the resulting 
mixture had a gibbsite concentration of 1 g/L and an ammonia (25 wt% in H2O, 
Contain) concentration of 6.8 v/v%. The resulting mixture was equally divided over 
two closed glass flasks. To one of the flasks 81 mL of the APS-dye solution was added 
under the surface of the mixture, directly followed by the addition of 50 mL of TEOS 
(> 99%, Aldrich). The mixture was stirred at 150 rpm [34] overnight. Then another 
250 mL of TEOS was added under continuous stirring (150 rpm) to grow a non-
fluorescent outer silica-shell around the fluorescent silica-shell. Simultaneously the 
same steps were performed for the dispersion in the other flask, except the addition 
of the dye solution. This was done in order to obtain both non-fluorescent and fluo-
rescent gibbsite particles with a comparable silica shell thickness. Both mixtures 
were stirred overnight and were subsequently washed with ethanol by two cycles 
of centrifugation (300g, 3h) and redispersion. The gibbsite-silica platelets were 
transferred to dimethyl formamide (DMF). 50:50 v/v% ethanol/DMF (> 99%, Sig-
ma-Aldrich) was added to the gibbsite-ethanol dispersion such that the total v/v% 
of DMF was ~5%. After centrifugation (300g,3 h) the particles were redispersed in 
DMF. Finally the dispersion was washed by three subsequent cycles of centrifuga-
tion and redispersion in DMF. 

7.2.3 Sample preparation 
Dispersions series were made with gibbsite volume fractions (φg) ranging from 0.4 



Chapter 7 Gibbsite systems for CLSM studies

110

to 19%. For the gibbsite-PIB system (gp), dispersions of non-fluorescent particles 
were mixed with dispersions of fluorescent particles. In the resulting dispersions 
0, 5, 10, 20, 50 or 100% of the particles were fluorescently labelled, respectively 
(indicated as gpf-5% etc). Additionally, a sample was prepared in which the sol-
vent was fluorescently labelled as well. To this end, part of a gpf-5% dispersion 
was centrifuged and the particles were redispersed in a solution of 0.01 M DANS 
(4-dimethylamino-4’-nitrostilbene, > 99%, Sigma) in tetralin.

For the gibbsite-silica system (gs), dispersions either contained only dyed parti-
cles (gsf) or only non-fluorescent particles (gsn).

For PLM and SAXS measurements, the dispersions were stored in rectangular 
glass capillaries with internal dimensions of 4.0 x 0.2 x 100 mm3 (#W3520-100, Vit-
roCom Inc.) which were flame-sealed and stored in upright position to ensure the 
formation of a density gradient. For CLSM measurements dispersions were stored 
in home-made sample cells. These sample cells were prepared by gluing round cap-
illaries with an internal diameter of 2.0 mm (#CV2024-100, VitroCom Inc.) on rec-
tangular microscope slides (Menzel Gläzer, 24 x 60 mm, nr. 1). For the gp samples 
an epoxy glue (Araldite AW2101) was used with a hardener (HW2951). In the gs 
samples particles were dispersed in DMF, which dissolves epoxy glue. Therefore 
glue from a Reka glue applicator was used. Since this glue adheres poorly to the 
glass slide a second layer of glue (Araldite AW2101/HW2951) was applied to fixate 
the Reka-glue layer on the microscope slide. 

7.2.4 Equipment
Confocal microscopy
A Nikon Eclipse TE2000U inverted microscopy equipped with a Nikon C1 scanning 
head and an oil immersion lens (100 Nikon Plan Apc, NA 1.4) was used to image the 
gibbsite particles. For illumination, a Spectra Physics 163C air cooled Ar-ion laser 
with a wavelength of 488 nm was used. The microscope has a maximum radial and 
axial resolution of ~212 and ~750 nm for the solvents used, respectively. 

Polarized light microscopy
The samples were studied using the same set up as described in section 2.2.2. 

SAXS
Small angle x-ray scattering patterns were collected using the microradian diffrac-
tion set up[35] at the BM26 DUBBLE beamline [36] of the European Synchrotron 
Radiation Facility (ESRF, Grenoble, France). A photon energy of 12 keV was used, 
with a sample-detector distance of 7 m. Patterns were collected using a two-di-
mensional x-ray CCD-based detector with a pixel size of 9 mm (Photonic Science). 
Patterns were collected in the middle of the capillary at different heights using a 
motorized remotely-controlled translational stage.
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TEM
The synthesized particles were characterized using a Technai 10 (FEI company) 
transmission electron microscope (TEM). Particle size distributions were deter-
mined using iTEM imaging software.

AFM
The particle thickness was determined using atomic force microscopy (AFM) utiliz-
ing a multimode scanning probe microscope (Digital Instruments). AFM measure-
ments were performed in tapping mode with a standard TESP silicon tip.

7.3 Results and Discussion

7.3.1 Large platelets
Transmission electron microscopy images of the large gibbsite platelets synthe-
sized by the seeded and direct growth method are shown in Fig. 7.1. The particles 
have a well-defined pseudo-hexagonal shape characteristic of gibbsite [26] and ap-
pear to be single particles, aggregates were not observed. The diameter D and thick-
ness L were determined using TEM and AFM, respectively, and are shown in Table 
7.3. D was determined from measuring the surface area of the platelet (A) and is 
defined by 

D A
º

4

p
. (7.1)

D was calculated and averaged for well over 300 particles. L was measured and 
averaged for approximately 90 particles. Both synthesis methods resulted in parti-
cles with a similar size and aspect ratio. The particles synthesized according to the 
seeded growth method have a lower polydispersity, as is expected from a seeded 
growth method [27].

Table 7.3 Dimensions of the gibbsite particles with their corresponding polydispersities (σ) 
as obtained from TEM and AFM.

Growth 
method

<D> 
(nm)

σD

(%)
<L> 

(nm)
σL

(%) L/D

Seeded 662 9 33 12 0.05
Direct 690 14 33 32 0.05

Remarkable observations were made for the particles obtained via the direct-
growth method. Whereas the seeded-growth particles have a smooth surface, the 
surface of the direct-growth particles appears to be covered with thin fibre-like 
structures (Fig. 7.1(c)). The fibres appear to be irreversibly attached; several wash-
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ing steps and ultrasonication did not significantly reduce the number of fibres. The 
fibres most likely consist of boehmite (g-AlOOH), which is a known side product of 
the regular aluminium-alkoxide based gibbsite synthesis [26]. Colloidal boehmite 
consists of stiff fibrils with a length of typically 100 - 400 nm and high aspect ratio 
[37, 38] and typically forms at temperatures T > 150 ˚C. They are generally not at-
tached to the surface of the platelets and can easily be removed by centrifugation. 
The paper of Shen et al., in which the direct growth method is described, reports 
the formation of boehmite for syntheses performed at pH = 10 (at 100 ˚C). They do 
not report boehmite formation for the synthesis executed at pH = 5, which is the 
synthesis we performed. A careful study of the microscopy images and XRD dif-
fractograms in their paper however, indeed shows that the particles do not consist 

(a) (b) (c)

Fig. 7.1 TEM pictures of large gibbsite particles synthesized by (a) the seeded growth meth-
od and (b), (c) the direct growth method. The white bars denote 1 mm.

Fig. 7.2 Polarized light microscopy image of PIB-stabilized gibbsite particles obtained from 
the direct growth synthesis, dispersed in tetralin (φg = 8.5%) taken 2 months after sample 
preparation. The solid arrows indicate the direction of the polarizers.
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purely of gibbsite. Some fibril-like material similar to our results can be observed 
in their TEM pictures. It is not clear though whether these are, like in our study, ir-
reversibly attached to the surface of the gibbsite platelets. 

To check whether this surface roughness inhibits the liquid crystal formation 
process, part of the direct-growth platelets were sterically stabilized and dispersed 
in tetralin. Samples of these dispersions were studied with PLM which revealed (Fig. 
7.2) a birefringent sediment indicating liquid crystal formation. The white dashed 
lines in (Fig. 7.2) indicate that different regions can be observed along the vertical 
direction of the capillary. This typically indicates phase separation. However optical 
Bragg reflections, indicating a positionally ordered phase, were not observed on a 
timescale of 1.5 years, meaning that all domains are nematic. It appears that these 
fibres inhibit the formation of a positionally ordered (columnar) phase. Since the 
dimensions of our particles are already challenging for CLSM, positionally ordered 
phases are preferred. The seeded-growth particles did phase-separate into a N and 
a C phase when sterically stabilized and dispersed in tetralin. We therefore selected 
the seeded-growth platelets for further (fluorescence) measurements. 

7.3.2 Fluorescent sterically stabilized gibbsite
Stability of the particles and dispersions
In this system the dye is attached to the polymers on the particle surface, which can 
have a negative influence on the stability of the particles. Therefore samples were 
prepared with different fractions -100, 50, 20, 10 and 5%- of labelled particles. Fig. 
7.3 shows pictures of the samples one day after sample preparation. The disper-
sions, with φg = 19%, are coloured yellow by the FITC-dye. In the samples with the 
lower fractions of labelled particles, gpf-20% (not shown here) gpf-10% and gpf-
5%, a sedimentation profile, characteristic of a stable dispersion, can be observed 
(Fig. 7.3(c, d)). The sediments were found to be birefringent. After 10 days irides-
cence could be observed upon illumination with white light, both when the light 
was transmitted (Fig. 7.4(a)) or reflected (Fig. 7.4(b)) by the sample. This indicates 
that a positionally order phase has formed and we can conclude that these samples 
are stable.

In contrast, the particles in the systems with a higher fraction of labelled par-
ticles, gpf-50% and gpf-100%, completely sedimented within one day forming a 
gel-like structure with pure solvent on top (Fig. 7.3(a, b)). These gels were found 
to be, apart from a very small layer at the bottom of the capillary, non-birefringent. 
From these systems we can therefore conclude that the dye destabilizes the par-
ticles and inhibits liquid crystal formation at higher fraction of labelled particles.

Phase behaviour
Even though the particles were grown to substantially larger sizes, imaging of sin-
gle particles remains challenging as the thickness L of the platelets is below the 
resolution of the microscope. Apart from stability issues, labelling only part of the 
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particles can be advantageous: it increases the distance between two fluorescent 
particles which is expected to improve the visibility. Fig. 7.5 shows typical confo-
cal images taken in samples in which respectively 5, 10, 20 or 50% of the particles 

(c) (d)(a) (b)

Fig. 7.3 Pictures of capillaries filled with gpf-dispersions with φg = 19% in which (a) 100, (b) 
50, (c) 10 and (d) 5 % of the particles are fluorescently labelled. The pictures were taken one 
day after sample preparation.

(a) (b)

Fig. 7.4 Pictures of sample gpf-5% with φg = 19% under illumination with white light, 
where the light is (a) transmitted and (b) reflected. Pictures were taken 10 days after sam-
ple preparation.
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were labelled. The samples were allowed to sediment for ~15 days. In all four im-
ages shown in Fig. 7.5 individual particles can be observed. The particles in the 
samples with 5, 10 or 20% labelled particles were found to exhibit Brownian mo-
tion. Their random walk appears to be confined to a small volume in the order of 
the particle size indicating that the particles are ‘caged’, which is characteristic for 
dense positionally ordered phases. The particles in the system gpf-50% did not 
exhibit Brownian motion, confirming the gel-like structure of the system. Fig. 7.5 
reveals the presence of different domains in which the particles are orientation-

(a) (b)

(c) (d)

Fig. 7.5 Confocal microscopy images of gpf-dispersions in which respectively (a) 5, (b) 10, 
(c) 20 and (d) 50% of the platelets were fluorescently labelled. The pictures were taken ~3 
mm from the bottom of the sample and ~15 days after sample preparation. φg = 19% for (a), 
(b), (d) and 9% for (c). The white bar denotes 5 mm.  
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(a) (b)

(c) (d)

(e) (f)

Fig. 7.6 Confocal microscopy images of gpf-10% dispersion with φg = 19%. The pictures 
were taken 5 mm from the bottom of the sample after sedimentation for  (a) 3 hours, (b) 3 
days, (c) 6 days (d) 13 days, (e) 1 month and (f) 2.5 months. The white bar denotes 10 mm.  
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ally ordered. This is emphasized by the white ellipse in Fig. 7.5(b), which denotes 
a domain in which the majority of the visible particles appears to be perpendicular 
to the focal plane. 

Fig. 7.5 shows that there is a marked improvement in visibility upon decreasing 
the fraction of labelled particles from 20 to 10%. The development of the liquid 
crystal phases in time was therefore studied in a sample containing a dispersion in 
which 10% of the particles carried a fluorescent label (gpf-10%, φg = 19%). In Fig. 
7.6 we present typical confocal microscopy images taken after different sedimenta-
tion times at different positions in the focal plane but at a fixed height of 5 mm from 
the bottom of the sample. Fig. 7.6(a) shows a typical image taken 3 hours after sam-
ple preparation. Although only 10% of the particles are visible, it is clear that the 
density of particles is low. The particles are in the I phase: orientationally ordered 
domains were not observed. After 3 days of sedimentation (Fig. 7.6(b)) the particle 
volume fraction appears to be higher, but is still below the I – N volume fraction 
as the particles have random orientations. After sedimentation for approximately 
a week (Fig. 7.6(c)) the image is different: the apparent volume fraction is signifi-
cantly higher and domains in which particles are orientationally ordered can be ob-
served. The white ellipse indicates a mm-sized domain in which the particle orienta-
tion is perpendicular to the focal plane. Fig. 7.6(d, e, f) are taken after respectively 
13, 30 and 70 days of sedimentation. There are no significant differences compared 
to the image taken after ~ 1 week of sedimentation; the dynamics of liquid crystal 
phase formation has slowed down. However, the particles exhibit Brownian motion 
and therefore the ordering can still improve [39]. It e.g. appears that the domain 
size of differently oriented particles increases with increasing sedimentation time, 
as is illustrated by the domain in Fig. 7.6(f) which appears to be twice as large as 
the domain in Fig. 7.6(c). However, more quantitative research is required to draw 
proper conclusions.

Determining the liquid crystal phase purely from these confocal microscopy im-
ages is challenging. It is clear that the neighbouring particles possess some orien-
tational order. Upon careful studying various confocal pictures, it appears that the 
particles locally possess positional order as well. This is illustrated in Fig. 7.7, which 
displays a typical confocal microscopy image taken in a sample containing disper-
sion gpf-10% with φg = 19%. The sample was 1 month old at the moment of meas-
uring. In the images small columns of particles can be observed in the domains in 
which the particles are oriented perpendicular to the focal plane. Additionally, the 
stacks of particles that are in close proximity of each other appear to be aligned. 
However, long range positional order is not observed. These small stacks of parti-
cles are characteristic of the columnar nematic (NC) phase (Chapter 6). This phase 
is often formed on relative short time scales in systems of particles with high sedi-
mentation speeds, or in systems consisting of highly polydisperse particles. Both 
polydispersity and fast formation inhibit the formation of long range positional 
order. The particles in our system are large and sediment on relatively short time-
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scales. It is therefore likely, especially in the bottom part of the sample, that these 
large particles form a NC phase. It is however hard to be conclusive since only 10% 
of the particles can be observed.

Since a higher percentage of fluorescently labelled particles was found to in-
hibit liquid crystal phase formation (Fig. 7.3) and to reduce the visibility (Fig. 7.5), 
we additionally dyed the solvent to enable imaging of all the gibbsite platelets. We 
studied the phase behaviour of a sample of sterically stabilized gibbsite platelets, of 
which 5% are fluorescently labelled, dispersed in solution of 0.01 M DANS in tetra-
lin. DANS and FITC emit at different wavelengths of respectively 518 and 600 nm, 
which can be detected separately.

In Fig. 7.8(a, c, e) we present typical confocal microscopy images taken ~ 1.5 
month after sample preparation at three different positions in the sample. In these 
images the particles are either green (labelled) or black (unlabelled) and the sol-
vent is orange. For a complete picture we additionally present in Fig. 7.8(b, d, f) 
the same images in which now only the solvent is visible (green for an improved 
contrast), all the particles are black. Fig. 7.8(a, b) are taken 3 mm above the sample 
bottom. Again domains with different particle orientations can be observed. The 
white dashed lines indicate a domain with particles perpendicular to the focal plane 
enclosed between two domains with particles parallel to the focal plane. In this en-
closed domain again small stacks of particles can be observed. They are aligned, but 
the columns are undulating and long range positional order is not present. Similar 
conclusions can be drawn from the domains in which the stacks are perpendicular 
to the focal plane. Several stacks are hexagonally packed, as illustrated by the white 

(a) (b)

Fig. 7.7 Typical confocal microscopy image of gpf-10% dispersion with φg = 19%. The im-
age was taken after sedimentation for  ~ 1 month. The white lines in (b) indicate small col-
umns of particles. The white bars denote 10 mm.
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(c) (d)

(e) (f)

(a) (b)

Fig. 7.8 Typical confocal microscopy images taken in sample gpf-5%-DANS, φg = 4.5%. The 
sample was allowed to sediment for 1.5 months before the images were taken. (a) en (b) 
are taken 3 mm from the bottom and in the middle of the capillary. (c - f) are taken 0.5 mm 
from the bottom of the capillary, (c, d) in the middle and (e, f) near the edge of the capillary, 
respectively. In (a, c, e) the particles are either green (labelled) or black (non-labelled), the 
solvent is orange. In (b, d, f), although confusing, the solvent is green and all particles are 
black, to improve the visibility. The white bars denote 5 mm.
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hexagons. However, this order is only local and is not evident for all particles. 
Fig. 7.8(c, d) are taken at a height of 0.5 mm, significantly closer to the bottom 

of the sample. The particles have a preferential orientation near the bottom; they 
prefer to align parallel to the surface. Indeed only few particles are perpendicular 
to the focal plane; the majority of the particles is parallel to the bottom of the sam-
ple. Domains of particles with a perpendicular orientation, like those observed at a 
height of 3 mm (Fig. 7.8(a, b)), are not observed at this height and a larger number of 
particles have neighbours in a (distorted) hexagonal surrounding. There is howev-
er, no true long-range positional order. The microscopy images shown in Fig. 7.8(e, 
f) are taken at the same height, but close to the capillary wall. Also here the effect of 
the wall can clearly be observed. The majority of the particles is, in contrast to what 
is observed far away from the wall, perpendicular to the focal plane. Various stacks 
of particles can be observed. 

The results of the confocal studies indicate that the particles have formed a NC 
phase. To support these results we additionally used small-angle x-ray scattering 
to characterize the liquid crystal phase. SAXS patterns were taken at various posi-
tions in a rectangular capillary containing dispersions gpf-10% (φg = 4.5%). The 
phase behaviour in these capillaries is expected to be similar to the behaviour in 
the confocal sample cells. Fig. 7.9(a, b) show images of the capillaries upon illumi-
nation with white light. Bragg reflections, indicating positional order, can clearly 
be observed. They are most pronounced in the top part of the sample. SAXS pat-
terns taken at the positions denoted by O and X are shown in Fig. 7.9(c) and Fig. 
7.9(d), respectively. In the pattern taken higher in the capillary (d) an intense, but 
rather broad, reflection can be observed at Q = 0.009 nm-1 combined with a weak 
and diffuse reflection at Q = 0.06 nm-1 (Fig. 7.9(f)). These reflections indeed origi-
nate from the (multi-domain) NC phase [29] (see also Chapter 6 in this thesis). The 
intense peak at low Q corresponds to a repetition distance of 698 nm, which is 
slightly larger than the particle diameter (~662 nm). This peak originates from the 
positional correlation between the stacks. Since the characteristic 10, 11, 20 and 21 
reflections of a hexagonal columnar crystal lattice are absent, it is highly unlikely 
that the phase present is hexagonal columnar. The weak and diffuse reflection ob-
served at high Q originates from the liquid-like correlations between the particles 
within the stacks. This peak corresponds to a real space value of ~100 nm, which is 
significantly larger than the particle thickness (~33 nm). Although the particles are 
dispersed in an organic solvent, some charges are always present, which leads to 
large double layers surrounding the particles. The resulting electrostatic repulsion 
is stronger between the particles within the stacks, which are oriented face-to-face, 
than between particles in different stacks, which are oriented edge-to-edge. This 
might explain the increased spacing between the particles within the stacks. 

The positional peak at low Q corresponding to the side-to-side correlations of 
the stacks can be observed as well in the pattern taken lower in the capillary (Fig. 
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Fig. 7.9 Photographs (a, b) taken under illumination, under different angles, with white light 
taken of sample gpf-10% (φg = 4.5). The sample was 3 months old. X and O denote where 
the SAXS patterns shown in (c), (d), respectively, were taken. (e, f) show the I(Q) profiles 
averaged over all angles corresponding to the SAXS patterns shown in (c, d), respectively. 
Q-values (in nm-1) corresponding to the peak positions are indicated. The black bars denote 
0.03 nm-1.
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7.9(c)). This peak is broader, weaker and found at a slightly lower Q-value. The liq-
uid reflection of the particles within the stacks was too weak to observe with nor-
mal exposure times. This indicates that the NC phase present in the lower part of the 
capillary is less well ordered than the NC phase higher in the sample. In the lower 
parts of the capillary the phase is formed on short time scales and at a higher os-
motic pressure than higher in the capillary, which frustrates (long-range) ordering. 

The SAXS results confirm the formation of the NC liquid crystal phase. Also the 
distances found for the side-to-side correlations of the stacks agrees well with the 
confocal results. Measuring stack distances in the confocal pictures, like in e.g. Fig. 
7.8, reveals values of roughly 730 nm. SAXS results revealed that the NC phase is less 
well ordered further down in the samples. Due to the maximum focal depth of the 
confocal microscope  (~200 mm) this region is unfortunately the only region that 
can be studied with CLSM. However, CLSM definitely complements SAXS measure-
ments. With CLSM local ordering, at the particle level, can be studied quite well 
while the smallest area that can be investigated by SAXS is at least 500 x 500 mm. 

7.3.3 Fluorescent silica coated gibbsite
The technique of covering gibbsite particles with first a layer of fluorescent silica, 
followed by a layer of non-fluorescent silica is promising for confocal microscopy 
studies. The addition of the non-fluorescent layer is expected to shield the interac-
tions of the dye, and is additionally expected to improve the visibility.

TEM images of the particles as obtained from the synthesis are shown in Fig. 
7.10. The particles appear to be stable; after washing aggregates were not observed. 
The arrows in Fig. 7.10(b) indicate the silica shell. The thickness of the silica shell 
was determined from the increase in the average particle diameter D. The thickness 
of the silica layer was found to be 15 nm for the fluorescent particles and 17 nm for 
the non-fluorescent particles. 

The samples containing the particles dispersed in DMF sedimented within one 

1 µm 250 nm

(a) (b)

Fig. 7.10 TEM pictures of gibbsite particles covered with a non-fluorescent (a) and fluores-
cent (b) silica shell. The white arrows in (b) point to the silica layer.
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Fig. 7.11 Typical confocal microscopy image taken in a sample containing dispersion gsf, 
with a goethite volume fraction of 2.1% taken 1 day after sample preparation. The white 
arrow points to a particle which is perpendicular to the focal plane. The white bar denotes 
2 mm.
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Fig. 7.12 (a) Picture of a capillary containing dispersion gsn with a φg = 13% under illumina-
tion with white light. The sample was allowed to sediment for ~ 1 year. A zoom of the area in 
which Bragg reflections were observed (white dashed box) is given in (b). The SAXS pattern 
shown in (c) is taken at the place denoted by X (a). The black bar denotes 0.025 nm-1. The 
accompanying I(Q) profile averaged over all angles is shown in (d).  
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day, independent of the gibbsite volume fraction and presence of fluorescent par-
ticles. The density difference between DMF and gibbsite is even smaller than for 
gibbsite and tetralin and it is therefore expected that their gravitational length (Eq. 
(1.1) is larger. The observed increase in sedimentation speed therefore indicates a 
reduced particle stability.

A typical confocal microscopy image, taken in a sample containing dispersion 
gsf with a gibbsite volume fraction of 2.1%, is shown in Fig. 7.11. The visibility of 
the particles is quite good, single particles and their orientation can clearly be re-
solved. Unfortunately, it appears that the particles do not possess either orienta-
tional or positional order, independent of the volume fraction, sedimentation time 
and height in the capillary. 

A sample containing a dispersion consisting of only unlabelled particles (gsn) 
was studied to investigate if the fluorescent dye inhibits liquid crystal phase for-
mation. Also in this sample birefringence or Bragg reflections were not observed 
on a timescale of months. After sedimentation for approximately a year, Bragg re-
flections were observed, but only in the very top part of the sediment (Fig. 7.12(a, 
b)). SAXS revealed, like for the gpf-system, an intense and sharp reflection at low 
Q combined with a diffuse and weak reflection at higher Q, characteristic of the NC 
phase. Unfortunately SAXS revealed isotropic patterns for the remainder of the cap-
illary indicating that these particles are not ordered. 

These results indicate that it is highly challenging to form liquid crystals from the 
silica covered particles. As practically no order is observed in the non-fluorescent 
particles as well, it is assumed that the fast sedimentation speed of the particles is 
inhibiting the particles from ordering. Several methods were tried to decrease the 
gravitational length. It was tried to obtain hollow particles by removing the gibb-
site core through etching using concentrated HCl. Unfortunately, we found that for 
a silica layer thickness < ~20 nm, the silica shells break or collapse. Increasing the 
solvent viscosity by dispersing particles in a mixture of water and glycerol, also 
decreases the dynamics of particles reorienting and did therefore not lead to the 
formation of LCs. Like in the work described by Kuijk et al. [8, 40] and Murray et 
al. [40], we tried sterically stabilizing the surface of the silica particles with OTMOS 
(octadecyltrimethoxysilane), but unfortunately these syntheses resulted in parti-
cles aggregating. 

7.4 Conclusions and Recommendations
We have developed two different systems of fluorescent plate-like gibbsite particles 
suitable for CLSM and we have studied the liquid crystal phase behaviour of these 
systems in real-time and space using CLSM. 

One system consists of submicrometer-sized sterically stabilized gibbsite plate-
lets dispersed in an organic solvent. Since the dye, which was attached to the steric 
stabilizer, destabilizes the particles only part of the platelets in the dispersion could 
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be labelled. With CLSM single particles as well as their orientation could be ob-
served. By additionally dying the solvent, all particles could be visualized. The par-
ticles were found to form a multi-domain columnar nematic liquid crystal phase: 
domains of stacks of particles with different orientations could be observed but 
long-range positional order was not present.  

The second system consists of large gibbsite particles around which a (non-)
fluorescent silica layer was grown.  Also for this system single particles could be 
imaged with CLSM. Unfortunately, the particles did not possess orientational or po-
sitional order. 

Additional SAXS-measurements on vertically stored capillaries revealed that 
only the particles in the very top layer of the sediment possessed order. The par-
ticles have a short gravitational length (Eq. (1.1). This leads to high sedimentation 
speeds which inhibit LC phase formation. This effect is most pronounced near the 
bottom of the sample, which is exactly the region that can be studied by CLSM. 

The fluorescent particles do have a good visibility and are therefore promising 
for CLSM experiments. Several methods were tried to reduce the sedimentation 
speed but this has not led to the formation of well-ordered liquid crystals, yet. For 
future research we believe the most promising method to decrease the high sedi-
mentation speed is to grow a thick (> 20 nm) silica layer around the particles, fol-
lowed by etching out the gibbsite core. Increasing the amount of silica precursor 
during the Stöber synthesis often leads to the formation of secondary growth and 
irreversible cluster formation. We therefore recommend to execute the synthesis 
in an ultrasonic bath and to add the silica precursor gradually using a peristaltic 
pump, as described by for example Rossi et al. [41]

In summary our results show that CLSM is a promising technique supplemen-
tary to the techniques generally used to study liquid crystal formation. Whereas 
the strength of other techniques, like SAXS, is in characterizing the average struc-
ture of bulk liquid crystal phases, CLSM enables studying liquid crystalline order 
locally and at the single particle level. This allows studies of e.g. nucleation and 
growth, and of transitions between different (domains of) liquid crystalline phases. 
We were able to observe wall-induced alignment in a system of gibbsite platelets, 
which indicates that CLSM is a promising technique for confinement studies as well.  
The methods we applied to make the gibbsite platelets suitable for CLSM are quite 
general and could be applied to various other (anisotropic) metal-oxide particles.
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Summary

This thesis discusses lyotropic liquid crystals of anisometric colloidal mineral par-
ticles. While lyotropic liquid crystals generally form spontaneously, the focus in this 
thesis is on manipulating the formation of liquid crystals and tuning the (spontane-
ously) formed liquid crystalline structures. Small angle x-ray scattering (SAXS) is an 
excellent technique to characterize liquid crystalline structures and is therefore the 
technique that is predominantly used throughout this thesis. 

This thesis is split in two parts. Part 1 describes various approaches to influence 
the liquid crystal phase behaviour of board-like goethite (a-FeOOH) particles. In 
Chapter 2 the phase behaviour of a dispersion of polydisperse chromium-modified 
goethite colloids slowly sedimenting in the earth gravitational field is studied over 
a time span of five years. Despite the high particle polydispersity (30%) the dis-
persion displays rich phase behaviour; the colloids spontaneously form isotropic, 
nematic, smectic as well as two types of columnar phases. We found that, under 
the influence of the gravitational field, the nematic phase grows at the expense of a 
better ordered smectic phase, by absorbing particles that do not fit the smectic pe-
riodicity. We additionally found that the system displays fractionated crystallization 
in both the smectic and the columnar phase. Furthermore, it was found that the two 
columnar phases spontaneously transform into each other.

In Chapter 3 we influence the phase behaviour by changing the inter-particle 
interactions by introducing a depletant into the suspension. We find that the deple-
tant-induced attraction between the particles leads to the formation of a smectic 
phase superseding the nematic phase. Careful analysis of the scattering patterns 
suggests that the particles within the layers are biaxially ordered. 

In the final two chapters of Part 1, Chapter 4 and Chapter 5, we utilize an exter-
nal magnetic field to tune the liquid crystalline phases. In Chapter 4 the influence 
of an external magnetic field on the biaxiality of nematic phases is studied both 
experimentally and theoretically. It is found that applying a weak field to the biaxial 
nematic phase can (at sufficiently high field strength) completely suppress the bi-
axiality, causing the biaxial nematic phase to transform into a regular prolate uniax-
ial nematic phase. Our theoretical results confirm these findings. Additionally, they 
predict that applying a magnetic field to an oblate uniaxial nematic phase induces 
the formation of the rare biaxial nematic phase. This opens up novel possibilities of 
tuning biaxiality in nematic liquid crystals.

In Chapter 5 a strong external magnetic field is used to study the reorientation 
behaviour of the goethite columnar phase. Dynamics are slow in this dense and 
viscous phase, enabling the characterization of the transient structures by small an-
gle x-ray scattering. The transient scattering patterns show typical deformed Bragg 
reflections which reveal the reorientation pathway. It appears that realignment 
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proceeds via collective rotations of domains inducing nanoshear between the lay-
ers. These results support the martensitic transition pathway that was proposed in 
Chapter 2 for the reversible transition between the two different columnar phases.

Part 2 of this thesis describes the plate-like gibbsite (g-Al(OH)3) system. Gibbsite 
is, compared to goethite, less susceptible to external magnetic fields. However, the 
particles have a strong preferential orientation near a wall or surface. It is there-
fore predicted that spatial confinement can have a strong influence on gibbsite liq-
uid crystal phase formation. Experimental confinement studies are rare, especially 
of positionally ordered liquid crystals. The challenge lies in the characterization 
techniques. In this thesis we therefore focus on large (> 500 nm) gibbsite platelets, 
which are advantageous as they can be made visible with optical microscopy. Their 
SAXS studies are, however, more challenging since the formed structures are less 
ordered. In Chapter 6 we develop a 3D-SAXS method, in which the measurements 
are performed with various sample orientations. We observe that Bragg reflections 
of the side-to-side correlations of particles in the columnar nematic phase shift to 
larger Q-values upon sample rotation. In contrast, observable Bragg reflections of 
particles in the columnar phase stay at constant Q for all angles. This method gives 
more insight in 3D liquid crystal structures and helps unambiguous identification 
of the liquid crystal phase. 

In the final chapter (Chapter 7) of this thesis we take steps towards enabling real 
time and space studies of liquid crystals by adapting the gibbsite system such that 
the particles can be studied with confocal laser scanning microscopy. We describe 
two synthesis routes to obtain large and fluorescently labelled platelets. Addition-
ally, the results of a preliminary confocal microscopy study of the formed (liquid 
crystal) structures are discussed. Although particle stability remains an issue -due 
to dye-dye interactions- we were able to observe single particles, resolve their (lo-
cal) ordering and determine the liquid crystal phase. 
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Samenvatting in het Nederlands (ook voor leken)

De titel van dit proefschrift, ‘Colloidal mineral liquid crystals, Formation & ma-
nipulation’, zal de meeste mensen zeer weinig tot helemaal niets zeggen. De 
Nederlandse titel: ‘Vloeibare kristallen van minerale colloïden, Formatie & ma-
nipulatie’ maakt het eigenlijk ook niet veel beter. In de afgelopen jaren hebben 
veel mensen interesse getoond in en vragen gesteld over wat ik nou eigenlijk 
precies doe op mijn werk. Ondanks mijn pogingen om het uit te leggen blijft 
het voor veel mensen moeilijk te bevatten. Over bijvoorbeeld het begrip ‘vloei-
bare kristallen’, hoor ik regelmatig: “daar heb ik nog nooit van gehoord”. Dit is 
opmerkelijk, aangezien bijna iedereen er vrijwel elke dag mee te maken heeft. 
Tv’s, laptops en smartphones bevatten heel vaak een LCD – oftewel Liquid Crys-
tal Display –  scherm.
In deze samenvatting probeer ik daarom op een begrijpelijke manier uit te leg-
gen wat ik gedaan heb. Ik zal daartoe eerst de vaktermen uitleggen om vervol-
gens de diepte in te gaan door per hoofdstuk te omschrijven wat de resultaten 
van mijn onderzoek zijn.

Vloeibare kristallen
Bij het woord ‘kristal’ zullen mensen wellicht denken aan edelstenen, zoals opalen. 
Of bergkristallen en ijskristallen. Al deze voorbeelden hebben één gezamenlijke 
eigenschap die ze typeert als kristal: de moleculen of atomen waaruit ze bestaan 
zijn ruimtelijk geordend in alle 3 de dimensies. Oftewel: ze zijn gerangschikt in 
een geordend patroon. Dit is te zien in Figuur S1(a); de atomen/moleculen (grijze 
bolletjes) lijken op een rooster te liggen. Bovenstaande kristal voorbeelden zijn van 
bolvormige (sferische) atomen/moleculen. Ze zijn alleen positioneel geordend en 
het kristal is een vaste stof. 

(a) kristallijn (b) amorf
Figuur S1.  Schematische tekeningen van atomen/moleculen die (a) kristallijn, oftewel 
ruimtelijk geordend en (b) amorf, oftewel ongeordend zijn.
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Tegenovergesteld daaraan zijn vaste stoffen waarin de atomen/moleculen  ongeor-
dend zijn, dit noemen we amorf (Figuur S1(b)). Een voorbeeld daarvan zijn de sili-
cium atomen in glas (‘kristallen’ glazen zijn volgens de wetenschappelijke definitie 
dus geen kristallen!).

Sferische moleculen en atomen in een vloeistof zijn net als in een amorfe vaste 
stof ongeordend. Maar in tegenstelling tot vaste stoffen is een vloeistof vloeibaar. 
Waar moleculen/atomen in een vaste stof alleen op hun eigen plek een heel klein 
beetje kunnen bewegen, kunnen moleculen/atomen in een vloeistof vrij langs el-
kaar heen bewegen. 

Vloeibare kristallen zijn, zoals de naam al zegt, kristallen, oftewel geordende struc-
turen, die nog vloeien als een vloeistof. Dit is mogelijk omdat vloeibare kristallen 
gevormd worden door anisotrope moleculen. Anisotroop betekent ‘niet gelijk in 
alle richtingen’ en betekent in dit geval niet-bolvormig. Een voorbeeld hiervan zijn 
staaf-, balk- of schijfvormige moleculen. Hierdoor ontstaan er nieuwe mogelijkhe-
den: deze moleculen kunnen behalve positionele ordening (zoals in een regulier 
kristal), ook oriëntatie-ordening hebben. Dit is bijvoorbeeld wanneer alle deeltjes 
dezelfde kant uitwijzen, oftewel allemaal dezelfde oriëntatie hebben (zoals Mikado 
stokjes in hun verpakking). Wanneer de deeltjes wel dezelfde oriëntatie hebben, 
maar geen positie-ordening, dan wordt dit een nematisch vloeibaar kristal ge-
noemd. Dit is in Figuur S2 geïllustreerd voor zowel staafvormige moleculen, die 
hun lange as uitlijnen, als voor schijfvormige moleculen, die hun korte as uitlijnen 
(pijltjes in Figuur S2). Wanneer de moleculen vervolgens ook in één richting posi-
tioneel geordend zijn, noemen we dit een smectisch vloeibaar kristal. De moleculen 
hebben dan lagen gevormd, waarin ze vrij kunnen bewegen. Dit is weergegeven 
in Figuur S2 voor staafvormige deeltjes, schijfvormige deeltjes vormen doorgaans 
geen smectisch vloeibaar kristal. Een andere vloeibaar kristalfase is de columnaire 
fase. Hierin vormen de deeltjes kolommen. Deze kolommen ordenen zich dan (po-
sitioneel) in twee richtingen (2D), zoals te zien is in Figuur S2. Behalve deze (deels) 
geordende fasen is er nog de isotrope fase (in alle richtingen gelijk), waarin de deel-
tjes niet geordend zijn (zoals Mikado stokjes in spelsituatie).

Vloeibare kristallen hebben meerdere toepassingen, waarvan de LCD-schermen 
veruit de meest voorkomende zijn. Vloeibare kristallen hebben de eigenschap dub-
belbrekend te zijn. Dit betekent dat de brekingsindex van het materiaal afhangt van 
de invalrichting en polarisatie van het licht. Verschillen in brekingsindex spelen ook 
een rol bij een rietje in een glas water: doordat water een andere brekingsindex 
heeft dan de lucht lijkt de positie van het rietje in het water te zijn versprongen 
ten opzichte van de positie in de lucht. Het is precies deze eigenschap die vloeibare 
kristallen geschikt maakt voor LCD’s. De oriëntatie van de moleculen is aan te pas-
sen met een elektrische spanning. Elektrische spanning wordt in beeldschermen 
dan ook gebruikt om pixels (kleine kamertjes vloeibaar kristal) aan en uit te zetten.  
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Colloïden
Colloïden zijn deeltjes met een afmeting tussen de pakweg 1 en 1000 nanometer. 
Een nanometer is een miljard keer zo klein als een meter. Om het je beter voor te 
kunnen stellen: een colloïd van 500 nanometer groot is ongeveer 100 keer kleiner 
dan de dikte van een hoofdhaar. Ondanks dat dit zeer klein is, is dit nog altijd grof-
weg 1000 keer zo groot als een atoom of een klein molecuul, zoals een watermo-
lecuul (H2O). Ter vergelijking: een olympisch zwembad is ongeveer 1000 keer zo 
groot als een glas water. Het is precies deze colloïdale afmeting, die deze deeltjes 
zo interessant maakt. Omdat ze zeer klein zijn gedragen ze zich net als moleculen 
en atomen, maar doordat ze toch veel groter zijn dan dat zijn ze makkelijker te 
bestuderen (met bijvoorbeeld microscopen). Colloïden worden daarom regelmatig 
gebruikt als ‘modelsysteem’ voor atomaire en moleculaire systemen. 

Vanwege hun kleine afmeting kunnen colloïden net als opgeloste moleculen door 
een vloeistof heen zweven, zonder dat ze direct naar de bodem zinken (zoals de al 
vele malen grotere zandkorrels). Wanneer colloïden in een vloeistof zijn gebracht 
noemen we het een colloïdale dispersie, of kortweg: dispersie. Colloïdale dispersies 
zijn veelvoorkomend in het dagelijks leven. Voorbeelden zijn onder andere latex-
verf, melk, mayonaise en inkt. 

nematisch smectisch columnair

bovenaanzicht

zijaanzicht

isotroop

Figuur S2.  Schematische illustraties van de verschillende vloeibaar kristalfasen. Van links 
naar rechts: isotroop, nematisch, smectisch en columnair, hier weergegeven voor zowel 
staaf- als schijfvormige moleculen.
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Colloïdale vloeibare kristallen
Colloïdale vloeibare kristallen bestaan dus uit anisotrope (niet-bolvormige) colloï-
den. Er bestaat een grote verscheidenheid aan anisotrope colloïdale deeltjes zoals 
virus en klei deeltjes. Veel van deze colloïden vormen inderdaad vloeibare kristal-
len.

Behalve de grootte van de deeltjes is er een ander groot verschil tussen colloï-
dale en moleculaire vloeibare kristallen: de wijze waarop de kristallen gevormd 
worden. Bij moleculaire vloeibare kristallen is het de temperatuur die bepaalt of de 
moleculen isotroop geordend zijn, of een vloeibaar kristal vormen. Dit noemen we 
daarom thermotrope vloeibare kristallen. 

Vloeibare kristallen van colloïden zijn zogeheten lyotrope vloeibare kristallen. Dit 
betekent dat de vloeibaar kristal fase (isotroop, nemaat, smectisch, columnair) die 
gevormd wordt alleen afhangt van de vorm van de colloïden, en van hun concentra-
tie (hoeveelheid colloïden per volume vloeistof). Als de concentratie colloïden laag 
is, is er genoeg ruimte voor de deeltjes om vrijuit te kunnen bewegen en de deel-
tjes zijn dus in de isotrope fase (Figuur S2). Als de deeltjesconcentratie toeneemt 
wordt deze ruimte beperkter. Het wordt dan gunstiger voor de colloïden om zich 
op te lijnen, en dus allemaal dezelfde oriëntatie aan te nemen. Ze verliezen welis-
waar hun vrijheid van oriëntatie, maar krijgen in ruil daarvoor meer ‘persoonlijke’ 
ruimte waarin ze kunnen bewegen. Bij hogere concentraties vormen de deeltjes 
dus spontaan een nematische (opgelijnde) fase. Bij nog hogere concentraties zul-
len de colloïden zich ook positioneel gaan ordenen en ontstaan er smectische en/
of columnaire fasen. 

Voor netjes geordende fasen is het van belang dat de vloeibare kristallen zich 
langzaam vormen; de deeltjes hebben tijd nodig om hun ideale oriëntatie aan te 
nemen. Deeltjes direct in een heel hoge concentratie in een vloeistof brengen, leidt 
doorgaans dus niet tot mooie vloeibare kristallen. Daarom is het gebruikelijk om 
een dispersie te maken met een relatief lage concentratie colloïden. Langwerpige 
smalle glazen buisjes worden vervolgens gevuld met deze dispersie. Deze buis-
jes zullen dan verticaal (dus rechtop) bewaard worden. Onder de invloed van de 
zwaartekracht zullen de colloïden heel langzaam bezinken, waardoor de concen-
tratie colloïden toe neemt in het onderste deel van het buisje. Daardoor ontstaat er 
in het sample een gradiënt in de colloïd concentratie, waarbij de concentratie hoger 
wordt naarmate men lager in het buisje komt. Op den duur (dit kan maanden en 
soms zelfs jaren duren) zullen zich dan vloeibare kristallen vormen in de delen van 
het buisje waar de concentratie hoog genoeg is. Omdat er meerdere concentraties 
voorkomen in hetzelfde buisje kunnen meerdere vloeibaar kristalfasen voorkomen. 
Doorgaans bevinden zich onderin het buisje de positioneel geordende fasen (smec-
tisch en/of columnair), met direct daarboven een nematische fase, en daar weer 
boven de isotrope fase. Dit is in Figuur S3 schematisch weergegeven voor staafvor-
mige colloïden. 
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Figuur S3.  Schematische tekening van een rechtop bewaard buisje met een colloïdale dis-
persie van een staafjes, die heel langzaam bezinken waardoor de concentratie colloïden toe-
neemt naarmate men lager in het buisje komt.

Momenteel zijn er weinig toepassingen voor colloïdale vloeibare kristallen. Ech-
ter, ook in dit geval kunnen ze fungeren als modelsystemen. De ontdekkingen die 
gedaan worden aan dit soort vloeibare kristallen kunnen vaak toegepast worden 
op moleculaire vloeibare kristallen, die wel toepassing vinden. Colloïden zijn vaak 
makkelijk te sturen met een elektrische spanning of een magneetveld. Daarom kun-
nen ook lyotrope vloeibare kristallen beïnvloed worden met bijvoorbeeld elektri-
sche en/of magnetische velden.

In het onderzoek beschreven in dit proefschrift is de rode draad dan ook het uitzoe-
ken op welke manieren we de formatie van vloeibare kristallen kunnen beïnvloeden 
en sturen, en daarmee samenhangend hoe we al gevormde vloeibare kristallen kun-
nen aanpassen. Het gecontroleerd kunnen bepalen welke vloeibaar kristal gevormd 
wordt, en in staat zijn om zeer goed geordende vloeibare kristallen te maken is 
belangrijk is voor toepassingen.

In dit proefschrift zijn vloeibare kristallen van twee verschillende colloïden bestu-
deerd: goethiet en gibbsiet. Beiden zijn mineralen: niet-organische verbindingen 
(d.w.z. dat ze geen koolstofatomen bevatten) die in de natuur voorkomen. In de 
volgende twee hoofdstukjes zal ik zowel goethiet als gibbsiet beschrijven. 
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Goethiet
Goethiet is een ijzeroxide met de molecuulformule FeOOH, en is dus in feite in soort 
roest. Het is een ijzererts dat over de hele wereld voorkomt. Het heeft een geel-
oranje kleur en werd daarom eeuwen geleden al gebruikt als pigment. In bijvoor-
beeld prehistorische grotschilderingen in Frankrijk is goethiet aangetroffen. Meer 
recentelijk, in 2004, werd goethiet zelfs aangetroffen op de planeet Mars door Na-
sa’s Mars Rover Opportunity.1 Omdat goethiet alleen ontstaat als er water aanwezig 
is, levert goethiet hierdoor zelfs indirect bewijs dat er water was op Mars. 

Ondanks dat goethiet ruimschoots voorkomt in de natuur, maken wij colloïdaal 
goethiet zelf in het lab via een chemische reactie. Daardoor hebben we meer con-
trole over de grootte van de deeltjes. Colloïdaal goethiet heeft de vorm van een 
balk/baksteen, zoals te zien is op de foto die is genomen met een elektronenmi-
croscoop in Figuur S4 en op de schematische tekening in Figuur S5(a). De vorm en 
grootte van een goethiet deeltje wordt dan gedefinieerd door de lengte, breedte 
en dikte. Door deze heel specifieke vorm kan goethiet speciale vloeibaar kristal fa-
sen vormen, namelijk biaxiale fasen. Biaxiaal betekent ‘beide assen volgend’, en dit 
beschrijft meteen wat een biaxiale fase is. In een normale nematische fase zijn de 
deeltjes uitgelijnd langs 1 as (Figuur S2). In het geval van schijfjes is dit de korte 
as. Voor staafjes en vaak ook goethiet is dit hun lange as (lengte) en kunnen ze om 
deze as vrij roteren, zoals te zien is in Figuur S5(b). Balkvormige deeltjes hebben 
een vorm die eigenlijk tussen staaf- en schijfvormig in zit. Daarom zullen de deeltjes 
in sommige gevallen niet alleen hun lange, of alleen hun korte as uitlijnen, maar 
beide assen. Dit noemen we een biaxiale (nematische) fase. Doordat beide assen 
zijn opgelijnd zijn de deeltjes dus meteen in alle drie de richtingen orientationeel 
geordend, zoals is weergegeven in Figuur S5(c t/m e). Behalve biaxiaal nematische 
fasen bestaan er ook biaxiaal smectische fasen. In dit geval zijn de deeltjes dan ook 
in de lagen in twee richtingen uitgelijnd. 

Behalve isotroop,  nematisch, biaxiaal nematisch, smectisch en biaxiaal smectisch 
vormt goethiet ook nog twee verschillende columnaire fasen. 

Ook heeft colloïdaal goethiet erg interessante magnetische eigenschappen. De deel-
tjes zijn van zichzelf zwak magnetisch. Daarnaast kan een magnetisch veld eenvou-
dig een magnetisch moment induceren in de deeltjes (hetzelfde principe als het 
tijdelijk magnetisch maken van een spijker door er met een magneet langs te wrij-
ven). Goethiet deeltjes zijn daardoor eenvoudig te sturen met een magneetveld.

Gibbsiet
Gibbsiet is een mineraal met molecuulformule Al(OH)3. Zoals je misschien aan de 
molecuulformule kan zien, is gibbsiet een aluminiumhydroxide. Gibbsiet is dan ook 

1. http://www.nasa.gov/vision/universe/solarsystem/mer-121304b.html

http://www.nasa.gov/vision/universe/solarsystem/mer-121304b.html
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goethiet gibbsiet
Figuur S4.  Foto’s van goethiet (links) en gibbsiet (rechts) colloïden genomen met een elek-
tronenmicroscoop. De zwarte balkjes geven een lengte van 500 nm aan.

een belangrijke component van het erts bauxiet, dat de grondstof is voor de alu-
miniumproductie. Gibbsiet is een kleiachtig materiaal, en bestaat uit schijfvormige 
deeltjes. Net als goethiet is het veelvoorkomend, maar maken we colloïdaal gibbsiet 
voor vloeibaar kristalonderzoek zelf in het lab. Een (elektronenmicroscopie) foto 
van de hexagonale schijfjes is te zien in Figuur S4. Wanneer de gibbsiet deeltjes in 
dispersie worden gebracht, kunnen naast de isotrope fase zowel nematische als 
columnaire vloeibare kristallen ontstaan, zoals schematisch weergegeven in Figuur 
S2. Net als andere schijfvormige deeltjes vormt ook gibbsiet doorgaans geen smec-
tische vloeibare kristallen.

In dit proefschrift
Dit proefschrift bestaat uit 7 hoofdstukken en gaat over het bestuderen en beïn-
vloeden van het vloeibaar kristalfasegedrag van goethiet en gibbsiet. Het bestude-
ren en vaststellen van de vloeibare kristalfasen is in dit proefschrift voornamelijk 

(d) (e)

lengte breedte

dikte

(a) (b) (c)
Figuur S5.  Schematische tekeningen van (a) een goethiet colloïd, die zich in een normale 
nematische (b) en in een biaxiaal nematische (c) fase bevindt. In een normale nemaat kun-
nen de deeltjes nog draaien om hun lange as, terwijl ze in de biaxiaal nematische fase in drie 
richtingen uitgelijnd zijn, zoals te zien is in (d) en (e).
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gedaan met de techniek ‘SAXS’, wat staat voor small-angle X-ray scattering, oftewel: 
kleine-hoek Röntgen verstrooiing. Ondanks dat colloïden stukken groter zijn ato-
men en moleculen, zijn goethiet en gibbsiet moeilijk te bestuderen met optische 
microscopie. Dit komt door hun anisotropie: hun kleinste afmeting is kleiner dan 
de resolutie van een optische microscoop. Elektronenmicroscopie heeft een veel 
betere resolutie (kleiner dan een nanometer), maar voor deze techniek zijn droge 
samples nodig, en we willen juist vloeibare kristallen onderzoeken. SAXS is wel een 
heel geschikte techniek. Bij SAXS wordt het sample in een röntgenbundel geplaatst. 
De colloïden verstrooien deze röntgenstraling. De verstrooide röntgenstralen wor-
den opgevangen door een detector, die er een plaatje van maakt. Een voorbeeld van 
een SAXS patroon is weergegeven in Figuur S6. De pieken die te zien zijn (zwart) 
geven informatie over de (vloeibaar) kristalstructuur. Zo kan uit de afstand vanaf 
het midden (zwarte kruis) tot de pieken worden afgeleid hoe groot de afstand tus-
sen de colloïden in het kristal is, terwijl de breedte van de pieken aangeeft hoe goed 
geordend het (vloeibaar) kristal is.
Voordat in dit proefschrift eigen onderzoeksresultaten beschreven worden geeft 
Hoofdstuk 1 eerst een uitgebreide introductie in lyotrope vloeibare kristallen en 
hoe externe velden - onder andere het zwaartekrachtveld van de aarde en een ex-
tern magneetveld - gebruikt kunnen worden om invloed uit te oefenen op (de for-

matie van) vloeibare kristallen. Daarna is het proefschrift opgesplitst in twee delen. 
Deel 1 (Hoofdstukken 2 t/m 5) gaat over goethiet. Deel 2 (Hoofdstukken 6 en 7) 
gaat vervolgens over gibbsiet. 

x

Figuur S6.  Typisch SAXS-patroon, in dit geval van de gibbsiet columnaire fase.
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Deel 1 – Goethiet
In dit deel van het proefschrift ligt de focus volledig op het beïnvloeden en sturen 
van goethiet vloeibare kristallen. 

In Hoofdstuk 2 kijken we naar de invloeden van het zwaartekrachtsveld van de 
aarde. Zoals boven uitgelegd maken we samples door goethiet dispersies met lage 
concentraties te laten bezinken (sedimenteren) in het zwaartekrachtsveld van de 
aarde. Behalve het creëren van een concentratiegradiënt is dit ook noodzakelijk 
omdat goethiet colloïden, net als veel andere colloïden, polydispers zijn. Dit houdt 
in dat niet alle deeltjes even groot zijn. De dispersie beschreven in dit hoofdstuk 
bestaat uit goethiet deeltjes met een lengte van 227 nanometer en een polydisper-
siteit van 30%. Dit houdt in dat de deeltjes gemiddeld 227 nanometer lang zijn, 
maar dat er ook deeltjes voorkomen van 160 en 290 nanometer lang, en van alles 
daartussenin. Dit is ook te zien op de foto in Figuur S4. Voor het vormen van bij-
voorbeeld de nematische fase maakt dit niet uit. Echter, voor de smectische fase is 
het problematisch. Sommige deeltjes zijn dan te lang of te kort om fatsoenlijk in de 
lagen te passen. Als de polydispersiteit te hoog is (hoger dan ongeveer 17%) kan er 
daarom geen smectische fase gevormd worden. Echter, in het zwaartekrachtsveld 
zullen grotere deeltjes sneller sedimenteren dan de kleinere. Daardoor zal de po-
lydispersiteit afnemen; de grotere deeltjes bevinden zich voornamelijk onderin het 
buisje, terwijl de kleineren nog hoger zijn. 

In dit hoofdstuk is een goethiet sample bestudeerd gedurende 5 jaar. In het sam-
ple vinden we, van boven naar beneden, een isotrope, een nematische, een smec-
tische en een mengsel van een smectische en columnaire fase. We ontdekten dat 
de deeltjes blijven bewegen, zelfs tot 5 jaar nadat het sample gemaakt was. Daar-
door kunnen zich zeer goed geordende vloeibare kristallen vormen. Ondanks dat 
de deeltjes een polydispersiteit hebben van 30% vinden we een smectisch fase, die 
naarmate het sample ouder wordt beter geordend is. Dit komt doordat de deeltjes 
die te klein zijn uit de smectische fase gedreven worden, en opgenomen worden in 
de nematische fase. Verder vinden we ‘gefractioneerde kristallisatie’. Dit betekent 
dat er op dezelfde hoogte in het buisje verschillende kleine kristalletjes naast elkaar 
zijn waar het ene kristalletje bestaat uit de wat kleinere, en het andere kristalletje 
uit de wat grotere deeltjes. Tenslotte vinden we dat de twee columnaire fasen spon-
taan in elkaar overgaan, waarvoor we een verklaring geven. 

In Hoofdstuk 3 en Hoofdstuk 4 focussen we op biaxiale kristallen. Biaxiale kristal-
len zijn erg interessant vanuit een fundamenteel oogpunt. Daarnaast zijn biaxiaal 
nematische vloeibare kristallen veelbelovend voor snellere en betere LCD-scher-
men. Helaas zijn biaxiale fasen zeer zeldzaam. Goethiet is één van de zeer weinige 
systemen die biaxiale fasen kunnen vormen, en zelfs goethiet vormt alleen een 
biaxiale fase als de deeltjes een vorm hebben die voldoet aan een heel specifieke 
eis: de lengte-breedte verhouding moet gelijk zijn aan de breedte-dikte verhouding 
(dus precies tussen staaf- en schijfvormig in). De colloïden die wij zelf maken in het 
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lab voldoen slechts af en toe aan die eis. Doorgaans zijn de balkjes wat langwer-
piger en lijnen daarom slechts hun lange as op, waar om ze vrij kunnen roteren. 
In Hoofdstuk 3 proberen we daarom een biaxiaal nematische fase te induceren in 
een dispersie die spontaan geen biaxiaal, maar een normale nematische fase vormt. 
Dit willen we te bereiken door kleine silicabolletjes toe te voegen aan de dispersie. 
Deze bolletjes zorgen ervoor dat de goethiet colloïden elkaar licht gaan aantrekken. 
Theoretische berekeningen voorspellen dan de formatie van een biaxiaal nemati-
sche fase. Onze experimenten echter, tonen aan dat het toevoegen van de silicabol-
letjes de smectische fase induceert, en het vormen van de nematische fase com-
pleet onderdrukt. Wel vinden we dat de goethiet colloïden in de smectische lagen 
biaxiaal geordend zijn. We berekenen dat de geïnduceerde aantrekkingskracht vrij 
sterk is, wat verklaart waarom we geen nematische fase vinden. Deze resultaten 
geven ons veel informatie, en suggereren dat als de experimenten herhaald zul-
len worden met een lagere concentratie silicabolletjes (equivalent aan een kleinere 
aantrekkingskracht), er waarschijnlijk wel een biaxiaal nematische fase gevormd 
zal worden. 

In Hoofdstuk 4 onderzoeken we vervolgens de invloed van een magneetveld op 
de biaxiaal nematisch fase. Hiertoe legden we een magneetveld aan op een goethiet 
sample met een biaxiaal nematische fase. Terwijl we stapsgewijs de sterkte van het 
magneetveld verhoogden deden we SAXS-metingen. De SAXS-patronen lieten zien 
dat in een sterk genoeg magneet veld, de biaxiale nematische fase overging in een 
reguliere nematische fase. Behalve experimenteel onderzochten we dit ook theore-
tisch. Deze resultaten onderbouwen wat we experimenteel observeren. Daarnaast 
hebben we theoretisch ook gekeken naar balkjes met net iets andere afmetingen. 
Kortere balkvormige deeltjes, dus met een iets kleinere lengte-breedte verhouding 
dan de breedte-dikte verhouding, vormen normaal een nematische fase waarin hun 
kortste as is opgelijnd (zoals bij schijfjes). Onze theorie voorspelt dat wanneer een 
magnetisch veld wordt aangebracht op zo’n nematische fase, de biaxiaal nemati-
sche fase geïnduceerd wordt. Dit is een erg belangrijke bevinding die niet alleen 
geldt voor goethiet, maar ook voor een verscheidenheid aan andere relatief korte 
balkvormige deeltjes. In systemen daarvan zou dus eenvoudig de zeldzame biaxiaal 
nematische fase geïnduceerd kunnen worden. 

In Hoofdstuk 5 gebruiken we ook een magnetisch veld, maar nu om te bestude-
ren hoe de columnaire fase zich heroriënteert in een magneetveld. Zoals eerder 
beschreven lijnen de deeltjes zich makkelijk op in een magneetveld. Hier leggen we 
een magneetveld aan over een columnair vloeibaar kristal. Deze fase ontstaat bij 
heel hoge concentraties goethiet en de deeltjes zitten dan erg dicht op elkaar. Hier-
door is er voor de deeltjes niet genoeg ruimte om zich stuk voor stuk op te lijnen in 
het veld, maar zullen grote delen van het vloeibaar kristal tegelijk moeten draaien. 
Tijdens dit proces hebben we SAXS-metingen gedaan die dat bevestigen. Verder 
waren er in deze SAXS-patronen vervormde pieken te zien. Daaruit kunnen we af-
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leiden wat er op nanometer schaal gebeurt: het reoriënteren van erg veel colloïden 
tegelijk zorgt ervoor dat de kolommen met deeltjes langs elkaar gaan glijden. Dit 
onderzoek laat ook zien dat SAXS een bruikbare techniek is om de bewegingen van 
colloïden op nanometer schaal te onderzoeken, wat toepassing zou kunnen vinden 
in verscheidene andere onderzoeken.

Deel 2 – Gibbsiet
In de laatste 2 hoofdstukken van dit proefschrift onderzoeken we gibbsiet. In deze 
twee hoofdstukken is de studie van het beïnvloeden en manipuleren van gibbsiet 
vloeibare kristallen wat minder direct aanwezig. Gibbsiet is niet zo gevoelig voor 
externe (magneet)velden, zoals goethiet. Echter, gibbsiet plaatjes hebben wel een 
heel duidelijke voorkeur voor een oriëntatie wanneer ze in de buurt van een glas-
wand of een oppervlak zijn: ze willen graag plat tegen een wand of een oppervlak 
liggen. Er is daarom voorspeld dat ‘confinement’, oftewel het beperken van gibb-
siet deeltjes in hun ruimte, een grote invloed kan hebben op de vloeibaar kristal-
vorming van gibbsiet. Een voorbeeld van confinement is wanneer de dispersies in 
heel dunne, micrometers grote, platte buisjes worden gebracht. De afstand tussen 
de glaswanden is dan zo klein dat er niet zo veel deeltjes tussen passen. Theorie 
voorspelt dat er dan zeer goed geordende vloeibaar kristal fasen zouden kunnen 
ontstaan. Dit soort samples zijn echter moeilijk te maken, en moeilijk te analyse-
ren. Daarom focussen we in deel 2 van dit proefschrift op grotere gibbsiet plaatjes 
(groter dan 500 nm), omdat deze potentie hebben om met optische microscopie 
bestudeerd te worden. 

SAXS-studies aan grote gibbsiet deeltjes zijn echter moeilijker. In Hoofdstuk 6 ge-
bruiken we daarom een ‘3D’-SAXS methode. In deze methode roteren we de buisjes 
zodat van alle kanten SAXS-patronen gemeten kunnen worden. Dit helpt om meer 
inzicht te krijgen in de 3D-structuur van het vloeibaar kristal. 

In Hoofdstuk 7 proberen we vloeibare kristallen te bestuderen met een speciaal 
soort microscoop: de confocale laser scannende microscoop (CLSM). In tegenstel-
ling tot SAXS, waarbij in één meting het hele sample meegenomen wordt, kan met 
CLSM heel lokaal de structuur bestudeerd worden. De deeltjes moeten echter wel 
groot genoeg zijn. Daarnaast moeten ze ook een fluorescente kleurstof bevatten. 
Gibbsiet deeltjes zijn normaal ongeveer 180 nm groot (in diameter), en ~15 nm dik. 
Voor microscopie willen we deeltjes die minstens 500 nm groot zijn én kleurstof 
bevatten. In het eerste deel van dit hoofdstuk beschrijven we dan ook twee verschil-
lende manieren om zulk soort deeltjes te maken. In deel 2 bestuderen we dispersies 
van deze deeltjes met de microscoop. Ondanks dat het moeilijk is om stabiele dis-
persies te maken van deze deeltjes, waren we in staat om de deeltjes te observeren 
met de microscoop, hun ordening te zien en te bepalen in welke vloeibaar kristal-
fase de deeltjes zich bevonden.

De methodes die we toepassen in zowel Hoofdstuk 6 en 7, zijn wederom niet al-
leen voor gibbsiet interessant, maar voor een verscheidenheid aan systemen.
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Uit de resultaten beschreven in dit proefschrift kunnen we concluderen dat de on-
derzochte methodes zicht bieden op het gecontroleerd vormen van de gewenste 
vloeibaar kristalfase. Met name voor de zo interessante biaxiaal nematische fase is 
er flinke vooruitgang geboekt. De resultaten van dit onderzoek suggereren dat deze 
fase gecontroleerd gevormd zou kunnen worden in systemen van langere of juist 
kortere balkvormige deeltjes die niet spontaan biaxiale fasen vormen. Daarnaast 
zijn er flinke stappen gezet om onderzoek aan vloeibare kristallen met microscopie 
mogelijk te maken.

Fundamenteel onderzoek – waarom?
Het onderzoek beschreven in dit proefschrift valt in de categorie ‘fundamenteel on-
derzoek’. Dit houdt in dat de motivatie achter dit onderzoek voornamelijk nieuws-
gierigheid is, het willen weten waarom. Fundamenteel onderzoek is doorgaans dan 
ook niet direct gericht op een specifieke toepassing. Het levert echter wel belang-
rijke informatie die noodzakelijk is om vooruitgang te boeken in de ontwikkeling 
van nieuwe toepassingen, en is daarom erg nuttig.

Dit geldt ook voor de resultaten beschreven in dit proefschrift. Deze colloïdale 
systemen zullen niet direct toepassing vinden. Maar zoals eerder beschreven in 
deze samenvatting worden colloïden vaak gebruikt als modelsystemen. De resulta-
ten in dit poefschrift zijn dus wel interessant en nuttig voor onderzoekers die wel 
toepassingsgericht onderzoek doen. 
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