Liquid crystal drops in suspensions
of colloidal plates

Cover - Aqueous gibbsite suspension with Rayleigh-Taylor instabilities dripping from
an upper nematic phase that displays birefringent patterns due to buckling distortions.
The lower isotropic phase contains nematic tactoids with various sizes and director
ﬁelds. See Chapter 4 and 8. (Two polarized light microscopy images combined with
image editing software)
Cover design: Annemarie Verhoeﬀ and Lia Verhoeﬀ
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1. General Introduction

1.1. Colloidal liquid crystals
It has been known for a considerable amount of time that suspensions of rod-like colloidal particles1 above a certain concentration spontaneously align to form a uniaxial,
nematic liquid-crystalline phase.2 In the nematic phase, the particles possess orientational order along some preferred direction called the director, but lack positional
ordering. First reports of the nematic phase date back to the 1920s, when Zocher
observed the spontaneous orientational alignment of ribbon-like vanadium pentoxide
particles (V2 O5 ) with the aid of polarized light microscopy [5]. In the 1930s, the nematic phase was also found to occur in suspensions of rod-like tobacco mosaic virus
(TMV) [6]. Inspired by these observations, Onsager showed theoretically that these
fascinating examples of self-organization can be explained as resulting from the competition between the loss of orientational entropy and the gain of free volume, i.e.,
translational entropy [7]. At suﬃciently high concentrations, the translational entropy
gain dominates and the particles as a result of that favour nematic alignment. The
theoretical considerations of Onsager have long since been conﬁrmed by computer simulations [8, 9].
In 1950, Oster observed in addition to the nematic phase a smectic phase in suspensions of TMV in which the particles possess (quasi long-range) positional order in one
dimension [10]. Theory and computer simulations demonstrated that also in this case
the spontaneous ordering can be explained in terms of hard-core repulsive interactions
only [11, 12]. Since, the ﬁeld of liquid crystals in suspensions of rod-like particles has
developed rapidly. On the one hand, dedicated systems were synthesized including
akagenite (β-FeOOH) [13], boehmite (γ-AlOOH) [14], goethite (α-FeOOH, consisting
of board-like particles) [15, 16], cadmium selenide semiconductor nanorods [17], gold
nanorods [18] and very recently silica rods [19]. On the other hand, in addition to polarized light microscopy several other experimental techniques have given deeper insight
in the properties of liquid crystal phases, of which we mention small angle x-ray and
neutron scattering [20–22], atomic force microscopy [23], as well as nuclear magnetic
resonance [24, 25]. In addition, extensive simulations have been done that mapped out
the complete phase diagram in particular of suspensions of so-called hard rod-like particles, showing that apart from nematic and smectic phases also several crystal phases
and a plastic phase form, depending on density and aspect ratio of the particles [26–28].
In 1938, Langmuir observed a nematic phase in suspensions of plate-like clay particles,
which he referred to as California bentonite and that nowadays is known as hectorite
[29]. Soon after, Onsager made plausible that the same competition of orientation
1

Colloidal particles can be deﬁned as particles that have dimensions roughly between a few nanometers
and a few micrometers. If dispersed in a liquid medium, we speak of a suspension. For a ﬁrst
introduction to colloid science we refer to [1], for a more extensive treatment see [2].
2
For classic introductions to liquid crystals we refer to [3, 4].
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and packing entropy that is responsible for nematic alignment in suspension of rod-like
particles, also stabilized the nematic phase in suspensions of plate-like particles [7].
Until recently and despite many attempts, the observations of Langmuir could not
be reproduced, which hampered the development of the ﬁeld for a long time. In the
1990s, computer simulations by Veerman and Frenkel conﬁrmed that suspensions of
plate-like particles should indeed form a nematic phase, and in addition a columnar
phase in which the particles exhibit positional order in two dimensions [30]. In the
last 10 years, these phases were indeed observed in a number of systems, starting with
nickel hydroxide (Ni(OH)2 ) [31] and gibbsite (γ-Al(OH)3) [32–34], later followed by Naﬂuorohectorite [35,36] and mixed-metal hydroxides [37]. Recently, stable nematic phases
were ﬁnally also observed in suspensions of natural clay platelets, being nontronite [38]
and beidellite [39].
Of all these systems, gibbsite is unique in that it is the only plate-like system that
forms both a nematic and a columnar phase. It does so in suspensions of sterically
stabilized gibbsite dispersed in apolar solvent [33], as well as in suspensions of charge
stabilized gibbsite dispersed in water [34]. These two types of system not only diﬀer
in inter-particle interaction but also in their optical properties. We show in this thesis
that whereas the birefringence of sterically stabilized gibbsite is determined by the
positive intrinsic platelet birefringence, in aqueous gibbsite suspensions the negative
birefringence prevails that arises due to the anisometric particle shape. A surprising
feature of gibbsite platelets is that even a polydispersity of 25% in the platelet diameter
does not preclude the formation of the columnar phase [33]. Moreover, we discovered
that a bimodal distribution of the platelet aspect ratio enriches the phase behavior
with the occurrence of a remarkable isotropic-nematic density inversion, as well as a
three phase, nematic-isotropic-columnar phase coexistence. The unique birefringent
properties and phase behaviour of gibbsite suspensions will be treated in the ﬁrst part
of this thesis.

1.2. Nematic tactoids
Along with the early observations of the nematic phase in suspensions of vanadium
pentoxide particles, Zocher reported on the existence of elongated, spindle-shaped
droplets consisting of nematic phase ﬂoating in the isotropic phase. He called the
nematic droplets “Taktoide” in his native German (from the Greek τ ακτ óς meaning
“ordered”) and tactoids in English [5,40]. These peculiarly shaped droplets were recognised as precursors of the nematic phase. They were later also observed in suspensions of
other rod-like particles that give rise to nematic phases, such as goethite [41], TMV [42]
and boehmite [43], and more recently feline distemper (fd) virus [44], polymer-coated
sepiolite clay [45] and F-actin [46]. From the birefringent patterns that these spindleshaped droplets display when observed between crossed polarizers, it was deduced that
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they have a bipolar director ﬁeld with the director lines running from end to end and
near the interface parallel to the interface. It was also found that larger droplets tend
to be more spherical whereas smaller drops are more elongated.
Bernal and Fankuchen provided an explanation for the characteristic droplet shape
based on the anisotropic interfacial tension, i.e., an interfacial tension that depends on
the angle the director makes with the interface [42]. Further theoretical studies along
these lines were performed by Chandrasekhar [47] and Virga [48, 49], who investigated
spindle-shaped drops presuming the director ﬁeld to be uniform and to prefer planar
alignment at the interface. However, such an anisotropic interfacial tension alone cannot
account for the observed volume dependence of the tactoid shape. A better explanation
that does account for this is that the preferred droplet shape and director ﬁeld arise from
a competition between interfacial as well as elastic free energies associated with nonuniform director ﬁelds, as was ﬁrst suggested by Dubois-Violette and Parodi [50]. Later,
Williams showed that bipolar tactoids indeed optimize their shape by a balance between
a minimal deformation of the director ﬁeld and a minimal interfacial free energy [51].
Further studies based on this idea ﬁnally lead to complete phase diagrams of tactoid
shapes and director ﬁelds in terms of tactoid size, interfacial tension, anchoring strength,
and various elastic constants [52–54]. Not unimportantly, it was shown that information
on the tactoid shape as a function of tactoid size may be used to determine ratios of
elastic constants and the surface tension [46, 52, 55, 56].
In fact, a simple scaling analysis making use of the various contributions to the
free energy of a tactoid already gives us useful insight on the relation of director ﬁeld
and tactoid size [52]. First, the free energy of the droplet is a function of its internal
structure, i.e., the particle director ﬁeld conﬁguration, and scales as KR with K some
average of the elastic constants and R the radius of the tactoid that is presumed more
or less spherical. Second, the interfacial free energy of the tactoid depends on the anchoring of the particles with respect to interface. If the director ﬁeld is uniform, then
this anchoring free energy scales with wR2 , where w is the anchoring strength. This
implies that at a characteristic length scale ξ ≡ K/w, also referred to as extrapolation
length [57], a transition must occur from behaviour dominated by the interfacial anchoring if R > ξ, to behaviour dominated by bulk elasticity if R < ξ. As a consequence,
a transition must take place from a bipolar droplet to a droplet with a uniform director ﬁeld if the droplet is suﬃciently small, a scenario recently conﬁrmed by means of
computer simulation [58]. In 2010, Puech and co-workers presented the ﬁrst unambiguous observations of spindle-shaped droplets with a uniform director ﬁeld in suspensions
of carbon nanotubes [59]. However, they did not observe the director-ﬁeld transition,
possibly because the width of the distribution of drop sizes was not large enough. In
this thesis we present the to our knowledge ﬁrst unequivocal experimental evidence for
the director-ﬁeld transformation in nematic droplets.
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Evidently, nematic droplets are extremely interesting as their inner structure and
shape are the result of the direct competition between bulk and surface interactions.
The fact that the nematic drops found in suspensions of rod-like particles can be very
much elongated with aspect ratios as large as six [52], implies that the bare surface
tension must be very low indeed. Note that this in itself is of considerable interest.
It is because of the competition between the surface and elastic properties of nematic
droplets, that an analysis of tactoid shapes and director ﬁelds provides a way to obtain
values of important material parameters associated with these properties. Whereas
tactoids in suspensions of rod-like particles have for this purpose been investigated
extensively, both experimentally and theoretically, hardly any observations have been
reported on suspensions of plate-like particles. Interestingly, whilst rod-like colloids
prefer to align planar (parallel) with respect to the isotropic-nematic interface, platelike particles prefer homeotropic (perpendicular) anchoring. As we shall see in this
thesis, this gives rise to diﬀerent tactoid shapes and director ﬁelds.
It is important to point out that in the ﬁeld of thermotropic liquid crystals, so liquid
crystals found in ﬂuids of low-molecular weight compounds, nematic drops both with
planar and homeotropic anchoring have been studied extensively. This is especially so
after the ﬁeld experienced a revival in the 1980s, when it was discovered that polymer
dispersed liquid crystal (PDLC) materials could be used for a new class of electrooptical modulators [60]. Theoretical studies, for the most part restricted to spherical
drops, showed that in the case of homeotropic anchoring the same scaling applies as for
planar anchoring but that in this case tactoids larger than K/w have a radial director
ﬁeld whereas smaller ones again have a uniform director ﬁeld [61–63]. In thermotropic
liquid crystals, the length scale K/w is usually very small, i.e., in the sub-micrometer
range [63], which implies that interesting phenomena associated with the director ﬁeld
transition occur at length scales where direct observation of the tactoids is practically
impossible.
However, recent work on the isotropic-nematic interface in gibbsite suspensions showed
that the length scale K/w in this system is in the order of tens of micrometers [64]. For
that reason, we chose gibbsite to study tactoids in the interesting size region around
the extrapolation length. As already mentioned, gibbsite platelets can be stabilized
sterically to be dispersed in apolar solvent as well as charge stabilized for dispersion in
polar solvents. Although the values for the elastic constant K, the anchoring strength
w and surface tension γ in both types of system are of the same order of magnitude,
it is the ratio of various combinations of these parameters that determines the droplet
characteristics. For instance, the ratio K/w determines whether elasticity or interfacial
anchoring prevails whereas the ratio of w/γ distinguishes between strong and weak anchoring of the director ﬁeld to the interface. We ﬁnd that these ratios are signiﬁcantly
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diﬀerent for sterically stabilized and charged gibbsite, which enlarges the experimental window (Chapter 4). Because gibbsite platelets exhibit perpendicular alignment in
a magnetic ﬁeld, this allows us to manipulate the shape and director ﬁeld of tactoids
with an externally applied magnetic ﬁeld. Here, the magnetic ﬁeld acts as an additional
tool to determine important material parameters such as the splay elastic constant, the
interfacial tension and the anchoring strength (Chapter 5 and 6).
We not only studied tactoid shapes and director ﬁelds but also dynamical processes
including the coalescence (Chapter 7) and breakup of nematic droplets and threads
(Chapter 8). There, in addition to the parameters K, w and γ, the (anisotropic)
viscosities both of the isotropic mother phase as well as of the droplets freely ﬂoating
in it play an important role.

1.3. Columnar droplets
As already mentioned, gibbsite is a unique system because it forms in addition to
the nematic phase also a columnar phase. Moreover, the speciﬁc gibbsite system that
exhibits a three phase equilibrium allows direct observation of droplets of the columnar
phase in the isotropic phase (Chapter 9). These droplets have a ﬂat, disk-like shape and
consist of short, hexagonally arranged stacks of platelets. This tendency of platelets to
form stacks has been observed for a long time in suspensions of platelets of kaolinite [65],
and also in computer simulations [30]. It is interesting to compare these observations
with the observations of Maeda and Maeda on the nucleation of the smectic phase in
suspensions of akagenite rods, which is accompanied by large single particle layers [66]
for which computer simulations provided a basic understanding [67,68]. We also studied
the formation of the columnar phase from a kinetically arrested glassy state. Here again,
it seems that stacks of platelets play a crucial role (Chapter 10).

1.4. Outline of this thesis
This thesis is organized in four parts.
In Part 1 we deal with some general aspects of liquid crystalline phases in suspensions of gibbsite platelets to provide a basic framework for the research described in the
remainder of the thesis. We begin with a brief review of birefringence and polarized
light microscopy applied to liquid crystalline phases in gibbsite suspensions (Chapter
2). Furthermore, we investigate the intrinsic and form birefringence of the nematic
phase in gibbsite suspensions as a function of solvent refractive index, and show that if
the refractive index of the solvent is close to that of gibbsite, the intrinsic birefringence
of the platelets dominates. On the other hand, if the refractive index is considerably
diﬀerent, form birefringence due to the anisometric particle shape prevails over the intrinsic birefringence. Chapter 3 is devoted to a gibbsite system that plays an important
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role throughout the thesis. The bimodal distribution of the platelet aspect ratio in
this system leads to remarkable phase behavior, including an isotropic-nematic density
inversion and a three phase coexistence.
In Part 2 we focus on the static properties of nematic droplets or tactoids. We start
in Chapter 4 with an investigation of the shape and director ﬁeld of these tactoids in
polar and apolar solvent. From a detailed analysis of the tactoid properties as a function
of size we obtain values for the ratio of the splay elastic constant K1 and the anchoring
strength w, as well as the ratio of the anchoring strength w and the isotropic-nematic
interfacial tension γ. This is followed by a study of the deformation of tactoids in an
externally applied magnetic ﬁeld, where we observe signiﬁcant deformation of tactoid
shapes and director ﬁelds. First with a simple model (Chapter 5), and subsequently with
a more extensive model (Chapter 6), we do not only account for the observed tactoid
shapes and director conﬁgurations but are also able to determine the splay elastic
constant K1 , the isotropic-nematic interfacial tension γ, and the surface anchoring
strength w of the platelets.
Subsequently, in Part 3 we explore dynamic phenomena of tactoids. In Chapter
7 the coalescence of tactoids with the isotropic-nematic interface and the coalescence
of two tactoids is investigated. Broadly speaking, small tactoids behave like isotropic
molecular ﬂuids, while the behavior of larger tactoids shows remarkable resemblance to
immiscible drops that translate through a liquid-liquid interface. The buoyancy driven
coalescence of two tactoids appears to proceed as in the case of isotropic ﬂuids. In
Chapter 8 we show that droplet pinch-oﬀ and breakup of a nematic thread are strongly
inﬂuenced by the liquid crystalline order present in the thread. Depending on the values
of K1 /w and w/γ diﬀerent scenarios are observed.
Finally, in Part 4 the formation of the columnar phase is studied, ﬁrst by an investigation of droplets of the columnar phase (Chapter 9), followed by a study of the
devitriﬁcation of the glassy state, where after an extended period of time (months
to years) the columnar phase nucleates in a dynamically arrested gibbsite suspension
(Chapter 10).
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Part 1

Suspensions of Colloidal Platelets

2

Birefringence of liquid crystal phases and
droplets in suspensions of colloidal gibbsite
Abstract
In this chapter we discuss the birefringence of colloidal liquid crystals and
brieﬂy review the principles of polarized light microscopy applied to the investigation of liquid crystals. Subsequently, we study the birefringence of the
nematic phase in colloidal gibbsite suspensions as a function of solvent refractive index. We ﬁnd that for solvents with a refractive index close to the particle
refractive index, the intrinsic birefringence of the platelets dominates, resulting
in positive birefringence. On the other hand, if the solvent has a considerably
diﬀerent refractive index, birefringence due to the anisometric particle shape
prevails over the intrinsic birefringence, resulting in negative birefringence.
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2.1. Introduction
In this thesis we study the liquid crystal phases and droplets formed in suspensions
of plate-like gibbsite colloids. In section 2.2 of this chapter we describe the preparation
of the colloidal gibbsite particles that are subject of investigation. In the studied liquid
crystal phases and droplets the gibbsite platelets possess orientational order (in the
nematic phase), and also positional order (in the columnar phase), and due to this
ordering the systems display birefringence.
Birefringence, an eﬀect that occurs in optically anisotropic materials, is a fascinating
phenomenon. The most well-known example is probably the double refracting iceland
spar crystal, which was already studied by Christiaan Huygens and Isaac Newton in the
17th century [69]. Due to the two diﬀerent refractive indices (no = 1.658 and ne = 1.486)
of the transparent calcite rhomb, light that enters the crystal is, depending on the
polarisation direction, refracted into an ordinary and an extraordinary ray, resulting in
a double image visible through the crystal [69]. Birefringence has also proven a useful
material property for many applications, especially in a variety of optical devices, but
also in pathology [70] and medical diagnostics [71]. Moreover, it is the key property for
the investigation of minerals and liquid crystals with polarized light microscopy [69,72].
Colloidal liquid crystalline phases display birefringence due to the anisometric particle
shape, referred to as form or shape birefringence [73]. This property was for example
used by Wilkins and Oster to study the alignment of the on itself isotropic tobacco
mosaic virus rods [74]. In the case of liquid crystalline phases in suspensions of colloidal
gibbsite, the particles themselves are also optically anisotropic, in other words exhibit
intrinsic birefringence, leading to interesting eﬀects. In section 2.3 of this chapter we will
discuss the theoretical background of intrinsic and form birefringence and show that in
the case of gibbsite platelets we have the rather unique situation that depending on the
suspending medium, either the one or the other dominates. Polarized light microscopy
is the tool of choice to investigate liquid crystalline phases and droplets, which we
present in section 2.4 of this chapter. We describe ﬁrst of all the principles of polarized
microscopy. Also, we brieﬂy indicate the microscope used, the sample preparation,
and the use of an external magnetic ﬁeld. Finally, in section 2.5 we describe results
obtained with gibbsite liquid crystals aligned in a magnetic ﬁeld, anchored at the wall
and a planar interface, and conﬁned to droplets, and discuss what these experiments
learn us about the optical properties of gibbsite liquid crystals.

2.2. Preparation of colloidal gibbsite
Colloidal gibbsite (γ-Al(OH)3 ) platelets were synthesized by hydrothermal treatment
of aluminum alkoxides in acidic environment, a procedure developed in our laboratory [75]. To that end, an acidic aqueous solution containing hydrochloric acid (HCl
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0.09 M, 37%, Merck), aluminium sec-butoxide (0.08 M, 95%, Fluka Chemika) and aluminium iso-propoxide (0.08 M, 98+%, Acros Organics) was prepared and mechanically
stirred for 10 days. Subsequently, the mixture was heated in a glass reaction vessel in
a water bath at 85 ◦ C for 72 h. Then, the colloidal dispersion was centrifuged at 1000g
(overnight, 15-20 h) in order to remove the smallest particles and decrease the polydispersity. The resulting dispersion was dialyzed against demineralized water in tubes of
regenerated cellulose (Visking, MWCO 12 000-14 000) until the conductivity dropped
to 20 μS cm−1 . The obtained particles were characterized with transmission electron
microscopy (Tecnai 10, FEI Company), see Figure 2.1(a). The hexagonal platelets
typically have a diameter of around 200 nm and a thickness of 8 nm.
Subsequently, the obtained particles were treated either to enhance the stability in
aqueous dispersions, or to enable dispersion in apolar solvents. For enhanced stability
in aqueous dispersions, 0.5 w/w % aluminum chlorohydrate (Locron P, Hoechst AG,
Germany) was added to the dispersion. The enhanced stability is associated with
the presence of aluminum polycations (Al13 Keggin ions, [Al13 O4 (OH)24 (H2 O)12 ]7+ )
that form at pH ≈ 4 [76] and adsorb on the surface of the gibbsite particles. This
gives rise to a steep repulsive particle interaction which prevents the platelets from
aggregating [77]. After three days, the dispersion was centrifuged to remove excess
aluminum chlorohydrate and the particles were subsequently redispersed in a 10−2 M
NaCl solution. To enable dispersion of the gibbsite platelets in apolar solvents the
particles were sterically stabilized with a amino-modiﬁed poly-iso-butylene (SAP 230
TP, Inﬁneum, UK), by following two diﬀerent procedures.
The ﬁrst procedure involves a gradual substitution of the solvent upon addition of the
stabilizing polymer, as described in [32]. The particles obtained through this method
were dispersed in 2-bromotoluene (Acros, 99%). Following an alternative method, the
gibbsite platelets were freeze-dried in the presence of poly-iso-butylene in 1-propanol
(Acros, 99%) [78, 79]. The thus stabilized particles were dispersed in toluene (J.T.
Baker, 99.5%).
Finally, the dispersions were concentrated with centrifugation and subsequent redispersion to reach the desired particle concentration.

2.3. Birefringence
At suﬃciently high concentration, suspensions of gibbsite particles form nematic
and columnar liquid crystal phases with orientational ordering and one-dimensional
positional ordering, respectively. As a result, these phases are birefringent, and as is
shown in Figure 2.1(b) and (c) light is transmitted if they are placed between crossed
polarizers. The isotropic phase is dark, but can be made birefringent by gently moving
the sample so that the platelets align in the resulting ﬂow.
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Figure 2.1. (a) Transmission electron micrograph of colloidal gibbsite
platelets. (b) Isotropic-nematic and (c) nematic-columnar phase separated
gibbsite suspensions between crossed-polarizers. The birefringence visible in
the isotropic phase of sample (b) is ﬂow birefringence caused by gentle movement.

Birefringent materials have two or more refractive indices. Here, we will focus on
uniaxial materials, with two refractive indices. If linearly polarized light enters such a
material, it is refracted into two components with orthogonal vibration directions, the
ordinary ray (o-ray) with the polarisation perpendicular and the extraordinary ray (eray) parallel to the axis of anisotropy. The birefringence is deﬁned as Δn ≡ ne - no , with
the ne and no the refractive indices for the e-ray and the o-ray. For uniaxial materials ne
and no correspond to n2 and n1 respectively. Because of the diﬀerent refractive indices
for these rays, they travel with a diﬀerent velocity through the material, giving rise to
a phase diﬀerence δ:
2π
(n2 − n1 )t
(2.1)
δ=
λ
with λ the wavelength of the incident light and t the path length through the material
[80]. The value | (n2 − n1 ) | t is referred to as retardation or optical path diﬀerence
(OPD) [69]. When the refracted light arrives at the second polarizer (also, analyzer)
that is at a 90◦ angle with respect to the ﬁrst one, only the component with the vibration
direction parallel to the polarizer will pass through. The resulting intensity is given by:
δ
I = E 2 sin2 2θsin2
(2.2)
2
with E the amplitude of the electro-magnetic vector and θ the angle between the polarisation of the incident light and n1 [80]. We will ﬁnd a minimum intensity behind
the analyzer if θ = 0, π/2, π, ... and relative maxima for θ = π/4, 3π/4, 5π/4, ... with
values of:
δ
(2.3)
Imax = E 2 sin2 .
2
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Figure 2.2. Newton’s color scale, here visualized with a Babinet compensator, represents the retardation color sequence as a function of retardation.

Due to the wavelength dependence of δ, the use of white light leads to beautiful interference (or retardation) colors, as part of the wavelengths will interfere constructively and
others destructively. These colors occur in a speciﬁc sequence, known as Newton’s color
scale and are often presented as a function of retardation in the form of a Michel-Levy
chart. Figure 2.2 shows the color sequence visualized with a Babinet compensator, a
tunable retardation plate that is composed of two opposed quartz wedges [72].
One can distinguish two types of birefringence: intrinsic and form birefringence.
Intrinsic birefringence is caused by the anisotropy of the crystal lattice and therefore a
ﬁxed material parameter. Gibbsite (γ-Al(OH)3 ) has a monoclinic crystal lattice with
the following refractive indices: natural gibbsite α  1.56-1.58, β  1.56-1.58, and γ 
1.58-1.60. For synthetically prepared gibbsite α = β = 1.577 and γ = 1.595 has been
reported [81]. The optic axial plane (where the refractive index does not depend on the
polarization direction of the incident light) is perpendicular to the (010) plane, and the
extinction angle has an angle of -21◦ with the z-axis [81].
For colloidal gibbsite, which consists of hexagonal platelets, this implies that the
largest refractive index, or slow axis, has an angle of -21◦ with respect to the particle
director (see Figure 2.1). However, in the nematic phase, although the platelets have
a net average orientation of the particle director, in the particle plane all orientations
are allowed. The resulting intrinsic birefringence is therefore eﬀectively parallel to the
director, with Δni ≈ (γ − α) cos[21◦ ] = 0.016. Following [15, 82] the birefringence of a
suspension due to the intrinsic particle birefringence is given by
Δnintr = Δni φS2

(2.4)

with φ the particle volume fraction and S2 the nematic order parameter.
On the other hand, form (or shape) birefringence arises if anisometric molecules or
particles are dispersed in an ordered arrangement in a liquid with a diﬀerent refractive index. It depends on the particle shape and the solvent refractive index and can
therefore be manipulated.
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Figure 2.3. (a) Crystallographic and optical axes of gibbsite; reprinted from
[81] with permission of The Geological Society London. (b) Intrinsic, form
and total birefringence of a nematic phase of colloidal gibbsite as a function of
solvent refractive index for φ = 0.26, S2 = 0.8, La = 0.03 and Lb = 0.94.

Wiener [73] showed that an assembly of thin parallel plates in a medium with a different refractive index behaves like a negative uniaxial crystal. Bragg and Pippard [83]
extended his work to ellipsoids and obtained for the form birefringence of an assembly
of particles with refractive index np in a solvent with ns :
Δnf orm = na − nb = φ(np − ns )

9k
(Lb − La )
(3 + k)2

(2.5)

with φ the particle volume fraction, k = (1 − φ)(n22 /n21 − 1), and La and Lb depolarizing
factors that depend on the particle symmetry. To obtain a reasonable estimate for
the form birefringence of gibbsite where the particles possess intrinsic birefringence as
well, we can use this equation with an average of the three refractive indices, np =
1.58. Although this is not exact, according to Twersky [84] it should introduce little
error because the refractive indices are close. In their derivation Bragg and Pippard
considered an assembly with perfectly aligned particles (orientational order parameter
S2 = 1), which is obviously not true for the gibbsite nematic phase. To account for
this, we multiply by S2 [15, 82], analogous to Equation 2.4. Previous experiments on
the alignment of the gibbsite nematic phase in a magnetic ﬁeld established typically
S2 ≈ 0.8 [85].
In Figure 2.3(b) we plot the intrinsic and form birefringence as a function of solvent
refractive index ns , for a volume fraction φ of 0.26. The depolarizing factors can be
calculated by considering the particles as ellipsoids [86], resulting in La = 0.03 and
Lb = 0.94 for a bare platelet with an aspect ratio of 25. Δntot is obtained by simply
taking the sum of the two contributions. We ﬁnd that the birefringence of a gibbsite
nematic phase is negative for most solvents, except if the refractive index is close to
that of gibbsite itself.

2.4. Polarized light microscopy
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2.4. Polarized light microscopy
The tool of choice to study birefringent specimens is the polarized light microscope,
in fact just a bright-ﬁeld microscope equipped with an adjustable polarizer and analyzer, strain-free optics and a slot to insert a compensator or retardation plate. This
ﬁlter is used to determine the orientation of the liquid crystalline phase and consists
of birefringent material (either a thin slice of a birefringent mineral or an aligned birefringent polymer between glass plates) with a known birefringence and orientation. It
is placed in the light path between the polarizer and analyzer at an angle of 45◦ for
maximum eﬀect, and it adds a ﬁxed retardation to all the wave fronts in the optical
path. Depending on the respective orientation of the slow axes of the liquid crystal
and the retardation plate, the retardation is added (parallel orientation) or subtracted
(perpendicular orientation). Throughout this thesis we use a full wave retardation plate
with an optical path diﬀerence of 530 nm, with a typical magenta tint.
The nematic phase we ﬁnd in gibbsite suspensions typically has a retardation of about
150 nm for a sample thickness of 100 μm, which corresponds to a greyish retardation
color, see Figure 2.2. This implies that if the slow axis of the nematic phase coincides
with that of the retardation plate, the OPD is added and the retardation is shifted to 680
nm with a blue retardation color. Similarly, if the slow axes of the nematic phase and
the retardation plate are perpendicular, the resulting OPD is 380 nm, corresponding to
an orange retardation color.
In order to interpret the polarized light micrographs in the remainder of this thesis
one has to realize the following. If light passes through crossed polarizers, we are dealing
with an ordered phase, the orientation of which is not parallel to one of the polarizers.
More precise information on this orientation can be determined with the retardation
plate as described above. Conversely, if no light is coming through the crossed polarizers
there are three possibilities. We are dealing with:
• an unordered (isotropic) phase; the phase is always dark, independent of the orientation of the polarizers.
• an ordered phase oriented with the director parallel to one of the polarizers; birefringence will appear if the polarizers are rotated.
• an ordered phase with the director perpendicular to the focal plane (in other words,
the platelets are lying ﬂat in the focal plane); dark irrespective of the polarizer
orientation, but birefringence will appear if the sample is tilted with respect to the
focal plane.
The polarized light microscope used throughout this thesis is a Nikon LV100Pol
microscope, equipped with a full wave retardation plate (λ = 530 nm), a 2× Nikon
CFI Plan UW objective, and 10× and 20× Nikon CFI Plan Fluor ELWD objectives.
The microscope was in a tilted position with the focal plane along gravity in order to
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allow investigation of the samples in upright position. Images were captured with a
MicroPublisher 5 megapixel ccd camera (MP5, QImaging). In the remainder of this
thesis we will use this camera, unless explicitly stated otherwise.
2.4.1. Magnetic ﬁeld
To investigate the inﬂuence of a magnetic ﬁeld a home-built polarization microscope
setup was used, assembled from the head of a Zeiss Axiolab microscope, equipped
with crossed polarizers, and a 2× Edmund Optics objective. The magnetic ﬁeld was
generated with a Bruker BE25v Electromagnet, equipped with large ﬂat pole shoes
producing a very homogeneous magnetic ﬁeld in the sample volume. Field strengths
ranged from B = 0 - 1.8 T and were monitored with a LakeShore 421 Gaussmeter. The
samples could be rotated along their vertical axis with adjustable velocity (usually ≈
0.25 Hz).
2.4.2. Sample preparation
Samples were prepared in ﬂat optical capillaries (VitroCom, NJ, USA), with internal
dimensions of 0.1 × 2 × 40 mm3 for the experiments in magnetic ﬁeld and at the
isotropic-nematic interface and 0.2 × 4 × 40 mm3 for study of tactoids, and ﬂame-sealed
to avoid evaporation of the solvent. The samples were homogenized and left to phase
separate, which evolved via the formation, sedimentation and subsequent coalescence
of tactoids.

2.5. Intrinsic versus form birefringence in nematic phases of
colloidal gibbsite
2.5.1. Nematic phase aligned in a magnetic ﬁeld
Colloidal gibbsite platelets have an anisotropic magnetic susceptibility, which implies
that an external magnetic ﬁeld gives rise to an induced magnetic moment in the particles. Previous studies on sterically stabilized gibbsite suspensions [64, 87] established
that the magnetic anisotropy of these platelets is negative (Δχ = -10−22 J/T2 ), and
therefore the platelets tend to align with their director perpendicular to an externally
applied magnetic ﬁeld. This implies that the director orientation is restricted to the
plane perpendicular to the magnetic ﬁeld direction. If instead of a static ﬁeld a rotating
ﬁeld is used, the platelets will align in a single direction, with the director perpendicular
to the rotation plane. Rotation of the sample in a static ﬁeld has the same eﬀect, and it
has been shown that one can obtain a single domain nematic phase with a well-deﬁned
orientation [87].
We will now use this method, schematically depicted in Figure 2.4(a) to study the
birefringence of the nematic phase of colloidal gibbsite suspended in toluene, which has
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a refractive index of ns = 1.4969 and compare this to the gibbsite nematic phase in
water with ns = 1.333.
Figure 2.4(b) and (c) show the two isotropic-nematic phase separated gibbsite suspensions after rotation at 0.25 Hz for one hour in a magnetic ﬁeld with a ﬁeld strength
of 1.8 T. The left hand sample is a suspension in toluene with an overall volume fraction φ = 0.22, while the sample at the right hand side is a dispersion of gibbsite in an
aqueous salt solution (10−2 M NaCl) at φ = 0.25. There is a distinct diﬀerence in the
retardation colors of the samples, in the isotropic phase and even more clearly in the nematic phase. With the retardation plate in the horizontal direction (Figure 2.4(b)) the
retardation color of the sample in toluene corresponds to ﬁrst order orange, implying a
subtraction of the optical path diﬀerence with roughly 140 nm (see Figure 2.2). On the
other hand, the aqueous sample displays a second order blue tint, corresponding to an
addition of the optical path diﬀerence with about 210 nm. If we rotate the retardation
plate to the vertical direction, the retardation colors are reversed and we ﬁnd +140 nm
for the sample in toluene and -210 nm for aqueous gibbsite.
These values of the retardation correspond to a Δn for toluene of 1.4 · 10−3 and
Δn = −2.1 · 10−3 for aqueous gibbsite. By combining Equation 2.4 and 2.5 in the
previous section, we ﬁnd Δn = 2 · 10−3 for gibbsite dispersed in toluene, in line with
our result. For aqueous gibbsite we ﬁnd Δn = −8 · 10−3 , which is somewhat lower
than the experimental value, but still in reasonable agreement taking into account the
approximations with regard to the order parameter and the volume fraction of the
nematic phase.
From these results we deduce that for gibbsite dispersed in toluene the birefringence
is positive, corresponding to the intrinsic birefringence of the platelets. On the other
hand, for aqueous gibbsite, with a much larger diﬀerence between the refractive index
of particle and solvent, the birefringence is negative, implying that form birefringence
is dominant over the intrinsic particle birefringence.

2.5.2. Anchoring at a planar wall and the isotropic-nematic interface
An alternative way to determine the birefringence is to examine the alignment of the
nematic phase along the capillary wall and the isotropic-nematic interface. For entropic
reasons, colloidal platelets exhibit homeotropic anchoring, which means that they tend
to align with the director perpendicular to the isotropic-nematic interface as well as to
hard walls [64, 88], as illustrated in Figure 2.5(a).
Figure 2.5(b) shows the alignment near the isotropic-nematic interface and the capillary wall in the suspension in toluene. The bulk nematic phase appears with the same
color as the isotropic phase, the typical magenta color of the retardation plate, which
implies that it does not exhibit birefringence. Thus the platelets must be oriented with
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Figure 2.4. (a) Rotation of the sample around its vertical axis in a magnetic ﬁeld aligns the platelets with the director in the vertical direction. (b-c)
Isotropic-nematic phase separated suspension of sterically stabilized gibbsite
(left) and charge stabilized gibbsite (right) after one hour rotation in a magnetic ﬁeld with a strength of 1.8 T. Solid arrows indicate the polarizers, dashed
arrow the orientation of the retardation plate. Scale: the capillaries have a
width of 2 mm.

their director pointing into the focal plane, indeed homeotropically aligned to the capillary walls. Near the isotropic-nematic interface the nematic phase appears orange,
which corresponds to a subtraction of the retardation with respect to the retardation
plate (see Figure 2.2). On the other hand, a blue retardation color can be observed near
the capillary wall, corresponding to an addition of the optical path diﬀerence. From
these observations we can again conclude that the slow axis is parallel to the platelet
director and that intrinsic birefringence is dominant.
If we now compare this to the aqueous suspension shown in Figure 2.5(c), we observe
that the retardation colors are exactly reversed: blue at the isotropic-nematic interface
and orange near the capillary wall. This implies that the slow axis is now perpendicular to the platelet director and that form birefringence prevails over the intrinsic
birefringence.
The result we obtain here is the same as from the experiment in magnetic ﬁeld,
implying that particle stabilization does not aﬀect the anchoring preference and is
indeed a result of the particle shape. This is in contrast to thermotropic liquid crystals,
where the preferred orientation of the director with respect to the isotropic-nematic
interface or a solid wall is dictated by chemical interaction rather than molecular shape
[57]. However, the absolute magnitude of the anchoring strength does depend on particle
stabilization and solvent, as we will see in Chapter 4.
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Figure 2.5. Alignment of the nematic phase at the isotropic-nematic interface and the capillary walls; schematically depicted in (a) and observed with
polarized light microscopy in a system of gibbsite dispersed (b) in toluene and
(c) in water.
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25 μm

Figure 2.6. Tactoid with radial director ﬁeld and hedgehog defect; (a)
schematically depicted, and observed with polarized light microscopy in a gibbsite suspension (b) in bromotoluene and (c) in water.

2.5.3. Nematic phase conﬁned to droplets
Finally, a third method to study the birefringence of the nematic phase is to investigate the nematic phase conﬁned to micrometer-sized droplets. The properties of such
droplets, or tactoids, are determined by a competition between surface anchoring and
bulk elastic free energy, the balance of which depends on the droplet size. This will
be discussed in detail in Chapter 4. For large tactoid sizes this competition leads to a
spherical droplet shape and a radial director ﬁeld with a point defect in the center, a
so-called hedgehog, as depicted schematically in Figure 2.6(a).
Figure 2.6(b) and (c) displays two of such tactoids, one in a suspension in 2-bromotoluene
and the other in an aqueous gibbsite suspension. The refractive index of bromotoluene
is very close to that of gibbsite (n = 1.556 and n ≈ 1.58 respectively), so that the
gibbsite platelets are almost index matched. We observe the characteristic birefringence pattern of a radial tactoid, consisting of four parts with the opposite quarters
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the same retardation color. The retardation colors of the tactoids in the two solvents
are reversed: the quarters that are blue in the one are yellow/orange in the other and
vice versa. This conﬁrms again the inversion of the birefringence observed above, resulting in positive birefringence for gibbsite dispersed in bromotoluene and negative
birefringence in aqueous suspensions.

2.6. Conclusions
Polarized light microscopy is a powerful tool to study liquid crystals, even more so if
combined with the aligning power of an externally applied magnetic ﬁeld.
Furthermore, we have demonstrated that it is possible to tune the birefringence of
the nematic phase in suspensions of gibbsite platelets by varying the solvent refractive
index. In solvents with a refractive index close to that of the gibbsite platelets (toluene
and bromotoluene) the positive intrinsic birefringence of the particles determines the
birefringence of the nematic phase, whereas in the case of water, where the refractive
index is considerably lower, form birefringence prevails over the intrinsic birefringence.
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Liquid crystal phase transitions in systems
of colloidal platelets with bimodal shape
distribution
Abstract
We have studied a system of polydisperse, charged colloidal gibbsite platelets
with a bimodal distribution in the particle aspect ratio. We observe a density
inversion of the coexisting isotropic and nematic phases as well as a threephase equilibrium involving a lower density nematic phase, an isotropic phase
of intermediate density and a higher density columnar phase. To relate these
phenomena to the bimodality of the shape distribution, we have calculated the
liquid crystal phase behavior of binary mixtures of thick and thin hard platelets
for various thickness ratio. The predictions are based on the Onsager-Parsons
theory for the isotropic-nematic (I-N) transition combined with a modiﬁed
Lennard-Jones-Devonshire cell theory for the columnar (C) state. For suﬃciently large thickness ratios, the phase diagram features an I-N density inversion and three phase I-N-C equilibrium, in agreement with experiment. The
density inversion can be attributed to a marked shape fractionation among the
coexisting phases with the thick species accumulating in the isotropic phase.
At high concentrations, the theory predicts a coexistence between two columnar phases with distinctly diﬀerent concentrations. In experiment, however,
the demixing transition is pre-empted by a transition to a kinetically arrested,
glassy state with structural features resembling a columnar phase.
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3.1. Introduction
The phase behavior of bidisperse colloidal systems incorporates many intriguing phenomena such as the formation of stable superstructures and phase equilibria involving
multiple phases. For example, mixtures of spheres with a diameter ratio of around
0.5 are known to form AB2 and AB13 binary crystals, as ﬁrst observed in natural
opals [89, 90] and reproduced in suspensions of latex particles [91, 92] and colloidal
hard spheres [93–95]. Mixtures of long and short rod-like colloids show a demixing of
the nematic phase which leads to a coexistence of two nematic phases with diﬀerent
compositions including a triphasic isotropic-nematic-nematic equilibrium, as observed
experimentally [96, 97] and conﬁrmed by theory [98]. A similar behavior has been observed recently in binary mixtures of thin and thick hard rods with equal length [99],
as originally predicted with an Onsager-Parsons description [100].
In contrast to rods, the phase behavior of plate-shaped colloids has only been explored
over the last decade [31–33, 35, 38, 101]. A remarkably feature of some of these systems
is that the formation of a partially crystalline columnar phase is not suppressed by the
considerable spread in particle size [33], as is the case with crystalline and smectic order
in polydisperse systems of spheres [102] and rods [103]. Moreover, a large spread in the
plate thickness may give rise to a so-called isotropic-nematic density inversion, in which
the isotropic phase becomes denser than the coexisting nematic. This phenomenon
originates from a pronounced fractionation in the thickness of the particles amongst
the coexisting phases with the thick species accumulating in the isotropic and the
thin ones in the nematic phase. Although the nematic phase has a higher particle
concentration than the isotropic, its mass density falls below that of the isotropic phase
due to a high fraction of thin platelets with a lower particle mass. This phenomenon has
been observed in a polydisperse system of sterically stabilized gibbsite platelets [104]
and analyzed by a simple theory based on Onsager’s second virial theory extended to
binary mixtures [105]. A similar density inversion can be predicted from fundamental
measure theory based on the Zwanzig model for binary hard platelets [106].
In this chapter we report our ﬁndings on a system of charged gibbsite platelets, which
forms a remarkable three-phase equilibrium, involving a low-density nematic phase, an
isotropic phase of intermediate density and a dense columnar phase. A size analysis
using atomic force microscopy (AFM) reveals that the distribution of the aspect ratio,
deﬁned as the plate thickness-to-diameter ratio, is characterized by a distinct bimodal
shape. In an analogous fashion to the sterically stabilized system [104], the charged
plate system exhibits a density inversion of the isotropic and nematic phases induced
by a strong fractionation eﬀect with respect to aspect ratio. The fractionation scenario is corroborated by the size distributions measured in the coexisting phases, which
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demonstrate that the isotropic phase is rich in thick platelets, while the corresponding
nematic phase consists mainly of thin platelets corresponding to a small aspect ratio.
A theoretical underpinning of the observed eﬀects is provided by calculating the phase
diagram of a binary mixture of thin and thick platelets for various thickness ratio. This
is done by combining the Onsager-Parsons theory for the isotropic to nematic transition
with a modiﬁed Lennard-Jones-Devonshire cell theory for the columnar state [107]. For
a suﬃciently large ratio of the particle thickness, the I-N density inversion and three
phase isotropic-nematic-columnar coexistence can both be satisfactorily reproduced.
Moreover, at high particle concentrations, our theory predicts a demixing of the columnar phase into a fraction containing predominantly thin species and a ‘mixed’ fraction
with equal portions of thin and thick platelets. This demixing could not be observed in
the experimental system, due to the formation of a dynamically arrested glassy state
at high particle concentrations.

3.2. Materials and Methods
Gibbsite platelets were synthesized by hydrothermal treatment of aluminium alkoxides as described in Chapter 2, including surface treatment with aluminium chlorohydrate to increase particle stability.
The gibbsite platelets were analyzed with transmission electron microscopy (TEM)
using a Tecnai 10 microscope (FEI Company), and atomic force microscopy (AFM)
utilizing a multimode scanning probe microscope (Digital Instruments). AFM measurements were performed in tapping mode with a standard TESP silicon tip. Samples
were prepared by dilution of the gibbsite dispersion with a 1:1 water-ethanol mixture.
The diluted suspension was subsequently spread onto carbon-coated copper grids (TEM
measurements) or freshly cleaved mica (AFM measurements). To obtain the distributions of the particle dimensions, the diameter, thickness and aspect ratio of 200 to 270
particles were measured.
The gibbsite platelets had a well-deﬁned hexagonal shape (see the micrographs in
Figure 3.1(a) and (b)), with an average diameter (that is: corner-to-corner distance) of
207 nm with a standard deviation in the average σD of 35% and an average thickness of
8.2 nm with a σL of 46%. The diameter of the platelets had a rather broad, symmetrical
distribution, while the thickness was strongly peaked with a long tail towards the thicker
particles (see Figure 3.1(c)). The aspect ratio, however, was bimodal, with a relatively
narrow distribution of thick species and a much wider spread of thin ones.
The gibbsite dispersion was concentrated via centrifugation and redispersion with
−2
10 M NaCl to the concentration where phase separation was just hindered by kinetic
arrest. Samples of decreasing concentration were prepared upon dilution and stored
in 50 × 4 × 0.2 mm sized glass capillaries (VitroCom), which were ﬂame-sealed and
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Figure 3.1. (a) Transmission electron micrograph and (b) Atomic force micrograph of the gibbsite platelets. (c) Histograms of the diameter, thickness,
and inverse aspect ratio D/L of the platelets, determined with atomic force
microscopy.

subsequently glued to avoid evaporation of the solvent. The suspensions were left in
upright position to phase separate and equilibrate at room temperature for two weeks.
The phase behavior of the system was studied on a macroscopic scale with a homebuilt polarization setup, consisting of two crossed polarizing ﬁlters that could be illuminated by a 150 W lamp in combination with a condenser lens and a ground glass
diﬀuser for homogeneous illumination. The samples were photographed with a Nikon
Coolpix 995 digital camera. The samples were examined in more detail with polarized
light microscopy as described in Chapter 2. Bragg reﬂections were observed with the
polarizing microscope while the sample was illuminated with a cold light source (Dolan
Jenner, Model 190).

3.3. Phase behavior experiments
In Figure 3.2(a) we show a concentration series of the charge stabilized gibbsite
platelets. Upon increasing the particle concentration, the system enters the isotropicnematic biphasic regime, with a nematic phase at the bottom and an isotropic phase at
the top of the capillary, separated by a sharp interface. Further increasing the particle
concentration leads to the onset of a density inversion, where the isotropic starts to
become denser than the nematic phase. Around the inversion point, the I-N interface
shows a regular pattern of ﬁngers reminiscent of a Rayleigh-Taylor instability (see the
second capillary of Figure 3.2(a) and an enlarged view in (b)) [108]. At higher concentrations the inverted state is reached with a nematic top and an isotropic bottom
phase, separated by a sharp interface. Upon subsequent densiﬁcation, the system enters a triphasic region, where the isotropic phase is located between a nematic upper
phase and a columnar bottom phase, all separated by sharp interfaces. The columnar
bottom phase is also characterized by bright Bragg reﬂections (see Figure 3.2(c)), which
originate from the two dimensional hexagonal arrangement of the columnar stacks of
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Figure 3.2. (a) Concentration series of suspensions of charged gibbsite
platelets. A sequence of phase equilibria is observed, ranging from biphasic isotropic-nematic (I-N), inverted biphasic isotropic-nematic (I-N), triphasic isotropic-nematic-columnar (I-N-C), biphasic nematic-columnar (N-C) to
a columnar glass (CG). (b) Regular ﬁngering pattern in an isotropic-nematic
sample at a density of 20 v/v %, close to the inversion point. (c) Bragg reﬂections in the columnar phase, and (d) dynamically arrested columnar glass.

platelets. The color associated with the Bragg reﬂections ranges from green to red,
which corresponds to an average inter-columnar distance of about ∼ 250 nm. When
the particle concentration is further increased, the isotropic phase disappears, leaving
an upper nematic phase in coexistence with a lower columnar phase. Finally, at very
high concentrations, an arrested state is reached which no longer undergoes macroscopic
phase separation. Birefringent patterns are clearly visible and persist over a long time.
These correspond to ‘frozen-in’ regions of particle alignment caused by the shear forces
during the ﬁlling of the capillary. After a period of three months, the sample also shows
Bragg reﬂections originating from tiny grains with a domain size of about 2 - 5 μm, as
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Figure 3.3. (a) Image of a Gibbsite suspension with isotropic-nematic density
inversion, taken between crossed polarizers. AFM images of gibbsite platelets
sampled from the nematic (b) and isotropic phase (c).

depicted in Figure 3.2(d). This indicates local nucleation of the hexagonal columnar
phase. We will further discuss this interesting observation in Chapter 10.
The capillary containing the inverted isotropic-nematic phase equilibrium was further investigated by splitting the capillary and analyzing the two coexisting phases
separately with AFM. In Figure 3.3 we depict the sample between crossed polarizers
together with AFM images of the gibbsite platelets in both phases. The measured diameter, thickness and (inverse) aspect ratio distributions of the platelets in the isotropic
and nematic phase are presented in Figure 3.4. Although the diameter distribution is
virtually the same in both phases, the thickness distributions are signiﬁcantly diﬀerent, with the isotropic phase markedly enriched in thick platelets. The most distinct
diﬀerence can be inferred from the histograms showing the (inverse) aspect ratio distribution in both phases. From this it is evident that the nematic phase is characterized
by a unimodal distribution of thin platelets (large D/L), whereas the isotropic phase
possesses a bimodal shape distribution with a signiﬁcant fraction of thick species (small
D/L).

3.4. Onsager-Parsons theory for the isotropic-nematic transition
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Figure 3.4. Histograms of the platelet diameter (a), thickness (b) and aspect ratio (c) sampled from the nematic and isotropic phase of a sample with
isotropic-nematic density inversion (see Figure 3.3), determined with AFM.

3.4. Onsager-Parsons theory for the isotropic-nematic transition
A simple theory is now employed to describe the main features of the experimental
system. For the present system of charged platelets, a theory would be required based
on a hard-core model supplemented with a suitable electrostatic potential. Unfortunately, the eﬀective (screened) pair potential between two uniformly charged platelets
resulting from the Poisson-Boltzmann theory is not known in analytical form [109] and
multipole expansions - aimed at providing an analytical approximation valid at large
plate separations - are questionable at high particle densities (in particular in the nematic and columnar phases). Headway can be made by restricting the plate orientations
to the three Cartesian axes. Within the so-called Zwanzig approximation, a tractable
density functional theory can be formulated which allows one to scrutinize the eﬀect of
charge on the structure and phase behavior of colloidal platelets [110]. Alternatively,
interaction site models, based on a discretization of the surface charge into Yukawa sites
compacted onto a circular disk-shaped array, can be analyzed with integral equation
theory to elucidate the pair correlation functions of charged platelets at low to moderate
densities [111].
The scope of this chapter is to keep the theory as tractable as possible while maintaining the essential physics of the problem. Therefore, we will build on the simple but
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physically plausible idea that the main eﬀect of the double layers is to alter the eﬀective
shape of the platelets, such that the eﬀective thickness by which the platelets interact
is enhanced. The use of an eﬀective hard particle is merited by the fact that the electric
double layers surrounding the platelets are rather tight 1 .
Let us consider a binary mixture of N = N1 + N2 hard cylinders with two diﬀerent
lengths, L1 and L2 , and common diameter D = D1 = D2 in a macroscopic volume
V . For the plate-like cylinders we consider here, the aspect ratio Li /D (i = 1, 2)
is much smaller than unity. Henceforth, we shall assign the label ‘2’ to the thickest
particles. The overall concentration of the system is expressed in dimensionless form
via c = ND 3 /V . Following [105], the Onsager-Parsons Helmholtz free energy of such a
mixture at a given c and mole fraction xi = Ni /N is given by:

βF
xi {ln xi + ln 4πfi i }
= (ln Ṽc − 1) +
N
i=1,2
+

cGP (φ)  
ij
xi xj Ṽexcl
(γ)ij
2
i
j

(3.1)


where β −1 = kB T is the thermal energy and Ṽ = i Vixi /D 3 with Vi the thermal vol
ume of species i (including rotational contributions). The brackets (·)i = dΩfi (Ω)(·)
denote an orientational average according to some unknown orientational distribution

function fi , normalized via dΩfi (Ω) = 1. Several entropic contributions can be distinguished in Eq. (3.1). The ﬁrst three are exact and denote the ideal translational,
mixing, and orientational entropy, respectively. The last term represents the excess
translational or packing entropy which accounts for the particle-particle interactions
at the approximate level of pair-interactions. The key quantity here is the excluded
ij
between two plate-like cylinders of type i and j at ﬁxed interparticle angle
volume Vexcl
γ [7]:


ij
Li Lj
Vexcl
π
(γ)
ij
+
Ṽexcl (γ)
=
= | sin γ| +
D3
2
D
D

π
π
Li Lj
+ E(sin γ) + cos γ + 2 2 | sin γ|
(3.2)
×
4
4
D
with E(x) the complete elliptic integral of the second kind. Although the structure of
Eq. (3.1) is similar to the classic Onsager second-virial free energy, higher order virial
terms are incorporated approximately through a density rescaling according to Parsons’
recipe [112–114] as extended to mixtures (see [115] for a recent review of the use of the
Onsager-Parsons free energy to describe mixtures of hard particles). This involves a
rescaled density cGP where the factor GP = (1 − 3φ/4)/(1 − φ)2 depends on the total
plate volume fraction φ = c i xi (πLi /4D). Note that GP approaches unity in the
1

The Debye screening length in a 10−2 M sodium chloride solution is 3 nm.
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low-density limit φ → 0 in which case the original second-virial theory is recovered, as
required.
One must then specify the orientational averaging. By deﬁnition, all orientations are
equally probable in the isotropic (I) phase and fi = 1/4π. The orientational contributions then simply become
ln 4πfi i ≡ 0,

(I)

(3.3)

Using the isotropic averages sin γ = π/4, E(sin γ) = π 2 /8 and cos γ = 1/2
we obtain for the excluded volume contribution:



Li Lj
3π π 2
π2
Li Lj π
ij
+
+
+
(3.4)
+
Ṽexcl (γ) =
8
D
D
8
8
D2 2
In the nematic (N) phase, the particles are expected to be oriented along a common
nematic director. For strongly ordered states it is expedient to adopt a Gaussian trial
function to describe the orientational probability density [116]. For a uniaxial nematic
phase, the Gaussian trial function takes on the following form:
⎧
αi
1
2
⎪
if 0 ≤ θ ≤ π2
⎨ 4π exp[− 2 αi θ ]
(3.5)
fi (θ) ≡
⎪
⎩ αi exp[− 1 α (π − θ)2 ] if π ≤ θ ≤ π
4π
2 i
2
with θ the polar angle between the plate normal and the nematic director and αi
1
a variational parameter. With the use of the Gaussian trial function, the orientational
averages in the free energy can be rendered analytically tractable by performing asymptotic expansions for large αi and retaining the leading order terms. The result for the
orientational entropy is
ln 4πfi i ∼ ln αi − 1

(N)

(3.6)

For small angles γ the orientationally averaged excluded volume can be expanded as
follows:


 
Li Lj
π 2Li Lj
ij
Ṽexcl (γ)ij = π
+
+
γij
+
D
D
2
D2
+Oγ 2 ij

(3.7)

Within the Gaussian approximation the double orientational average of γ is given by
[117]
1/2
 π 1/2  1
1
γij ∼
+
(3.8)
2
αi αj
−1
) generates the next-leading order
up to leading order in αi , while γ 2 ij ∼ O(αi/j
terms which we will neglect here. If we further assume the plate aspect ratio to be
suﬃciently small so that all contributions of order Li Lj /D 2 are of negligible importance,
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the resulting double orientationally averaged excluded volume in the nematic phase can
be approximated as:

1/2
   
Li Lj
1
π 3/2 1
ij
+
+
(3.9)
Ṽexcl (γ)ij ∼ π
+
D
D
2
αi αj
which has the important advantage that the Gaussian variational parameters are now
fully decoupled from the thickness. Inserting this result together with Eq. (3.6) into the
free energy and minimizing with respect to αi yields a simple quadratic concentration
dependence for the equilibrium value of αi :
4
αi ∼ (cGP )2 ,
i = 1, 2
(3.10)
π
which is the same result as for the monodisperse case [118]. Since there are no explicit
minimization equations for αi to be solved, the nematic free energy for the mixtures
is entirely algebraic. Phase equilibria between isotropic and nematic states are found
in the usual numerical way by imposing equality of chemical potentials μi of each
component i and pressure P . These quantities are obtained from the free energy using
the standard thermodynamic derivatives, P = −(∂F/∂V )N V T and μi = (∂F/∂Ni )Nj V T .

3.5. Cell theory for the columnar phase
To describe the thermodynamical properties of a columnar phase we use an extended
cell theory as proposed in [107]. In this approach, the structure of a columnar phase
is envisioned in terms of columns ordered along a perfect lattice in two lateral dimensions with a strictly one-dimensional ﬂuid behavior of the constituents in the remaining
direction along the columns. As for the latter, the canonical partition function of a
binary mixture of parallel platelets with thicknesses L1 and L2 (and equal diameter D)
with their centre-of-mass moving along the plate normal on a line of length  is formally
given by:
[ − (N1 L1 + N2 L2 )]N
Qﬂuid (N1 , N2 , , T ) =
(3.11)
N2
1
ΛN
1 Λ2 N1 !N2 !
with Λi the thermal de Broglie wavelength of the respective particle species. Next,
we allow the platelets to rotate slightly about their centre-of-mass. At high packing
fractions, the rotational freedom of each platelet is assumed to be asymptotically small
and the conﬁgurational integral above may be approximated as follows
or
Qor
1 Q2
(V11 )N1 (V21 )N2 N1 !N2 !


N
eﬀ
×  − N1 Leﬀ
1 1 + N2 L2 2

Qﬂuid (N1 , N2 , , T ) ≈

(3.12)

where Vi1 represents the 1D thermal volume of species i including contributions arising
from the (3D) rotational momenta of the platelet. Furthermore, Qor
i = exp[−Ni ln 4πfi i ]
is an orientational partition function depending on the orientational probability density
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distribution fi of platelets of type i. In the mean-ﬁeld description implied by Eq. (3.12)
there is no coupling between the orientational degrees of freedom of the platelets. The
rotation of the platelets becomes manifest in an eﬀective entropic thickness, deﬁned as



1D
eﬀ
(3.13)
Li i = Li 1 +
d(cos θ)|θ|fi (θ) + · · ·
2 Li
up to leading order in the polar angle θ which describes the deviation of the plate
normal from the direction of the column. The prefactor of ‘1/2’ in Eq. (3.13) has been
included to correct in part for the azimuthal rotational freedom and captures the eﬀect
that the excluded length between two platelets at ﬁxed polar angles becomes minimal
when the azimuthal orientations are the same. The free energy of the 1D ﬂuid then
follows from βF = − ln Q:

βFﬂuid
∼ (ln Ṽρ0 − 1) +
xi {ln xi + ln 4πfi i }
N
i=1,2



xi qi L̃eﬀ
(3.14)
− ln 1 − ρ0
i i
i



where Ṽ 1 = i (V 1 )xi /L0 . Furthermore, ρ0 = NL0 / (with L0 some reference thickeﬀ
ness), qi = Li /L0 and L̃eﬀ
i = Li /Li . The equilibrium forms for the distributions fi (θ)
are found by a formal minimization of the free energy while constraining them to be
normalized. The corresponding stationarity condition is



δ
βFﬂuid
− λi d(cos θ)fi (θ) = 0
(3.15)
δfi
N
with λi a Lagrange multiplier. The solutions can be obtained in closed form and turn
out to be of simple exponential form:
fi (θ) =
with


ξi =

3D
2 Li



ξi2
exp[−ξi |θ|]
4π

(3.16)

ρ0 qi
1 − ρ0 (x1 q1 + x2 q2 )

(3.17)

The orientational averaging is now easily carried out and the expressions for the orientational entropy and entropic thickness are given by
ln 4πfi i = 2 ln ξi − 2
 
D 1
eﬀ
L̃i i = 1 +
Li ξi

(3.18)

We now turn to the free energy associated with the positional order along the lateral
directions of the columnar liquid crystal. A formal way to proceed is to map the
system onto an ensemble of N disks ordered on a 2D lattice. Near close packing, the
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conﬁgurational integral of the system is well approximated by the Lennard-Jones and
Devonshire cell model [119, 120] so that we may write

−2N
Qcell (N) = Λ
drN exp[−βU(rN )]

≈

Λ

−2




N
β nn
d r exp − ucell (r)
2
2

(3.19)

and recall that N = N1 + N2 . Within the framework of the cell model, particles are
considered to be localized in ‘cells’ centred on the sites of a fully occupied lattice (of some
prescribed symmetry). Each particle experiences a potential energy unn
cell (r) generated
by its nearest neighbors. In the simplest version, the theory presupposes that each cell
contains one particle moving independently from its neighbors. For hard interactions,
the second phase space integral is simply the cell free area available to each particle. If
we assume the nearest neighbors to form a perfect hexagonal cage, the free area is given
√
by Afree = 3(Δc − D)2 /2 with Δc the nearest neighbor distance. The conﬁgurational
integral then becomes
N 
2N

,
(3.20)
Qcell (N) ≈ Λ−2 Afree ∼ 1 − Δ̄−1
c
in terms of the dimensionless lateral spacing Δ̄c = Δc /D. Applying the condition of
single-occupancy (i.e., one array of platelets per column) we can use Δ̄c to relate the
overall particle volume fraction φ0 = (π/4)NL0 D 2 /V to the overall linear density ρ0
via
φ∗0 Δ̄2c = ρ0

(3.21)
√
where φ∗0 = φ0 /φcp is a reduced variable in terms of φcp = π/(2 3) ≈ 0.907 the volume
fraction at close packing. The total free energy of the columnar state is now obtained
by combining the ﬂuid and cell contributions




 
1 − φ∗ Δ̄2c
3 D φ∗0 qi
βF
−ln
∼ (ln Ṽc−1)+
−2 ln(1−Δ̄−1
xi ln xi + 2 ln
c )
−2
∗
N
2
L
3
Δ̄
−
φ
i
c
i
(3.22)
with Ṽ the 3D thermal volume [cf. Eq. (3.1)] and
φ∗ = φ∗0 (x1 q1 + x2 q2 )

(3.23)

is the total reduced packing fraction of the system. The ﬁnal step is to minimize the
total free energy with respect to Δ̄c . The stationarity condition ∂F/∂ Δ̄c = 0 yields a
third-order polynomial whose physical solution reads:
Δ̄c =

−31/3 4φ∗ + 21/3 K 2/3
62/3 φ∗ K 1/3

(3.24)

with
K = 27(φ∗)2 + [3(φ∗ )3 (32 + 243φ∗)]1/2

(3.25)
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which is the same result as one would get for the monodisperse case since the lateral spacing does not depend explicitly on the composition of the mixture (but only
implicitly via Eq. (3.23)). A more manageable expression for Δ̄c can be obtained by performing a Taylor expansion around the close packing limit, using (1 − φ∗) as a smallness
parameter:
1
12
178
Δ̄c = 1 + (1 − φ∗ ) +
(1 − φ∗ )2 +
(1 − φ∗ )3 + · · ·
(3.26)
5
125
3125
This cubic expression provides and excellent description of the exact result with a
discrepancy of less than 0.1 % throughout the entire range of relevant densities (0.5 <
φ∗ < 1). As in the case of Onsager-Parsons free energy of the nematic state, our
treatment is entirely algebraic and no explicit minimization conditions need to be solved
numerically along with the coexistence conditions. The latter can be established in the
usual way from the pressure and chemical potentials associated with Eq. (3.22).
We now have all the ingredients needed for the calculation of the phase diagram,
which are constructed for mixtures of platelets with distinctly diﬀerent anisotropies.
More precisely, we will consider binary systems consisting of thin platelets (which exhibit the full isotropic-nematic-columnar (I − N − C) phase sequence in its pure state),
mixed with thick ones (which only have an isotropic-columnar (I − C) transition) 2 . To
best match the experimental systems we shall ﬁx the aspect ratio of the thick species
to D/L = 5 and vary that of the thin species within the interval 10 < D/L < 15. Taking into account the electrostatic screening eﬀect induced by the electric double layers,
these numbers provide reasonable estimates for the eﬀective aspect ratios associated
with the two peaks in the histograms of the “real” aspect ratio of the system shown in
Figure 3.1(c).

3.6. Results and discussion
With the theoretical approach described in the previous sections, the phase behavior
of the polydisperse charged plate system can be reproduced qualitatively. Representative examples of the theoretical predictions of the phase diagram are shown in Figure 3.5
and Figure 3.6. In both cases there is a marked triple I − N − C equilibrium extending
over a considerable range of overall compositions. Since the relative proportion of thick
and thin platelets is ﬁxed in the experimental system, we can draw a dilution line in
Figure 3.5 which samples a sequence of phase equilibria observed in the experiments.
These range from a biphasic isotropic-nematic, through a triphasic isotropic-nematiccolumnar, to a nematic-columnar biphasic equilibrium found at high concentrations.
A density inversion occurs upon traversing the isotropic-nematic coexistence region,
as illustrated in Figure 3.7. As alluded to earlier, this observation stems from the
2

The quantitative merits of the present theory can be tested against computer simulation results for a
monodisperse system of platelets. This will be the subject of a forthcoming publication.
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Figure 3.5. Phase diagram of a binary mixture of platelets with D/L1 = 12
and D/L2 = 5 (L2 /L1 = 2.4) in the pressure-composition plane (top) and the
density-density plane (bottom). Triphasic equilibria are indicated by dashed
lines which form a triangle in the density-density representation. The thin
continuous line running from the origin represents an equimolar dilution line
(x1 = x2 = 0.5). The line connecting ﬁlled circles denotes the bound of the
unphysical region beyond close packing.

pronounced fractionation amongst the coexisting phases with a high proportion of thin
species concentrated in the nematic phase [105]. This behavior becomes manifest in
the pressure-composition representations of the phase diagram where the mole fraction
of thick species is systematically larger in the isotropic phase, in agreement with the
histograms depicted in Figure 3.4. We note that, experimentally, the density inversion
appears to be driven by a fractionation in shape (i.e., aspect ratio) rather than the
plate thickness alone.
In the region of the density inversion, the interface shows a regular pattern of ﬁngers
with a spacing of about 1 mm. Such a pattern is reminiscent of the Rayleigh-Taylor
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Figure 3.6. As Figure 3.5 for the binary mixture with D/L1 = 15 and
D/L2 = 5 (L2 /L1 = 3).

instability [4, 108], which occurs when the density in the upper phase is higher than in
the lower phase. Since the density diﬀerence between both phases is very small near
the inversion point, small density gradients induced by gravity may already give rise
to such an instability. The observation of a pattern with a wavelength of about 1 mm
is in agreement with the fact that the wavelength of the fastest growing mode should

be larger than the critical wavelength. The latter is given by 2π γ/Δρg with γ the
interfacial tension, Δρ the density diﬀerence, and g the gravitational acceleration [4].
Guided by the work on sterically stabilized systems the interfacial tension is estimated
to be of order γ = 10−7 to 10−8 N/m. This is in line with theoretical predictions for the
interfacial tension of charged platelets based on the approximate Zwanzig model [110].
If we further estimate a density diﬀerence Δρ of about 0.1 % the critical wavelength is
found to be indeed less than 1 mm.
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The fact that the formation of a columnar phase is not impeded by the considerable
size polydispersity (particularly in the particle diameter) stands in contrast with the
earlier studied sterically-stabilized gibbsite system with similar polydispersity, where
density inversion was observed, but no columnar phase could be found, even at very
high particle concentrations [104]. A possible explanation could lie in the electric double
layers surrounding the platelets. Due to electrostatic screening, both the plate diameter
and thickness attain an eﬀective value which is roughly equivalent to the bare value plus
the Debye screening length. Consequently, the eﬀective aspect ratio the platelets ‘feel’ in
solution is larger than the bare one, which may facilitate the formation of the columnar
phase.
A remarkable feature of the theoretical phase diagram is that a demixing of the
columnar phase is predicted if the overall concentration exceeds a certain value. At
suﬃciently high pressures, the columnar phase phase separates into an essentially pure
fraction C1 of thin platelets (x2 = 0), and a bidisperse fraction C2 , both with a diﬀerent
overall packing fraction and associated inter-columnar spacing. The C1 branch of the
binodal is located on the vertical axis and meets the other branch at a critical point
located at x2 ∼ 0. A detailed inspection of the free energy reveals that the same
demixing scenario occurs at smaller thickness ratios with the critical pressure increasing
rapidly for smaller ratios. If the thickness ratio is increased, the critical pressure shifts
to lower values until the C1 -C2 region eventually meets the N − C region at a triple
pressure. At this point a N − C1 − C2 triple equilibrium occurs which is seen to span a
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wide composition range (see Figure 3.6). The coexistence of two columnar phases could
not be realized experimentally presumably because the demixing process is suppressed
by the glassy dynamics prevalent at these high particle concentrations.

3.7. Conclusions
In this chapter, we have explored the rich phase behavior of suspensions of charged
platelets with a bimodal distribution in the aspect ratio with a combined experimental
and theoretical eﬀort. The isotropic-nematic phase separation is found to be accompanied by a large degree of shape fractionation, with the thick species strongly accumulating in the isotropic phase. The fractionation eﬀect has a signiﬁcant inﬂuence on
the relative mass densities of the coexisting isotropic and nematic phases and leads
to a density inversion where the top and bottom coexisting phases are seen to switch
in a test tube as the overall plate concentration is gradually increased. Moreover, a
distinct three-phase equilibrium involving an isotropic, nematic, and columnar phase
is observed. We propose a simple, tractable theory based on the Onsager-Parsons free
energy combined with a simple cell approach for the columnar state. By mapping the
polydisperse, bimodal distribution onto a simple binary mixture of hard platelets of
diﬀerent thickness but common diameter, phase diagrams can be determined for various thickness ratios which bear out the fractionation scenario, density inversion and
triphasic equilibrium, in agreement with the experimental observations. At high pressures (which would correspond to concentrated samples), the theoretical phase diagram
features an additional demixing of the mixture which gives rise to a coexistence between
two columnar phase with distinctly diﬀerent compositions and structure. For the larger
thickness ratios, a triphasic nematic-columnar-columnar equilibrium is predicted. Experimentally, the high concentration regime is characterized by a dynamically arrested,
metastable glassy state with local columnar order.
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Part 2

Static properties of nematic tactoids

4

Tactoids of plate-like particles: size, shape,
director ﬁeld
Abstract
We studied, by means of polarized light microscopy, the shape and director ﬁeld
of nematic tactoids as a function of their size in dispersions of colloidal gibbsite
platelets in polar and apolar solvents. Due to the homeotropic anchoring of
the platelets to the interface, we found large tactoids to be spherical with a
radial director ﬁeld whereas small tactoids turn out to have an oblate shape
and a homogeneous director ﬁeld, in accordance with theoretical predictions.
The transition from a radial to a homogeneous director ﬁeld seems to proceed
via two diﬀerent routes depending in our case on the solvent. In one route,
the what presumably is a hedgehog point defect in the center of the tactoid
transforms into a ring defect with a radius that presumably goes to inﬁnity
with decreasing drop size. In the other route, the hedgehog defect is displaced
from the center to the edge of the tactoid, where it becomes virtual again going
to inﬁnity with decreasing drop size. Furthermore, quantitative analysis of the
tactoid properties provides us with useful information on the ratio of the splay
elastic constant and the anchoring strength and the ratio of the anchoring
strength and the surface tension.
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4. Tactoids of plate-like particles: size, shape, director field

4.1. Introduction
If an isotropic suspension of highly anisometric colloidal particles is brought under
conditions where it coexists with a nematic liquid-crystalline phase, nematic droplets
form. These droplets, or tactoids, have a non-trivial shape and intricate internal structure, i.e., a spatial distribution of the local preferred orientation of the particles, the
director. Both the director-ﬁeld conﬁguration and the shape of tactoids are governed
by the competition between the surface tension, anchoring strength and bulk elastic
properties of the nematic. Which of these properties prevails varies with tactoid size.
This implies that the size dependence of the tactoid structure provides insight into these
properties.
Tactoids formed in suspensions of rod-like colloidal particles have been studied for
some time. The ﬁrst observations by Zocher [5] on tactoids in vanadium pentoxide sols
date back to the 1920s. After that, tactoids were studied in suspensions of tobacco
mosaic virus [42], aluminum hydroxide (boehmite) [43] and more recently fd virus [44],
vanadium pentoxide [55, 56], f-actin [46] and carbon nanotubes [59]. In these studies,
director-ﬁeld conﬁgurations were probed by means of polarized light microscopy, which
revealed elongated (spindle-shaped) droplets with a bipolar director ﬁeld. The bipolar
director ﬁeld is characterized by two surface point defects called boojums. The origin
of this director ﬁeld can be contributed to the preferred parallel (planar) anchoring of
the particles to the isotropic-nematic interface [51–53, 55, 56].
As already advertised, tactoid shape and director ﬁeld are determined by a balance
of the surface anchoring and bulk elastic free energies. A simple scaling analysis proves
useful here. whereas the anchoring free energy of a drop of radius R scales as the
surface area, R2 , times the anchoring strength, w, the bulk elastic free energy scales as
the relevant elastic constant, K, times the tactoid volume, R3 , times the square of one
over the radius of curvature of the director ﬁeld, 1/R2 . This implies that for a more or
less spherical drop there must be a cross-over size R ≈ K/w, above which the surface
anchoring predominates.
For planar anchoring conditions this leads to the aforementioned bipolar directorﬁeld conﬁguration. For tactoids smaller than this critical size the elastic free energy
dominates, imposing a uniform director ﬁeld on the drop [52, 53, 59, 63]. On the other
hand, perpendicular (or homeotropic) anchoring to the isotropic-nematic interface gives
rise to spherical tactoids with a radial director ﬁeld emanating from a hedgehog point
defect located in their center [60, 63, 121]. This point defect could in fact also be a
small ring-shaped disclination line [122, 123]. Obviously, the scaling argument holds
irrespective of the anchoring conditions, so a crossover to a uniform director ﬁeld has to
be expected in the case of homeotropic anchoring as well if the tactoids are suﬃciently
small, that is, if R ≈ K/w.
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Although the transition of a deformed to a uniform director ﬁeld with decreasing
tactoid size has been predicted a long time ago, and was also conﬁrmed by means of
computer simulations [58, 124], until very recently, there had not been any convincing
experimental evidence for it. The main reason presumably is that the length scale
K/w (known as the “extrapolation” length [57]) can be very small, in particular in
thermotropic liquid crystals where the transition is expected to take place in the submicron range [125]. Apart from the fact that it is diﬃcult to prepare in a controllable
way such small droplets, it is also problematic to analyze them properly with polarized
light microscopy.
Still, about a year ago Gupta and co-workers succeeded in preparing sub-micron
sized liquid-crystalline droplets conﬁned in polymeric shells, allowing them to study
their structure to sizes down to 0.7 μm [126]. Remarkably, they found that upon
decreasing the shell size, the liquid crystal structure progresses from a bipolar director
ﬁeld (associated with a planar anchoring) via a pre-radial to a radial director ﬁeld
(typical of homeotropic anchoring). So, these authors did not observe a crossover to a
uniform director ﬁeld and argued that previously ignored saddle-splay and splay-bend
elastic energies are responsible for this, and that no transition to a uniform ordering for
suﬃciently small drops is to be expected if the saddle-splay constant is suﬃciently large
compared to the splay constant. Actually, according to their own analysis, the order
of the transition should in that case be reversed with suﬃciently large drops becoming
uniform. This was not observed, however, so the issue remains somewhat contentious
also because it requires negative free energies of elastic deformation [126].
More recently, Haseloh and collaborators studied the internal structure of liquidcrystal based colloidal particles in the micrometer range, where the anchoring could
be controlled by diﬀerent types of dispersion polymerization [127]. They did ﬁnd a
transition from a radial to an axial director ﬁeld upon decreasing the droplet size to
around 1 μm. Unfortunately, they could not unequivocally conﬁrm the existence of
the uniform director ﬁeld because of diﬃculties associated with the characterization of
tactoids smaller than 1 μm. Indeed, due to Brownian motion these particle move around
uncontrollably, leaving only a characteristic blinking if observed under the polarized
light microscope. This blinking would indeed be indicative of a uniform director ﬁeld.
In the various colloidal rod systems studied over the years, the transition to a uniform
director ﬁeld was never observed either, presumably because, apparently, the ratio
K/w corresponds to tactoid sizes less than ten times the rod length [52]. Still, very
recently Puech and co-workers were able to observe highly elongated tactoids with
a uniform director ﬁeld in aqueous dispersions of carbon nanotubes [59]. For this
particular system, the extrapolation length was deduced to be in excess of 35 μm, so this
system would in principle be a good candidate to observe the crossover. Unfortunately,
droplet sizes observed remained below this critical value [59].
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In suspensions of colloidal platelets, a value for the extrapolation length K/w of 70
μm has been reported, determined from the director-ﬁeld conﬁguration of a nematic
phase near the interface between coexisting isotropic-nematic phases and a vertical
solid wall [64]. This means that such a system is an excellent candidate to study the
transition from a uniform to a non-uniform director ﬁeld, as this transition should occur
for tactoid sizes well within the experimentally accessible range provided large enough
drops are present in the dispersion. In this chapter, we are indeed able to conﬁrm
this expectation, and report on the size dependence of the shape and director ﬁeld of
tactoids observed in suspensions of colloidal gibbsite platelets.
We study both sterically stabilized gibbsite in an apolar solvent (bromotoluene), and
charged gibbsite particles in a polar solvent (water). These two systems, although based
upon the same colloidal particles, give rise to diﬀerent elastic and surface properties
of the respective nematic phases. The ﬁrst question we attempt to answer is whether
it is possible to observe tactoids with a uniform director ﬁeld, and, if so, what the
shape of these droplets is. Plate-like particles for entropy reasons prefer homeotropic
anchoring, and in that case a ﬂat (oblate or lens-shaped) droplet shape appears to be
optimal shape for tactoids smaller than R ≈ K/w. This is in line with what could be
expected from the familiar Wulﬀ construction if the anchoring strength is suﬃciently
large relative to the surface tension [47, 49, 128, 129].
Secondly, an interesting question we address is how precisely the transition from
a radial to a uniform director ﬁeld proceeds with tactoid size. On theoretical and
experimental grounds [61, 63, 127, 130, 131], one could imagine two plausible scenarios,
illustrated in Figure 4.1:
1. The hedgehog point defect in the tactoid’s center transforms into a ring defect, with
a radius that increases to inﬁnity with decreasing droplet size. This route involves
both the splay and the bend elastic deformations of the director ﬁeld.
2. The hedgehog point defect displaces itself from the center of the tactoid to its edge,
where it becomes virtual and moves further away with decreasing droplet size. This
route would involve a splay elastic deformation and suboptimal anchoring of the
director ﬁeld to the interface.
Of course, these scenarios represent a highly idealized and maybe somewhat naive picture of what is actually going on, and combinations of these two routes are conceivable
as well. Which route turns out to be most favorable presumably depends on the values of splay and bend elastic constants relative to the anchoring strength. We may
therefore expect a diﬀerent kind of behavior in the sterically stabilized and charged
gibbsite systems, based on what we know to be the case for systems of rod-like particles
where these parameters are known to be sensitive to how particles are stabilized against
demixing [132, 133].
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Figure 4.1. Sketch of possible transition pathways from a radial to a uniform
director ﬁeld upon decreasing tactoid size.

The remainder of this chapter is organized as follows. Section II deals with the experimental details and analysis of microscopy images. Then, in section III we present the
various observed tactoidal shapes and director ﬁelds as a function of tactoid size, both
in aqueous gibbsite suspensions and sterically stabilized gibbsite dispersed in bromotoluene. In section IV we perform a quantitative analysis of the structural properties
of the tactoids, extract from our results values for the ratio of the anchoring strength
and surface tension and that of the splay elastic constant and the anchoring strength.
Section V contains the discussion of our ﬁndings and we ﬁnish in section VI with a
concluding summary.

4.2. Experimental Methods
4.2.1. Particle synthesis and characterization
Two diﬀerent gibbsite systems were used to study tactoid properties in the polar
solvent water and the apolar solvent bromotoluene. For aqueous gibbsite, we used the
gibbsite system described in Chapter 3, including surface treatment with aluminum
chlorohydrate to enhance the particle stability. The stabilized particles were dispersed
in a 10−2 M NaCl solution.
For the experiments in bromotoluene, colloidal gibbsite (Al(OH)3 ) platelets were
synthesized via the procedure described in Chapter 2, subsequently coated with modiﬁed poly-iso-butylene (Shell, SAP 230) following the procedure of Van der Kooij and
coworkers [32] and then dispersed in 2-bromotoluene.
Both systems were characterized with transmission electron microscopy (TEM, Tecnai 10, Philips), which resulted in a particle diameter of 207 nm (±35%) for the platelets
to be studied in polar solvent, and 220 nm (±22%) for the gibbsite in apolar solvent.
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4.2.2. Sample preparation
The suspensions were concentrated by centrifugation and re-dispersed to a concentration where phase separation occurs and the isotropic and nematic phases coexist, which
we found to be at 24 v/v% for the charged gibbsite and 21 v/v% for the sterically
stabilized gibbsite. A second sample of the charged stabilized gibbsite was prepared at
a higher concentration (30 v/v%) where the isotropic, nematic and columnar phases
coexist. The tactoids in these two samples showed no signiﬁcant diﬀerences. Samples
of the homogenized suspensions were prepared in ﬂat glass capillaries (VitroCom) with
internal dimensions of 0.2 × 4 × 40 mm3 . The capillaries were ﬂame-sealed and glued
to prevent evaporation of the solvent and were subsequently kept in vertical position.
4.2.3. Polarized light microscopy
The tactoid shape and director ﬁelds were examined with polarized light microscope
as described in Chapter 2. As we have shown in Chapter 2, Gibbsite has a positive
intrinsic birefringence, which means that the slow axis is parallel to the main axis of
the platelets. However, in the nematic phase there is an additional contribution from
the form birefringence, which is due to the elongated particle shape and is negative
because both solvent refractive indices are smaller than the refractive index of gibbsite
(n=1.57). The resulting birefringence is positive when the refractive diﬀerence with the
solvent is relatively small, and negative when this diﬀerence is large. Eﬀectively, this
results in a positive birefringence for the gibbsite system in bromotoluene (n=1.55) and
a negative birefringence for the system in water (n=1.33).
4.2.4. Image analysis
Analysis of the microscopy images of the charged gibbsite was performed with a
computer program created in IDL 7.1 [134]. The program was developed to sample
tactoids automatically and extract the relevant properties (size, shape, director ﬁeld,
color) with a combination of an edge detection [135, 136] and an ellipse detection [137]
algorithm. Tactoids that were obviously deformed by hydrodynamic interaction with
other tactoids or coalescence events are either not detected or were removed manually.
The micrographs of the sterically stabilized system were measured manually with the
microscopy analysis software iTEM [138].

4.3. Results
Soon after homogenization of both types of gibbsite suspension, many tactoids appeared in the isotropic phase, which, dependent on the sample, either rose (“creamed”)
or sedimented and coalesced to form the nematic phase. In the sterically stabilized
gibbsite system, the isotropic phase is, as usual, the phase with the lowest density,
in contrast to the aqueous gibbsite system where the nematic phase has the lowest
density. This density inversion is caused by a fractionation eﬀect due to a bimodal

49

4.3. Results

distribution of the platelet aspect ratios in this particular gibbsite system, which we
discussed in Chapter 3. Because this fractionation results in a monomodal distribution
in the nematic phase, we do not expect this to inﬂuence signiﬁcantly the results.
In the initial stages, the phase separation is quite a chaotic process and most tactoids
seem to have non-equilibrium shapes due to coalescence events and the presence of ﬂow
ﬁelds in the dispersion. Therefore, we probed the properties of the tactoids only after
the macroscopic isotropic-nematic interface has been formed and the tactoids remaining in the isotropic phase are far enough apart that their shape is not distorted by
hydrodynamic interactions between them, which is typically after a few days to weeks.
Figure 4.2 presents a typical polarized light image showing tactoids of various sizes
and diﬀerent director ﬁelds (a) just below the isotropic-nematic interface in the aqueous gibbsite system and (b) just above the isotropic-nematic interface in the sterically
stabilized system.

N

I

I

(a)

250 μm

(b)

N

Figure 4.2. Nematic tactoids in the isotropic phase; (a) just below the INinterface in an aqueous gibbsite system and (b) just above the IN-interface in a
sterically stabilized gibbsite suspension. Polarizers are indicated with arrows,
and the retardation plate is indicated with a dashed arrow.

4.3.1. Charge stabilized gibbsite
Starting with the aqueous gibbsite suspensions, we observe that the largest tactoids
are spherical with a dark cross (also called a Maltese cross [72]) parallel to the polarizers,
which rotates with the polarizers, indicating alignment of the particles parallel to these
as well as the presence of rotational symmetry (Figure 4.3(a-b)). With the retardation
plate inserted (Figure 4.3(c)), two opposite quarters appear as blue, whereas the other
quarters are orange. The blue color corresponds to an addition of the optical path
diﬀerence (largest refractive index parallel to the retardation plate), whereas orange
corresponds to a subtraction (largest refractive index perpendicular to the retardation
plate).
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Because in aqueous gibbsite suspensions the birefringence is negative, this implies
that the platelets are aligned with their director perpendicular to the interface and, in
other words, exhibit homeotropic anchoring. Combining all this information we deduce
that large tactoids in the aqueous gibbsite system have a radial director ﬁeld with a
hedgehog point defect near their center, see Figure 4.3(d). For the tactoid shown in the
micrographs presented in that ﬁgure, the point defect is located somewhat oﬀ-center
and as we observed this tactoid to move upward with time; this means that it is oﬀset
in the direction of the rear with respect to the translation direction. As we shall see, we
also observe a similar phenomenon for tactoids with diﬀerent director ﬁeld structures.
We attribute this to the inﬂuence of the ﬂow ﬁelds caused by the sedimenting and
creaming of the droplets in respectively the charge- and sterically stabilized systems.
We return to this below.
Tactoids of smaller size in aqueous suspensions of colloidal gibbsite can have various
appearances. Two representatives of droplets somewhat smaller than the ones that
have a radial director ﬁelds, are shown in Figure 4.3(e-h) and (i-l). Focusing on the
ﬁrst one, which is only occasionally observed and shown in (e-h), one might surmise
that this tactoid must have a hole through the center or even exhibit a toroidal shape,
but this would seem energetically very unfavorable. A more plausible explanation of
the extinction pattern is that in Figure 4.3(e) and (g) the director lines in the central
part point into the image, in which orientation the nematic phase is not birefringent.
This would correspond to an axial director ﬁeld with a ring disclination, as drawn in
Figure 4.3(h), which in 4.3(e) and (g) we observe in top view. In 4.3(f) the axial part
is parallel to the polarizer and therefore also not birefringent. Below, we will observe
this kind of director-ﬁeld conﬁguration in side view for the sterically stabilized gibbsite
system, where it is more common.
More frequently observed is the distorted oblate-shaped tactoid displayed in Figure
4.3(i-l). These tactoids have an asymmetric radial director ﬁeld emanating from a
point (or a small ring) defect at the edge of the tactoid. Because the dark bands in
Figure 4.3(j) are slightly curved, there might be some bend deformation present as well,
consistent with the director ﬁeld drawn in Figure 4.3(l). The tactoids in this system
are creaming, and the defect is always located at their lower edge, in other words, at
the rear end with respect to the translation direction. Occasionally, we ﬁnd that if
such a tactoid collides with another one, it rotates and the top view can be observed,
revealing a circular radial pattern. In that orientation, it becomes indistinguishable
from a spherical tactoid with a radial director ﬁeld. The anchoring with the interface
in this peculiar conﬁguration is clearly suboptimal, to be discussed further in the next
section.
The smallest tactoids in the aqueous gibbsite system as depicted in Figure 4.3(m-p)
clearly have a diﬀerent appearance. They have an ellipsoidal shape with rounded edges
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Figure 4.3. Nematic tactoids in aqueous gibbsite system imaged with polarized light microscopy, and a sketch of the director ﬁeld conﬁgurations in the
ﬁnal row. Polarizers are indicated with solid arrows and the retardation plate
is indicated with a dashed arrow. Large tactoids (a-d) are spherical with 3D
splay director ﬁeld and a point defect in the center. Tactoids of intermediate
size are either spherical with an axial director ﬁeld and ring disclination (e-h),
or oblate-shaped with an asymmetric radial director ﬁeld (i-l). The smallest
tactoids (m-p) have an oblate shape and uniform director ﬁeld.

and are either entirely birefringent or non-birefringent, depending on the orientation of
the polarizers. This can only mean that the director ﬁeld is uniform. Moreover, the
aspect ratio of the droplets is independent of their size, which is another indication
that these tactoids must have a uniform director ﬁeld [52]. From the image taken with
the retardation plate (Figure 4.3(o)), we conclude that the director must be oriented
perpendicular to the major droplet axis, which is to be expected because in that conﬁguration a larger fraction of the platelets has the preferred homeotropic alignment with
the interface. This then also implies that for symmetry reasons these tactoids must

52

4. Tactoids of plate-like particles: size, shape, director field

have an oblate shape. The fact that we never observe a circular shape, which is the
appearance of an oblate viewed from the top, is explained by the fact that the tactoid
is not birefringent in top view. As we will see in the next section, the aspect ratio of
this oblate-shaped tactoid contains interesting information, because it solely depends
on the ratio of the anchoring energy and the interfacial tension between the isotropic
and nematic phases.

4.3.2. Sterically stabilized gibbsite
We now turn to the various tactoid shapes and director ﬁelds that we ﬁnd in suspensions of sterically stabilized gibbsite, a system with similar behavior to that of the
charged-stabilized gibbsite but also with marked diﬀerences. We start again with the
largest tactoids, a typical example of which is shown in Figure 4.4(a-d). The Maltese
cross can be observed again, and like in the previous case of aqueous gibbsite, the
tactoids are spherical with a radial director ﬁeld and a hedgehog defect in the center
(Figure 4.4(d)). Note that the retardation colors are reversed (Figure 4.4(c)) as a result
of the positive birefringence of colloidal gibbsite in bromotoluene.
Figure 4.4(e-h) shows a typical tactoid of intermediate size in the sterically stabilized
gibbsite system. The tactoid still has a spherical shape but the Maltese cross, typical for the radial director ﬁeld of the large tactoids, has now opened (Figure 4.4(f)).
Together with the image of the polarizers in horizontal-vertical orientation and with
retardation ﬁlter (Figure 4.4(e) and (g)) we conclude that the intermediate tactoid has
an axial director ﬁeld with a ring disclination positioned oﬀ-center, near the upper part
of the tactoid. In the sterically stabilized system, the tactoids slowly sediment toward
the macroscopic isotropic-nematic interface, which means that this ring disclination is
located away from the translation direction, similar to what we observed in the aqueous
gibbsite system.
Small tactoids in this system, shown in Figure 4.4(i-l), appear rather diﬀerent from
the small tactoids that we found in aqueous gibbsite. They seem more lens-shaped
and clearly have a non-uniform director ﬁeld. When the polarizers are parallel to the
droplet axes, a non-birefringent cross is observed parallel to the polarizers. Rotation
of the polarizers with 45 degrees makes the droplet (almost) completely birefringent,
and this birefringence is much more intense. Furthermore, the image taken with a
retardation plate (Figure 4.4(k)) reveals that the director is again perpendicular to the
tactoid interface, implying homeotropic anchoring.
From these observations, we deduce an axial director ﬁeld as drawn in Figure 4.4(l).
The director pattern is not exactly symmetric with respect to the equator, the lower
part is somewhat larger. We will return to this in the discussion. We have not observed
a tactoid with a uniform director ﬁeld in this system but this might be simply because
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Figure 4.4. Nematic tactoids in a suspension of sterically stabilized gibbsite
imaged with polarized light microscopy, and a sketch of the director ﬁeld conﬁgurations in the ﬁnal row. Polarizers are indicated with solid arrows and the
retardation plate is indicated with a dashed arrow. Large tactoids (a-d) are
spherical with a 3D splay director ﬁeld and a point defect in the center. Tactoids of intermediate size (e-h) are spherical with an axial director ﬁeld and
out-of-center ring defect. The smallest tactoids (i-l) are lens shaped with an
axial director ﬁeld.

we have not been able to analyze tactoids smaller than 10 μm due to the poor contrast
as a consequence of the small birefringence in this system.
If we consider all of the observed tactoid shapes and director ﬁelds, then we envisage
two pathways for the transition from a radial to a uniform director ﬁeld:
1. Via the opening of the point defect into a ring disclination. Upon decreasing tactoid
size this ring defect increases in diameter. As it becomes larger the tactoid shape
adapts by ﬂattening the droplet so that the anchoring conditions are met. This
ultimately leads to the observed lens-shaped tactoids with axial director ﬁeld, where
the ring defect runs along the equator. Finally, we expect the ring defect to become
virtual, leading to a uniform tactoid where the radius of the virtual defect is large
compared to the size of the drop;
2. Via the displacement of the central point defect. With decreasing tactoid size the
point defect moves toward the edge of the tactoid. This may induce a ﬂattening
in the droplet shape due to suboptimal anchoring, and to the introduction of a
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bend deformation of the director ﬁeld to counteract this further. For yet smaller
tactoid sizes the defect becomes virtual yet the characteristic radial director ﬁeld
approximately survives in the drop. In the limit where the virtual defect is inﬁnitely
far removed from the drop the director ﬁeld becomes truly uniform.
The ﬁrst transition pathway was mainly observed in the sterically stabilized system,
although a ring disclination was also observed occasionally in aqueous gibbsite suspensions. The second pathway was mainly observed in aqueous gibbsite suspensions;
although the defects in the sterically stabilized gibbsite were sometimes also out of the
tactoid center but never at the tactoid edge. We will come back to these asymmetric
defects in the discussion below.

4.4. Analysis
Now that we have identiﬁed the various director ﬁelds and tactoid shapes present in
suspensions of colloidal gibbsite, we proceed to analyze these tactoids quantitatively in
order to obtain useful material properties from the observations. To begin with, and
as already alluded to previously, the cross-over tactoid size from a uniform to a radial
director ﬁeld is set by the so-called extrapolation length ξ ≡ K1 /w, i.e., the ratio of the
splay elastic constant, K1 , and the anchoring strength, w. So, by ﬁnding the crossover
size, we can establish a value of this length scale.
Before doing that, it is useful to recall how this follows from a simple free-energy
analysis, presuming for simplicity that the drops are spherical, even though that this is
not quite the case. If the interfacial energy σ has the familiar Rapini-Papoular form,
then σ = γ +w sin2 θ with γ the bare surface tension and θ the angle between the surface
normal and the director ﬁeld at the surface [139].1 A straightforward calculation now
shows that the anchoring energy associated with a uniform director ﬁeld then equals
8
πwR2 , with R the tactoid radius, whilst the elastic deformation energy of the radial
3
director ﬁeld is 8πK1 R [50]. The free energy associated with the surface tension is the
same for both conﬁgurations, so the radial director ﬁeld is adopted if the anchoring
energy of the uniform director ﬁeld exceeds the elastic energy of the radial ﬁeld, which
happens if R > 3ξ. So, using this inequality we can deduce the value of ξ if we know
R.
Of course, from the experiments we know that the tactoids with a uniform director
ﬁeld are not quite spherical but oblate. A slightly better estimate may be obtained
by invoking the Wulﬀ construction that gives the optimal shape for a homogeneous
conﬁguration [48, 128, 140]. Indeed, we do ﬁnd a lower free energy than that for the
sphere and, as a consequence, a slightly higher bound than R > 3ξ for the radial ﬁeld
1

The interfacial free energy of coexisting isotropic and nematic phases in dispersions of rod-like particles
seems to follow the Rapini-Papoular form, as was recently determined by an inverse Wulﬀ construction
for tactoids of carbon nanotubes [59].
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to take over from the uniform one (Chapter 6). However, the diﬀerence is so small
that our estimate presuming a spherical shape remains excellent for the smallish aspect
ratios found here.
To ﬁnd the crossover radius from the experiments, we present a histogram of all of
the observed tactoid shapes and director ﬁelds as a function of size in Figure 4.5 for
both systems of charge- and sterically stabilized gibbsite. Interestingly, in the charged
gibbsite system, the size ranges of the uniform and radial tactoids both overlap with
the size range of the intermediate tactoids but they hardly overlap each other. This
allows for a fairly accurate determination of the cross-over tactoid size. What we have
to keep in mind, though, is that the intermediate tactoid with the defect at the edge
has a radial appearance in top view, so that occasionally an intermediate tactoid might
have been identiﬁed as a radial tactoid.
We therefore determined the cross-over tactoid size from radial to uniform from the
largest uniform tactoid, which has a size 2R = 36 μm, resulting in a value for the
ratio K1 /w = 6 μm. Although for the sterically stabilized gibbsite system we cannot
accurately determine K1 /w, because we have not been able to observe tactoids with
a uniform director ﬁeld, the lack of this observation provides us with an upper bound
for K1 /w, being K1 /w < 2 μm. These rather diﬀerent values seem to point to quite
diﬀerent surface and elastic properties of nematic phases of the two types of system.
Note that in both systems we do see for a range of sizes coexistence of the diﬀerent
tactoid shapes and director ﬁeld structures, which means that in this crossover regime
the free energy diﬀerence between the diﬀerent structures must be small, as is to be
expected.
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Figure 4.5. Histograms of the observed tactoid shapes and director ﬁelds as
a function of size in (a) an aqueous suspension of charged gibbsite and (b) a
suspension of sterically stabilized gibbsite in bromotoluene.

The shape of the uniform tactoids in the aqueous gibbsite system provides us with
additional information. First, we measured the color of these tactoids as a function of
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Figure 4.6. (a) Interference color of uniform tactoids in the aqueous gibbsite
system as a function of the angle of the tactoid symmetry axis with respect
to the retardation plate. See also the main text. (b) Aspect ratio R/r as a
function of length of small uniform tactoids in the aqueous gibbsite system.
The line represents a least squares ﬁt of a horizontal line at R/r=1.3 ± 0.07.

the angle of their symmetry axis with respect to the retardation plate. Recall that if
the nematic director is parallel to the retardation plate, the tactoid will appear blue,
whereas in the perpendicular orientation it will appear orange. The histogram in Figure
4.6(a) clearly shows that the droplets with their symmetry axis parallel (-45 - 45◦ )
to the retardation plate mostly appear orange, whereas the tactoids in perpendicular
orientation (45 - 135◦ ) are blue. This means that the nematic phase indeed has its
director parallel to symmetry axis of the droplet, as to be expected for the case of
homeotropic anchoring.
As we already mentioned, the aspect ratio of the uniform tactoids contains information on the anchoring strength. From the Wulﬀ construction [128, 140] it follows that
the ratio, R/r, of the long and short axes of the oblate shapes is determined only by
the ratio of the anchoring strength and the surface tension w/γ [47–49]:
⎧
⎪
if
0 < w/γ < 1
⎨ (w/γ) + 1
R/r =
(4.1)
⎪
⎩ 2w/γ
if
w/γ > 1
These two equations reﬂect the transition from an oblate droplet for values of 0 <
w/γ < 1, to a lens shape with a sharp rim for w/γ > 1.
In Figure 4.6(b) the aspect ratio of the tactoids is plotted as a function of tactoid size,
showing a cloud of data points without correlation. So, the aspect ratio is independent
of the tactoid size, as should be the case for tactoids with a uniform director ﬁeld.
The horizontal line is obtained from a least-squares ﬁt resulting in an average value
for R/r = 1.3 (± 0.07). From this we ﬁnd that w/γ = 0.3. The huge spread in the
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aspect ratio is indicative of an (ultra)low interfacial tension, but is here also partially
caused by the fact that with polarization microscopy, which is based on transmission,
we measure a 2D projection of a 3D object in diﬀerent orientations. Therefore, the
average aspect ratio found by the ﬁt is probably too low, although we are aided by the
fact that the tactoids are practically invisible (not birefringent) if viewed from the top,
and, on the other hand, have the largest contrast when viewed from the side. Hence,
a better estimate for the aspect ratio would be 1.6, which provides us with a value of
w/γ = 0.6. This is in line with what could be expected given the oblate shape of these
tactoids.
For the sterically stabilized gibbsite, the aspect ratios of the lens-shaped tactoids
that we measured as a function of size is depicted in Figure 4.7. In contrast to the
aqueous gibbsite, where the aspect ratio of uniform tactoids was a constant of size,
there is a clear trend of a decreasing aspect ratio with increasing tactoid size. This is
to be expected, of course, because in this case the drops are not quite uniform but have
an axial director ﬁeld, and because the largest drops that have a radial director ﬁeld
are spherical.
Although there is no prediction available giving the relationship between the aspect
ratio and the tactoid size in the case of an axial director ﬁeld, we can still obtain
a lower bound for w/γ from the largest aspect ratio observed. The aspect ratio of
uniform tactoids in this system (which, again, we have not found in our experimental
setup) should be larger than the largest aspect ratio found for tactoids with an axial
director ﬁeld. This means that the aspect ratio of uniform tactoids should be larger
than 2.2, which via equation 4.1 provides us with a lower bound for w/γ > 1. Again,
we see that the properties of dispersions of gibbsite are fairly sensitive to the mode of
colloidal stabilization, even if they seem to behave as hard particles.

4.5. Discussion
An observation in our view worthy of some discussion concerns the shapes and director ﬁelds of the intermediate tactoids, and in particular their asymmetric nature. We
know from the literature that transitions of the director structure can involve exotic
structures such as those observed by Volovik and Lavrentovich, who established that
the transition from a radial to a bipolar director ﬁeld upon changing the boundary
conditions also involves asymmetric hedgehog defects and disclination rings [141]. We
focus in particular on the oblate tactoid with a point (or small ring) defect oﬀ center,
i.e., at or near the symmetry axis of the drop but away from its center of mass.
Let us ﬁrst for simplicity presume that this drop is more or less spherical and consider
the second route from a radial director ﬁeld to a uniform ﬁeld we put forward in the
introduction. The change of the free energy of a radial nematic drop that occurs if we
displace the point defect from the center of the drop to the boundary and ultimately
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Figure 4.7. Aspect ratio R/r of the small, lens-shaped tactoids in suspensions
of sterically stabilized colloidal gibbsite.

place it inﬁnitely far away from the drop is straightforward to calculate within the usual
macroscopic description if we presume that the (virtual) director ﬁeld remains radial in
the process. Not surprisingly, we ﬁnd that the elastic free energy of the drop is lowered
by displacing the defect away from the center until it has half of its original value if at
the boundary of the drop. However, displacing the core of the defect goes at the expense
of the introduction of an anchoring free energy, which is zero if it resides in the center
of the drop. If the defect moves outside the droplet, then the anchoring cost increases
further albeit the elastic energy decreases further until it vanishes completely at inﬁnity.
In that case, the director ﬁeld inside the drop has eﬀectively become uniform.
Our calculations show that no conﬁguration in which the hedgehog defect is not in
the center nor at inﬁnity can be a free-energy minimum, see also Figure 4.8. So, in
order to go from the radial ﬁeld to the uniform ﬁeld a free energy maximum has to be
overcome associated with a conﬁguration where the defect is close to the surface of the
tactoid. The argument remains valid for non-spherical drops as well, because the more
realistic lens shape associated with the uniform ﬁeld has a lower free energy than the
sphere considered before, making a defect even more unfavorable. This is conﬁrmed by
a calculation, in which we ﬁxed a defect on the surface of the drop, and optimized the
shape of the drop presuming the deviation from the spherical shape remains small. We
ﬁnd that the conﬁguration with a surface defect never has the lowest free energy of the
three for a given tactoid size and anchoring strength w/γ. So, we conclude that the
boundary hedgehog must be an unstable conﬁguration, at least for pure splay ﬁelds.
We speculate that its occurrence must be caused by the eﬀects of the ﬂow ﬁeld around
the creaming tactoid, as discussed in section 4.3.1.
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Figure 4.8. Free energy, F , of a spherical drop with a point defect with radial
director ﬁeld as a function of the location of the defect. F has been made
dimensionless by dividing it by K1 R, where K1 is the splay elastic constant
and R is the tactoid radius. The defect is located a distance f R from the drop
center, such that for f = 0 it is in the center, for f = 1 it is on the boundary,
and for f → ∞ it lies at inﬁnity, giving a uniform director ﬁeld in the drop.
Shown are the free energies for Rw/K1 = 1 (dashed), 3 (dotted-dashed) and 5
(solid). For Rw/K1 = 3 the conﬁgurations with central defect and the uniform
director ﬁeld have the same free energy.

In fact, it is well known that ﬂow ﬁelds can considerably distort the director ﬁeld
in tactoids [142]. The fact that the defect is consistently located at the rear of the
tactoid is a strong indication that this eﬀect plays an important role here, too. Also,
the shape of the intermediate tactoid in Figure 4.3(i-l) strongly resembles the shape of a
sedimenting drop of an isotropic ﬂuid in another isotropic ﬂuid, where an initially oblateshaped droplet develops to an asymmetric oblate, very similar to what we observe, at
Bond numbers of 10-20 (Bo, deﬁned as the ratio of gravitational and surface forces)
and a viscosity ratio of around 1 [143]. If we estimate the Bond number for tactoids
with this director ﬁeld in our system, then we obtain values in that range.2
The other intermediate director ﬁeld structure, the one with a ring disclination is also
interesting from theoretical point of view. Such a ring disclination is in fact unstable
unless very small [144, 145], the reason being that it is under tension. In our case, it
might be stabilized due to the conﬁnement by the droplet and the interaction of the
director ﬁeld with the surface. In fact, this director-ﬁeld conﬁguration has been observed
2

The Bond number is deﬁned as Bo ≡ ΔρgR2 /γ, with Δρ the isotropic-nematic density diﬀerence,
g the gravitational acceleration, R the droplet radius, and γ the isotropic-nematic interfacial tension.
For tactoids with the asymmetric hedgehog defect we ﬁnd that, depending on the tactoid size, Bo
varies from 5 to 15.
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Table 4.1. Values for K1 /w and w/γ as obtained from analysis of tactoid
shape and director ﬁeld as a function of size.

charged gibbsite sterically stabilized gibbsite
K1 /w [10−6 m]
w/γ
a
b

6
0.6

2a
1.1 b

upper bound
lower bound

before as an intermediate in the transition from a radial to uniform director structure in
thermotropic liquid crystals of E7 conﬁned to spherical cavities of decreasing size [61].
The values for K1 /w and w/γ that we obtained from the analysis of the tactoid properties are summarized in Table 4.1. K1 /w is signiﬁcantly smaller in sterically stabilized
than in charge-stabilized gibbsite, whereas the surface anchoring of the director ﬁeld
in our aqueous gibbsite dispersions is considerably weaker than that of the sterically
stabilized gibbsite dispersions. We will discuss these remarkable diﬀerences further in
the discussion of Chapter 6.
Finally, the question arises why the transition from radial to uniform director ﬁeld
follows diﬀerent pathways in the two systems studied here. We put forward that this
might be due to diﬀerences on the one hand in the anchoring strength and on the other
hand in the relative magnitudes of the splay and bend elastic constants. This is because
for the intermediate tactoid with the defect on or near the tactoid edge the anchoring
conditions are only partially met, hence it is understandably more present in the aqueous gibbsite system where anchoring is weak. Also, the intermediate structure with
the ring disclination involves a stronger bend deformation than the asymmetric defect
structure does that is more splay deformed. This suggests that for the sterically stabilized gibbsite, where this ring disclination is mostly observed, the bend elastic constant
might be relatively smaller. Obviously, without any quantitative measurements of the
various elastic constants, this remains pure speculation and further study is needed.

4.6. Conclusion
We have studied the shape and director ﬁeld of nematic tactoids as a function of size
in suspensions of charged gibbsite in water and sterically stabilized gibbsite in bromotoluene. The properties of the tactoids are determined by a competition of interfacial
and elastic free energies, which due to homeotropic anchoring of the platelets leads to
an oblate shape with a uniform director ﬁeld for small tactoids, whereas large tactoids
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are spherical with a radial director ﬁeld. In our studies we observed various intermediate tactoid structures, from which we deduce two diﬀerent pathways for the transition
from a radial to a uniform director ﬁeld.
The route found mostly in sterically stabilized gibbsite proceeds via the opening of
the central point defect to a ring defect of increasing size with decreasing tactoid size,
leading to a lens shaped tactoid with axial director ﬁeld where the ring defect runs
along the equator, and eventually to a uniform director ﬁeld when the defect is much
larger than the tactoid. In the other pathway, mainly observed in the aqueous gibbsite
dispersion, the central point defect moves to the edge of the tactoid, accompanied by
a ﬂattening of the droplet shape, until for even smaller tactoid size the defect becomes
virtual, resulting in an oblate tactoid with a (for all intents and purposes) uniform
director ﬁeld.
From a quantitative analysis of the shape and director ﬁeld of our tactoids, we have
been able to extract values for ratio of the splay elastic constant and the anchoring
strength and for the dimensionless anchoring strength showing that aqueous gibbsite
exhibits weak and sterically stabilized gibbsite strong anchoring of the platelets to
the isotropic-nematic interface. The observed diﬀerences in transition pathways for
charged and sterically stabilized gibbsite can be attributed to this diﬀerence in anchoring
strength and possibly also partially to diﬀerent magnitudes of the splay and bend elastic
constants.
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5

Tactoids of sterically stabilized gibbsite in a
magnetic ﬁeld
Abstract
We investigated by means of polarization microscopy the inﬂuence of a magnetic ﬁeld on the shape and director ﬁeld of nematic droplets in dispersions
of sterically stabilized colloidal gibbsite platelets with a negative diamagnetic
anisotropy. Our ﬁndings provide the ﬁrst experimental evidence for the existence of the split-core defect structure predicted ten years ago by Mkaddem
and Gartland [Phys. Rev. E 62 (2000), 6694]. The split-core structure is a
metastable director-ﬁeld conﬁguration that can be stabilized by a suﬃciently
strong externally applied magnetic ﬁeld but only if the diamagnetic anisotropy
of the particles is negative. To interpret the experimental observations we put
forward a simple theory in which we presume strong anchoring and a spherocylindrical droplet shape. This model allows us to extract values for the interfacial tension and the splay elastic constant from the experimental data.
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5.1. Introduction
Tactoids are nematic droplets formed in the early stages of the emergence of a nematic liquid-crystalline phase in suspensions of suﬃciently anisometric colloidal particles. They are an interesting object of study because their shape and director-ﬁeld
conﬁguration are determined by a competition between elastic and interfacial forces,
the balance of which is a function of their size [51, 60, 63]. In the previous chapter we
showed that from an analysis of the tactoid properties as a function of size one can
obtain values for the dimensionless anchoring strength and the ratio of the splay elastic
constant and the anchoring strength.
Traditionally, magnetic ﬁelds have played an important role in the investigation of
liquid crystals and the probing of their bulk and surface properties [57]. An important
example is the Frederiks transition, where a thin layer of a well-aligned nematic between
parallel plates undergoes a sudden change in the director ﬁeld at a critical magnetic ﬁeld
strength. This method allows, e.g., for the experimental determination of the Frank
elastic constants of nematic compounds. It is now widely applied, and started with the
work of Frederiks on thermotropic liquid crystals of rod-like molecules in the 20’s [146]
and was ﬁrst applied in the 80’s by Meyer et al. to lyotropic liquid crystals [147].
Recently Van der Beek and co-workers applied this method to lyotropic liquid crystals
of plate-like gibbsite particles [87].
Bipolar tactoids in colloidal dispersions of rod-like colloidal particles have been shown
to orient and stretch under the inﬂuence of a magnetic ﬁeld but do not exhibit a
Frederiks transition [55]. This observation can be understood by applying standard
elasticity theory and by realizing that the drops are freely suspended in solution. The
measurements can in fact be described quantitatively if ratios of the bend and splay
elastic constants of K3 /K1 ∼ 10 − 100 are inserted and a surface tension γ of order 10−6
N/m is invoked. The remarkably large values of K3 /K1 found were in [53] attributed
to the neglect of the saddle-splay surface elastic constant K24 .
Interestingly, about ten years ago, Mkaddem and Gartland [123] investigated defects
in radial tactoids within Landau-de Gennes theory and, apart from the familiar radial hedgehog and the (small) ring disclination, reported on the existence of what they
termed the split-core defect structure. This conﬁguration, in essence a radial point
defect extended to a straight disclination line defect, was found to be metastable. However, the authors suggested that it could be stabilized in a magnetic ﬁeld, provided the
particles have a negative magnetic anisotropy.
In this chapter, we study with the aid of polarized light microscopy tactoids of
sterically stabilized plate-like particles with a radial director ﬁeld in a magnetic ﬁeld.
We ﬁnd that tactoids in dispersions of gibbsite platelets, which have a negative magnetic anisotropy, do indeed exhibit this remarkable defect structure at suﬃciently high
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magnetic-ﬁeld strengths. The associated Frederiks-like transition is caused by a tension
characteristic of a disclination line, a tension that has to be overcome by the action of
the magnetic ﬁeld.
Moreover, we observe that this change of director ﬁeld structure is accompanied by a
deformation of the tactoid shape. We put forward a simple model for this transformation. Our model allows us to determine experimentally the splay elastic constant from
the critical magnetic ﬁeld strength at which the director ﬁeld starts to change, and the
interfacial tension from the degree of deformation of the tactoid at higher magnetic ﬁeld
strengths.

5.2. Materials and methods
We used the sterically stabilized gibbsite system dispersed in bromotoluene that was
studied in Chapter 4.
The dispersion was concentrated so as to be in the biphasic (isotropic-nematic coexistence) regime (overall volume fraction φ = 21 v/v%). The sample was homogenized
and left to phase separate, which evolved via the formation, sedimentation and subsequent coalescence of tactoids. Samples were studied in ﬂat optical capillaries (VitroCom, NJ, USA), with internal dimensions of 0.2 × 4 × 40 mm3 , and ﬂame-sealed to
avoid evaporation of the solvent.
The samples were studied in a magnetic ﬁeld with the polarized light microscope
setup described in Chapter 2. Images were taken with a Nikon Coolpix 995 CCD
camera.

5.3. Results
Figure 5.1 shows a typical large tactoid of the sterically stabilized colloidal gibbsite
platelets with homeotropic anchoring. From the fact that there is rotational symmetry
(ﬁgure 5.1(a) and (b)) and from the observed interference colours (ﬁgure 5.1(c)), the
director ﬁeld shown in ﬁgure 5.1(d) can be deduced. (Note: the director is perpendicular
to the long side of the platelets.) The tactoid has a radial director ﬁeld with a point
defect of topological charge +1 (a so-called hedgehog defect) in its center.
When a tactoid with such a director ﬁeld is placed in a magnetic ﬁeld, from a certain
critical ﬁeld strength on the dark cross inside the tactoid transforms into a dark band,
as depicted in Figure 5.2. The fact that the dark band is aligned along the magnetic
ﬁeld direction, itself inclined at 45◦ relative to the polarizers, implies that in that region
we must be viewing the gibbsite platelets face-on. In this conﬁguration, the particles
do not exhibit any birefringence. Such a conﬁguration makes sense, of course, once we
realize that the negative magnetic diamagnetic susceptibility tends to align the platelets
perpendicular to the magnetic ﬁeld direction. With this in mind, we can now interpret
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(a)

(c)

40μm

(b)

(d)

Figure 5.1. Tactoid of sterically stabilized plate-like gibbsite particles with
a radial director ﬁeld and a point defect (hedgehog) in its center. (a) Polarization microscopy image, with the white arrows indicating the polarizers.
(b) The same tactoid with the polarizers rotated for 45 degrees. The black
cross, where the particles are oriented along the polarizers, rotates with the
polarizers, indicating a rotationally symmetric director ﬁeld. (c) The same as
(a), now with retardation plate, the dashed arrow indicating the direction of
the slow axis. In the blue parts the director is parallel and in the yellow parts
perpendicular to the slow axis of the retardation plate. (d) Deduced director
ﬁeld of the tactoid.

the transformation of extinction patterns in terms of a transformation of the point
defect into a disclination line, ending in what must be the two halves of a point defect,
in the direction of the magnetic ﬁeld, as illustrated in ﬁgure 5.4.
This implies that from this line defect the director-ﬁeld lines must run radially to
the droplet’s interface, resulting in a 2D radial director ﬁeld in the middle part of the
droplet, while the director ﬁeld on both sides of this structure remains radial in 3D.
So, the emergence of the dark horizontal band in the direction of the magnetic ﬁeld
must indeed be due to the alignment of the platelets perpendicular to the magnetic
ﬁeld: looking directly at the core of the disclination line the director ﬁeld points into
the focal plane and in this orientation the particles do not display any birefringence.
When the magnetic ﬁeld is increased even more, the tactoid is elongated with its
long axis in the direction of the magnetic ﬁeld. Upon decreasing the magnetic ﬁeld the
tactoid relaxes back to its original conﬁguration within a few minutes, so the process is
reversible. Figure 5.3 shows the degree of deformation as a function of magnetic ﬁeld
strength of two diﬀerent tactoids in terms of the ratio of the length L and the diameter
D.
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Figure 5.2. Deformation of a tactoid of sterically stabilized gibbsite platelets
in a magnetic ﬁeld of increasing strength (upper ﬁgures). The point defect is
stretched to a line defect, and the tactoid becomes elongated in the magnetic
ﬁeld direction. When the ﬁeld is decreased (lower ﬁgures) the tactoid relaxes
back to its original conﬁguration.

It is of some interest to point out that the observed director-ﬁeld structure corresponds to that associated with the so-called split-core defect, the existence of which in
nematic drops was predicted ten years ago by Mkaddem and Gartland albeit only as a
metastable state [123]. These authors also suggested, however, that the split-core defect
could be stabilized by the application of a magnetic ﬁeld, but only if the nematogens
have a negative diamagnetic susceptibility. This corresponds exactly to the situation
that we have investigated. So, our measurements conﬁrm that the spit-core defect
structure, which as far as we are aware has never been observed before, can indeed be
made stable in a magnetic ﬁeld, in agreement with theoretical prediction.

5.4. Theoretical model
We now describe a simple model that can explain the director ﬁeld transition and
the accompanying elongation of a tactoid for a suﬃciently strong magnetic ﬁeld. We
presuppose a particular shape and internal structure of the elongated droplet that
permits a straightforward calculation of the magnitude of the deformation of the director
ﬁeld and the computation of the overall surface area. The approach we follow is ﬁrst to
write down an appropriate free energy given the model description and to subsequently
minimize this free energy with respect to a variational parameter that describes the
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Figure 5.3. Aspect ratio L /D of two diﬀerent sized tactoids of sterically
stabilized plate-like gibbsite particles as a function of magnetic ﬁeld strength.

elongated shape of the tactoid. The application of this model to the experimental data
then enables us to extract values for the splay elastic constant and the surface tension.
In the spherical nematic droplet, the platelets are presumed to exhibit perfect parallel
alignment to the surface throughout the entire tactoid, so we assume strong-anchoring
conditions to hold. This expresses itself in a radial director ﬁeld characterized by a
hedgehog point defect at the center of the drop. For a suﬃciently strong magnetic ﬁeld,
its inﬂuence on the orientation of the particles becomes signiﬁcant. This ﬁeld biases
a certain orientation of the platelets, determined by the sign of the diamagnetic susceptibility anisotropy Δχa . For negative Δχa , as is the case for our colloidal gibbsite
platelets [85,87], the particles tend to align their director perpendicular to the magnetic
ﬁeld. In the spherical droplet with radially symmetric director ﬁeld, the orientation of
the particles does minimize the surface energy but not their magnetic energy. Therefore, by way of compromise a non-spherical shape, elongated in the direction of the
magnetic ﬁeld, allows more particles to align with the magnetic ﬁeld and yet remain
their homeotropic alignment to the surface.
In our model we presume the droplet shape to by described by a cylinder of length L
and radius R with two hemispherical end caps, see ﬁgure 5.4. In addition, we suppose
the director ﬁeld in the end caps to be of the same type as in the spherical tactoid, i.e.,
radial in three dimensions, and in the cylindrical part to be radial in two dimensions
with the cylinder axis as the axis of symmetry. This implies that the point defect in
the spherical conﬁguration is stretched to a line (or disclination) defect of topological
charge +1. Associated with the formation of the line defect from the point defect is
an increase of the elastic free energy of the director ﬁeld. Furthermore, the surface
area increases with the elongation, giving rise to an additional surface free energy cost.
These two eﬀects are compensated for by the free energy gain on account of an increase
of the number of particles aligning with the magnetic ﬁeld.
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Figure 5.4. Left: for a magnetic ﬁeld B smaller than a critical ﬁeld Bc , the
droplet is spherical with radius R0 : the director ﬁeld (dashed lines) is radial
in 3D (pure splay) with a point defect (central dot). Right: for a magnetic
ﬁeld larger than Bc , the tactoid adopts an elongated shape that we model by a
cylinder of length L and radius R with hemispherical end caps. In the cylinder,
the ﬁeld is radial in 2D with a defect line on the axis and in the caps the ﬁeld
is radial in 3D, originating from the ends of the defect line.

The free energy we set up comprises three contributions: magnetic, elastic, and
surface energy. The magnetic energy Fmag obeys [57]:

ρΔχa
Fmag = −
dr(n · B)2 = ΣR3 ,
2
with n the director ﬁeld, B the uniform magnetic ﬁeld with magnitude B, ρ the particle
number density, and Σ ≡ − 29 πρΔχa B 2 . This contribution comes from the end caps,
since the director ﬁeld is perpendicular to the magnetic ﬁeld in the cylinder.
The elastic energy Fel associated with the distortion of the director ﬁeld has contributions from the hemi-spherical end caps and from the cylindrical mid section. The
contribution of the cylindrical part can in turn be divided into a part from the bulk
and a part from the core containing the defect line on the cylinder axis. This gives an
elastic free energy proportional to fcore La2 , with fcore the energy density of the core of
the defect and a the core diameter of the defect line. We absorb this contribution into
the bulk free energy of the cylindrical portion of the drop by introducing an eﬀective
defect core diameter b that we expect to be of the order of the diameter of the platelets.
A radial director ﬁeld in the cylinder portion and in the end caps implies that it
is irrotational in the entire droplet. This makes the deformation of the ﬁeld a pure

splay one, giving an elastic deformation energy of the form [148]: Fel = K21 dr(∇ · n)2 ,
where K1 is the splay elastic constant. We conclude that the elastic energy of our model
tactoid must obey
 
R
(5.1)
Fel = K1 Lπ ln
+ 8πK1 R.
b
The surface energy Fsurf is proportional to the surface area of the elongated droplet, so
Fsurf = γ(2πRL + 4πR2 ),
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with γ the surface tension.
From the total free energy F ≡ Fmag +Fel +Fsurf we subtract the reference free energy
of a spherical droplet of the same volume. Invoking volume conservation enables us to
express the shape in terms of a single parameter, i.e., the radius R of the cylinder,
which allows for the minimization of F to be performed by diﬀerentiation with respect
to R. The equation for the optimal shape we ﬁnd reads
  


4K1 π
r
1
2
2
+ 3 −1
− 3 − 1 ln
3ξr +
3
r
b0
r


8π
1
+8πK1 +
(5.2)
r − 2 = 0,
3
r
where ξ ≡ ΣR0 /γ, K1 ≡ K1 /γR0 , r ≡ R/R0 , and b0 ≡ b/R0 , with R0 the radius of
the spherical tactoid. If the optimal value of R is larger than R0 , then by construction
R ≡ R0 because the model allows for negative values of the length of the cylindrical
part of the drop.
The critical value of the magnetic ﬁeld strength, Bc , where the director-ﬁeld transition
occurs can be obtained from equation (5.2) by insisting that r = R/R0 = 1, giving
Bc2 =

6K1
(ln b0 + 2) .
ρΔχa R02

(5.3)

This critical magnetic ﬁeld is independent of the surface tension γ because at the onset
of the transition the droplet is not deformed yet. This allows us to determine K1
from equation (5.3), which can then be used to ﬁnd γ by ﬁtting equation (5.2) to the
experimental data of the tactoid size for diﬀerent magnetic ﬁelds.

5.5. Analysis
The model described above enables us to extract material parameters of the liquid
crystal from the deformation of the tactoid in the magnetic ﬁeld. First of all, from
the critical magnetic ﬁeld, where the deformation starts, we obtain the splay elastic
constant K1 . From ﬁgure 5.3 we observe for the tactoid with R0 = 28 μm a critical
ﬁeld strength Bc = 0.3 - 0.4 T and for the tactoid with R0 = 31 μm a critical ﬁeld
strength Bc = 0.2 - 0.3 T.
Using equation (5.3), with Δχ is -10−22 J/T2 , ρ = 4 · 1020 and b0 = 10−2 (where
we assume that the size of the defect is of the order of the platelet diameter) we ﬁnd
K1 = 1.4 - 2.6 · 10−13 N for the 28 μm tactoid and 0.9 - 2 · 10−13 N for the 31
μm tactoid. From the deformation of the shape above the critical ﬁeld strength the
interfacial tension γ can be determined. Figure 5.5(a) depicts a ﬁt of the deformation
of the 28 μm tactoid with equation (5.2), using γ = 5 · 10−7 N/m. The dashed lines,
representing theoretical results for γ = 3 and 7 · 10 −7 N m−1 , show that the shape is
strongly dependent on the interfacial tension where a lower interfacial tension results
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(a)

(b)

Figure 5.5. Aspect ratio in terms of L /D of tactoids of sterically stabilized
plate-like gibbsite particles as a function of magnetic ﬁeld strength. The points
depict the experimental data and the solid lines the ﬁt to our theoretical model.
The dashed-dot line for B < Bc and L /D < 1 represent the non-physical
solution of equation (5.2). (a) Fit of the deformation data of the 28 μm tactoid,
using K1 = 3 · 10−13 N, and γ = 5 · 10−7 N/m (solid line), and γ = 3 and 7
· 10 −7 N/m (dashed lines). (b) The same results for the 31 μm tactoid with
K1 = 2 · 10−13 N and γ = 2 · 10 −7 N/m (solid line), and 0.2 and 5 · 10 −7
N/m (dashed lines). The steepest lines correspond to the smallest γ.

in a stronger deformation, and the value we ﬁnd for γ therefore robust. A similar ﬁt
for the 31 μm tactoid, depicted in ﬁgure 5.5(b), gives an interfacial tension of 2 · 10−7
N/m, with the dashed lines representing 0.2 and 5 · 10−7 N/m.

5.6. Discussion
The value we ﬁnd for the splay elastic constant K1 = 0.9 - 2.6 · 10−13 N should be
compared to the value for the bend elastic constant K3 measured by Van der Beek, K3
= 7 ± 1 · 10−14 N [87]. We see that K1 is 1.5 to 3 times larger than K3 , in agreement
with theoretical predictions by Osipov and Hess [149] and recent computer simulations
by O’Brien et al [150].
As expected for these large particles the interfacial tension is low [57], though recent
capillary rise experiments resulted in an even lower value for the interfacial tension
of γ = 3 · 10−9 N/m [64]. In order to understand this rather signiﬁcant diﬀerence it
should be noted that in our analysis of the elastic free energy we ignored the so-called
saddle-splay deformation of the ﬁeld [148], which is non-zero for a three-dimensional
radial director ﬁeld. This means that the second term of equation (5.1), originating
from the elastic deformation in the end caps, actually contains a renormalized elastic
constant K1 − K24 , with K24 the unknown saddle-splay deformation constant.
Still, even invoking a renormalized splay elastic constant cannot quite account for the
discrepancy because the corresponding third term of equation (5.2) is relatively small
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compared to the ﬁrst and second term with b0 ∼ 10−2 . So the shape is determined
primarily by a balance between the magnetic contribution and the term associated
with the director ﬁeld deformation in the cylinder.
A moot point, apart from the quite idealized shape description of the tactoids, is that
we presume strong anchoring of the platelets, which may be too strong an assumption
both in the cylinder and the end caps. In the end caps, this assumption implies that
there are relatively many particles that show (almost) perpendicular alignment with the
magnetic ﬁeld, which is expensive energetically. In the cylinder, complete anchoring is
imposed by choosing a cylindrical tactoid shape, whereas a shape with non-zero curvature of the tactoid surface along the direction of the magnetic ﬁeld, e.g., an ellipsoid,
is probably a more realistic model of a tactoid.
If we presume imperfect anchoring, the critical magnetic ﬁeld strength becomes a
function of the anchoring strength [151, 152], w. Also, this would lead to a reduction
in the deformation of the droplets with increasing magnetic ﬁeld strength, because the
droplet can adjust its director ﬁeld without actually deforming its shape. This implies
that the observed deformation is smaller than the one would expect based on perfect
anchoring, and therefore that an estimate for this interfacial tension γ based on it must
produce a value that is larger than the actual value.
We will explore this eﬀect in the next chapter, where we develop a theoretical model
that includes imperfect anchoring and a more realistic droplet shape in the form of an
ellipsoid.

5.7. Conclusions
Tactoids of plate-like colloidal particles characterized by a radial director ﬁeld and
a hedgehog point defect in the center exhibit a very interesting deformation behavior
when exposed to an externally applied magnetic ﬁeld. This includes a symmetry change
of the director ﬁeld as well as a shape deformation. The hedgehog point defect develops
into a split-core defect in a suﬃciently strong ﬁeld. The split-core defect develops only
provided the diamagnetic susceptibility anisotropy is negative – a prediction made ten
years ago by Mkaddem and Gartland [123] that we have been able to conﬁrm.
By studying the deformation of these tactoids in a magnetic ﬁeld we have been able
to determine both the splay elastic constant and the interfacial tension in a single
experiment by applying a theory that balances surface, elastic, and magnetic forces.
Our approximate theoretical model explains why a minimal (critical) magnetic ﬁeld
strength is required in order to deform the tactoid. The splay elastic constant K1 = 0.9
- 2.6 · 10−13 N obtained from this critical magnetic ﬁeld strength is 1.5 to 3 times larger
than the previously measured bend elastic constant K3 , and in reasonable agreement
with theory and simulations.
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The value of γ = 2 - 5 · 10−7 N/m we found for the interfacial tension is signiﬁcantly
larger than found previously for the same system from capillary rise experiments. We
attribute this to eﬀects of imperfect surface anchoring neglected in the theory.
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6

Tactoids of plate-like particles in a magnetic
ﬁeld
Abstract
We extend the investigation of the eﬀect of a magnetic ﬁeld on the shape and
director ﬁeld of nematic droplets in dispersions of sterically stabilized gibbsite
described in Chapter 5 to charge-stabilized colloidal gibbsite platelets. Depending on the magnetic ﬁeld strength and tactoid size, we observe several
interesting structures, with diﬀerent shapes and director ﬁelds both with and
without defects. To account for our observations, we present a calculation of
the stability regions of diﬀerent shapes and director-ﬁeld structures as a function of tactoid size, anchoring conditions, surface tension, elastic constants and
magnetic ﬁeld strength. By ﬁtting the experimental data to the theoretically
predicted structures, we are able to extract values for the splay elastic constant,
interfacial tension and anchoring strength. We also reanalyze the results obtained in the previous chapter in terms of the present model. Remarkably,
we ﬁnd signiﬁcant diﬀerences between the two systems studied: for sterically
stabilized gibbsite in bromotoluene the anchoring strength is one order of magnitude larger than that of aqueous gibbsite, with the latter exhibiting weak and
the former strong anchoring of the director ﬁeld to the interface. The splay
elastic constants that we obtain are in agreement with earlier experiments,
simulations and theory, while the interfacial tension and anchoring strength
are considerably larger than what was found in earlier experiments.
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6.1. Introduction
The isotropic-to-nematic phase transition in dispersions of anisometric colloidal particles is accompanied by the formation of metastable nematic droplets or “tactoids”
that eventually coalesce to become a nematic phase on macroscopic scales [153]. The
shape and director ﬁeld of a tactoid are determined by an interplay between its bulk
elastic and interfacial free energy [52, 55]. As we have shown in Chapter 4 the balance
of these two free energy contributions depends on the tactoid size.
Depending on the size relative to a persistence length, ξ ≡ K/w, deﬁned as the ratio
between an average Frank elastic constant, K, and the anchoring strength, w, large
droplets are spherical with a radial director ﬁeld and small droplets tend to be ﬂat and
oblate shaped because the surface anchoring for plates is preferentially homeotropic.
In the previous chapter, we showed that large tactoids with a radial director ﬁeld
formed in suspensions of sterically stabilised plate-like gibbsite particles in bromotoluene
respond to an increasing magnetic ﬁeld not by a continuous deformation but by a
sudden rearrangement of the director ﬁeld if the ﬁeld strength exceeds a critical value,
a phenomenon reminiscent of a Frederiks transition. This is a unique feature of tactoids
of plates, because free ﬂoating tactoids of elongated particles do not exhibit a Frederiks
transition in a magnetic ﬁeld: rather they reorient and at suﬃciently high ﬁeld strength
become slightly stretched along the ﬁeld direction [55].
The diﬀerence in the behaviour of rod- and plate-like colloidal particles is due to
diﬀerent anchoring conditions to the interface between co-existing isotropic and nematic
phases. While colloidal rods favour parallel anchoring to the interface, colloidal plates
prefer homeotropic anchoring, resulting in spherical tactoids with a radial director ﬁeld
and a hedgehog defect in the centre of the droplet. Not surprisingly, the spherical
symmetry of these tactoids leads to fundamentally diﬀerent behaviour in an external
ﬁeld. For instance, radial tactoids of particles with a positive magnetic anisotropy
should transform to an axial ﬁeld with ring defect according to theoretical calculations
[50, 152] and Monte Carlo simulations [154]. In the previous chapter we have shown
that radial tactoids of particles with a negative magnetic anisotropy develop a split-core
defect at suﬃciently strong magnetic ﬁeld.
Here, we extend the work on tactoids of sterically stabilized gibbsite platelets in an
apolar solvent (bromotoluene) described in the previous chapter to charge-stabilized
ones in the polar solvent water. As we shall see, the sterically and charge-stabilized
gibbsite systems represent fundamentally diﬀerent systems governed by a strong versus
a weak surface anchoring of the director ﬁeld. In the former the formation of the
split-core defect is associated with an elongation of the tactoids, whilst for the latter
this is not so. A macroscopic model accounting for the Frank elastic energy, magnetic
energy and surface and anchoring energies rationalizes our ﬁndings, and allows us to
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extract from our measurements the splay-elastic constant and the ratio of the anchoring
strength and surface tension.
Analysis of the data from our earlier experiments on tactoids of sterically stabilized
gibbsite in terms of the present model produces values for the splay elastic constant
and surface tension that are in agreement with those obtained from the much cruder
model described in the previous chapter. This reconﬁrms our earlier conclusion that the
isotropic-nematic surface tension obtained from the tactoid shape diﬀers considerably
from that found from capillary rise experiments [64]. We have no explanation for this
discrepancy.

6.2. Materials and Methods
We used the charge stabilized gibbsite system dispersed in 10−2 M NaCl described
in chapter 3.
The gibbsite dispersion was concentrated by centrifugation and subsequent redispersion to attain a concentration in the range where the isotropic and nematic phases
coexist, which was 21 v/v% for the sterically stabilized gibbsite and 24 v/v% for the
charged gibbsite. The particle number density in the nematic phase, ρ, was estimated
to be around 4 ·1020 /m3 . Samples of the homogenized dispersions were prepared in ﬂat
glass capillaries (VitroCom, NJ, USA), with internal dimensions of 200 μm × 4 mm
× 4 cm. The capillaries were ﬁlled by capillary action and subsequently ﬂame-sealed,
and glued to avoid evaporation of the solvent. In a few hours tactoids appeared and
coalesced to form the nematic phase. Measurements were performed near the end of
the phase separation process, typically after a few days to weeks, to minimize the eﬀect
of ﬂow ﬁelds on the tactoid shape and director ﬁeld.
Magnetic ﬁeld experiments were performed as described in Chapter 2. Previous optical and small angle x-ray scattering experiments on suspensions of sterically stabilized
gibbsite in toluene resulted in a diamagnetic susceptibility anisotropy Δχ of -10−22
J/T2 [85]. This means that the platelets prefer alignment with the director perpendicular to the magnetic ﬁeld. We expect that the charge-stabilized gibbsite system used
here will have approximately the same value, because the platelets are of comparable
size.
Tactoid shape and director ﬁeld were observed directly in the magnetic ﬁeld with the
polarized light microscopy setup described in Chapter 2.

6.3. Experimental results
A typical polarized light micrograph of tactoids in an aqueous suspension of our
gibbsite platelets is given in Figure 6.1, showing a group of tactoids of diﬀerent size
and director-ﬁeld conﬁguration. From groups like the one shown in the ﬁgure, we
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200 μm
Figure 6.1. Polarization light micrograph showing nematic tactoids of various sizes and director-ﬁeld conﬁgurations in an aqueous suspension of chargestabilized gibbsite platelets. Arrows indicate the orientation of the polarizers.
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Figure 6.2. Polarization microscopic images, showing tactoids of approximately 30 μm (top row) and 19 μm (bottom row) radius in a dispersion of
charge-stabilized gibbsite platelets in water for a series of increasing magnetic
ﬁeld strengths indicated. The orientations of the polarizers and the magnetic
ﬁeld are indicated by arrows in the upper-left corner, and the magnetic ﬁeld
with the horizontal arrow in the lower-left corner. The extinction pattern
changes fairly abruptly with increasing ﬁeld strength. As discussed in the
main text, we attribute this to the transformation of a radial director ﬁeld
characterized by a point defect at low magnetic ﬁeld strength to a so-called
split-core line defect that increases in length with increasing magnetic ﬁeld
strength.

investigated the response of representative droplets of diﬀerent size to the application
of a magnetic ﬁeld.
Figure 6.2 shows how two large tactoids with a radius of ≈ 19 and 30 μm are perturbed by an externally applied magnetic ﬁeld. At zero ﬁeld, the tactoids are spherical
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Figure 6.3. Length of the line defect as a function of magnetic ﬁeld strength,
for tactoids of charge-stabilized gibbsite in water (crosses and pluses) and sterically stabilized gibbsite in bromotoluene (circles). Indicated in the box are the
(initial) radii of the tactoids. The length of the split-core defect, deduced from
the length of the extinction band along the magnetic ﬁeld shown in Figure 2,
is scaled in the aqueous system to the tactoid radius and in bromotoluene with
half the tactoid length in the direction of the line defect. See the main text for
an explanation of how the line-defect length was exactly measured. We note
here that tactoids in bromotoluene do not remain spherical but elongate in the
ﬁeld direction.

and the extinction pattern corresponds to that of a 3D radial director ﬁeld emanating
from a hedgehog point defect in the center of the tactoid (Chapter 4), see also the
schematic representation of Figure 6.6(e). This follows from the observation that the
diagonal extinction cross, associated with the region where the platelets are aligned
parallel to the polarizers, co-rotates with the polarizers.
However, if the magnetic ﬁeld strength is larger than some critical value that according to our observations seems to depend on the radius of the tactoid, the dark diagonal
cross transforms into a horizontal band. As we have pointed out in the previous chapter, this corresponds to a split-core defect structure, with a 2D radial director ﬁeld in
the middle part of the tactoid, while the director ﬁeld on both sides of this structure
remains radial in 3D.
Upon a further increase of the magnetic ﬁeld, the length of the line defect increases
until its length spans the entire tactoid width. For the two tactoids of diﬀerent radii
of Figure 2, this happens at a ﬁeld strength of about 1 T. The length of the line
defect relative to the radius of the tactoid is shown in Figure 6.3, as a function of the
magnetic ﬁeld strength. In contrast to thermotropic liquid crystals where line defects
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can actually be observed, in this system the line-defect length has to be deduced from
the extinction pattern, which is not trivial. We have determined the length of line defect
by extending the diagonal extinction bands shown in Figure 6.2 until they cross the
horizontal extinction band along the magnetic ﬁeld, and then measured the distance
between these crossing points. The indicated error bars were determined from the
distance of these points to the ends of the horizontal dark band. Although the size
of these tactoids diﬀers by a factor of 1.6, the transition from a radial to a split-core
type director ﬁeld seems to take place in the same admittedly somewhat broad range
of about 0.3 to 0.6 T. On the other hand, the director-ﬁeld structures observed at 1.1
T, where for both drops the defect lines seem to traverse the entire drop, are slightly
diﬀerent. The dark horizontal band of the largest tactoid of the two seems slightly
wider in the middle, while it is much more uniform in the smaller tactoid. This might
indicate that the director ﬁeld of the largest tactoid is not a purely 2D splay ﬁeld but
may exhibit a slight bend deformation as well.
Experiments described in the previous chapter showed that tactoids of sterically
stabilized gibbsite in the apolar solvent bromotoluene display a similar transformation
with increasing magnetic ﬁeld observed in the aqueous system. For comparison, we
have plotted in Figure 6.3 the length of the split-core defect in tactoids of sterically
stabilized gibbsite as a function of magnetic ﬁeld strength, in this case scaled with the
half the length of the droplet in the direction of the line defect.
It is important to stress that there is a signiﬁcant diﬀerence between the behavior of
tactoids in the two types of solvent. For the sterically stabilized gibbsite platelets in
bromotoluene, the formation of the split-core defect is accompanied by an elongation of
the droplet in the ﬁeld direction. See also Figure 6.6(g) for a schematic representation.
This elongation starts at a slightly higher magnetic ﬁeld strength than the “stretching”
of the point defect into the line defect that we believe to be the split-core defect. In the
previous chapter the tactoid elongation was explained by presuming a rigid anchoring
of the director ﬁeld to the interface of the tactoids. The fact that tactoids of the present
system of charge-stabilized gibbsite in water remain spherical, despite the emergence of
a growing split-core defect with increasing ﬁeld strength, implies that in this case the
anchoring of the director ﬁeld to the interface must be much weaker. We return to this
important issue in our discussion below.
Interestingly, very small tactoids we ﬁnd to behave rather diﬀerently from the larger
ones, and in fact do not exhibit the typical Maltese cross extinction pattern typical
of a radial director ﬁeld. This is shown in Figure 6.4, presenting a micrograph series
of tactoids up to about 40 μm in diameter in a magnetic ﬁeld of increasing strength.
A retardation plate was used here indicated by the dashed arrow, pointing along the
magnetic ﬁeld direction. At zero ﬁeld (not shown), these tactoids have diﬀerent but
otherwise uniform colors (orange and blue tints). This means that the tactoids have a
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Figure 6.4. Polarization microscopic images showing tactoids of chargestabilized gibbsite in water with a uniform director ﬁeld in a magnetic ﬁeld.
Indicated are the orientations of the polarizers (arrows at right angles in the
top left-hand corner), retardation plate (dashed arrow), and the magnetic ﬁeld
direction (horizontal arrow). Diﬀerent colors represent diﬀerent director orientations, as explained in the main text. The isotropic background aligns in the
magnetic ﬁeld and the tactoids rotate with increasing ﬁeld strength to orient
their director perpendicular to the ﬁeld direction.

uniform director ﬁeld and diﬀerent orientations with respect to the retardation plate.
For orange ones the nematic director is oriented parallel and for the blue ones perpendicular to the retardation plate. With increasing magnetic ﬁeld strength, several
changes can be observed.
First, the color of the isotropic background shifts from the magenta-red of the retardation plate to a blue tint. This indicates that the isotropic background phase aligns
in the magnetic ﬁeld and forms a para-nematic phase with the director perpendicular
to the retardation plate and the ﬁeld direction. Second, the color of some of the tactoids turns from orange into blue, indicating that the nematic director rotates from an
orientation parallel to the ﬁeld to that perpendicular to it. Some of the orange-colored
tactoids seem to (almost) disappear from view, which plausibly is due to their alignment
perpendicular to the focal plane in which case they do not exhibit any birefringence.
Blue tactoids display a color shift towards green/yellow, plausibly caused by a slight
rotation of the director to a more vertical orientation and possibly also an increase of
the nematic order parameter. Note that tactoids also appear blue if the orientation is
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Figure 6.5. Polarization micrograph of an intermediate-sized tactoid with
increasing magnetic ﬁeld strength. Arrows in the upper-left corner indicate
the orientation of the polarizers, and the magnetic ﬁeld direction is indicated
by the horizontal arrow. At zero ﬁeld, the extinction pattern is consistent
with an axial director ﬁeld and a ring defect close to the top of the droplet,
where we note that gravitational force points downwards along the vertical.
See also ﬁgure 7(c). The central part of the tactoid, where the director is more
or less uniform and oriented along the vertical direction, becomes larger with
increasing ﬁeld strength until the entire tactoid has a uniform director ﬁeld.

not completely perpendicular to the retardation plate. Finally, some of the tactoids
seem to become slightly elongated in the ﬁeld direction.
As we shall show in the next section, these observations can be rationalized from the
standard continuum theory of nematics. Before we turn to that, we end this section
with a brief discussion of how diﬀerent director ﬁelds transform themselves from one to
the other.
To this end, we present in Figure 6.5 a tactoid with a director-ﬁeld structure in
between the radial and uniform director ﬁelds typical of large and small tactoids, respectively. As we explained in Chapter 4, the transition from a radial tactoid to that
with a uniform director ﬁeld we imagine to be able proceed via two diﬀerent routes.
Plausibly, this may happen either via the continuous displacement of the point defect
from the center of the drop to a position outside it where it becomes virtual and eventually move to inﬁnity, or via a transition of the point defect to a ring defect with
increasing radius that also becomes virtual if it leaves the droplet.
The director ﬁeld of the particular tactoid studied here is depicted schematically in
Figure 6.6(c) and represents the route where the point defect opens up to become a ring
defect with a radius that increases as the drop size decreases. Note that the tactoid
sediments towards the nematic phase and that presumably due to the ﬂow ﬁelds this
ring defect we always ﬁnd to be on the rear of the drop with respect to the direction of
translation [142]. If a magnetic ﬁeld is applied to this tactoid, the size of the birefringent

83

6.3. Experimental results

Magnetic field strength

B
(b)

(d)

(a)

(c)

(f )

(g)

(e)

Tactoid size

Figure 6.6. Schematic overview of tactoid shapes and director-ﬁeld conﬁgurations observed in dispersions of gibbsite in water (a-f) and in bromotoluene
(e-g), as a function of the tactoid size and the magnetic ﬁeld strength. The
arrow indicates the direction of the magnetic ﬁeld. Note that the main body
axis of the platelets (the surface normal) points in the mean along the director.
See also ﬁgure 8.

part in the center of the tactoid increases with increasing magnetic ﬁeld strength, which
implies that the radius of the ring defect must increase accordingly. This continues until
the director ﬁeld becomes uniformly oriented at a right angle to the magnetic ﬁeld at
a magnetic ﬁeld strength of 1.1 T. So, the transformation from a non-uniform to a
uniform director ﬁeld with increasing magnetic ﬁeld strength seems to proceed in a
similar way to that in the absence of an external ﬁeld with decreasing tactoid size.
To summarize our ﬁndings, we refer to the overview of the observed director-ﬁeld
structures in Figure 6.6. Diﬀerent transitions or crossovers can be distinguished as
a function of tactoid size, magnetic ﬁeld strength and solvent type. With increasing
magnetic ﬁeld we ﬁnd for: (1) small tactoids with uniform director ﬁeld (a) a reorientation to have their directors positioned perpendicularly to the magnetic ﬁeld (b); (2)
intermediate sized tactoids with a ring defect (c) a transformation to a uniform director ﬁeld (d); (3) large radial tactoids with a hedgehog defect (e) a transformation to a
split-core defect with the drops remaining spherical in a polar solvent (f), or adopting
an ellipsoidal shape in an apolar solvent (g).
In the next section we put forward an approximate theory that explains our observations. As we shall see, the theory in fact enables us to extract from the experiments
useful physical parameters of the system in hand.
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6.4. Theory
It appears that the director ﬁeld of nematic tactoids in dispersions of gibbsite particles
is not ﬁxed but responds to both their size and the strength of the magnetic ﬁeld. In
addition, tactoids of sterically stabilized gibbsite in bromotoluene become elongated in a
suﬃciently strong magnetic ﬁeld, whilst those in dispersions of charge-stabilized gibbsite
in water remain spherical. In order to rationalize these observations, summarized in
Figure 6.6, we present a macroscopic theory based on a competition between the elastic,
surface and magnetic properties of drops of a nematic phase freely ﬂoating in an isotropic
phase.
Our free energy F = FE + FS + FM of a nematic drop of given volume V consists of
three contributions:
→
→
1) The Oseen-Frank free energy of a deformed director ﬁeld −
n (−
r ) that in the oneconstant approximation reads

−
→ →2
1
→ → 2
−
→
r (∇ · −
n ) + (∇ × −
n) ,
FE = K d3 −
2

(6.1)

where K is some average of the elastic constants. In our calculations we shall presume
only pure splay deformations, in which case K = K1 , i.e., the splay elastic constant.
→
The integration over the spatial co-ordinate −
r is implied to be taken over the entire
volume V of the drop;
2) For the interfacial energy we presume a form of the Rapini-Papoular type [139],



→
→
→
(6.2)
r γ + w − w(−
q ·−
n )2 ,
FS = d2 −
where the integration is now implied over the entire surface of the drop. Here, γ
is the bare surface tension of the drop, w an anchoring free energy per unit area,
→
−
→
→
→
q =−
q (−
r ) the surface normal and −
n the director ﬁeld at the interface. Platelets
for entropic reasons prefer homeotropic alignment [64], so w > 0;
(3) The magnetic energy of a nematic drop obeys [57]

→
−
1
→
→
(6.3)
FM = − ρΔχ d3 −
r (−
n · B )2 ,
2
where ρ is the particle number density, Δχ the diamagnetic susceptibility anisotropy,
→
−
and B the magnetic ﬁeld vector. Our gibbsite platelets have a negative magnetic
susceptibility, so Δχ < 0 [85, 87].
In principle, we would need to minimize the free energy with respect to the director
ﬁeld and shape of the interface, given the ﬁxed volume of the drop and given that the
norm of the director is by deﬁnition equal to unity. This produces a constrained free
boundary value problem that is very hard to solve, even numerically. So, we choose to
simplify the problem by presuming the director ﬁeld either to be uniform or to consist of
a pure splay type. For a uniform ﬁeld we apply the well-known Wulﬀ construction [128]
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to ﬁnd the optimal shape. For the pure splay ﬁeld we presume a line defect of given
length to be in the center of the drop that in turn we presume to be of prolate shape,
i.e., to be an ellipsoid of revolution. The director ﬁeld over the entire length of the
disclination line is presumed to be a 2D radial splay ﬁeld, whilst in the remainder of
the drop we presume a 3D splay ﬁeld emanating from the split-core defect at the ends of
the disclination line. We optimize both the length of the line defect and the aspect ratio
of the drop. This we do perturbatively for aspect ratios near unity, i.e., for drops that
are not very elongated, in line with our observations. Stability diagrams are calculated
by comparing free energies of various types of drop, schematically presented in Figure
6.7.
In the following only an outline of the main results of our model are presented. A
detailed account of our calculations, which are quite non-trivial, shall be given elsewhere [155]. We summarize our results in stability diagrams in Figure 6.9 that show
the optimal tactoid shape and director ﬁeld as a function of the three for the problem
relevant dimensionless groups associated with the tactoid size, the anchoring strength
of the director ﬁeld the tactoid’s surface, and the magnetic ﬁeld strength. These dimensionless groups are  ≡ Rγ/K1 , where R is the radius of the equivalent spherical drop,
ω ≡ w/γ a dimensionless anchoring strength, and β 2 ≡ −ρΔχB 2 K1 /γ 2 , with B the
strength of the magnetic ﬁeld. There is also a fourth dimensionless group, ℵ ≡ bγ/K1 ,
associated with the core of the line defect the radius of which is presumed to be of
order b. As b must be a microscopic length in lyotropic nematics [156, 157], i.e., on the
scale of the diameter of the platelets, its magnitude can only be estimated (Chapter
5). Fortunately, ℵ enters our equations only logarithmically so our results depend only
very weakly on its value.
Before discussing our phase diagrams in more detail, it is useful to consider explicitly
the driving forces for the transitions between the diﬀerent tactoid shapes and directorﬁeld conﬁgurations presented in the previous section, and shown schematically in Figure
6.7. We can distinguish between droplets with perfect and imperfect planar alignment
of the platelets to the surface, corresponding to perfect and imperfect homeotropic
anchoring, see Figure 6.7. Clearly, a drop with a uniform director ﬁeld has an imperfect
anchoring. In this case, there is no deformation of the director ﬁeld but also the
magnetic energy is minimal because the drop is able to orient and align itself in the
magnetic ﬁeld. The alignment of the director ﬁeld is perpendicular to the magnetic
ﬁeld on account of the negative diamagnetic susceptibility of the particles.
We conclude that for a drop with a uniform ﬁeld the only free-energy cost is that
associated with the imperfect surface anchoring, which incidentally can be minimized
further by deforming the shape of the drop. Because of the preferred homeotropic
surface anchoring the tactoids tend to become oblate-shaped and ﬂatter the larger the
dimensionless anchoring strength ω ≡ w/γ > 0, the sole parameter that dictates the
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Figure 6.7. Schematic representation of the main droplet shapes and director ﬁelds, indicated by dashed lines, consistent with our observations. The
competition between homeotropic surface anchoring, surface tension, elastic
deformation and the magnetic ﬁeld B gives rise to transitions between at least
four types of tactoid, indicated by the Roman numerals I-V. The radial director ﬁeld of the spherical tactoid with a hedgehog defect (top left) has perfect
anchoring and minimal surface tension but has a suboptimal magnetic energy. Replacing the point defect by split-core line defect (top right) lowers the
magnetic energy but increases the anchoring energy. Elongating the split-core
droplet lowers the magnetic and anchoring energy at the expense of the surface
energy. The lowest magnetic energy has a tactoid with a uniform ﬁeld (bottom left). Its shape minimises the sum of the anchoring and surface energies,
for homeotropic anchoring producing a lens-shaped object. The disks are not
drawn to scale and serve to indicate the platelet orientations in the various
drops.

shape of a drop with a uniform director ﬁeld. Invoking the Wulﬀ construction [128], we
ﬁnd that for ω ≥ 1 the oblate in fact transforms to a lens with a sharp rim. Interestingly,
the diﬀerence in free energy between the exact Wulﬀ shape and a lens constructed from
two cut spheres and optimized with respect to the cutting angle is minute (less than
0.5 %) for all values of ω, so we for simplicity used this lens shape for constructing our
stability diagrams.
For spherical tactoids, perfect or “strong” anchoring conditions are fulﬁlled by a threedimensional radial director ﬁeld that radiates outward from a hedgehog point defect in
the center of the drop, see Figure 6.7. For this conﬁguration, anchoring is ideal but the
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(a)

(b)

Figure 6.8. (a) The critical value of the dimensionless tactoid size  ≡
Rγ/K1 for the transition from a uniform to a radial director ﬁeld as a function
of the dimensionless anchoring strength ω ≡ w/γ. Indicated by the dashed line
is the critical value at zero magnetic ﬁeld with β 2 ≡ −ρΔχB 2 K1 /γ 2 = 0, and
the solid line shows the limit for a very strong magnetic ﬁeld where the defect
is stretched through the entire tactoid (L/R = 2), which is the vertical asymptote (dotted line) in the phase diagram in Figure 6.10. (b) The aspect ratio a
of the lens shape, i.e., the ratio of its thickness to its diameter, is determined
completely by ω, and for the values in the phase diagram, i.e., ω ∈ (0.25, 2), it
ranges from 0.84 to 0.36.

director ﬁeld is distorted and the orientation of a part of the particles is suboptimal
relative to the magnetic ﬁeld that, again, prefers to align them perpendicular to it.
The hedgehog director-ﬁeld conﬁguration wins out over the uniform one if the product
 × ω = Rw/K1 is large enough by an amount that is set by the dimensionless group
β 2 ≡ −ρΔχB 2 K1 /γ 2 . In zero magnetic ﬁeld this happens if ω > 3 for spherical drops
and a slightly higher value for the transition from the lens to a spherical hedgehog, see
Figure 6.8. This implies that if we observe the transition for a given tactoid size and if
we establish the value of the elastic constant independently, this inequality produces a
lower bound for w. We return to this in the discussion.
It follows that the hedgehog conﬁguration is not favorable for a suﬃciently small
tactoid [60, 63]. For a strong enough magnetic ﬁeld it cannot be maintained either,
because then the magnetic energy penalty becomes prohibitively large. To allow more
particles to comply with the preference imposed by the magnetic ﬁeld, the drop can
either adopt a uniform director ﬁeld at the expense of imperfect anchoring or “stretch”
the point defect to a line defect of topological charge +1 in the direction of the magnetic
ﬁeld. See Figure 6.7. In this split-core defect structure discussed in the preceding
sections, perfect surface anchoring cannot be maintained albeit that it can be reduced
by elongating the drop. This obviously can only happen at the expense of a surface
energy. In comparison with the hedgehog conﬁguration the split-core conﬁguration
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has a lower magnetic energy penalty, which may even become zero if the defect line
runs through the entire tactoid but it does have a higher elastic deformation energy, a
non-zero anchoring penalty and potentially a higher surface energy.
In our numerical calculations summarized in Figure 6.9, we set the value of the
dimensionless anchoring strength equal to ω = 0.25, 0.5, 1 and 2, where we note that
a value around ω = 0.5 was deduced from capillary-rise experiments for sterically
stabilized gibbsite platelets in toluene [64]. In the limit of ω → 0 the free-energy cost
of increasing of the surface area is inﬁnite, implying that the tactoids remain spherical.
The stability diagrams presented in Figure 6.9 show that, as expected, a suﬃciently
small tactoid has a homogeneous director ﬁeld for any magnetic ﬁeld strength because
of the predominance of the Frank elastic energy. Larger tactoids adopt a hedgehog
conﬁguration for weak magnetic ﬁelds and a line defect that runs through the entire
drop for very large magnetic ﬁelds, on account of the predominance of the anchoring
energy. As advertised, the cross-over size in the absence and presence of a strong
magnetic ﬁeld can provide information on the anchoring strength and its dependence
on ω is shown in Figure 6.8.
How the transition between a uniform and a hedgehog conﬁguration proceeds we do
not know for certain but it may involve either a hedgehog defect or a small ring defect
that moves in from outside of the drop, where it is virtual. Indeed, we have in the
previous section seen conﬁgurations with a defect that is close to the tactoid’s surface.
However, if we model a 3D radial director ﬁeld emanating from a point defect that is oﬀ
center, then it turns out that this conﬁguration is always energetically more expensive
than the central hedgehog or the lens with a uniform ﬁeld (Chapter 4). Therefore, we
conclude that the tactoid with boundary defect must be a metastable conﬁguration
and because of its relatively high free energy is absent in our phase diagram. We
speculate that the observed conﬁguration is stabilized by the ﬂow ﬁeld caused by the
sedimentation [142].
The second transition we ﬁnd in the diagrams is that of spherical drops with a central
hedgehog to those with a split core. This transition happens for a suﬃciently strong
magnetic ﬁeld and allows more particles to adopt the magnetically preferred orientation.
The critical magnetic ﬁeld strength Bc associated with this Frederiks-type of transition
obeys
Bc2

4K1
=
ρΔχR2




 
b
+2 ,
log
R

(6.4)

where b is the diameter of the core of the line defect that we expect to be of the order
of the plate diameter. This expression diﬀers by a factor of two thirds from our earlier,
more approximate theory based on the presumption of perfect anchoring requiring the
drop to stretch with increasing length of the split-core defect (Chapter 5). Eq. (6.4)

89

6.4. Theory

lens

IV

lens

split-core defect
prolate

prolate

II

hedgehog

split-core defect
sphere

lens

V
ore ere
it-c ph
spl fect s
de

split-core defect
prolate
hedgehog

split-core defect
sphere

lens

III split-core defect

I
hedgehog

split-core defect
sphere

split-core defect
sphere

split-core defect
prolate

hedgehog

Figure 6.9. Phase diagram with a lens-shaped tactoid with uniform ﬁeld,
a spherical hedgehog, a spherical and prolate tactoid, both with split-core
defect, for ω = 0.25 (top left), ω = 0.5 (top right), ω = 1 (bottom left)
and ω = 2 (bottom right). The axes indicate dimensionless measures β 2 ≡
−ρΔχB 2 K1 /γ 2 of the magnetic ﬁeld strength B and  ≡ Rγ/K1 of the size
of the tactoids, see the main text. The radius R of the spherical drops deﬁnes
the volume of the tactoids, which for a given R is equal for all conﬁgurations.
The Roman numerals correspond to the transitions as indicated in Figure 6.7.
The transitions I, II, III and IV occur in every diagram, and transition V only
occurs for ω = 2.

is independent of ω because at the onset of the transition from hedgehog to splitcore defect, the anchoring is still perfectly homeotropic. Given that we now allow for
imperfect anchoring, the length of the defect increases with the magnetic ﬁeld strength
without stretching the drop. For very strong ﬁelds the line defect stretches throughout
the entire tactoid to eliminate the magnetic energy cost altogether.
We ﬁnd that for all four values of ω of Figure 6.9, there is a region of sizes and
magnetic ﬁeld strengths where tactoids are not spherical or lens-shaped, but elongated.
These elongated tactoids have a split-core defect along their main axis, and their region
of stability is larger for larger values of ω. The reason for this is that the ellipsoid has a
lower anchoring energy than the equivalent sphere with line defect. For increasing magnetic ﬁeld strength a suﬃciently large spherical drop with a split-core defect stretches
to an ellipsoid. This transition takes place at a magnetic ﬁeld strength that we denote
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L /R = 2
a = 0.70
split-core
defect
sphere

split-core
defect
prolate

Figure 6.10. The phase diagram from Figure 6.9 for ω = 0.5 with the structural details of the line-defect length and the aspect ratio. The dashed lines
indicate a constant defect length L, relative to the sphere radius R. The dotted line shows the limit of L/R = 2, i.e., a split-core defect through the entire
tactoid. The dash-dotted lines in the ellipsoid region have a constant aspect
ratio a, where a = 1 at the transition from sphere to ellipsoid. The exact shape
of the lens depends only on ω and its aspect ratio is 0.70 for ω = 0.5.

by B∗ , and is a very complicated expression that we present in a separate publication [155]. At this critical point the length of the defect line is about half the radius of
the drop, L ≈ 0.5R. The length of the line defect increases with increasing magnetic
ﬁeld strength, see Figure 6.10. The length of the line defect in the elongated drop is
larger than that in equivalent spherical tactoid, as follows from the slight downward
deﬂection of the lines of constant L/R in the ellipsoid region.
Interestingly, the aspect ratio of the drops at some point decreases again with increasing magnetic ﬁeld strength, i.e., depends non monotonically on the magnetic ﬁeld
strength. For high enough ﬁelds the drops become spherical again, see also Figure 6.10.
This is caused by the change in the line-defect length that aﬀects the balance between
the magnetic and anchoring energy. For large enough anchoring energies, elongated
tactoid structures push out spherical hedgehog and split-core tactoids from the phase
diagram. The maximum value of the aspect ratio observed is dictated by ω, allowing
us to estimate this quantity from experiments.
In the following sections we apply the theory to our experimental data on chargestabilized gibbsite in water. We also re-evaluate our previous ﬁndings on sterically
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stabilized gibbsite in bromotoluene. These two cases correspond to very diﬀerent values
of ω, and are examples of weak and strong anchoring.

6.5. Fitting procedure
If we compare the experimentally observed shape and director-ﬁeld transitions with
those of the theory developed in the previous section, we ﬁnd that all of the ones shown
in Figure 6.6 are found in the predicted phase diagrams, except for the transitional
structures associated with the point or ring defect near the surface of the tactoid. We
believe on theoretical grounds that this conﬁguration is not stable in a quiescent tactoid
and may be caused by the ﬂow ﬁeld resulting from the sedimentation process, because
those that we ﬁnd have them always located on the far side of the moving drop. It is
well established that ﬂow ﬁelds inﬂuence director-ﬁeld structures in nematic drops [142].
In fact, we are able to directly apply the theoretical model described in the previous
section to the experimental data, and extract material parameters relating to our liquid
crystal droplets. Of particular use here are the degree of tactoid elongation and length
of the split-core defect, obtained as a function of the magnetic ﬁeld strength and the
size of the drops. Because of the numerous ways in which the parameters can be
determined, we ﬁrst give an outline of the approach that we have taken, and present
the resulting curve ﬁts and parameter values in the next section. Readers not interested
in the technicalities of our ﬁtting procedures may wish to directly jump to that section.
The two types of system investigated, i.e., the sterically stabilized gibbsite in the
apolar solvent bromotoluene and the charged-stabilized gibbsite in the polar solvent
water, turn out to provide us with examples of two limiting cases in terms of the
dimensionless anchoring strength ω ≡ w/γ. The drops found in the aqueous gibbsite
dispersions exhibit no discernable deviation from the spherical shape, implying a high
surface tension relative to the anchoring energy, so ω → 0. So, in this limit the model
is independent of the surface tension γ and this necessitates a slight modiﬁcation of the
state diagrams such as plotted in Figure 6.9, where on both the horizontal and vertical
axes we replace γ by w, so with the dimensionless groups −ρΔχB 2 K1 /w 2 ≡ β 2 /ω 2 and
Rw/K1 = ω on the axes. For the drops found in dispersions of sterically stabilized
gibbsite, the energetic penalty for an increase in the surface area is not that large
because they do become visibly elongated at high ﬁeld strengths albeit not hugely so,
implying ω ≈ 1.
There are a number of ways to determine the value of the parameters K1 , γ, and w
from ﬁtting the model to the experimental data. The data of both the length of the
split-core defect and the tactoid elongation are a function of the magnetic ﬁeld strength,
which means that for the curve ﬁts we have to traverse the phase diagrams vertically
for a chosen scaled drop size  ≡ Rγ/K1 (for the sterically stabilized system) or ω
(for the charge-stabilized system) that has the best match with the data points of the
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line-defect length or tactoid aspect ratio. The quality of this match is then determined
by choosing the value of the dimension-bearing quantities B 2 /β 2 = γ 2 /(−ρΔχK1 ) or
ω 2 B 2 /β 2 = w 2/(−ρΔχK1 ) depending on the type of system; and the curve ﬁtting
amounts to ﬁnding a compromise between the best ﬁt to the critical magnetic ﬁeld
strengths where the aspect ratio (B∗ ) or split-core defect (Bc ) starts to grow, and the
best ﬁt to the data beyond those critical ﬁeld strengths. These two choices then produce
a value for γ/K1 and one for γ 2 /K1 for the sterically stabilized system and for w/K1
and w 2 /K1 for the charge-stabilized gibbsite, from which both individual parameter
values can be deduced.
The fact that in this way we ﬁnd two slightly diﬀerent values for Bc despite the
fact that Bc in Eq. (6.4) is independent of ω, is caused by the choice of ℵ = bγ/K1 ,
associated with the core of the line defect. We take it as a constant, which is not exactly
true for the diﬀerent values of γ and K1 in both ﬁts, but the logarithmic dependence
makes the diﬀerence in Bc quite small. We also remark that even though in both systems
we did observe a line defect running throughout the entire tactoid at very high ﬁeld
strengths, as shown in Figure 6.3, we omit these last few data points from our curveﬁtting procedure. The reason is that including these points would make the general
ﬁt to the other points very poor indeed, e.g., with a critical magnetic ﬁeld strength
that vanishes almost completely and, more worryingly, give the ﬁtted curve the wrong
curvature. On the other hand, and in support of this choice, it is also true that the
experimental points at high magnetic ﬁeld strength have a large degree of uncertainty
because the contrast strongly diminishes as the “isotropic” (or rather, paranematic)
background also aligns in the magnetic ﬁeld. By way of consistency check, we use the
analytic Eq. (6.4) for Bc in combination with the experimental data of Figure 6.3 to
derive a value for K1 that we compare with the values found from our curve ﬁtting
procedure.
For the curve ﬁtting to the tactoid elongation data that we have obtained for the
sterically stabilized system, there is an additional constraint that we require a minimum
value of ω for the observed aspect ratios to occur in the phase diagram. This value
turns out to be higher than expected from previous experiments in gibbsite platelets
[64], which, in fact, is an important observation that we return to later. A value of
ω = 1.5 turns out not to suﬃce, but ω = 2 does and gives a good ﬁt, so we choose to
take this value, which agrees with density functional simulations on hard rectangular
platelets [106]. Here, it must be noted that a value that is, say, 10 % smaller or larger
presumably also allows for an acceptable ﬁt.
Finally, as already alluded to in the previous section, the emergence of a radial
hedgehog director ﬁeld in the absence of a magnetic ﬁeld produces a lower bound for the
anchoring strength, because this happens according to our theory only if w > 3K1 /R.
Strictly speaking this is true only for the transition from a spherical drop with a uniform
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ﬁeld to a radial ﬁeld; a slightly sharper, i.e., higher, lower bound can be found if we
allow for the equilibrium lens shape, shown in Figure 6.8. For convenience we use the
simple, but very accurate result that follows from the spherical drops, so then the choice
for ω and  then requires that ω > 3. The values for ω, γ and w that follow from
these choices and lower bound mentioned above should then all be internally consistent.
Because we have observed uniform tactoids in the aqueous gibbsite system, we have yet
another check for the obtained values for K1 and w, because we can independently
determine the ratio of K1 /w from the tactoid size where the cross-over from a uniform
to a radial director ﬁeld takes place.
Results of our curve-ﬁtting eﬀorts are discussed next.

6.6. Analysis
6.6.1. Sterically stabilized gibbsite in bromotoluene
Let us ﬁrst deal with the droplets consisting of the sterically stabilized platelets in
bromotoluene, where we rely on the same data for the tactoid elongation as in the
previous chapter, where we presumed perfect homeotropic surface anchoring. Hence,
we reanalyze these data in the light of our more accurate model described in this work,
allowing us to assess the eﬀect of imperfect anchoring on the value of the obtained
surface tension, γ.
We begin with a curve ﬁt of our model to the measured length of the split-core defect
(Figure 6.3) of a tactoid with an initial radius of 32 μm in this system. As we noticed
in the previous section, we omit the data points at high magnetic ﬁeld strength. The
value of  that produces the best ﬁt to the critical magnetic ﬁeld strength turns out
to be  = 100, which is rather large, as we will see later. We obtain lower and upper
bounds for the interfacial tension γ and the elastic constant K1 , of γ = 2.1 · 10−7 N/m
and γ = 2.8 · 10−7 N/m, and K1 = 0.4 · 10−13 N and K1 = 0.6 · 10−13 N respectively,
with Bc = 0.16 T and Bc = 0.18 T, see Figure 6.11. From Eq. (6.4) we can obtain
another value for K1 by determining Bc from the data for the defect length in Figure
6.3. We determine Bc = 0.18 ± 0.2 T, which results in a value for K1 = 1.1 ± 0.5 · 10−13
N. These values agree reassuringly well, implying that we believe them to be robust.
Next, we attempt to conﬁrm the previous analysis by a curve ﬁt of our model this
time to the aspect ratio of two elongated tactoids with an initial radius of 28 and 31
μm respectively, again for the system of sterically stabilized gibbsite. In order to obtain
the correct aspect ratio of a ≈ 1.3 for the tactoids, we have to take ω = 2 as described
above. The value of  that produces the best ﬁt to the critical magnetic ﬁeld strength
is smaller than in our curve ﬁtting to the length of the split-core line defect, because
the critical ﬁeld strength Bc needed to elongate a tactoid is larger. For the tactoid of
28 μm we take  = 25, and the condition that ω > 3 is then also satisﬁed. See Figure
6.12. From the ﬁt we ﬁnd B∗ = 0.47 T and a value of γ = 0.9 · 10−7 N/m with a lower
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Figure 6.11. Ratio of the length of the split-core defect and the radius of
the drop, L/R, as a function of the square of the magnetic ﬁeld strength B 2
for a tactoid in a suspension of sterically stabilized gibbsite in bromotoluene.
Tactoid radius: R = 32 μm. Experimental data: points, theoretical ﬁts to
the data: drawn lines. In order to get good agreement for both the critical
magnetic ﬁeld strength and the ratio L/R, we derive a lower and upper bound
for B 2 /β 2 = γ 2 /(−ρΔχK1 ). We ﬁnd B 2 /β 2 = 25 T2 (left drawn curve) and
B 2 /β 2 = 35 T2 (right drawn curve), respectively. See also the main text.

and upper bound of γ = 0.6 · 10−7 N/m and γ = 1.2 · 10−7 N/m. The same ﬁt gives
K1 = 1.0 · 10−13 N, with bounds K1 = 0.7 · 10−13 N and K1 = 1.3 · 10−13 N. For the drop
with a radius of 31 μm we take  = 23 and the best ﬁt then produces B∗ = 0.30 T and
values of γ and K1 of γ = 0.4 · 10−7 N/m with a lower and upper bound of γ = 0.2 · 10−7
N/m and γ = 0.7 · 10−7 N/m, and K1 = 0.5 · 10−13 N, with bounds K1 = 0.3 · 10−13
N and K1 = 1.0 · 10−13 N. Again, these values are quite consistent with those obtained
for the smaller drop.
Comparison of the found values for Bc (the critical ﬁeld strength at which the line
defect starts to grow) and B∗ (the critical ﬁeld strength at which the tactoid elongation
starts) shows that Bc < B∗ , in agreement with what was found in the theoretical model:
upon an increase of the magnetic ﬁeld ﬁrst the point defect stretches to a line defect
and subsequently at higher magnetic ﬁeld strength the tactoid is elongated in the ﬁeld
direction. The theory also predicts that the tactoid should become spherical again at
even higher magnetic ﬁeld strength but this was not conﬁrmed in our experiments. It
must be noted, though, that at high magnetic ﬁeld strength a precise measurement of
the tactoid properties becomes increasingly diﬃcult, due to alignment of the isotropic
background.

6.6. Analysis

95

Figure 6.12. The aspect ratio a of two tactoids in the sterically stabilized
gibbsite dispersion as a function of the square of the magnetic ﬁeld strength
B 2 , where both the critical magnetic ﬁeld strength B∗ and the values of a are
ﬁtted. The points represent experimental data and the solid lines are ﬁts to our
model. For both ﬁts ω = 2 has been taken to reach the desired aspect ratios.
The ﬁt gives a value for B 2 /β 2 = γ 2 /(−ρΔχK1 ) and the dashed lines indicate
a lower and upper bound (see the main text). (a) Tactoid with R = 28 μm
with B 2 /β 2 = 1.9 T2 , giving γ = 0.9 · 10−7 N/m and K1 = 1.0 · 10−13 N. (b)
Tactoid with R = 31 μm with B 2 /β 2 = 0.7 T2 (solid line), giving γ = 0.4·10−7
N/m and K1 = 0.5 · 10−13 N.

All the obtained values for γ and K1 are summarized in Table 6.1, which also shows
the values from the cited earlier work, obtained with a model that assumed complete
anchoring described in the previous chapter. If we compare the values for γ obtained
from the tactoid elongation with both models, it is clear that signiﬁcantly lower values
are obtained when incomplete anchoring is taken into account, (0.4 − 0.9) · 10−7 N/m
versus (2−5)·10−7 N/m, in agreement with the expectation put forward in the previous
chapter. However, the value we obtained with the new model by the ﬁtting of the length
of the line defect as a function of magnetic ﬁeld strength is somewhat larger, namely
2.5 ± 0.4 · 10−7 N/m, which results in an average value for the interfacial tension of
sterically gibbsite in bromotoluene of γ = 1.3 · 10−7 N/m. So, all of the values of
the surface tension we extract from the tactoid experiments are much larger than the
value of γ = 3 · 10−9 N/m obtained from capillary-rise experiments, in the comparable
system of sterically stabilized gibbsite in toluene as opposed to bromotoluene [64]. We
come back on some of the drawbacks of our tactoid model below, although we do not
believe these drawbacks can actually explain this discrepancy. The values for the elastic
splay constant K1 of both the ﬁts to the line-defect length and the aspect ratio and Bc
produce an average of 0.8 ± 0.3 · 10−13 N, which is somewhat smaller than the values
that we established in our previous work of K1 = 0.9 − 2.6 · 10−13 N, yet still consistent.
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Table 6.1. Results of the ﬁtting procedure for sterically stabilized gibbsite in
bromotoluene. The ﬁrst three columns of the table give values for K1 from Eq.
(6.4) for Bc and average values for K1 and γ that follow from the upper and
lower bound ﬁts of the model to the relative split-core-defect length L/R, as
depicted in Figure 6.11. The next two columns give the best ﬁt values for for
K1 and γ that follow from the ﬁts of the model to the elongation of the tactoid,
i.e., the aspect ratio a, as depicted in Figure 6.12. The last column presents
results obtained with the old model involving complete anchoring (ω → ∞).

ω=2
line defect

ω→∞
elongation

K1 [10−13 N] K1 [10−13 N] γ [10−7 N/m] K1 [10−13 N]
Bc
R = 32 μm
R = 28 μm
R = 31 μm
a

1.1 ± 0.5
-

ﬁt L/R
0.5 ± 0.1
-

2.5 ± 0.4
-

γ [10−7 N/m] γ [10−7 N/m]

ﬁt a
1.0 ± 0.3
0.5 ± 0.5 a

elongation

ﬁt a
0.9 ± 0.3
0.4 ± 0.3

5±2
3±2

This rather large value of the error is a consequence of the fact that the upper and lower bounds are
asymmetrically deviating from the best ﬁt, thus the lower bound is in fact not zero, but 0.3 · 10−13
N.
just some space

6.6.2. Charge-stabilized gibbsite in water
Now we turn to the spherical tactoids in dispersions of charge-stabilized gibbsite in
water, tactoids that do not deform even for the highest magnetic ﬁeld strengths tested.
As explained in the previous section, the ﬁtting procedure for the length of the splitcore defect in the charge-stabilized system is equal to that in the sterically stabilized
system, apart from the fact that γ is now replaced by w. We have to ﬁnd the value of
ω that gives the best agreement with the critical magnetic ﬁeld strength Bc , where
we again disregard the points at very high ﬁeld strengths where L/R ≈ 2. The ﬁts give
a lower and upper bound for ω 2 B 2 /β 2 = w 2 /(−ρΔχK1 ).
We use the measured length of the split-core defect of two tactoids of radius 30 and
19 μm, respectively, as depicted in Figure 6.3. For the drop with R = 30 μm we take
the value ω = 10, and the ﬁts with the best curvature and the best ﬁt to the data
give a lower and upper bound for w of w = 4.8 · 10−8 N/m and w = 6.0 · 10−8 N/m, and
K1 between 1.4 · 10−13 N and 1.8 · 10−13 N, where the critical magnetic ﬁeld strengths
vary between Bc = 0.34 T and Bc = 0.38 T, see Figure 6.13. If we use Eq. (6.4)
with the data in Figure 6.3 we ﬁnd Bc = 0.34 ± 0.2 T, which results in a value for
K1 = 3.5 ± 0.4 · 10−13 N. For the smaller drop with R = 19 μm we take the proportional
value ω = 6.3, and we ﬁnd from the best ﬁt to the data bounds of w of w = 2.2 · 10−8
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Figure 6.13. Ratio of the length of the split-core defect relative to the tactoid
radius, L/R, as a function of the square of the magnetic ﬁeld strength B 2 for
the case of charge-stabilized gibbsite in water. Experimental data: points, the
left and right drawn curves: theoretical curves, optimised with respect to the
critical magnetic ﬁeld strength Bc and to the experimental values of L/R at
larger ﬁeld strengths. (a) Tactoid of R = 30 μm with ω 2 B 2 /β 2 = 0.4 T2
and Bc = 0.34 T (left drawn curve) and ω 2 B 2 /β 2 = 0.5 T2 and Bc = 0.38 T
(right drawn curve). (b) Tactoid of R = 19 μm with ω 2 B 2 /β 2 = 0.18 T2 and
ω 2 B 2 /β 2 = 0.24 T2 , giving Bc = 0.35 T and Bc = 0.40 T, respectively. See
also the main text.

N/m and w = 2.9 · 10−8 N/m, and K1 between 6.5 · 10−14 N and 8.7 · 10−14 N, and Bc
between 0.35 T and 0.40 T. From Eq. (6.4) and Figure 6.3 we ﬁnd Bc = 0.32 ± 0.2 T
and K1 = 1.4 ± 0.2 · 10−13 N. These values for K1 are again reasonably consistent with
each other.
The values for the elastic constant K1 and the anchoring strength w in aqueous
gibbsite that we obtained from the ﬁts of the theoretical model to the experimental
data are summarized in Table 6.2. If we average the obtained values we ﬁnd for K1 a
value of 2 ± 1 · 10−13 N, and for w a value of 4 ± 2 · 10−8 N/m. It is, we repeat, not
possible to extract a value for γ in aqueous gibbsite suspensions because the tactoids
remain spherical, at least to within the measurement error. What we can say, though,
is that ω must be at least smaller than 1, and γ therefore larger than 4 · 10−8 N/m,
because if this would not have been the case, it would have lead to a tactoid elongation
of 10%, which should have been perceptible in the experiments.

6.7. Discussion
We now compare our ﬁndings for the two gibbsite systems with results we obtained
in Chapter 4 from the investigation of tactoid properties as a function of tactoid size
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Table 6.2. Values for the splay elastic constant K1 and the anchoring strength
w of the charge-stabilized gibbsite, obtained by ﬁtting our theory to the experimental data for droplets of radius 30 and 19 μm. Values for K1 are obtained
individually from the critical magnetic ﬁeld strength, Bc , and together with
values for w from ﬁt to the magnetic-ﬁeld dependence of the dimensionless
length of the line defect L/R in Figure 6.13, i.e., from the choice of  as well
as from the curvature ﬁts. The values from the ﬁts of L/R are averaged over
the values obtained from the upper and lower bound ﬁts. See also the main
text.
K1 [10−13 N]
Bc
Tactoid R = 30 μm
Tactoid R = 19 μm

w [10−8 N/m]

ﬁt L/R

ﬁt L/R

3.5 ± 0.4 1.6 ± 0.2
1.4 ± 0.2 0.8 ± 0.1

5.4 ± 0.6
2.5 ± 0.4

Table 6.3. Values for K1 /w, γ and ω as obtained from analysis of tactoid
shape and director ﬁeld as a function of size in Chapter 4 compared to values
obtained from the deformation of tactoids in an externally applied magnetic
ﬁeld. The value for γ of aqueous gibbsite was determined by combining results
of the two methods.

K1 /w [10

−6

m]

ω
γ [10
a
b

−7

N/m]

charged
steric
charged
steric
charged
steric

tactoid shape
and director ﬁeld

tactoid deformation
in a magnetic ﬁeld

6
2a
0.6
1.1 b

5
0.3
1
2
0.7

-

1.3

upper bound
lower bound
just some space

in both gibbsite systems, as summarized in Table 6.3. We can conclude that the values
for K1 /w we obtained via the two methods are in good agreement for both sterically
stabilized and charged gibbsite. The value for the dimensionless anchoring strength
ω = 0.6 that we found for aqueous gibbsite from the aspect ratio of the uniform tactoids
is larger than the estimate close to zero obtained from the deformation behavior by
magnetic ﬁeld. The latter is based on the observation that the tactoids remained
spherical even at high magnetic ﬁeld strengths. However, if we closely examine the
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calculated phase diagram for ω = 0.5, close to what we ﬁnd from the tactoid properties,
a tactoid elongation of only 3 to 5 % is expected, which we could have easily missed in
our observations. So, the apparent discrepancy does not seem to be a real one. Note
that the value we ﬁnd for ω for sterically stabilized gibbsite is in good agreement with
the lower bound we found from the aspect ratio of axial tactoids. Furthermore, now
that we have obtained a value for the anchoring strength w of aqueous gibbsite, we
are also able to determine the isotropic-nematic interfacial tension γ, for this system.
Using the value for dimensionless anchoring strength ω = 0.6 that we determined in
Chapter 4, we obtain a surface tension of γ = 7 · 10−8 N/m.
It is also interesting to compare the two gibbsite systems. It is clear that the surface
anchoring of the director ﬁeld in our aqueous gibbsite dispersions is considerably weaker
(ω = 0.6) than that of the sterically stabilized gibbsite dispersions (ω = 2). Contrary
to that, the values we ﬁnd for K1 , 0.8 ± 0.3 · 10−13 N for sterically stabilized gibbsite
and 2 ± 1 · 10−13 N for aqueous gibbsite, are rather close. Both are in good agreement
with computer simulations [150]. Furthermore, they are about a factor of 2 larger than
was found previously by Van der Beek et al. [87] for the bend elastic constant K3 in the
comparable system of sterically stabilized gibbsite in toluene, which agrees qualitatively
with theoretical predictions [149].
Theoretically, these diﬀerences in the behavior of our two types of system are hard
to rationalize. The reason is that both should and seem to behave more or less as hardplatelet systems. Indeed, with an ionic strength of 10−2 M, the Debye screening length
of the charge-stabilized gibbsite dispersion is about 3 nm, whereas the thickness of the
stabilizing polymer layer of the sterically gibbsite platelets is about 4 nm [33]. A naive
rescaling of the charged platelet dimensions that eﬀectively includes the impact of the
Debye length and the stabilizing brush height, respectively, would clearly not suﬃciently
explain the diﬀerences. Clearly, a deeper theoretical (or simulational) investigation of
the inﬂuence of the electrostatic interaction on the liquid-crystalline properties of platelike systems would be very helpful.
Interestingly, the interfacial tensions that we ﬁnd for the co-existing isotropic and
nematic phases in dispersions of charge- and sterically stabilized gibbsite are two orders
of magnitude larger than the one found previously for a comparable system from capillary rise experiments [64]. The origin of this large diﬀerence is unclear, but it might
partly be due to the diﬀerent stages in which the respective experiments are carried
out. Our tactoid experiments were carried out when the phase separation process is not
quite ﬁnished, while the capillary rise experiments require a fully equilibrated sample
where all tactoids have sedimented and the diﬀerent domains in the nematic phase have
annealed. Such an equilibrated sample might very well have a higher order parameter.
While elastic constants are generally accepted to be proportional to the square of the
scalar order parameter of the nematic, the anchoring strength is linear in this order
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parameter [57]. This implies that a higher order parameter would lead to a larger value
for the extrapolation length. Moreover, during the equilibration a sedimentation equilibrium might have started to develop, which would change the concentrations in the
co-existing phases, and as a consequence also change the elastic and surface properties
of the nematic.
We end this section by a brief discussion of the caveats of the theoretical model that
we advance in this chapter. For instance, we assume that all the model parameters,
including the splay elastic constant K1 , the anchoring strength w and the surface tension
γ are independent of the magnetic ﬁeld strength. However, with increasing magnetic
ﬁeld strength the order parameter S of the nematic phase increases, which plausibly will
also aﬀect K1 and w. While elastic constants are generally accepted to be proportional
to the square of the nematic order parameter, S 2 , the anchoring strength is linear
in this order parameter [57]. Because both the elastic constant and the anchoring
strength counterbalance the deformation by the magnetic ﬁeld, an underestimation of
K1 could lead to a too high value for the anchoring strength and interfacial tension.
Furthermore, the anchoring strength might also depend on the magnetic ﬁeld strength
due to alignment of the isotropic phase in the ﬁeld. However, correction for the latter
would lead to an even higher value for the anchoring strength in zero ﬁeld.
A contribution that is missing in our free energy analysis is bend deformation, which
might be present at high magnetic ﬁeld where the line defect spans the entire tactoid.
Although diﬃcult to infer from the polarized light microscopy experiments, the curvature in the dark horizontal band (Figure 6.2) might point in that direction. Indeed, for
plate-like particles, the bend elastic constant is thought to be smaller than the splay
constant [150], so some elastic energy can be gained. An appropriate bend deformation
also makes the anchoring less unfavorable, producing an additional reduction of the free
energy. At this point, it is diﬃcult to judge in what way that this should inﬂuence the
results of our curve ﬁtting.
In any event, it seems quite unlikely that these caveats could be responsible for a
diﬀerence of almost two orders of magnitude between the interfacial tension that we
ﬁnd here and that obtained from capillary rise experiments. This is supported by the
fact that the values for K1 /w and ω obtained from the tactoid properties as a function
of size and from the deformation in magnetic ﬁeld are in very good agreement. The
origin of this discrepancy remains a mystery.

6.8. Conclusion
We ﬁnd that nematic tactoids that form in dispersions of plate-like colloids exhibit
an interesting response to an externally applied magnetic ﬁeld due to the homeotropic
surface anchoring of the platelets. As the director-ﬁeld conﬁguration is a function
of the tactoid size, we have been able to observe a number of transitions between
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diﬀerent kinds of director-ﬁeld structure and droplet shape with increasing magnetic
ﬁeld strength. Perhaps the most remarkable observation is that large tactoids that tend
to be spherical and have a radial director ﬁeld emanating from a hedgehog point defect
in their center develop a split-core defect in a suﬃciently strong ﬁeld.
We focused our experiments on two types of system: charged gibbsite dispersed in
water and sterically stabilized gibbsite in bromotoluene. We found these systems to
behave very diﬀerently: in a magnetic ﬁeld the latter not only develops the the splitcore defect structure, but the droplets also become elongated in the ﬁeld direction. This
is not so for the former, these remain spherical. The diﬀerence in behaviour of the two
types of dispersion is caused by the relative magnitude of the anchoring strength and
the surface tension, which for the former is small and for the latter large.
We have been able to account for the observed transitions by invoking a macroscopic
description that balances elastic, surface and magnetic free energies and predicts the
structure of the tactoids as a function of their size, the splay elastic constant, surface
tension and anchoring strength, and the magnetic ﬁeld strength. Our idealized theory
allowed us to extract values for the splay elastic constant (K1 ), interfacial tension
(γ) and anchoring strength (w) from our observations. Not surprisingly, we found
remarkable diﬀerences between the sterically stabilized gibbsite in bromotoluene and
the aqueous gibbsite system.
The anchoring strength is much larger in the sterically stabilized system, with a
dimensionless anchoring strength ω of about 2, whilst that of the charge-stabilized
system is about 0.6, implying that they represent the strong and weak anchoring limit
respectively. The values for the splay elastic constant K1 for the two systems are
actually quite close, varying by no more than a factor of two. The value for the surface
tension γ that we ﬁnd here for the sterically stabilized gibbsite is still larger by two
orders of magnitude than was found previously from capillary rise experiments [64], a
discrepancy for which we have no explanation.
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Part 3

Dynamics of nematic tactoids

7

Coalescence of tactoids with the
isotropic-nematic interface and
buoyancy-driven coalescence of two tactoids
Abstract
We studied the coalescence of nematic tactoids with the macroscopic isotropicnematic interface as a function of tactoid size in colloidal gibbsite suspensions.
We found that for coalescence of small drops with a uniform director ﬁeld
drainage of the ﬂuid ﬁlm between the drop and the interface is the time determining step, as is the case in isotropic ﬂuids. For larger tactoids with an
asymmetric director ﬁeld gravitational forces turn out to be dominant so they
do not exhibit a long drainage time, but instead behave as a deformable immiscible drop that passes through a liquid-liquid interface. We also studied
the buoyancy driven interaction between tactoids with an asymmetric radial
director ﬁeld as a function of Bond number, i.e., the ratio of gravitational
and interfacial forces. If a small drop is followed by a larger drop, the latter
is coated by the smaller drop, an eﬀect that becomes more pronounced with
increasing Bond number, similar to what is observed in isotropic ﬂuids.
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7.1. Introduction
Drop coalescence is a phenomenon that is observed in everyday life and that is also
important in many industrial processes, especially those that involve mixing, emulsiﬁcation, liquid-liquid extraction, and foam stability. The process has been studied for
a long time, starting with Reynolds [158] and Thomson and Newall [159] in the 19th
century. Extensive investigations were undertaken in the second half of the last century,
and a review of this work can be found in the somewhat dated but still useful overview
of Jeﬀreys and Davies [160].
From these studies it becomes clear that one can distinguish three consecutive stages
in the coalescence of a drop with its bulk phase. The ﬁrst is drainage of the liquid ﬁlm
that forms between the drop and the bulk phase as the drop approaches the interface.
Depending on the density diﬀerence of the ﬂuids involved, the interfacial tension, and
their relative viscosity this can involve large distortions of both the drop and the interface [161–163]. Subsequently, this continuous ﬁlm breaks and a connection is formed
between the drop and the bulk phase. This ﬁlm rupture is induced by Van der Waals
interactions or capillary waves [160,164]. In the ﬁnal stage the drop material is extruded
into the bulk phase, either completely or partially with subsequent coalescence cascade
of small daughter drops [160, 165, 166].
For molecular ﬂuids like water, coalescence (apart from the drainage stage) occurs
very fast and is diﬃcult to follow experimentally. In many experiments therefore high
viscosity ﬂuids such as glycerin and golden syrup are studied, in which coalescence
is considerably slower [161, 167, 168]. Recently, another route was chosen, namely by
lowering the interfacial tension. Colloid-polymer mixtures have an ultra-low interfacial tension, which slows down the coalescence process so that all three stages of the
coalescence process can be studied in great detail with confocal microscopy [164].
If either the drop or the surrounding ﬂuid possesses liquid crystalline order, additional
eﬀects play a role, giving rise to interesting novel features in the coalescence process.
For instance, for water drops in a nematic matrix coalescence is signiﬁcantly hindered
with the droplets even forming large ordered structures, due to a combination of short
range repulsion and long range attraction resulting from the anisotropic elasticity of
the nematic matrix [169]. For the opposite case, emulsions of liquid crystal droplets
in water, coalescence of droplets with a radial director ﬁeld is suppressed due to the
formation of a ring defect that for topological reasons has to be introduced in the neck
between two merging droplets. The formation of this ring defect gives rise to an energy
barrier of ∼ KR, with K the elastic constant and R the droplet radius [144].
Here, we study coalescence of nematic tactoids with the isotropic-nematic interface
in aqueous gibbsite dispersions. The density diﬀerence Δρ between the isotropic and
nematic phase is small, about 5 kg/m3 , and the viscosity of the isotropic phase η= 1
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Pa s is rather high. These system properties result in sedimentation rates in the range
10−9 −10−8 m/s and hence in Reynolds numbers Re ≡ ρvsed R/η, with ρ the mass density
and vsed the drop sedimentation velocity, in the range of 10−11 − 10−10 , implying that
viscous dissipation is far dominant over inertia. Furthermore, as we have established
in the previous chapters, the isotropic-nematic interfacial tension γ = 0.7 · 10−7 N/m
in this system is very low. As a consequence, not only the approach to the interface,
but also the subsequent coalescence of the drops is suﬃciently slow to be observed with
real-time imaging of polarized light microscopy.
We investigate the coalescence process as a function of droplet size and as a function
of director ﬁeld, as these two are coupled (see Chapter 4). Diﬀerent drop sizes result
in diﬀerent sedimentation velocities, which also changes the ratio of gravitational and
surface tension forces. This ratio is set by the Bond number Bo ≡ ΔρgR2 /γ, with
g the gravitational acceleration. In practice, we deduce the Bond number from the
sedimentation velocity of the tactoids. Invoking Stokes, the sedimentation velocity vsed
(ignoring prefactors pertaining to the circulation of ﬂuid inside the drop) is roughly
equal to 2gΔρR2 /9η, which gives us Bo = 9vsed η/2γ. In the present experiments, Bo
varies from 0.1 to 2, which in combination with the diﬀerent director ﬁeld conﬁgurations
leads to remarkable diﬀerences in coalescence behavior.
In the second part of this chapter, we study the buoyancy driven coalescence of two
nematic tactoids in aqueous gibbsite dispersions, which proceeds via the same three
stages. We use a sample with nematic-isotropic coexistence where the density diﬀerence between the two phases is considerably larger, resulting in Bond numbers Bo > 1.
As a consequence the droplets deform considerably before and during coalescence. Coalescence seems to proceed along similar lines as in isotropic ﬂuids at comparable Bo
numbers.

7.2. Experimental
We used gibbsite platelets with a bimodal aspect ratio dispersed in 10−2 M NaCl, and
we refer for details to Chapter 3. Coalescence of nematic droplets with the isotropicnematic interface was studied in samples with coexisting nematic-isotropic-columnar
phases at an overall volume fraction of 30 v/v%. Buoyancy driven tactoid coalescence
was studied in nematic-isotropic samples at a volume fraction of 24 v/v%. Polarized
light microscopy was performed as described in Chapter 2. In both systems, the nematic
phase has a lower mass density than the isotropic phase, which results in the nematic
droplets rising to the bulk nematic phase. This density inversion is a result of the
bimodal distribution of the platelet aspect ratio as we have shown in Chapter 3.
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Figure 7.1. Coalescence of a small tactoid (R = 20 μm) with a uniform
director ﬁeld with the bulk nematic phase. At small separations the interface
starts to deform and the drop slows down. After a drainage time of about two
hours, the ﬁlm ruptures and the drop coalesces with the bulk nematic phase.

7.3. Coalescence of tactoids with the isotropic-nematic interface
As we have seen in Chapter 4, the tactoid shape and director ﬁeld depends on the
tactoid size through a balance of interfacial anchoring energy and bulk elastic energy.
In small droplets of radius R < 3K/w, with K the elastic constant and w the anchoring
strength, the elastic free energy is dominant, leading to an oblate shaped drop with
a uniform director ﬁeld. Larger tactoids are more spherical with a (distorted) radial
director ﬁeld, resulting from a preferential homeotropic anchoring. We study the coalescence of nematic tactoids of various sizes with the isotropic-nematic interface during the
last stages of the nematic-isotropic-columnar phase separation. Under these conditions
the nematic phase still contains several defects and the isotropic-nematic interface has
regions where the platelets have an unfavourable orientation with respect to the interface. The latter is not surprising taking into account that in aqueous gibbsite systems
the anchoring of the platelets to the interface is relatively weak (see Chapters 4-6).
7.3.1. Small tactoids with uniform director ﬁeld
The small tactoids (R = 10 - 20 μm) with a uniform director ﬁeld rise to the nematic
phase at a very low velocity vsed of 1 − 5 · 10−9 m/s, implying values for the Bond
number Bo in the range 0.1 - 0.4. A representative example is shown in Figure 7.1.
When the tactoids approach the interface to a distance of a few μm, the interface starts
to deform. This continues until the droplet comes to an apparent rest at the interface
with a very thin ﬂuid ﬁlm between the tactoid and the interface of roughly 2 μm, which
is equivalent to only a few particle diameters. The droplet is somewhat ﬂattened and,
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remarkably, slightly more than half of the droplet protrudes into the bulk nematic. The
latter observation implies that the density in the tactoid is somewhat lower than in the
bulk nematic phase. This could be the result of fractionation and/or sedimentation
eﬀects.
In the following ‘resting time’ of half an hour to two hours that seems to be independent of the orientation of the director ﬁeld inside the tactoid relative to the orientation
in the bulk nematic phase at the interface, there seems to be not much happening until
the ﬁlm breaks and the actual coalescence with the bulk nematic phase starts. During
this resting time, the thin ﬂuid ﬁlm between the drop and the interface is squeezed out,
until the ﬁlm is thin enough that ﬁlm rupture can occur. The ﬁlm rupture is here presumably caused by thermal ﬂuctuations of the interface [164]. The thermal roughness

of the interface is set by LT = kB T /γ = 0.24 μm, with kB the Boltzmann constant
and T the absolute temperature. From the work of Aarts and Lekkerkerker [164], we
ﬁnd that for an interfacial tension of 1 · 10−7 N/m the waiting time for a ﬂuctuation of
1 μm is about 100 seconds.
Although there is no analytical expression for the drainage time of the ﬂuid ﬁlm
between a drop and a deformable interface, we can obtain a rough estimate from the
drainage rate for a solid sphere approaching a deformable interface [162, 170]. For a
ﬁlm to thin from h0 to h takes

3 ηA2
t=
16π F



1
1
− 2
2
h
h0


(7.1)

seconds, with F = 43 πR3 Δρg, the force due to the weight of the sphere plus the hydrostatic pressure acting over its surface and A the area of ﬁlm enclosed between the drop
and the interface. With η ≈ 1 Pa s, R = 15 μm, Δρ ≈ 5 kg/m 3 , and A ≈ 4 · 10−10 m2
we ﬁnd from Equation 7.1 that for the ﬂuid ﬁlm to thin from 2 to 1 μm takes around
104 s. If the rigid sphere is replaced by a drop, ﬂuid circulation in the drop will speed
up the drainage [171], but nevertheless it seems reasonable that drainage of the ﬂuid
ﬁlm indeed is responsible for the observed resting time of a few hours.
If after a while a connection between the drop and the bulk nematic is formed, then
the radius of this neck grows with approximately 1.5 · 10−8 m/s leading to complete
coalescence with the bulk phase in twenty to ﬁfty minutes. Although there is no explicit
model prediction for the growth of this neck, a dimensional analysis learns that it must
be set by the capillary velocity γ/η, as it is driven by capillary forces and slowed down
by viscous forces [172]. We ﬁnd for the neck growth ≈ 0.2γ/η, which is in reasonable
agreement with values obtained by Aarts and Lekkerkerker for coalescence in colloidpolymer mixtures [164].
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Figure 7.2. Sketch of tactoid with asymmetric radial director ﬁeld approaching the interface (top left). The drop with radius R = 27 μm and Bond number
Bo = 0.8 coalesces with the bulk nematic phase without a long drainage time.
Film rupture occurs at the position where the orientation of the director ﬁeld
inside the drop is similar to the orientation in the bulk nematic phase, followed
by an asymmetric neck growth.

7.3.2. Intermediate tactoids
Larger tactoids (R ≈ 27 μm) have an asymmetric director ﬁeld with a surface point
defect, located at their rear end with respect to the translation direction, as schematically depicted in Figure 7.2(a). These droplets rise to the isotropic-nematic interface
with a vsed of about 1 · 10−8 m/s, which corresponds to a Bond number Bo = 0.8. As
the tactoid approaches the interface, the interface is pushed forward and the tactoid
is somewhat ﬂattened. In contrast to small droplets there is no long drainage time:
as soon as the droplet is slightly more than halfway above the interface, the liquid
ﬁlm breaks. Interestingly, this ﬁlm rupture takes place slightly oﬀ-center at a position
where the orientation of director ﬁeld inside the droplet is parallel to the orientation
in the nematic phase. The subsequent neck growth is asymmetric where the part with
a similar director ﬁeld orientation has already coalesced while on the other side of the
tactoid, where the orientation is perpendicular to the orientation in the nematic phase,
the interface is still intact. Complete coalescence of the drop from the point of ﬁlm
rupture takes almost one hour.
A possible explanation for the absence of an extended drainage time may be found
from the density diﬀerence between the tactoid and the nematic phase together with
the Bond number, being now of the order of 1 because of the larger size of the drop. As
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Figure 7.3. Large tactoid (R = 40 μm) with asymmetric radial director ﬁeld
coalesces with the bulk nematic phase. The tactoid remains intact while entering the nematic phase, becomes elongated in the z-direction, breaks up and
ﬁnally coalesces.

a consequence, we might be dealing with a transition from the drainage to the tailing
mode in the terminology of Geller, Lee and Leal [173]. Analogous to the transport of
a rigid sphere through a liquid-liquid interface, for Bo < 1 drainage of the liquid ﬁlm
determines the sedimentation velocity at and through the interface, while for Bo > 1
gravitational forces are dominant. We are probably in the cross-over regime that occurs
for Bond numbers around 1, where both capillary and gravitational forces determine
the process [174].

7.3.3. Large tactoids
The largest tactoids studied here have a radius R of 30 - 45 μm and corresponding
values for the Bond number in the range of 1 - 2. These tactoids also have an asymmetric
radial director ﬁeld with the point defect near the edge, nevertheless the coalescence
process proceeds diﬀerently from that in the previous case. Figure 7.3 shows a typical
example for Bo ≈ 1.6. As the drop approaches the interface, the interface is pushed
forward but now the drop enters the nematic phase without actually coalescing with it
and preserving its director ﬁeld. Moreover, the drop stretches in the vertical direction
inside the homeotropically aligned nematic phase, resulting in an elongated drop with a
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so-called escaped radial director ﬁeld.1 The escape direction of the director ﬁeld points
downwards. As this cylinder is stretched further, it breaks into two parts, leaving one
drop at the interface and the other one moving deeper into the bulk nematic phase until
ﬁnally both drops coalesce with the bulk phase. The upper drop in some cases rises up
to 300 μm before it actually coalesces.
At ﬁrst sight, the observed drop shape inside the nematic phase resembles the penetration of a drop into the bulk after coalescence as observed by Anilkumar, Lee and
Wang [175], where the interfacial energy is transformed into kinetic energy pushing
the drop into the bulk phase. However, in the present case we have a very low γ,
which would result in a penetration depth of only a few μm. The observed elongated
droplet shapes in fact show remarkable resemblance to the deformation of an (isotropic)
immiscible drop or bubble that passes through a ﬂuid-ﬂuid interface at low Reynolds
number [176]. Manga and Stone showed, both experimentally and theoretically, that if
such a drop translates from a higher to a lower viscosity ﬂuid, the droplet is extended
vertically, provided Bo > 1. One could imagine that in the case of a drop with a radial
director ﬁeld inside a uniform nematic phase a wall defect is created between the drop
and the uniformly aligned bulk nematic phase, which forms a barrier for coalescence
and causes the remarkable resemblance to the translation of an immiscible drop through
an interface.

7.4. Buoyancy driven coalescence of two tactoids
We now study the coalescence of two rising tactoids in nematic-isotropic phase separating sample, where a larger (faster) drop follows a smaller (slower) drop. For these
experiments we use a sample at a volume fraction where the isotropic and nematic
phase coexist. The density diﬀerence is considerably larger compared to the samples in
the previous section, leading to larger sedimentation velocities of about 1 · 10−7 m/s.
The resulting Bond numbers are larger than one, implying that the buoyancy forces
are larger than the restoring interfacial forces, resulting in strong shape deformations.
Shown in Figure 7.4 are two tactoids of comparable, but slightly diﬀerent size with
R = 19 and 18 μm, rising in line to the bulk nematic phase. We estimate that the
Bond number Bo = 8 based on the properties of the trailing drop. Both drops have
an asymmetric radial director ﬁeld with the point defect at the trailing edge. The
trailing drop is larger and catches up with the smaller leading drop. Due to the ﬂow
ﬁelds induced by both tactoids, the smaller leading drop deforms into an oblate shape,
while the larger trailing drop deforms into a prolate shape. Both drops maintain their
asymmetric radial director ﬁeld.
1

An escaped radial director ﬁeld is a 2D radial director ﬁeld with the director escaping along the 3rd
dimension. See also Chapter 8.
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Figure 7.4. Buoyancy driven coalescence of two tactoids with asymmetric
radial director ﬁeld. (a) Sketch of the streamlines that are responsible for the
deformation of the drops produced by the moving drops that are represented
by the point force F , inspired by [176]. See also the main text. (b) Interaction
between a smaller tactoid and a larger trailing one. The ﬁeld of view follows
the leading drop, which has a rising speed of 10−7 m/s. Bo = 8 (based on the
trailing drop).
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Figure 7.5. Buoyancy driven interaction of a smaller tactoid followed by a
larger one. The ﬁeld of view follows the leading drop, which has a rising speed
of 10−7 m/s. Bo = 16 (based on the trailing drop). At t = 0 the leading drop
is still spherical, but as the trailing drop gets close, it is coated by the leading
drop. The trailing drop has a long tail, which is typical for high Bo.

This shape deformation can be understood if we consider both moving drops in a
simpliﬁed manner as a point force F that impacts the neighbouring drop, as sketched
in Figure 7.4(a). Note that in this simpliﬁed picture we only draw the streamlines
produced by the moving drops that are represented by the point force. The trailing
drop becomes elongated due to the viscous stresses associated with the convergence
of streamlines in the ﬂow produced by the leading drop, and on the other hand, the
leading drop is ﬂattened due to the viscous stresses associated with the divergence of
streamlines in the ﬂow produced by the trailing drop [177]. Due to this ﬂow ﬁeld,
the elongated trailing drop even develops a tail and loses some material. Manga and
Stone showed that for large Bond numbers, Bo
1, when a large drop follows a small
drop, the smaller drop eventually coats the larger drop, an eﬀect that becomes more
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pronounced with increasing Bo [177]. In Figure 7.4 we observe that at the point where
the drops come very close (at t = 50 minutes), the leading drop indeed coats the trailing
drop.
The eﬀect is indeed much more pronounced at higher Bond numbers, as is shown in
Figure 7.5. The trailing drop here is considerably larger than the leading drop (R =
28 and R = 18 μm) and has an estimated Bond number Bo = 16. We observe that
the complete upper half of the trailing drop is coated by the leading drop, before they
actually begin to coalesce. Also, the trailing drop has a longer tail, roughly twice the
tactoid radius, which is typical for high Bond numbers [143].
Terentjev [144] argued that for two radial tactoids to coalesce there is an energy barrier KR, arising from the ring defect that needs to be formed in order to remove one of
the two defects of the coalescing drops. In our case this would produce a considerable
energy barrier of ≈ 103 kB T . However, although both tactoids have a (albeit distorted)
radial director ﬁeld with a point defect, there seems to be no barrier for coalescence
because the process proceeds in a fashion similar to coalescence of isotropic Newtonian
drops for comparable Bond numbers. However, if we consider the director ﬁeld conﬁguration of the two coalescing tactoids this is perhaps not so surprising. Both tactoids
initially have an asymmetric radial director ﬁeld with the defect located near or at the
trailing tactoid edge. As the drops approach each other head-to-tail, they deform in
such a way that the parts that have to coalesce have similar orientations, which can be
deduced from the retardation colors in Figure 7.4 and 7.5. In fact, when we closely examine the director ﬁeld in the ‘coat’ just before the ﬁlm between the two drops breaks,
we ﬁnd that the point defect has moved outside the tactoid and has become a virtual
defect located roughly in the center of the trailing drop. In this conﬁguration, the anchoring with the interface is most favorable. This also implies that there is no need to
form an additional defect upon coalescence, which explains the fact that the droplets
do not seem to experience an energy barrier. Probably, if these drops would coalesce
in head-to-head conﬁguration they would experience a free energy barrier.

7.5. Conclusion
We have studied coalescence phenomena of drops with nematic liquid crystalline
order in suspensions of colloidal plates as a function of drop size and director ﬁeld.
For small drops with homogeneous director ﬁeld the coalescence with a bulk interface
broadly resembles phenomena observed in molecular liquids albeit that the time scales
are much longer. On the other hand, for larger droplets, which have an inhomogeneous
director ﬁeld and for which the Bond number is order unity or larger, new phenomena
are observed. Remarkably, there is a close resemblance to the phenomena described by
Manga and Stone [176] for the low Reynolds number motion of deformable drops of an
immiscible liquid through a ﬂuid-ﬂuid interface. Probably the combination of the fact
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that the nematic drop has a higher density than the bulk nematic phase and the fact
that there is a wall defect between the tactoid with radial director ﬁeld and the uniform
bulk nematic phase are responsible for this behavior. The buoyancy driven interaction
between two tactoids leads to tactoid shapes that closely resemble the buoyancy driven
shape deformations of isotropic viscous droplets. In equilibrium, the shape of tactoids
is governed by a competition between the surface tension, anchoring strength and bulk
elastic properties of the nematic. Here, it seems that hydrodynamic interactions between tactoids lead to similar deformation as in isotropic ﬂuids.
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8

Droplet snap-oﬀ and breakup of nematic
threads
Abstract
In this chapter, the droplet snap-oﬀ and breakup of pending and free ﬂoating
nematic liquid crystalline threads is studied in suspensions of charged gibbsite
in water and sterically stabilized gibbsite in bromotoluene. We found that the
snap-oﬀ of a drop from a pending nematic liquid crystalline thread strongly
depends on the anchoring of the platelets to the interface. If anchoring is
weak, which is the case for aqueous gibbsite, the thread has a uniform director
ﬁeld and the droplet snap-oﬀ is determined by the viscous properties of the
liquid crystal as well as by thermal ﬂuctuations. On the other hand, in sterically stabilized gibbsite, where anchoring is strong, the neck has an escaped
radial director ﬁeld, and the neck thinning is retarded close to breakup due to
an energy barrier involved in the separation of the droplet from the thread.
Moreover, we observe in aqueous gibbsite that the breakup of free ﬂoating nematic threads proceeds in a symmetric or asymmetric manner, depending on
the thread length.
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8.1. Introduction
The breakup of liquid threads into droplets is a familiar phenomenon in everyday
life and has been widely studied for a long time [178, 179]. One of the main reasons
for study is that the stability and control of a liquid thread is a crucial factor in a
variety of applications, such as diesel engine technology, ink-jet printing [180], and the
manufacturing of electronic and optoelectronic devices [181]. Also, the subject is of
scientiﬁc interest because of the universal behaviour close to the pinch-oﬀ event, where
the geometry of the thinning neck as a function of time can be described by universal
scaling functions, independent of initial conditions [179]. In general, breakup of a liquid
thread is driven by the interfacial tension and counteracted by either viscosity or inertia
of the liquid [178].
Recently, it was shown by simulations and theory that the formation and breakup
of so-called nano-jets follows a fundamentally diﬀerent mechanism [182, 183]. When
the jet diameter approaches the molecular scale, thermal ﬂuctuations start playing a
role and dominate the breakup process. Experimental evidence for this mechanism
was obtained from colloid-polymer mixtures, that phase separate into a colloid-rich
phase and a polymer-rich phase with an ultra low interfacial tension [184]. The thermal

roughness, deﬁned as LT = kB T /γ with kB the Boltzmann constant, T the absolute
temperature and γ the interfacial tension, is of the order of micrometers in such systems
and can be observed with confocal microscopy [185].
While Newtonian ﬂuids have been studied extensively, also Non-Newtonian ﬂuids
have attracted quite some attention. In the latter, the breakup process cannot be
described by universal scaling functions and is less well understood. For example,
the breakup of viscoelastic ﬂuids under certain conditions involves beeds-on-a-string
structures [186], and the elastic stress built up during breakup of ﬁlaments of worm-like
micelles can cause the falling drop to stall before pinch-oﬀ [187].
Another special case of breakup is when the ﬂuid thread possesses liquid crystalline
order. This is especially important for the production of liquid-crystalline polymer
composites [188–190], but also for the formation of micro and nano-ﬁbres by electrospinning of elongated particles, such as long rod-like viruses [191]. Another example is
the breakup of liquid crystalline threads in a microﬂuidic device that is used to produce
liquid crystalline droplets [192]. Theoretical calculations by Cheong and Rey showed
that the texture of nematic liquid crystalline ﬁbres strongly inﬂuences the breakup, and
in most cases will stabilize the thread [193]. Furthermore, simulations of the breakup
of a nematic thread with homeotropic anchoring revealed that the breakup in this case
requires a morphological transition with accompanying free energy barrier [194]. Recent simulations on capillary breakup in axial nematic ﬁbres with planar anchoring,
performed by Zhou and coworkers [195] showed that both the interfacial anchoring and
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the bulk elasticity dampen the growth of capillary waves, by raising the threshold wavelength and suppressing the growth rate of unstable modes. However, they argue that
these eﬀects are only quantitative, and the nematic ﬁbres break up in essentially the
same way as Newtonian ones.
In this chapter, we investigate the breakup of a nematic thread in suspensions of
colloidal gibbsite platelets, where several of the aforementioned eﬀects come together,
leading to new and interesting behaviour. Apart from the nematic liquid crystalline
order, these systems have a very low interfacial tension so that thermal ﬂuctuations
could possible play a role as well. Two diﬀerent gibbsite suspensions are studied, namely
charge-stabilized gibbsite in water and sterically stabilized gibbsite in bromotoluene.
We show that anisotropy of the liquid crystal indeed signiﬁcantly inﬂuences the breakup
and pinch-oﬀ process, and also that the diﬀerences between the two systems in terms
of the splay elastic constant and anchoring strength (as described in Chapter 4-6) gives
rise to quantitatively, but also qualitatively diﬀerent behaviour. In particular the neck
geometry, the occurrence of satellite drops and the breakup time scales appear to depend
on the nematic structure of the thread.

8.2. Experimental
Two gibbsite systems are used in this study, namely charged gibbsite in aqueous dispersion and sterically stabilized gibbsite dispersed in bromotoluene. The experimental
details of these gibbsite systems are described in Chapter 3 and 2, respectively.
The aqueous system consists of gibbsite platelets with a bimodal distribution of the
aspect ratio. As we have seen in Chapter 3, this system exhibits a remarkable three
phase equilibrium, with a bottom columnar phase, a top nematic phase and an isotropic
phase sandwiched between the two. When such a three phase sample is left in upright
position over a long period of time (months to years), a sedimentation equilibrium develops, resulting in a four phase coexistence as an isotropic phase appears on top of the
nematic phase (see Figure 8.1(a)). This is accompanied by a density gradient in the
nematic phase. The lower part of the nematic phase, which was originally homeotropically aligned in the relatively thin (200 μm) capillary, buckles under the pressure of
the suspension above it, forming beautiful stripe patterns shown in Figure 8.1(b) similar to patterns that evolve when a homeotropically aligned nematic gel buckles upon
cooling [196]. Furthermore, near the lower isotropic-nematic interface the mass-density
eventually becomes larger than in the isotropic phase below, and Rayleigh-Taylor instabilities appear from which nematic droplets start dripping.
The sterically stabilized gibbsite system on the other hand, has a monomodal platelet
distribution, and forms the usual isotropic-nematic phase coexistence with the nematic
phase the bottom phase. The sample is contained in a rectangular Hellma cell of 2
mm path length (Hellma, Müllheim, Germany) closed with a stopper. This stopper
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Figure 8.1. Rayleigh Taylor instabilities develop over time in both systems.
(a) The initial three phase sample (NIC) of bimodal aqueous gibbsite develops
in half a year to a four phase (INIC) coexistence, with Rayleigh instabilities
at the lower nematic-isotropic interface. The dashed box indicates the area
pictured in (b). (c) The solvent of the sterically stabilized gibbsite sample
is allowed to evaporate slowly, giving rise to Rayleigh-Taylor instabilities of
nematic phase at the air-suspension interface. The dashed box indicates the
area pictured in (d)(not to scale). Arrows indicate the orientation of the polarizers.

does not close the cell air-tight and the solvent evaporates slowly, leading to a higher
particle concentration near the air-suspension interface. After a few weeks, a thin layer
of nematic phase starts to form in the top-layer, heavier than the isotropic phase, and
Rayleigh-Taylor instabilities appear with nematic droplets snapping oﬀ and sedimenting
towards the nematic phase.
Both systems are studied with polarized light microscopy as described in Chapter 2.
Image analysis of the aqueous gibbsite samples was performed with IDL-based routines
[134, 197]. The sterically stabilized system was analyzed manually with the microscopy
software iTEM [138].

8.3. Droplet snap-off Rayleigh-Taylor instability
The formation of Rayleigh-Taylor instabilities and the subsequent snap-oﬀ of nematic
droplets is extremely slow in both systems. For one drop to snap oﬀ takes hours in the
sterically stabilized system to even days in aqueous gibbsite. This is not surprising,
taking into account the material properties of the systems (see Table 8.1): The density
diﬀerence Δρ, the driving force for the growth of a Rayleigh-Taylor instability, is small.
Moreover, for the subsequent droplet snap-oﬀ, the interfacial tension γ, the driving
force, is very small, and the viscosity of the nematic phase η, the counteracting force,
is large.
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Table 8.1. Relevant system properties and scaling lengths for the two gibbsite
suspensions, see also the main text.

charge stabilized gibbsite

sterically stabilized gibbsite

0.7
10
1.3
0.5
>10
0.24
74
106

1.3
0.1
2.7
2
0.3
0.18
70
102

γ [10−7 N/m]
η [Pa · s] a
Δρ [kg/m3 ] b
ω [≡ w/γ]
K1 /w [μm]
LT [μm]
Lc [μm]
Lη [m]
a

Average viscosity of the nematic phase, estimated on the basis of rheological measurements by [75, 198].
b
Estimated from the sedimentation velocity of the droplet after snap-oﬀ.
just some space
As we have seen in the previous chapters (Chapters 4 - 6), the two systems represent
diﬀerent regimes with regard to anchoring of the platelets to the isotropic-nematic interface. Both prefer homeotropic alignment, but the aqueous gibbsite sample represents
the weak anchoring regime with a dimensionless anchoring strength ω = 0.6, while the
sterically stabilized system with ω = 2 exhibits rather strong anchoring. In the present
case, this leads to a diﬀerent director conﬁguration during the breakup process. In order
to investigate how these diﬀerent director ﬁeld structures inﬂuence the breakup of the
nematic thread, we will now analyse and compare the breakup process for both systems,
ﬁrst qualitatively, in terms of neck geometry, breakup position and the occurrence of
satellite drops, and also quantitatively when we measure the minimal neck thickness as
a function of time.
8.3.1. Aqueous gibbsite
In the aqueous gibbsite (Figure 8.1(a-b)) both the thinning neck and the pending
drop are, depending on the orientation of the polarizers, either completely birefringent
or completely non-birefringent, which implies that they have a uniform director ﬁeld.
The use of a retardation plate (Fig. 8.2) reveals that the particle director points in the
horizontal direction, as schematically depicted in Figure 8.2. The fact that even the
drop, with a size of 60 × 100 μm, has a uniform director ﬁeld is surprising, because
for the ratio of the splay elastic constant K1 and the anchoring strength w that was
determined for this system in Chapters 4 - 6, droplets of this size are expected and
have been observed to have a radial director ﬁeld (see Chapter 4). However, this
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Figure 8.2. Droplet snap-oﬀ in aqueous gibbsite system. (a) Uniform director
ﬁeld in both the thinning neck and the pending drop. (b) Time series of a
droplet pinch-oﬀ event in aqueous gibbsite. Time is set to zero at pinch-oﬀ.
Solid arrows indicate the orientation of the polarizers and the dashed arrow
that of the retardation plate. The scale bar denotes 25 μm.

value for K1 /w was determined from tactoid properties during the phase separation
process, whereas this capillary has been standing for over a year. In the meantime a
sedimentation equilibrium has developed, which is evidenced by the appearance of an
isotropic phase on top of the nematic phase and a gradient in the scattering intensity
that is visible on a macroscopic scale. The concentration in the lower part of the
nematic phase is therefore probably higher than in a freshly phase separated sample,
also because the mass density has now become larger than that of the isotropic phase
below. As elastic constants are proportional to the square of the concentration and the
anchoring strength has a linear dependence, a higher concentration would indeed lead
to a larger value for K1 /w [57]. From the size of the falling droplet we can determine
that K1 /w in this case must be larger than 10 μm (see Chapter 4).
Neck and drop geometry – The thinning neck has a symmetric shape with the
drop elongated in the z-direction. A symmetric neck with elongated drop is typical
for breakup under inﬂuence of thermal noise, although in that case the neck should
be more cone-shaped [182, 197]. Also, the isotropic-nematic interface appears rather
smooth, until the thinning neck becomes the order of micrometers, the thermal length
scale in this system, while the symmetric shape develops when the neck is still much
thicker. Because anchoring is weak in aqueous gibbsite, we do not expect it to have a
large eﬀect on the breakup, which is supported by the fact that the pending droplet
is prolate instead of oblate, the shape that would provide optimal anchoring for the
majority of the particles at the interface. The neck and prolate drop shape in fact
resemble more the shape observed in yield-stress ﬂuids [199]. Although nematic phases
in general do not exhibit a yield stress, remember that we are dealing here with a highly
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concentrated suspension. The observed buckling distortions in the nematic phase also
indicate that the system might indeed exhibit a yield stress.
We should probably also consider the role of anisotropic viscosity, as the viscosity
of the nematic phase strongly depends on the ﬂow geometry [57, 200]. However, if we
take into account the symmetry of the uniform director ﬁeld inside the drop compared
to the shape of the drop, we ﬁnd that the symmetry axis of the director ﬁeld points
in the horizontal direction, whereas for the droplet shape the symmetry axis is along
the vertical axis. This suggests that the anisotropy of the viscosity plays a negligible
role, at least for the observed elongated drop shape. This is supported by Zhou and
coworkers [195], who reported only quantitative eﬀects of the viscous anisotropy.
The formed drop has a droplet width and length of about 60 and 100 μm respectively,

which is of the order of the capillary length, Lc (see Table 8.1), deﬁned as Lc = γ/gΔρ,
with g the gravitational acceleration.
Snap-oﬀ position – The ﬁrst breakup appears to always take place at the top of
the thread. Literature reports for viscous breakup usually breakup near the end of the
thread (end-pinching), except in the case of very high viscosity, where the thread tends
to break at random positions [178, 201]. When thermal noise determines the breakup
process, the breakup position is also random [182, 184]. It is therefore remarkable that
the thread in this case, where the ﬁnal stage of breakup seems to be inﬂuenced by
thermal noise, tends to break at the upper end of the neck.
Satellite drops – We observe one or two satellite drops of about 1-3 μm in diameter,
comparable to the minimal neck thickness just before breakup. This might be attributed
to the inﬂuence of thermal roughness, because theory predicts many satellite drops for
viscous drops, against only a few if thermal noise drives the breakup [178, 182].
Neck thickness – In order to analyse the breakup process quantitatively, we measured the minimum neck thickness as a function of time for one breakup event. Figure
8.3 depicts the results in a linear (8.3(a)) and logarithmic (8.3(b)) representation.
According to Zhou, Yue and Feng, liquid crystalline threads, at least with a uniform
director ﬁeld, should break up as a Newtonian liquid, be it with a diﬀerent critical
wavelength and breakup time [195]. In Newtonian ﬂuids, the minimum neck thickness
h as a function of time obeys h(t) ∝ (t0 − t)α , with t0 − t the time to breakup and the
exponent α depending on the nature of the breakup process [178]. If inertia is dominant,
α has a value of 2/3. However, the viscous length Lη , which sets the hydrodynamic
inertial regime and is deﬁned as η 2 /ργ with η the viscosity of the nematic phase and
ρ the mass density, is several orders of magnitude larger than the system size, which
implies that inertia is completely negligible here. For viscous breakup a value for the
exponent α of 1 has been reported [179]. Furthermore, if the viscosity of the outer
ﬂuid plays a signiﬁcant role, α should also be 1 [202], but if thermal noise controls the
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Figure 8.3. Minimal neck thickness as a function of the time to snap-oﬀ
of both systems represented in a (a) linear plot (the inset shows the complete
dataset of the breakup in aqueous gibbsite) and (b) logarithmic plot. Indicated
are the ﬁtted power-law exponents α (see also the main text).

breakup, α is expected to be 0.42 [183]. For the breakup of a thermotropic nematic
thread (8CB), however, a signiﬁcantly larger exponent of 1.5 has been measured [203].
When we ﬁt our data with a power-law, we ﬁnd for aqueous gibbsite an exponent
α of 0.35 (± 0.007) far away from breakup and 0.51 (± 0.01) closer to breakup. Far
away from breakup there is probably some restructuring of the nematic phase, because
the defect that initially was located in the thinnest part of the neck moves upwards,
away from the neck minimum, during 4 – 3 days before breakup (compare Figure 8.2
at 4.5 days and 6 hours before breakup). This may inﬂuence the value of α. The value
α = 0.51 close to breakup suggests that thermal ﬂuctuations play a role here. Indeed,
when the thread reaches a thickness of about 4 μm, the interface appears rough and
the thread becomes slightly wavy.
8.3.2. Sterically stabilized gibbsite in bromotoluene
The value for K1 /w in sterically stabilized gibbsite dispersed in bromotoluene that we
obtained in the previous chapters is much lower than that of aqueous gibbsite, namely
0.3 μm, which implies that at length scales larger than about 1 μm a non-uniform
director ﬁeld is energetically more favourable. More precisely, Goyal and Denn [194]
predicted that if one assumes that the values of the splay, bend and saddle-splay elastic
constants are equal (K1 = K3 = K24 , although that is not exactly true for plate-like
particles [150]), a cylinder with radius R for values wR/K1 > 8.65 would have an escaped radial (ER) director ﬁeld. In this conﬁguration the platelets are homeotropically
aligned to the interface, forming a 2D radial director ﬁeld with the director escaping
along the 3rd dimension. The sterically system has a value for wR/K1 of about 20
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Figure 8.4. Droplet snap-oﬀ in sterically stabilized gibbsite in bromotoluene.
(a) An escaped radial director ﬁeld in the thinning neck and a distorted 3D
radial ﬁeld in the pending drop. (b) Time series of a droplet pinch oﬀ event.
Time is set to zero at pinch-oﬀ. Solid arrows indicate the orientation of the polarizers and dashed arrow that of the retardation plate. The scale bar denotes
25 μm.

and indeed, when we deduce the director ﬁeld from the polarized micrographs in Figures 8.1(c-d) and 8.4 we ﬁnd in the neck this ER conﬁguration, with the escape in the
upward direction. The pending drop has a distorted 3D radial director ﬁeld.
Neck and drop geometry – The thinning neck is asymmetric and the pending
drop has a spherical shape, comparable to the shape reported for viscous breakup [178].
Even more striking is the resemblance of the drop shape and its birefringent pattern
with the observations by Goyal and Denn [194], where simulations of the breakup of
a nematic thread with an ER director ﬁeld lead to exactly the same distorted radial
director ﬁeld in the drop. The formed drop has a diameter of 50-60 μm, which is of
the order of the capillary length, Lc (see Table 8.1) and comparable to the drop size in
aqueous gibbsite.
Snap-oﬀ position – In contrast to the aqueous gibbsite system, the neck in the
sterically stabilized system breaks up near the droplet (end-pinching), in line with
predictions for viscous breakup in isotropic ﬂuids.
Satellite drops – Contrary to the observations for aqueous gibbsite, in the sterically
stabilized system no satellite drops are observed at all. This may be related to the energy
barrier that is involved in the breakup of a thread with an ER director ﬁeld [194]. This
energy barrier arises because the formation of a droplet requires the introduction of
a point defect, which presumably suppresses drop formation. This eﬀect is obviously
absent in the case of a uniform director ﬁeld.
Neck thickness – The neck thickness as a function of time is depicted in Figure
8.3 in a linear (8.3(a)) and logarithmic (8.3(b)) representation. From this ﬁgure it is
immediately clear that the sterically stabilized system diﬀers both quantitatively and
qualitatively from the aqueous gibbsite system.
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Far away from breakup the neck thins with a velocity comparable to that in aqueous
gibbsite, but at a thickness of about 10 μm, the neck thinning slows down dramatically,
and then the neck breaks suddenly. If we perform a power-law ﬁt (which is somewhat
questionable because the data comprises hardly two decades), we ﬁnd an exponent α
of 0.38 (± 0.02) far away from breakup and α = 0.04 (± 0.008) close to breakup. To
understand this extremely small value for the exponent α close to breakup, we consider
what sort of mechanisms play a role in the breakup here. For the case of a thread with
radial director ﬁeld, Cheong and Rey distinguish two competing mechanisms [193].
The ﬁrst is the surface tilting mechanism, where in the case of strong surface anchoring
tilting of the surface leads to bend distortions in the thread. Frank elasticity in this case
tends to stabilize the thread. The second eﬀect is the so-called surface displacement
mechanism, which is destabilizing in the case of a radial thread. However, when we
calculate these two contributions for sterically stabilized gibbsite, we ﬁnd that both
eﬀects contribute roughly equally, so we do not expect this to play a signiﬁcant role.
Another important eﬀect is the morphological change accompanying the breakup of
the thread with ER director ﬁeld, that we mentioned above [194]. At breakup, a point
(or a small ring) defect has to be created in the separating droplet, which may form
a considerable energy barrier and retard the breakup. Also, the neck thinning might
be delayed because for a thinner thread the escaped radial conﬁguration would become
unfavourable, although at the thickness just before breakup, R = 4.5 μm, the value of
wR/K1 is still 14, well above the critical value 8.65 [194].

8.4. Breakup of elongated floating nematic drops
In the aqueous gibbsite samples we also observe relatively long nematic threads ﬂoating in the isotropic phase that break up in two or more droplets. Here, we study two of
such breakup events. The ﬁrst thread, depicted in Figure 8.5, is relatively short, with
an initial length and width of about 190 and 55 μm respectively. The director ﬁeld is
again uniform and perpendicular to the long droplet axis. The thread breaks into two
parts and its behavior is very similar to the case of the Rayleigh-Taylor instability in
aqueous gibbsite discussed in the previous paragraph. The thinning neck has the same
perfectly symmetric neck geometry, and two tiny satellite drops (∼ 3 μm) form that
coalesce in half an hour.
The second case, depicted in Figure 8.6 concerns a considerably longer thread, with
at the start of the observations a length and a width of 330 and 50 μm respectively.
Interestingly, from the retardation colours in Figure 8.6 it appears that the director ﬁeld
in this thread is uniform, but with a rotation of the director ﬁeld halfway the thread,
so that in the upper part the director ﬁeld is more or less parallel to the thread, while
in the lower part it is perpendicular. This implies that in the upper part of the thread
the platelets exhibit planar anchoring, which is energetically unfavourable.
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Figure 8.5. Time series of the breaukup of a ﬂoating nematic thread in aqueous gibbsite. Time is set to zero at breakup. Solid arrows indicate the orientation of the polarizers and dashed arrow that of the retardation plate. The
scale bar denotes 25 μm.
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Figure 8.6. (a) Director ﬁeld of a nematic thread ﬂoating in the isotropic
phase. (b) The nematic thread breaks into droplets of various size. Time is
set to zero at the ﬁrst drop snap-oﬀ. Solid arrows indicate the orientation of
the polarizers and dashed arrow that of the retardation plate. The scale bar
denotes 25 μm.

This thread develops capillary instabilities over time and breaks up into several
droplets. The ﬁrst breakup is at the lower end, exactly at the point where the director ﬁeld rotates from a vertical to a horizontal orientation. With this breakup, a
large elongated drop with a length and width of 135 and 45 μm separates from the
thread, together with a very thin ﬁlament that forms a tiny satellite drop of 2 μm.
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Subsequently, the thread breaks at the other end, forms a drop of 50 μm, and leaves
a middle part that then breaks into two smaller droplets of 28 and 17 μm. So, this
thread breaks in an asymmetric way, leading to droplets of various sizes. Also, after
breakup the droplets retract to a more or less spherical shape, apart from the lowest
drop that remains highly elongated. The latter could be described to the orientation of
the director ﬁeld, except that a neighbouring droplet with a perpendicular orientation
of the director ﬁeld has the same elongated shape. Therefore, it is more likely that this
particular shape is the consequence of shear forces during sedimentation.

8.5. Conclusion
We have studied the droplet snap-oﬀ of nematic liquid crystalline threads in suspensions of both charged gibbsite in water and sterically stabilized gibbsite in bromotoluene.
Due to weak anchoring in aqueous gibbsite, the thinning neck has a uniform director
ﬁeld, while strong homeotropic anchoring in the case of sterically stabilized gibbsite
leads to an escaped radial director ﬁeld. This diﬀerence in director ﬁeld conﬁguration
results in a considerably diﬀerent breakup mechanism, both quantitatively and qualitatively. The uniform thread forms a drop with uniform director ﬁeld, elongated in the
z-direction, possibly due to a yield stress, whereas the neck thinning rate and satellite
drop occurrence also show inﬂuence of thermal noise. On the other hand, in the sterically stabilized system the pending drop has a spherical shape with a distorted radial
director ﬁeld and no satellite drops form. Moreover, the neck thinning rate in this case
decreases dramatically close to snap-oﬀ, probably due to an energy barrier related to
the creation of a point defect in the separating drop.
Short free ﬂoating nematic threads in aqueous gibbsite break up in a similar way as
droplets separate from pending Rayleigh-Taylor instabilities, while long nematic threads
develop multiple capillary instabilities and subsequently break up in an asymmetric
manner.
To conclude, although it is clear that the director ﬁeld structure of a nematic thread
signiﬁcantly inﬂuences its breakup behaviour, these systems certainly need and deserve
a more thorough analysis as well as theoretical work in order to be able to understand
the exact breakup mechanisms.
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Part 4

Columnar phase and droplets

9

Observation of columnar liquid crystal
droplets
Abstract
We present the ﬁrst direct observation of droplets of the columnar phase in a
suspension of gibbsite platelets. From polarized light microscopy and optical
Bragg reﬂection measurements we ﬁnd that these droplets consist of stacks of
platelets in a hexagonal arrangement, forming a ﬂat, disk-shaped droplet. We
discuss how this structure might be related to the structure of the high concentration nematic phase and to the anisotropic isotropic-columnar interfacial
tension.
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9.1. Introduction
Suspensions of colloidal spheres, plates, and rods display crystalline and liquid crystalline phases with positional order in three dimensions (colloidal crystals) [204], two dimensions (columnar liquid crystals) [33] and one dimension (smectic liquid crystals) [10].
Direct observations of the nucleation and growth of colloidal crystals and smectic liquid
crystalline phases have been reported [66, 205] and compared to the results of theory
and simulation [67, 206]. These studies showed that while the nucleation of colloidal
crystals of spheres involves roughly spherical 3D clusters, the nucleation of smectic
phases in suspensions of rods proceeds via the formation of 2D lateral clusters of rods,
which subsequently arrange in a 1D ordered structure.
The columnar liquid crystal phase, a two-dimensional hexagonal lattice of columns
constituted of liquid-like stacks of particles, ﬁrst predicted by computer simulations
by Veerman and Frenkel to occur in suspensions of hard plate-like particles [30], was
observed experimentally about 10 years ago [33, 34].
Here, we describe the ﬁrst observation of columnar liquid crystal droplets, which result from nucleation in the nematic phase. We use a system of gibbsite platelets with a
bimodal distribution of the platelet aspect ratio (diameter/thickness). This system displays an isotropic-nematic density inversion and subsequently at higher concentration a
three phase coexistence with the isotropic phase located between the nematic top phase
and the columnar bottom phase (Chapter 3). This arrangement of the phases allows
observation of the columnar droplets in the non-birefringent isotropic middle phase, as
they sediment from the nematic phase, where they originate in, to the columnar phase.
From optical Bragg reﬂection measurements and polarized light microscopy we ﬁnd that
these droplets consist of stacks of platelets in a hexagonal arrangement, leading to a
ﬂat droplet.

9.2. Experimental
We used the gibbsite system described in Chapter 3, that is charge stabilized with
aluminum chlorohydrate and dispersed in 10−2 M NaCl. The platelets have a welldeﬁned hexagonal shape, with an average diameter (that is: corner-to-corner distance)
of 207 nm (±35%) and an average thickness of 8.2 nm (± 46%), both with a unimodal
distribution. However, the platelet aspect ratio (diameter/thickness) has a bimodal
distribution, with a narrow peak of small aspect ratio (thick) platelets and a broader
peak of large aspect ratio (thin) platelets (see Figure 3.1 for histograms of the particle
size and aspect ratio distributions). The suspensions were concentrated via centrifugation and subsequent redispersion in 10−2 M NaCl. Samples were prepared in 0.2 ×
4 × 40 mm3 VitroCom ﬂat glass capillaries that were ﬂame-sealed and glued to avoid
evaporation of the solvent.
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The system was studied with polarized light microscopy as described in Chapter 2.
Optical Bragg reﬂections were observed with the polarized light microscope while the
sample was illuminated with a white light source (model 190, Dolan Jenner).

9.3. Results and Discussion
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I
C
(a)

75 μm
(b)

Figure 9.1. The isotropic phase between the nematic and columnar phase.
(a) Suspension of gibbsite platelets with a bimodal distribution of the aspect
ratio between crossed polarizers exhibiting a three phase coexistence with nematic (N) upper, isotropic (I) middle, and a columnar (C) bottom phase. (b)
Polarized light microscopy image of the isotropic middle phase, which contains
both rising nematic tactoids and sedimenting columnar droplets.

At a volume fraction of 30%, the system described above exhibits a three phase
coexistence with a nematic upper phase, an isotropic middle phase and a columnar
bottom phase, shown in Fig 2(a). In the isotropic middle phase two types of droplets
can be observed, which are moving in opposite directions, as presented in Fig 9.1(b).
The rising droplets originate from the columnar phase and move through the isotropic
phase toward the nematic phase with which they coalesce. They have a spherical or
ellipsoidal shape and can be identiﬁed as the well-known nematic droplets, or tactoids
(Chapter 4).
Furthermore, we observe sedimenting droplets that originate in the nematic phase
and settle through the isotropic phase toward the columnar phase. They appear as
elongated droplets with a typical thickness ranging from 1.5 to 10 μm and a length
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Figure 9.2. Columnar liquid crystal droplets. (a) Columnar droplets show
iridescence in reﬂected light, with colors ranging from green to orange. (b)
Two parallel columnar droplets viewed through the polarized light microscope
with a full wave retardation plate (λ = 530 nm), in order to determine the
orientation of the platelets (see the text for an explanation of the colors).
Arrows indicate the orientation of the polarizers (black) and the slow axis of
the retardation plate (purple). (c) Columnar droplets appear dark and with
two long axes when located on top of a birefringent (nematic) background. (d)
Schematic illustration of the structure of the columnar droplets (not to scale).
The disk-like droplets consist of stacks of columns on a 2D hexagonal lattice.

ranging from 6 to 25 μm, and are strongly birefringent. If observed in reﬂected light, the
droplets exhibit angle dependent iridescence with colors ranging from green to orange
(see Figure 9.2(a)), which indicates that there is periodic ordering of the platelets.
The observed Bragg colors correspond to an hexagonal columnar phase with a lattice
spacing of about 250 nm. The droplets show only one iridescent color for a given angle,
indicating that they consist of a single domain columnar phase.

9.3. Results and Discussion
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By means of a full wave retardation plate the orientation of the platelets inside the
droplet could be determined. Recall that in the case of aqueous gibbsite the birefringence is negative, which implies that if the particles have their director perpendicular
to the slow axis of the retardation plate, the optical path diﬀerence adds, while in the
perpendicular orientation it subtracts (Chapter 2). As shown in Figure 9.2(b), if the
retardation plate is parallel to the long axis of the droplet, the droplet appears blue,
which corresponds to an addition of the optical path diﬀerence, whereas in the perpendicular case it is red, meaning that the optical path diﬀerence is subtracted. So
the particles must be oriented with their director along the short axis of the droplet.
Although the columnar droplets appear elongated at ﬁrst sight, careful examination
with polarized light microscopy reveals that they have two long axes. Figure 9.2(c)
shows columnar droplets lying ﬂat in the focal plane, which appear dark when they are
located on top of a birefringent (nematic) background. In this orientation they do not
display birefringence, independent of the orientation of the polarizers.
Based on the above described observations, we conclude that the columnar droplets
consist of a disk-like structure containing a single domain of hexagonally arranged
columns of platelets, as illustrated in Figure 9.2(d). In this arrangement the platelets
have their director perpendicular to the long side of the droplet, as was deduced from
the retardation colors. With such a structure we can understand why the droplets appear as elongated in one direction, both in polarization microscopy and observations of
iridescence. The columnar phase of platelets shows birefringence only when the director
has a component in the focal plane and is not parallel to the polarization direction of
the polarizers. If viewed from the ﬂat side, the director is perpendicular to the focal
plane, and the droplets will be practically invisible in polarized light microscopy. Likewise, for Bragg reﬂections to occur, light needs to enter perpendicular to the column
direction, i.e., the short side of the disk shaped droplet, which again allows observation
only from the edge side of the droplet.
One could argue that shear forces during sedimentation could inﬂuence the droplet
shape, as ﬂow might erode the diﬀerent faces of the droplet at a diﬀerent rate. However, this seems unlikely because the same elongated shape can also be observed in the
nematic phase before the droplets start to sediment. Furthermore, the large polydispersity of this particular gibbsite system could have an eﬀect on the droplet properties.
However, for the experiments presented here, the polydispersity is of great advantage because it oﬀers the opportunity to observe the columnar droplets in the non-birefringent
isotropic phase, through which they sediment on their way to the columnar phase.
Also, it has been shown in Chapter 3 both in experiment and by theory that there is
fractionation in the system, as the lower aspect ratio (thicker) platelets accumulate in
the isotropic phase, while the higher aspect ratio (thinner) platelets prefer the nematic
phase. In addition there might be a fractionation eﬀect in the columnar phase, because
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the platelets have to ﬁt in the columns. This implies that the platelets contained in the
columnar droplets are probably less polydisperse than in the parent suspension.
It is interesting to compare the present results to observations on the nucleation of the
smectic phase in suspensions of rod-like particles [66]. Maeda and Maeda observed that
this started with the formation of laterally growing clusters. Then, as the number of
clusters increased, multiple layering of the clusters occurred, resulting in a 1D ordered
structure (smectic liquid crystal). Similar phenomena were observed by Dogic and
Fraden in the isotropic-smectic phase transition in a colloidal rod-polymer mixture
[44, 207]. The physical origin of this nucleation mechanism was studied by computer
simulations [67,68]. Schilling and Frenkel showed that the growth of a cluster is inhibited
because the rods tend to align perpendicular to the formed layer, resulting in lateral
growth only.
Extending this idea naively to the case of platelets, one would expect the particles to
align with the director perpendicular to the plane of a cluster, which would mean that
lateral growth is the least favorable growth direction. This would result in clusters that
are elongated in the direction of the columns. However, we observe the opposite: the
droplets have their largest dimension in the lateral direction. This might suggest that
not the individual platelets are the building units of the columnar droplets, but rather
short stacks of platelets that might exist in the nematic phase. Indeed, replacing the
rods in the Schilling-Frenkel-model [67] by stacks of platelets leads to lateral growth,
as illustrated in Figure 9.3.
The presence of such stacks, while somewhat speculative here, was established in
other gibbsite suspensions from small angle x-ray scattering [208]. In a gibbsite system
with similar platelet size (225 nm compared to 207 nm for the platelets used here), it
was found that at an ionic strength of 10−2 M, a columnar nematic phase was formed at
concentrations above 450 g/L, while the system studied here is at 727 g/L. Furthermore,
in computer simulations of thin charged platelets a stable columnar nematic phase was
recently found at high pressures [209].
The explanation above for the observed ﬂat droplet shape is in essence a kinetic one.
We now consider whether the shape can be explained in terms of an equilibrium Wulﬀ
construction [210]. According to Wulﬀ, the length of a vector drawn normal to a crystal
face will be proportional to its interfacial energy [128]. This implies that the interfacial
tensions γ and γ⊥ for the director oriented parallel and perpendicular to the interface
are related as:
γ
γ⊥
=
(9.1)
h
h⊥
with h and h⊥ the distances from the droplet center to the respective interface. Using
this equation and the observed droplet aspect ratio we obtain a value of 3 to 5 for the
ratio of γ /γ⊥ for the isotropic-columnar interface.
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(1)

(2)

Nematic phase

Columnar droplet

Figure 9.3. Schematic illustration of the suggested nucleation/growth pathway of the experimentally observed columnar liquid crystal droplets. Short
stacks of particles present in the nematic phase tend to align parallel to the
droplet surface (stack (1) and (2)). However, only stacks parallel to the side of
the droplet (stack (2)) contribute to the growth of the droplet, which results
in lateral growth.

For comparison, we can determine the ratio of γ⊥ /γ for the isotropic-nematic interface from the value for the dimensionless anchoring strength ω ≡ w/γ that we obtained
in Chapter 4. We take the Rapini-Papoular type form for the anisotropic surface tension
σ that we used in Chapter 4:
(9.2)
σ = γ + w sin2 θ
with γ the bare surface tension, w the anchoring strength, and θ the angle between
the surface normal and the director ﬁeld at the surface [139]. This implies that the
interfacial tension for the director perpendicular and parallel to the interface normal
are related as:
γ⊥ = γ + w
γ = γ



w
γ⊥
=1+ = 1+ω
γ
γ

(9.3)

Using ω = 0.6 from Chapter 4 we then obtain γγ⊥ = 1.6, which is considerably smaller
than the value we ﬁnd here for the isotropic-columnar interface.

9.4. Conclusion
Ordered phases in suspensions of colloidal particles with diﬀerent shapes are fascinating as they are direct physical manifestations of the great variety and subtlety of
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entropy driven structures. The observations presented here, together with earlier work
on the formation of colloidal crystals and smectic liquid crystals, demonstrates that
shape is also a decisive factor in the nucleation pathways of these structures. To obtain
further insight into the formation and structure of the remarkable columnar liquid crystal droplets described here and the possible relation to the nucleation of the columnar
phase, is a challenge for both theory and simulation.
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Devitriﬁcation of the glassy state in
suspensions of gibbsite platelets

Abstract
Colloidal suspensions of charged gibbsite platelets at salt concentrations of
10−2 M and below and with a suﬃciently high particle concentration form
a kinetically arrested, glassy state. We study the evolution of this glassy
state over an extended period of time. After months to years, we observe
small, iridescent grains of the hexagonal columnar phase. The connections
between this devitriﬁcation phenomenon and the structure of the glassy state
are discussed.
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10.1. Introduction
In his classical (1905) paper on Brownian motion Einstein [211] clearly recognized
that colloidal particles in a suspension obey the same thermo-statistics as atoms in
assemblies. Hence, the thermodynamic properties of an assembly of colloids are formally
the same as those of an assembly of atoms with an inter-atomic potential of the same
form [212]. Conceptually, the simplest interaction between particles is that in a model
system consisting of hard spheres, which experience an inﬁnitely repulsive force when
they touch, but no forces otherwise. Originally, this was proposed as a mathematically
simple model of atomic liquids [213]. Over the last decades its beneﬁt as a basic model
for complex liquids has been demonstrated [212].
Although hard-sphere interacting atoms do not exist, good approximations to hard
sphere-interacting colloids do [204, 214]. The equilibrium phase behaviour of systems
of hard spheres was established many years ago by computer simulations [215,216]. Up
to a volume fraction φ = 0.494 the equilibrium state is a ﬂuid, while for φ > 0.545
the equilibrium state is a crystal. For 0.494 < φ < 0.545, the ﬂuid and crystal states
coexist. This phase behaviour has indeed been observed in concentrated suspensions of
nearly hard-sphere-interacting colloids [204,214]. Moreover, Pusey and Van Megen [204]
observed that in disordered suspensions with volume fractions above 0.58, particles
become so tightly trapped, or ’caged’, by their neighbours that they are unable to move
far enough to nucleate crystals. Instead, long-lived amorphous states called ’colloidal
glasses’ are obtained (for a recent review see [217]).
In 1999 Fabbian et al [218] and Bergenholtz and Fuchs [219] considered the eﬀect of
the addition of short-ranged attraction to the hard-sphere repulsion between particles.
They predicted a new scenario of transitions with a pocket of liquid and crystal states
enclosed by a repulsive glass and an attractive glass. This remarkable prediction has
been veriﬁed experimentally, using colloidal particles with a tunable depletion attraction
induced by the addition of non-adsorbing polymer molecules [220–222]. Remarkably, a
phase diagram with the sol-region enclosed by two diﬀerent kinetically arrested states
turned out to be typical, not only for spherical colloids, but also for anisometric colloids.
In particular, in suspensions of natural and synthetic smectite clays a very similar
situation is observed experimentally [38, 223–225] and has been discussed theoretically
[226]. Here, the balance between attractive and repulsive interactions is tuned by
variation of the ionic strength. In these suspensions an attractive gel is observed at salt
concentrations above 10−3 − 10−2 M and a glass 1 is observed at 10−4 − 10−5 M, while
an enclosed region of sol states is found. Michot et al [38] observed isotropic-nematic
phase equilibria in the sol-region.
1

This state is also commonly referred to as repulsive gel [223]. We will refer to it as a glass following
[226] since the kinetic arrest originates from caging eﬀects.
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Attractive gel

Sol
Glass

Figure 10.1. Schematic sol-gel/glass diagram of charged colloidal gibbsite
platelets in water.

Recently, we have observed that suspensions of charged colloidal gibbsite platelets which may be considered as model clay particles - display similar sol-gel/glass behaviour
[227, 228], see also the schematic phase diagram in Figure 10.1. Birefringence and
iridescence show that in the sol state both nematic and hexagonal columnar liquid
crystal phases are formed. Upon decrease of the salt concentration and/or increase of
the gibbsite concentration the nematic phase gradually transforms from the discotic
nematic (ND ) into the columnar nematic (NC ) with strong side-to-side inter-particle
correlations [208]. Subsequently, this NC phase shows a transition to the hexagonal
columnar phase, although at high particle concentration this phase transition is preempted by the formation of a kinetically arrested state. Small angle x-ray scattering
(SAXS) experiments show that the structural features of this arrested state are similar
to those of the NC phase.
Here, we focus on the ageing of this kinetically arrested state of gibbsite suspensions
just beyond the sol-gel transition, as schematically illustrated in Figure 10.1. Over a
period of months to years small hexagonal columnar crystallites appear in the system.2

10.2. Experimental details
For this work we used the gibbsite system described in Chapter 3, dispersed in a
10 M NaCl solution. With centrifugation and subsequent redispersion samples were
prepared with concentrations of 850 and 1050 g/L.
Naked eye observations in reﬂected light and between crossed polarizers were performed as described in Chapter 3 and the samples were photographed with a Nikon
−2

2

The devitriﬁcation phenomena in described in this chapter are discussed in a broader context in [229].
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Figure 10.2. Gibbsite dispersions observed between crossed polarizers, at
(a) 850 g/L with nematic-hexagonal columnar phase coexistence and (b) at
1050 g/L in the glassy state, both with 10−2 M NaCl. (c) Micrograph of the
hexagonal columnar phase in (a) under white light illumination.

Coolpix 995 digital camera. Polarized light microscopy was performed as described in
Chapter 2.

10.3. Results
The studied gibbsite system exhibits remarkable phase behaviour, due to the bimodal
distribution of the aspect ratio of the platelets. This includes an isotropic-nematic
density inversion and a nematic-isotropic-columnar phase equilibrium, that is described
in detail in Chapter 3.
At very high particle concentration, we observe a transition from a sol state, displaying liquid crystal phase transitions, to a kinetically arrested state. In Figure 10.2 we
present two samples, one in the sol-region with a particle concentration of 850 g/L and
one in the glassy state with a particle concentration of 1050 g/L. The sample in the
sol-region displays coexistence of the nematic and the hexagonal columnar phase, as is
evident from the birefringent patterns and optical iridescence.
The sample in the glassy state displays birefringent patterns that originate from
the macroscopic orientational ordering caused by the shear forces during the ﬁlling
of the capillary, but no iridescence. The birefringent patterns in the glassy sample
persist over months (see Figures 10.3 (a) and (b)). Eventually, after more than one
year, an interface appears in the top part of the sample which separates an upper layer,
containing isotropic and nematic domains, from the lower part of the sample. The latter
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Figure 10.3. Time evolution of the glassy gibbsite sample, as observed between crossed polarizers.
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100 μm

(b)

100 μm

(c)

200 μm

(d)

200 μm

Figure 10.4. Micrographs of the glassy state under illumination with white
light; (a) bottom part after 3 months; (b) bottom part, (c) middle part, and
(d) top part of the sample after 17.5 months.
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retained the original birefringence patterns, albeit slightly compressed. Apparently,
the compression of the glassy phase under the inﬂuence of gravity lowers the particle
concentration in the upper part of the sample to such a degree that it allows the
formation of both isotropic and nematic domains.
After three months, optical iridescence was observed at various heights in the glassy
sample, originating from grains with a size of about 2-5 μm (Figure 10.4 (a)), which
is much smaller than the hexagonal columnar grain size in the phase separated sample
in Figure 10.2. Moreover, the Bragg reﬂections in the glass are predominantly blue,
rather than green-yellow-orange in the hexagonal columnar phase, indicating smaller
inter-columnar distances.
After 17.5 months, the sizes and colours of the iridescent grains in the bottom part
of the sample (Figure 10.4 (b)) are virtually unchanged (compare to Figure 10.4 (a)).
Towards the top of the sample, the grain size increases (Figure 10.4 (c)) and at the
same time a shift of the Bragg colour from predominantly blue via green to orange is
observed, indicating an increase of the inter-columnar distance. Eventually, near the
top of the sample, the iridescence resembles that of a hexagonal columnar phase (Figure
10.4 (d)).

10.4. Discussion and conclusions
The studied gibbsite system enters a kinetically arrested state upon an increase of
the particle concentration. After an ageing period of months to years, this kinetically
arrested state - while retaining its outside appearance - shows small iridescent grains,
indicative of local transformation to the hexagonal columnar phase.
While we do observe the eﬀect of the shear induced macroscopic orientational order,
we have no indication that the degree of local columnar ordering, is aﬀected by shear.
The length scale of the shear-induced macroscopic orientational ordering pattern (being
of the size of the system) is much larger than the size of the hexagonal columnar nuclei.
Hence it seems unlikely that shear directly aﬀects the devitriﬁcation.
It is conceivable that nucleation of these crystallites is facilitated by the local columnar order in the preceding arrested state [228]. Possibly, these short columns play a role
comparable to that in the formation of the columnar droplets described in the previous
chapter (Chapter 9).
It may be instructive to compare our results to devitriﬁcation phenomena observed
in molecular glasses. In these systems an unusual acceleration of the crystal growth
rate below the glass transition has been ascribed [230,231] to the slow beta mode [232],
which is still active in the glassy state. Others ascribe it to the volume decrease upon
ordering and the resulting creation of free volume near the interface between an ordered
region and the surrounding glass region [233, 234]. The local transformation of the
kinetically arrested columnar state to the hexagonal columnar phase is reminiscent of
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the dynamical heterogeneities observed in colloidal hard sphere suspensions [235,236]. A
possible link between structural order and dynamic heterogeneity has been emphasized
by Tanaka [237, 238]. These papers suggest that even in a supercooled liquid and a
glassy state some degree of structural order may develop. If this is the case, it may act
as an initiator for devitriﬁcation. Something similar seems to occur in our suspensions
of plate-like gibbsite colloids with the local columnar ordering playing the role of an
initiator for devitriﬁcation. An alternative explanation may be that we are dealing
with a nucleation phenomenon with a low nucleation barrier, which gives rise to many
nuclei [239]. The low nucleation barrier may in turn be related to the columnar nature
of the kinetically arrested state.
We want to conclude with a few comments on the relation between the glass state
of a suspension of hard colloidal spheres and the glass state in a suspension of colloidal
platelets. In the case of spheres, Frank [240] suggested, more than half a century
ago, the existence of long-lived locally favoured structures, the geometry of which may
prevent the system from relaxing to its equilibrium (crystal) state. Recently, Royall
[241] provided direct experimental evidence of such a local structural mechanism for
dynamical arrest. From this perspective, the hard-sphere ﬂuid-to-crystal-transition
may be considered as a locally favoured structure avoiding transition. In the case
of platelets, computer simulations have shown that there is a strong tendency to form
columns of platelets upon an increase of the volume fraction [30]. As the volume fraction
is increased, these columns grow in length. The columns themselves are orientationally
disordered and hence there is an appreciable interaction between diﬀerent columns.
It has been suggested, on the basis of small angle x-ray and neutron scattering on
synthetic (Laponite [224]) and natural smectite (Montmorillonite [38, 225]) clays, and
theoretical [226] considerations, that this interaction among the columns becomes so
severe that it leads to a kinetically arrested glass phase. In our system of gibbsite
platelets the particles are suﬃciently monodisperse that the columns try to order in such
a way that the packing problems are minimized. This then leads to a NC phase, and
upon a further increase of the volume fraction to the hexagonal columnar phase. Clearly
then, the locally favoured structures in the case of platelets do not, as such, prevent the
formation of liquid crystal phases. However, above a limiting concentration the columns
may become kinetically arrested, leading to a glassy state. The eventual observation of
small crystallites in this case appears to be enabled, rather than obstructed, by locally
favoured structures. This is the opposite of the behaviour observed in the canonical
hard-sphere model. In the case of platelets, the key structural element involved in the
arrest transition is a stack of platelets, rather than an individual platelet. Such stacks
are already present in the columnar nematic state, as well as in the arrested state itself.
It may be that such (ﬂexible) stacks can locally pack better in the arrested state than
in the hexagonal columnar phase.
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Summary
This thesis deals with liquid crystalline phases and in particular liquid crystal drops in
suspensions of colloidal gibbsite platelets.
In Part 1 we give a brief review of birefringence and polarized light microscopy,
applied to liquid crystalline phases in gibbsite suspensions (Chapter 2). This is illustrated by an investigation of the intrinsic and form birefringence of the nematic phase
in gibbsite suspensions as a function of solvent refractive index, where we show that if
the refractive index of the solvent is close to that of gibbsite, the intrinsic birefringence
of the platelets dominates. On the other hand, if the refractive index is considerably
diﬀerent, form birefringence due to the anisometric particle shape prevails over the
intrinsic birefringence. In Chapter 3 we study a gibbsite system that plays a central
role throughout the thesis. The bimodal distribution of the platelet aspect ratio in
this system leads to remarkable phase behaviour, including an isotropic-nematic density inversion and a three phase coexistence. Both can be attributed to fractionation
with respect to the platelet aspect ratio, which we demonstrate experimentally and by
calculating phase diagrams of mixtures of thick and thin plates.
In Part 2 we focus on the static properties of nematic droplets, or tactoids. We
start in Chapter 4 with an investigation of the shape and director ﬁeld of these tactoids
in polar and apolar solvent and show that small tactoids have an oblate shape and
a uniform director ﬁeld, whereas larger tactoids are spherical with a radial director
ﬁeld. From a detailed analysis of the tactoid properties as a function of size we obtain
values for the ratio of the splay elastic constant K1 and the anchoring strength w.
Furthermore, our analysis provides data for the ratio of the anchoring strength w and
the isotropic-nematic interfacial tension γ, which reveals that the sterically stabilized
platelets in an apolar solvent exhibit strong anchoring (w/γ > 1), while aqueous gibbsite
suspensions exhibit weak anchoring (w/γ < 1). This is followed by a study of the
deformation of tactoids in an externally applied magnetic ﬁeld. We observe signiﬁcant
deformations of the tactoids, among which a transformation from a radial director ﬁeld
with a point defect to a split-core defect. First with a simple model (Chapter 5), and
subsequently with a more extensive model (Chapter 6) we do not only account for the
observed tactoid shapes and director conﬁgurations, but are also able to determine the
splay elastic constant K1 , the isotropic-nematic interfacial tension γ, and the surface
anchoring strength w of the platelets. The values we ﬁnd are in very good agreement
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with the values obtained from the analysis of the tactoid properties described in Chapter
4.
Subsequently, in Part 3 dynamic phenomena of tactoids are studied. In Chapter
7 we investigate the coalescence of tactoids with the isotropic-nematic interface and
the coalescence of two tactoids. Broadly speaking, small tactoids (with uniform director ﬁeld) behave like isotropic molecular ﬂuids, while the behavior of larger tactoids
(with radial director ﬁeld) is remarkably similar to that of an immiscible drop passing
through a liquid-liquid interface. The buoyancy driven coalescence of two tactoids is
accompanied with large droplet deformations, and appears to proceed as in the case of
isotropic ﬂuids. In Chapter 8 we show that droplet pinch-oﬀ and breakup of a nematic
thread are strongly inﬂuenced by the liquid crystalline order present in the thread. In
the case of relatively weak anchoring and a large extrapolation length (i.e., the ratio of
the elastic constant and the anchoring strength, K/w) the thinning neck has a uniform
director ﬁeld and the snap-oﬀ is determined by the viscous properties of the nematic
phase and by thermal ﬂuctuations. On the other hand, in the case of strong anchoring
and a small extrapolation length, the thinning neck has an escaped radial director ﬁeld
and the snap-oﬀ is hampered for topological reasons.
To conclude, in Part 4 we study the formation of the columnar phase, ﬁrst by an
investigation of droplets of the columnar phase (Chapter 9), followed by a study of
the devitriﬁcation of the glassy state, where after an extended period of time (months
to years) the columnar phase nucleates in a dynamically arrested gibbsite suspension
(Chapter 10). We observe that in both cases a key-role is played by short stacks of
platelets.

Samenvatting voor Iedereen
Vloeibare kristallen
Vloeibare kristallen zijn een gevestigd onderdeel van ons dagelijks leven. Vloeibaarkristalbeeldschermen (LCDs, Liquid Crystal Displays) worden toegepast in onder andere camera’s, computers en telefoons. Een vloeibaar kristal heeft kristallijne eigenschappen, maar vloeit nog wel (in tegenstelling tot een echt kristal). De vloeibare
kristallen in een beeldscherm zijn gebaseerd op grote staafvormige organische moleculen
die allemaal dezelfde richting uitwijzen. Deze ordening van de moleculen heeft tot gevolg
dat de brekingsindex van het materiaal afhankelijk is van de invalrichting van het licht.
Dit wordt dubbelbreking genoemd en leidt ertoe dat de polarisatierichting van het licht
draait. De ordening en oriëntatie van de moleculen is te beı̈nvloeden met een elektrische
spanning, een eigenschap die in beeldschermen gebruikt wordt om beeldelementen (pixels) aan en uit te zetten.
Minder bekend is dat ook oplossingen van staafvormige virusdeeltjes of kleiplaatjes,
vanwege hun afmeting aangeduid als colloı̈dale deeltjes, spontaan geordende fasen kunnen vormen. Bij een lage concentratie van deze deeltjes in een oplosmiddel hebben de
deeltjes veel ruimte ter beschikking en nemen ze willekeurige oriëntaties aan. Echter,
als de concentratie deeltjes verhoogd wordt, zullen deze vanaf een kritische concentratie
zich spontaan ordenen door dezelfde richting uit te wijzen. Op deze manier komt er
voor de deeltjes weer meer bewegingsruimte vrij. We noemen deze geordende toestand
de nematische fase en de richting waarin de deeltjes opgelijnd zijn de director.
In dit proefschrift bestuderen we vloeibare kristallen en met name druppels van
vloeibare kristallen die zich vormen in oplossingen van plaatvormige deeltjes van het
mineraal gibbsiet, dat bestaat uit aluminiumhydroxide (γ-Al(OH)3 ). Dit materiaal is
een belangrijke component van het erts bauxiet, de grondstof voor de aluminiumproductie. De gibbsietdeeltjes waar wij mee werken, maken we op gecontroleerde wijze
vanuit organische aluminiumverbindingen. Daarna worden de deeltjes nabehandeld zodat ze extra lading aan het oppervlak krijgen waardoor ze goed stabiel zijn en niet
samenklonteren in een zoutoplossing. De plaatjes kunnen ook bedekt worden met een
polymeerlaagje, waardoor ze stabiel zijn in een apolair oplosmiddel, zoals tolueen.
Vanwege de eerder genoemde interactie van vloeibare kristallen met licht, is polarisatiemicroscopie een van de meest geschikte technieken om ze mee te bestuderen. In
de polarisatiemicroscoop bevindt het monster zich tussen twee polarisatieﬁlters, die
alleen licht doorlaten met één bepaalde polarisatierichting. Deze ﬁlters zijn gekruist
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ten opzichte van elkaar, waardoor er in principe geen licht wordt doorgelaten. Echter,
als zich tussen deze ﬁlters een dubbelbrekend materiaal bevindt, zoals een nematische
fase, draait de polarisatie van het licht en wordt de fase zichtbaar. Hoe groot de draaiing van de polarisatierichting van het licht is, hangt onder andere af van de golﬂengte
(kleur) van het licht en de mate van orde in het vloeibare kristal. Dit heeft prachtige
kleureﬀecten tot gevolg. Met behulp van een speciaal ﬁlter kunnen we ook de richting
bepalen van de deeltjes die het vloeibare kristal vormen.

Nematische druppels: vorm en structuur
Vloeistofdruppels, in het bijzonder waterdruppels, zijn een vertrouwde verschijning in
ons dagelijks leven. Zowel in de vorm van regen als condensdruppeltjes in de badkamer.
En wie heeft er nooit met verwondering de parelende dauwdruppels in een spinnenweb
bekeken? Ook wetenschappers worden al eeuwenlang geboeid door de eigenschappen
van druppels, en hoe deze met elkaar samenvloeien of juist opbreken. Met name die
laatste twee fenomenen begrijpen we eigenlijk nog maar ten dele.
Het hoofdthema van dit proefschrift is het bestuderen van druppels bestaande uit
vloeibaar kristal. In deel 2 richten we ons op druppels van de nematische fase. Deze
druppels, ook wel tactoı̈den genoemd, zijn interessant vanwege hun bijzondere eigenschappen: ze kunnen verschillende vormen aannemen en bezitten een kenmerkende
interne structuur. In combinatie met de dubbelbrekende eigenschap van het vloeibare
kristal levert dat bijzonder fraaie microscopiebeelden op. Zie bijvoorbeeld Figuur 1
en 2. Niet minder belangrijk is dat we door de druppels te bestuderen, belangrijke
eigenschappen van het vloeibare kristal kunnen bepalen.
Druppels van een gewone vloeistof, zoals water, zijn rond als gevolg van de grensvlakspanning. Het is voor een druppel gunstig om een zo klein mogelijk grensvlak te hebben
en dat resulteert in een bolvorm. De eigenschappen van een vloeibaar kristallijne druppel worden ook bepaald door de grensvlakspanning. Maar nu is de grensvlakspanning
afhankelijk van de oriëntatie van het vloeibare kristal ten opzichte van het grensvlak,
ook wel verankering genoemd. De mate waarin de grensvlakspanning afhankelijk is
van de verankering wordt aangegeven met de verankeringsterkte. In het geval van
plaatvormige deeltjes is de grensvlakspanning het laagst als de plaatjes plat op het
grensvlak liggen. Hiernaast speelt de structuur van het vloeibare kristal, oftewel het
directorveld, in de druppel een belangrijke rol. Een vervorming van een uniform directorveld kost energie. Deze eigenschap van het vloeibare kristal noemen we elasticiteit,
en de energietoename wordt bepaald door elastische constanten.
In een vloeibaar kristallijne druppel zijn de grensvlakspanning en de elasticiteit in
competitie met elkaar. Een ongedeformeerd, uniform directorveld is het meest gunstig,
maar heeft tot gevolg dat een groot deel van de deeltjes ongunstig ten opzichte van het
grensvlak staan. Omgekeerd, als de deeltjes perfect verankerd zijn aan het grensvlak,
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Figuur 1. Tactoı̈den zoals waargenomen m.b.v. de polarisatiemicroscoop met
daarnaast een schematische tekening van het daarvan afgeleide directorveld.
Grote tactoı̈den (links) zijn bolvormig en hebben een radieel director veld,
terwijl kleine tactoı̈den (rechts) lensvormig zijn met een uniform directorveld.
Het directorveld van de tactoı̈d rechts onderin is nog niet helemaal uniform.

moet het directorveld vervormen en dat kost elastische energie. Deze competitie leidt
tot een rijke verscheidenheid aan druppelvormen en -structuren, waarvan er een aantal
worden getoond in Figuur 1. In dit proefschrift laten we zien dat deze rijke verscheidenheid op basis van de hierboven beschreven competitie te begrijpen is. In het geval
van grote druppels wint de verankering aan het grensvlak het van de elasticiteit. Dit
leidt tot ronde druppels met een radieel directorveld en een puntdefect (egeldefect) in
het centrum. Voor kleine druppels is het juist de elasticiteit die wint en dit leidt tot
druppels met een uniform directorveld en een lensvorm. Afhankelijk van de verhouding tussen de verankeringsterkte en de grensvlakspanning heeft deze een afgeronde of
een scherpe rand. De overgang van een radieel naar een uniform directorveld vindt
plaats via een aantal tussenvormen die moeilijker te begrijpen zijn, maar met behulp
van verschillende elastische constanten verklaard kunnen worden. Op basis van deze
inzichten kunnen we door een gedetailleerde analyse van de tactoı̈deigenschappen als
functie van grootte, waarden bepalen voor de verhouding van de relevante elastische
constante en de verankeringsterkte en de verhouding van de verankeringsterkte en de
grensvlakspanning.
De gibbsietplaatjes die we in dit proefschrift bestuderen, reageren ook op de aanwezigheid van een magneetveld. De deeltjes gaan bij voorkeur met de korte as loodrecht op de veldrichting staan, wat vooral grote gevolgen heeft voor de tactoı̈den met een
radieel directorveld. Als alle plaatjes hun voorkeursrichting in het magneetveld zouden
aannemen, zou de verankering van een aanzienlijk deel van de plaatjes ongunstig zijn.
De druppel blijkt een compromis te vinden waarbij het directorveld zodanig vervormt
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dat zoveel mogelijk deeltjes de juiste verankering hebben en tegelijkertijd zoveel mogelijk deeltjes een gunstige oriëntatie ten opzichte van het magneetveld. Hierbij wordt
het puntdefect uitgerekt tot een speciaal lijndefect, ook wel gespleten-kerndefect genoemd. Bij nog hogere veldsterkten wordt de druppel daarnaast ook uitgerekt in de
richting van het magneetveld.
Ook hier hebben we een theoretisch model ontwikkeld om de waargenomen tactoı̈dvormen als functie van druppelgrootte en de magneetveldsterkte te kunnen verklaren. Daar
waar we voor de analyse van de tactoı̈deigenschappen verhoudingen van de elastische
constante en de verankeringsterkte en van de verankeringsterkte en de grensvlakspanning vonden, zijn we nu in staat deze waarden onafhankelijk te bepalen uit de experimenten.

Samenvloeiende en opbrekende nematische druppels
In deel 3 van dit proefschrift bestuderen we de samenvloeiı̈ng en het opbreken van
tactoı̈den en nematische slierten. Het blijkt dat de grootte en interne structuur van de
druppels een belangrijke rol speelt voor het verloop van deze processen. Opvallend is
dat daar waar in het geval van waterdruppels het opbreken en samenvloeien slechts een
fractie van een seconde duurt, het hier minuten tot zelfs uren kost. Daarom zijn we in
staat deze processen op relatief eenvoudige wijze in groot detail te bestuderen.
We bekijken allereerst hoe tactoı̈den samenvloeien met een reeds gevormde nematische fase. De tactoı̈den ontstaan als druppels in de ongeordende (isotrope) fase en dalen
of stijgen dan naar de nematische fase waarmee ze vervolgens samenvloeien. Bij kleine
druppels blijkt het samenvloeien vooral bepaald te worden door de vloei-eigenschappen
(viscositeit) van de isotrope fase. Als de druppel het grensvlak met de nematische fase
dicht is genaderd, blijft ertussen een heel dun laagje isotrope fase over dat steeds langzamer dunner wordt. Uiteindelijk breekt het ﬁlmpje, waarna de druppel daadwerkelijk
samenvloeit met de nematische fase. Dit fenomeen kunnen we ook waarnemen in het
dagelijks leven tijdens het koﬃezetten, wanneer koﬃedruppels soms een paar seconden
op het grensvlak blijven liggen. In het geval van vloeibaar kristallijne druppels duurt
het wel tot twee uur voordat het ﬁlmpje dun genoeg is dat het kan breken, wat te
verklaren is door de grote stroperigheid van de isotrope fase.
Grote druppels gedragen zich heel anders. Ze bewegen sneller naar het grensvlak
toe, en in tegenstelling tot de kleine druppels vertragen ze nauwelijks als ze dichtbij het
grensvlak komen. Ze breken door het grensvlak heen en rekken uit in de voortbewegingsrichting, en behouden daarbij voor een groot deel het oorspronkelijke directorveld.
Dit lijkt heel erg op het gedrag van een onmengbare druppel of luchtbel die het grensvlak
van twee vloeistoﬀen passeert. Waarschijnlijk zorgt de interne structuur van de druppel ervoor dat het lijkt alsof hij onmengbaar is met de nematische fase. Vervolgens
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Figuur 2. Twee tactoı̈den die achter elkaar aan omhoog bewegen en onder
ﬂinke vervorming met elkaar samenvloeien. Links een schematische tekening
van de tactoı̈den en rechts een tijdserie waargenomen met de polarisatiemicroscoop.

breekt de druppel in twee delen, één in de nematische fase en één aan het grensvlak,
die uiteindelijk allebei samenvloeien met de nematische fase.
Een ander interessant fenomeen is druppels die achter elkaar aan bewegen. Als de
achterste druppel groter is dan de eerste, zal hij de eerste inhalen en ermee samenvloeien.
We zien dat dit gepaard gaat met grote vervormingen van de druppels. De voorste
druppel wordt afgeplat, terwijl de achterste druppel juist uitrekt. Deze vervormingen
zijn te verklaren vanuit de stromingsvelden die beide druppels opwekken. We zien dan
ook dat hoe sneller de druppels bewegen, hoe groter de vervormingen worden.
Tot slot bekijken we in dit deel van het proefschrift hoe nematische slierten en druppels opbreken. Op de kaft van het proefschrift staat hiervan een voorbeeld afgebeeld.
Ook in dit geval blijkt de interne structuur van de sliert of druppel van grote invloed.
Als de druppel een uniform director veld heeft, verloopt het afbreken vergelijkbaar met
het afbreken van een heel erg stroperige vloeistof. Het dunner worden van het nekje dat
de druppels verbindt, gaat steeds sneller totdat de druppel uiteindelijk breekt. In het
geval van een (vervormd) radieel directorveld daarentegen, versnelt het dunner worden
eerst, maar als een bepaalde dikte is bereikt, komt het dunner worden bijna tot stilstand, waarna de druppel er alsnog vanaf breekt. Dit is waarschijnlijk te verklaren uit
het feit dat als de druppel afbreekt er een defect gevormd moet worden in de druppel
die loslaat.

Columnaire fase en druppels
We hebben gezien dat oplossingen van plaatvormige deeltjes vanaf een bepaalde concentratie een geordende, nematische fase vormen. Als we de concentratie deeltjes in
oplossing nog verder verhogen, neemt de orde toe en vormt zich de columnaire fase.
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Figuur 3. Links: Een polarisatiemicroscopiebeeld van een zee van columnaire
druppels tegen de achtergrond van een nematische fase. Rechts: Schematische
tekening (niet op schaal) van een columnaire druppel, opgebouwd uit korte
stapeltjes van plaatjes die hexagonaal geordend zijn.

Hierin hebben de deeltjes niet alleen orde qua oriëntatie, maar is ook hun positie gedeeltelijk geordend. De deeltjes vormen stapeltjes die op hun beurt in een hexagonaal
patroon geordend zijn. In het laatste deel van dit proefschrift bestuderen we druppels van de columnaire fase, waarvan een microscopiebeeld wordt getoond in Figuur 3.
Deze druppels blijken een heel platte vorm te hebben. Uit een nauwkeurige analyse
van de microscoopbeelden kunnen we aﬂeiden dat ze opgebouwd zijn uit relatief korte
stapeltjes van plaatjes die hexagonaal gerangschikt zijn, zoals schematisch weergegeven
in Figuur 3. Waarschijnlijk heeft deze vorm zijn oorsprong te danken aan stapeltjes van
plaatjes die zich ook al bevinden in de hoog geconcentreerde nematische fase waarin de
druppels ontstaan.
Als we de deeltjesconcentratie nog verder verhogen, komen de deeltjes in een glastoestand terecht, waarin ze geen bewegingsvrijheid meer hebben. Echter, het blijkt
dat er na lange tijd toch kleine gebiedjes met columnaire fase gevormd worden in deze
glastoestand. Waarschijnlijk spelen dezelfde korte stapeltjes plaatjes hierin ook een
belangrijke rol.
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