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2 1. General introduction

1.1. Colloids

A colloid is a particle with at least one dimension of the order of 1 nm – 1 μm.

Colloids are dispersed in a medium to form a stable system. The lower limit of this size

range is determined by the fact that the particles should be significantly larger than the

solvent molecules, so that the medium can be treated as a homogeneous background.

An important property of these particles is that they exhibit Brownian motion, which

gives the higher limit of the size range. Thermal fluctuations of the solvent molecules

make the particles move in a random way and prevent the particles to sediment quickly.

Brownian motion was observed for the first time by Robert Brown in 1827 [1], who

studied plant pollen in water. A theoretical explanation of this phenomenon was given

by Albert Einstein in 1905 [2] and an experimental verification followed by Jean Baptiste

Perrin [3, 4].

Colloids and the medium in which they are dispersed can be in the gas, liquid or

solid phase. Examples of colloidal systems are milk, paint, cream, clay, ink, blood, fog,

smoke, etc. Experimental and theoretical studies of colloidal dispersions can give new

insights in the behavior of all these systems.

Because of the similarities in the behavior of molecules or atoms and colloids, showing

for example all kinds of phase transitions, colloidal systems are also widely studied as

a model system [5, 6]. An advantage of colloids is that they are relatively large, so

that it is possible to visualize them with a microscope. Their size makes them also

slower and easier to follow. Furthermore, both the interactions between the colloids

and their size and shape can easily be tuned to be able to model different types of

systems. These interactions can usually be described by the so-called DLVO (Derjaguin-

Landau-Verweij-Overbeek) potential, which sums the Van der Waals attraction and

the electrostatic repulsion. For example, the electrostatic interaction can be tuned by

changing the pH of the dispersion, thereby modifying the surface charge, or by adding

salt to the dispersion, thereby screening the charges.

The relatively large size of colloids, and their density difference with the solvent,

causes sedimentation to play an important role in these systems. A sedimentation

profile develops and different phases can be observed in one sample. The higher order

phases, lower in the sample, will experience a higher osmotic pressure.

1.2. Liquid crystals

Spherical colloids can show different phases: the gas, liquid, crystal or glass phase [7].

Anisometric particles, however, can even show phases in between the liquid and the

crystal state. Because of their shape they can show orientational order together with

a possible positional order. When particles have orientational order and maximum 2D

positional order they are called liquid crystals. They combine properties of liquids and
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solids. A system with only orientational order is called nematic. A smectic phase com-

bines orientational order with a 1D positionally ordered layer structure with liquidlike

positional order within the layers. In a columnar phase columns are formed which ar-

range themselves in a regular way. Within the columns the structure is still liquidlike,

so there is 2D positional order.

Liquid crystal phases have special optical properties, like birefringence, which can be

tuned by applying external fields. This makes them suitable for display applications;

liquid crystal displays (LCDs) are widely used nowadays.

In 1888, botanical physiologist Reinitzer and physicist Lehmann noticed for the first

time that there was a state in between the liquid and the crystal state [8, 9]. They

studied various derivatives of cholesterol, which are now known as cholesteric liquid

crystals. These are examples of thermotropic liquid crystal, which form different phases

as a function of temperature. Another type of liquid crystals is called lyotropic, where

the concentration determines their state.

When colloidal particles form liquid crystals they are lyotropic. One type of colloidal

liquid crystals are mineral liquid crystals [10–12], which were recognized for the first

time by Zocher in 1925 [13]. He studied suspensions of vanadium pentoxide (V2O5)

which formed a nematic phase. Some other examples are California bentonite clay

(the first nematic phase of platelike particles found by Langmuir [14]), akagenite [15],

boehmite [16], gibbsite [17, 18] and layered double hydroxides [19].

A theoretical model for hard particles was developed in the 1940s by Onsager [20].

He described the transition from the disordered isotropic phase to the orientationally

ordered nematic phase in terms of the excluded volumes between the particles. Going

to the nematic phase the orientational entropy decreases, but at the same time the

free volume available for the particles increases. At a certain concentration the gain in

packing entropy will exceed the loss in orientational entropy and the system undergoes

an isotropic-nematic phase transition.

1.3. Goethite

Mineral liquid crystals have some advantages over molecular liquid crystals [11, 12].

These particles are electron rich and are therefore highly susceptible to external influ-

ences, like electric and magnetic fields. Furthermore, they are thermally stable and

also the liquid crystal phases remain stable over a wide range of temperatures. Finally,

some of these systems can be found in nature and are therefore very cheap.

One of the mineral liquid crystals that is extremely susceptible to an external mag-

netic field is goethite (α-FeOOH). It is named after Johann Wolfgang von Goethe, the

German philosopher and poet who was also a mineralogist. Goethite is an iron bearing

oxide mineral which can be found everywhere. It has been used as a pigment since

prehistoric times. Besides, goethite plays an important role in the migration of heavy
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metal cations and of certain anions in the natural environment and it is used as a

model adsorbent in soil science and in environmental science and technology [21]. Fur-

thermore, thermal reduction of goethite particles gives elongated metallic iron particles

which can be used as a magnetic carrier in magnetic recording systems [22].

The dispersed form of goethite has also been studied for a long time. In 1902,

Majorana examined the magnetic-field-induced birefringence of the “fer de Bravais”, a

mixture of various iron oxide and hydroxide particles in suspension, one of which was

goethite. He observed field-induced linear birefringence when applying a transverse

magnetic field to this dispersion [23]. This is now called the Majorana effect. The

analogous effect for molecular liquids is called the Couton-Mouton effect, named after

the scientists who discovered it a few years later [24]. These effects are different from

the earlier found Faraday effect, which is the occurrence of circular birefringence when

a magnetic field is applied along the optic axis [25].

Majorana, Cotton and Mouton also found some other intriguing behavior in the same

dispersion [26,27]. They observed a non-monotonical dependence of the birefringence on

the field intensity. A positive birefringence was measured in small fields, then it reached

a maximum after which it decreased again to reach even negative values. This effect

was attributed to the fact that the dispersion consisted of a mixture of iron oxide and

hydroxide particles, giving different contributions to the birefringence. About 100 years

later, Lemaire et al. studied the properties of pure goethite in dispersion. They found

that similar birefringence effects were also observed for this dispersion [28]. It turned

out that the boardlike goethite particles bear a weak permanent magnetic moment along

the long axis of the particles. This was not expected since goethite is antiferromagnetic,

containing opposite spin lattices, which completely compensate in the bulk crystal. In

crystallites of colloidal size there are probably uncompensated surface spins. Because

the magnetic easy axis of the particles is along the shortest dimension, a reorientation

of the particles is observed in a magnetic field. In a small field they are aligned along

the field, but in a large field they will reorient to have a perpendicular alignment.

A model for the magnetic energy of a goethite particle was developed, assuming that

the particles are rodlike [29]. This is a simplification since the particles are actually

boardlike with three different dimensions. If a particle is placed in a magnetic field B,

at an angle θ with respect to B, the magnetic energy Em per particle is given by

Em = −μB cos θ − ΔχV

2μ0

B2 cos2 θ (1.1)

with μ the permanent magnetic moment, Δχ = χ‖ − χ⊥ the magnetic susceptibility

anistropy, which is negative in this case, and V the volume of the particles. The first

term describes the interaction between the particle dipole and the field and the second

term the induced magnetization. In small fields, the first term dominates which has a

minimum at θ = 0 and the particles will indeed align parallel to the field. However,
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Figure 1.1. Plot of the magnetic energy of a goethite particle at an angle θ

with respect to a magnetic field B of 1 T.

in large fields the second term dominates which has its minimum at θ = π/2 and the

particles will align perpendicular to the field. The exact angle of π/2 will never be the

minimum in energy because the cos θ term will always have a larger contribution than

the cos2 θ close to π/2. In Figure 1.1 a plot is given of the two separate terms of Em and

the sum of the two in a field of 1 T. For the parameters, values measured for goethite

are used (see Chapter 9). The arrow indicates the energy minimum.

In more concentrated dispersions, this single-particle behavior couples to the in-

terparticle interaction and more complicated behavior arises especially within liquid

crystal phases. The reorientation behavior of colloidal goethite in dispersion has been

observed in the isotropic and nematic phase [28–30]. A columnar phase has also been

found in samples with a higher volume fraction of particles and a magnetic-field-induced

nematic-columnar phase transition can occur [31, 32]. The structure of the columnar

phase is centered rectangular (c2mm), which is a distorted form of the hexagonal colum-

nar phase. In our group, even a smectic A phase was found in these dispersions [33,34].

Surprisingly, this phase was present in a system with a length polydispersity of 55%.

Apparently, goethite dispersions form a versatile liquid crystal system.
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1.4. Outline of this thesis

In this thesis the liquid crystal phase behavior of colloidal goethite is described. Ex-

cept for the last chapter, we studied aqueous dispersions of charged goethite particles.

The main technique used for these studies is small-angle X-ray scattering (SAXS). In

Part 1, the general liquid crystal phase behavior is described with only gravity as an

external field. Chapter 2 focuses on the influence of polydispersity; fractionation and

sedimentation play an important role in these systems. In Chapter 3 it is shown that

specific particle dimensions can lead to biaxial phases. Clear experimental evidence is

given for the existence of these phases, which is still a highly debated issue in ther-

motropics. A closer look at the smectic A phase is taken in Chapter 4, where a detailed

analysis of the undulation fluctuations of the smectic layers is performed.

In Part 2, an external magnetic field is used to influence the phase behavior. Chapter

5 briefly describes the behavior of the different liquid crystal phases occurring in goethite

dispersions. A more detailed study of the smectic A phase in a field is performed in

Chapter 6, where a comparison is made between systems with different polydispersities.

In Chapter 7 it is shown that nematic-nematic phase separation can occur when a field

is applied around the critical field strength where the goethite particles reorient. The

phase separation process is studied over time, using polarization microscopy. Around

the isotropic-nematic interface also interesting behavior is observed when applying dif-

ferent field strengths to the system, as is shown in Chapter 8.

In the last part of this thesis (Part 3), different modified systems are studied. Chapter

9 describes the phase behavior of goethite modified with the elements Cr, Al and Co.

A study of the changes in magnetic properties is performed and also nematic-nematic

phase separation in a mixed system of normal and Al-goethite is studied. In Chapter

10 a new type of columnar structure, found in Cr-goethite, is discussed. This simple

rectangular columnar phase can also be switched to the centered columnar structure

using a magnetic field. Finally, Chapter 11 compares dispersions of charge stabilized

goethite particles with dispersions of sterically stabilized particles. Their phase behavior

is studied with and without an external magnetic field.



Part 1

Liquid crystal phase behavior of goethite





2
Influence of polydispersity on the liquid

crystal phase behavior

Abstract

The effect of fractionation on the phase behavior of colloidal goethite disper-
sions with different polydispersities (17%, 35% and 55% in length) has been
studied by small-angle X-ray scattering and transmission electron microscopy.
All systems show a nematic and smectic A phase. The occurrence of the latter
phase at such a high polydispersity is remarkable. It is shown that in the
highly polydisperse systems strong fractionation occurs, which is able to re-
duce the local length polydispersity by up to a factor of two. In addition, a
columnar phase was found, but only in the 35% and 55% polydisperse systems.
It seems that the columnar phase accommodates the particles that do not fit
into the smectic layers and, thus, reduces the length polydispersity within the
smectic phase even further. The fact that a columnar phase was not found
in the system of lowest polydispersity indicates that the smectic phase is the
most stable phase at higher concentrations.

9
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2.1. Introduction

Lyotropic mineral liquid crystals were found for the first time by Zocher in 1925 [13].

Although considerably more attention has been paid to organic liquid crystals, which

are well known for their applications like LCD screens, there is now renewed interest in

mineral liquid crystals [10,12]. Compared to organic liquid crystals they have enhanced

electrical, optical and magnetic properties, together with a better thermal stability [11].

An interesting example are colloidal dispersions of the mineral goethite (α-FeOOH).

Magneto-optical linear birefringence in iron oxide dispersions containing goethite was

already recognized by Majorana in 1902 [26] and further studied by Cotton and Mouton

in 1907 [24]. Lemaire et al. [28–32] revealed the nature of this behavior.

In contrast to highly monodisperse viruses [35–38], colloidal dispersions of synthetic

particles always have an inherent polydispersity. This polydispersity can sometimes

suppress the formation of ordered phases [39,40]. It was shown by computer simulations

on hard spherocylinders, in the limit of infinite aspect ratio, that a smectic phase

can only form if the length polydispersity is below 18% [41]. Above this terminal

polydispersity a columnar phase rather than a smectic phase is expected at high volume

fractions. A columnar phase can accommodate broader length distributions because

particles do not have to fit into layers.

There are, however, recent theories that show that there is an influence of fractiona-

tion in polydisperse systems. It was first shown for bidisperse systems that fractionation

occurs for isotropic-nematic phase separation in rod dispersions [20,42,43]. The longer

rods tend to orient first and already form a nematic phase while the shorter rods re-

main behind in the isotropic phase, which leads to a widened phase gap. Later, this was

demonstrated for continuous length distributions [44–47]. Fractionation was also pre-

dicted for crystallization of polydisperse spheres [48]. Different crystal phases can split

off with a narrower size distribution than the parent phase. A terminal polydispersity

still holds for each crystal phase but the total system can have a higher polydispersity.

The smectic and columnar phase have partial positional order and will probably fall in

between the case of isotropic-nematic phase separation and crystallization, the smectic

being particularly sensitive to the length distribution. In the context of small polydis-

persities the “universal law of fractionation” [of polydisperse particles partitioning over

any two different coexisting phases] formulated by Evans et al. [49] might be usefully

applied.

Since colloids are relatively large, sedimentation is also an important factor in these

systems. It was shown that the occurrence of multiple phases of monodisperse particles

in a single test tube [50] can partly be explained as a result of sedimentation [51].

Sedimentation also couples to fractionation, as was recently shown for polydisperse

colloidal van der Waals fluids [52].
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A smectic phase has been observed before in some dispersions of synthetic rodlike

colloidal particles with a low polydispersity [15, 53–55]. Recently, it was shown that

goethite particles can form a smectic phase in a highly (over 50%) polydisperse sys-

tem [33]. This was attributed to an interplay of sedimentation, fractionation and Brow-

nian motion. Furthermore, a columnar phase was found, together with the smectic

phase, which might act as a “waste disposal” for ill-fitting particles. Because of new

possibilities to make less polydisperse dispersions [34] it is now possible to study the

effect of polydispersity on the phase behavior of goethite in greater detail. In this

chapter the phase behavior of systems with different polydispersities is compared. A

detailed measurement was performed by transmission electron microscopy (TEM) and

in this way the real particle distributions at different heights in different phases could

be determined.

2.2. Experimental

2.2.1. Synthesis

Different synthesis methods were used to obtain systems with a variety of polydis-

persities, as was published earlier by Thies-Weesie et al. [34]. The systems with a high

polydispersity (g55 and g35) were obtained by hydrolysis of iron nitrate at high pH

according to Lemaire et al. [29]. 1 M NaOH (Acros, reagent ACS, pellets, 97+%) was

added dropwise, under stirring, to a 0.1 M iron nitrate (Fisher Scientific, p.a.) solution

until a pH of 11–12 was reached. The precipitate was aged for 9 days after which the

supernatant was removed and the sediment was washed two times with doubly distilled

(dd) water and 3 M HNO3 (Merck, p.a., 65%) to electrostatically charge the particles

by proton adsorption. After centrifuging and redispersing in dd water for three times

the particles were redispersed in dd water to obtain a stable dispersion in water at pH

3. The charge density at pH 3 is around 0.2 C m−2. To obtain a lower polydispersity

(g35) more centrifugation steps were used.

The system with the lowest polydispersity (g17) was obtained by a slightly adjusted

forced hydrolysis method described by Krehula et al. [21]. 25 mL of 25% TMAH

(tetramethyl ammonium hydroxide, Aldrich, 25% w/w in water) was added, under

vigorous stirring, to 70 mL of 0.16 M iron nitrate. The solution was aged for 12 days

at 100 ◦C. The obtained dispersion was centrifuged and stabilized as described above.

It is assumed that after many centrifugation steps the salt concentration is determined

by the H+ and charge-compensating NO−
3 concentrations. The Debye length is then 10

nm at most.

2.2.2. Characterization

Particle size distributions were determined by TEM using a Technai 10 and 12 (FEI

company) electron microscope. The particles have a more or less rectangular boardlike
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shape with three different dimensions: length L, width W , and thickness T . The

length and width of about 500 particles was measured with iTEM imaging software

to determine the average length 〈L〉 and width 〈W 〉 and their standard deviation δL

and δW . The length polydispersity is then defined as σL = δL/〈L〉. Also correlations

between the length and width were determined by measuring the length and width of

each particle together. The thickness was difficult to determine because most particles

lay on their largest-area side on the TEM grid. For each sample about 10-20 particle

thicknesses were measured.

Particle size distributions were also determined as a function of the height in the

capillary. To this end, capillaries were cut into small pieces after first freezing them in

liquid nitrogen. The pieces were put in small vials, after which water was added. The

particles were homogeneously dispersed by ultrasonication and the different fractions

were analyzed by TEM.

2.2.3. SAXS experiments

Samples with different volume fractions were prepared in flat glass capillaries (Vitro-

Com RT3524) with internal dimensions of 0.2 ×4.0 × 100 mm3. The capillaries were

closed with two-component epoxy glue (Bison Kombi rapide) and kept in a vertical po-

sition to allow the establishment of the sedimentation equilibrium profile. The samples

of the g55 system were made in November 2003, the ones of the g35 in January 2004 and

of g17 in December 2004. To study the liquid crystalline phase behavior as a function

of polydispersity and time, small-angle X-ray scattering (SAXS) measurements were

performed. These measurements were conducted at the BM26 DUBBLE beamline of

the European Synchrotron Radiation Facility (ESRF, Grenoble, France) [56] in Febru-

ary 2004 and November 2006. In 2006 the microradian resolution setup was used [57].

In this setup, diffraction of a 13 keV X-ray beam is registered at 8 m distance by a

two-dimensional CCD detector (Photonic Science, 4008×2671 pixels of 22 μm2). To

improve the resolution, the beam was focused by a set of compound refractive lenses (in

this case 7 beryllium lenses) installed in front of the sample. The beam diameter at the

sample position was about 0.5 mm. This setup allows achieving an angular resolution

of the order of a few microradians, which is sufficient for collecting detailed information

on periods of the order of the length of the particles used here.

To be able to calculate distances from the scattering patterns calibration samples

were measured. In 2004 a dry rat tail collagen was used as the calibration sample and

in 2006 a wet rat tail collagen and a 4.2 μm grid were used. The two calibration samples

of 2006 gave nearly identical results and therefore the calibration of 2006 is taken as

the most reliable. Comparing the same sample in 2004 and 2006 there is a difference

of about 5-10%. For a better comparison the measurements of 2004 are scaled on the

measurements of 2006 by using a scaling factor based on this average difference.
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Table 2.1. Goethite particle dimensions

System 〈L〉 (nm) σL (%) 〈W 〉 (nm) σW (%) 〈T 〉 (nm) 〈L〉/〈W 〉
g55 216 55 35 48 ∼16 6.2

g35 282 35 68 32 ∼25 4.1

g17 220 17 62 29 ∼23 3.5

2.3. Results and discussion

The particle dimensions of the systems used are shown in Table 2.1.

As was shown before [33,34], systems with a high polydispersity (g35, g55) show rich

phase behavior. An isotropic (I), nematic (N), smectic A (SmA) and columnar (C)

phase were found together in samples at a range of (initial) volume fractions (5-10%

for g35 and 8-18% for g55). Here, we present a more detailed study of these systems.

In Figure 2.1a an example is shown of the SAXS pattern of coexisting smectic and

columnar phases which are observed low in the samples. The sharp scattering at a

small angle corresponds to the smectic periodicity and the broad scattering peak, origi-

nating from the liquidlike interactions within the smectic layers, can be seen as a broad

shoulder under the sharper columnar peak around q = 0.08 nm−1. The columnar phase

is recognized by the powderlike sharp scattering rings. Because there are columnar

domains with slightly different q-values, the integrated intensity profile shows broader

peaks than expected for a columnar phase. In the inset of Figure 2.1c a sharper peak

is shown originating from only one of the domains. These sharp peaks originate from

a distorted-hexagonal intercolumnar structure (c2mm symmetry group) [31] and cor-

respond here to distances of about 80 and 50 nm. This gives unit cell parameters of

100 × 133 nm with two particles per unit cell. Comparing this with the average width

(68 nm) and thickness (25 nm) it is clear that there is a lot of free space between

the columns, although the fact that the columnar phase exhibits a distorted hexago-

nal structure proves that the two smallest particle dimensions are not equivalent and

that the particles are not able to rotate freely around their long axis in this columnar

structure.

The occurrence of a smectic phase in highly polydisperse systems seems to be in

contradiction with the terminal length polydispersity of 18% found for the smectic

phase by simulations on hard spherocylinders [41]. The boardlike goethite particles are

compared with spherocylinder models because there is hardly any literature on particles

with this exact shape. The difference in shape does not seem to be too important in

the case of a smectic phase where the length polydispersity should be dominant. The

smectic phase found was rationalized earlier by the interplay between sedimentation

and fractionation [33]. Furthermore, it is possible that particles that do not fit into the
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Figure 2.1. (a) SAXS pattern showing a coexisting smectic A and columnar
phase (g35), (b) SAXS pattern of a single smectic A phase (g17), and (c) the
integrated intensity profile of the pattern in (a) with a slice through one of the
columnar domains shown in the inset. The scale bar is 0.05 nm−1.

smectic phase are expelled and form a columnar phase, where particles with different

lengths are allowed.

In the system with a low polydispersity (g17) only an isotropic, nematic and smectic

A phase were found. The scattering pattern of the single smectic phase is shown in

Figure 2.1b. No columnar phase was observed in any of the samples, at least up till

a volume fraction of 14% and after standing for several years. In the highly polydis-

perse systems a columnar phase was already found at far lower volume fractions. This

strengthens the idea of the columnar phase acting as a “waste disposal” for ill-fitting

particles which is not needed for a system of low polydispersity. To gain deeper insight

in this interesting phase behavior a more detailed analysis was done.



2.3. Results and discussion 15

C
ou

nt
s

160

6005004003002001000
0

20

40

60

80

100

120

140

Length (nm)

g55
g35
g17
Smectic period

S17

S55

35

Figure 2.2. Length distributions of the parent suspensions of the g17, g35
and g55 systems. “S” indicates the period of the smectic phase as measured

in 2006.

2.3.1. Fractionation

The small-angle smectic peaks originating from the periodicity of the layers give an

indication of the length of the particles. This smectic periodicity is compared with the

parent length distributions, measured by TEM, of the different systems, which can be

seen in Figure 2.2. The periodicity lies in the large distance tail of the length distribution

for the systems with a high polydispersity. The ratio of the smectic periodicity from

SAXS and the average length measured by TEM gives an indication of the extent of

the fractionation. This ratio reduces from 1.85 for the g55 system to 1.40 for the g35

system. For the system of lowest polydispersity (g17) the smectic periodicity is close to

the average particle size (ratio of 1.14). Thus, for a more polydisperse system a stronger

fractionation occurs.

Monte Carlo simulations of monodisperse hard spherocylinders have been done and

the ratio between the periodicity of the smectic layers and the particle length which

was found varied from 1.03 [58] to 1.27 [59]. A problem in calculating this ratio is the

occurrence of particles in between the smectic layers with an orientation which is more

or less perpendicular to the particles in the layers [58,60]. Experiments on TMV found

a factor of 1.12 [61]. The TMV particles are charged as are our particles. The ratio of

the g17 system is close to that of the monodisperse TMV suggesting that hardly any
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fractionation occurs.

High polydispersity. A more detailed analysis of the fractionation was done by TEM

analysis of a capillary of the g55 system with an initial volume fraction of 8% instead of

16% which was used for the SAXS analysis. The average length and width, with their

polydispersities, of fractions at different heights in the sample are shown in Table 2.2. It

can be seen that the average length drastically increases to the bottom of the capillary,

indicating fractionation during sedimentation.

As indicated before, fractionation has already been predicted theoretically for isotro-

pic-nematic phase separation in rod dispersions [20, 42–47]. We find that the polydis-

persity of the nematic phase is substantially lower compared to the isotropic phase. It

was observed before that the polydispersity of coexisting isotropic and nematic phases

in dispersions of natural clay rods is lower than that of the original dispersion [62].

In our case additional smectic and columnar phases form from the large particles of

the nematic phase mainly, thereby further decreasing the polydispersity of the nematic

phase.

Interesting is the more or less constant particle length within the smectic region, while

the polydispersity is lowest in the part where only a smectic phase occurs. The part

where the smectic phase is coexisting with a columnar phase has a higher polydispersity,

consistent with the notion that the columnar phase can accommodate particles that do

not fit into the smectic layers. This can also be seen in the length distributions of some

of the fractions, corresponding to different phases (Figure 2.3). The distribution of the

fraction of the pure smectic phase is the narrowest, although it still contains quite some

shorter particles. It can be seen that the largest difference between the pure smectic

phase and the coexisting smectic and columnar phase is in the presence of very long

(∼600 nm) particles in the latter phase. Presumably, these largest particles cannot fit

into the smectic layers but can be accommodated in the columnar phase.

The length polydispersity of 28% in the smectic phase still exceeds 18%, as was

found in simulations [41]. There are some factors that might contribute to this. The

breaking of the capillary is not very accurate, the breaking line was not always straight

and precisely where it was supposed to be. In the 2.5 mm of the capillary which was

used for the TEM analysis a change in the smectic periodicity of about 3% was found

from SAXS. This of course increases the polydispersity found by TEM. Furthermore,

the simulations were done for hard spherocylinders with infinite aspect ratio and these

are soft-repulsive boardlike particles with an aspect ratio (〈L〉/〈W 〉) of 6.2. Finally,

in the simulations the distribution of the length of the particles is Gaussian and thus

symmetric. It is clear from Figure 2.2 that the distribution of the g55 system is not

symmetric and the smectic distribution (Figure 2.3) has a tail at small lengths, which

would influence the simulation results.
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Table 2.2. Average length and width of goethite particles as a function of
height for the g55 system.

Fraction Distance from Phase 〈L〉 σL 〈W 〉 σW 〈L〉/〈W 〉
the bottom (mm) (nm) (%) (nm) (%)

10 41.5 - 55.0 I 132 47 28 47 4.7

9 30.0 - 41.5 I 190 39 35 40 5.4

8 21.5 - 30.0 N 228 33 40 39 5.7

7 18.0 - 21.5 N 268 33 46 40 5.8

6 15.5 - 18.0 N 304 30 52 35 5.8

5 11.5 - 15.5 N 311 30 53 36 5.9

4 9.0 - 11.5 SmA + N 332 30 54 41 6.1

3 6.5 - 9.0 SmA 361 28 57 35 6.3

2 3.5 - 6.5 C+SmA 364 33 54 54 6.7

1 0 - 3.5 C+SmA 359 36 58 42 6.2
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Figure 2.3. Length distributions of the fractions f1 (C+SmA), f3 (SmA), f7
(N) and f10 (I) of the g55 system.
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For the average width the same trend was found as for the average length; the

width increases going towards the bottom of the capillary. The lowest polydispersity

is also found within the same range as for the length, although it is not expected to

be important for the formation of a smectic phase. It seems that the length and width

of the particles are strongly coupled - longer particles are also wider - although overall

the fractionation in width is less pronounced than in length.

It is expected that the width polydispersity has a negative influence on the formation

of a columnar phase, but this cannot be seen in these data. The columnar phase is

always accompanied by a smectic phase and therefore it is not possible to know the

width polydispersity in the columnar phase only. Furthermore, the particles are not

rodlike but boardlike which makes the situation more complicated. Finally, a relatively

large influence of the double layer can contribute to the accommodation of a higher

width polydispersity.

To determine the thickness only about 10-20 particles could be measured so it is not

possible to get good statistics out of it. A significant difference was only found for the

two fractions in the isotropic phase: 8 and 13 nm compared to 20-24 nm for the other

fractions. It is clear that there is a large difference in the volume of the particles going

from the top to the bottom of the sample (30 · 103 − 500 · 103 nm3). This corresponds

to a variation of the gravitational length (lg) from 4.3 mm to 0.26 mm. Here, we define

lg as

lg =
kBT

gΔρ〈L〉〈W 〉〈T 〉 (2.1)

where kBT is the thermal energy, Δρ the mass density difference between goethite and

water, and g the gravitational acceleration.

The aspect ratio (〈L〉/〈W 〉) increases from 4.7 to 6.7 going down in the capillary

with a more or less constant value in the nematic phase. In Figure 2.4a the individual

aspect ratio (L/W ) is shown as a function of the length of the particles for some of the

fractions. It can be seen that the aspect ratio of the particles increases with the length

of the particles. Fractionation can be clearly observed, the different fractions having a

different average aspect ratio. Particles with a higher aspect ratio form more ordered

phases. This is expected because they gain more free volume by aligning in ordered

phases. Particles with a higher aspect ratio are also longer, so there is also fractionation

in length.

A similar analysis of fractionation has been done for sepiolite clay [62]. Fractionation

in the length of the particles was found in the coexisting isotropic and nematic phases,

but no fractionation in width was observed. There are some differences between the se-

piolite and goethite system that might explain this difference. Sepiolite is a natural clay

as opposed to the synthetic goethite. The lengths and widths of the sepiolite particles

appear to be uncorrelated which is not the case for the goethite particles (Figure 2.4a).
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Figure 2.4. Aspect ratio (L/W) as a function of length of fractions of the
g55 (a) and g17 (b) systems.

Furthermore, the width polydispersity of the sepiolite particles is small (15%) compared

to that of the goethite particles studied here (48%).

Low polydispersity. The same TEM analysis was done for a capillary of the g17 system.

It can be seen from Table 2.3 that there is a slight increase in the particle length going

down the capillary, but there is no difference in the polydispersity. Figure 2.5 shows

that the length distributions of the lowest and highest fraction have the same shape;

they are only slightly shifted. For the g55 system the differences in length and length
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Table 2.3. Average length of goethite particles as a function of height for the
g17 system.

Fraction Distance from Phase 〈L〉 σL 〈W 〉 σW 〈L〉/〈W 〉
the bottom (mm) (nm) (%) (nm) (%)

6 20.5 - 24 I 204 15 57 22 3.6

5 17.5 - 20.5 I + N 213 15 61 20 3.5

4 13.5 - 17.5 N 212 17 60 25 3.5

3 10.5 - 13.5 SmA 219 15 63 23 3.5

2 7.5 - 10.5 SmA 221 15 66 22 3.3

1 0 - 7.5 SmA 224 15 66 22 3.4

distribution were much larger (see Figure 2.3). This means that fractionation is much

less pronounced for the goethite system of lowest polydispersity compared to highly

polydisperse goethite.

It is important to point out that not only the width but also the symmetry of the

parent length distribution plays a role here [49]. A wider parent distribution gives rise

to a larger difference between the average values of the daughter distributions, which

is the case for our systems. Furthermore, a more asymmetrical distribution gives rise

to a larger difference between the widths of the daughter distributions. The system

with the lowest polydispersity is also the most symmetrical one, and the daughter

distributions indeed have the same polydispersity, in accordance with the “universal

law of fractionation” proposed by Evans et al. [49].

For the width the same trend was found as for the length: a little increase in the

average width going down the sample and a more or less constant polydispersity. The

aspect ratio (〈L/W 〉) stays approximately the same over the whole sample. It can be

seen in Figure 2.4b that the aspect ratio (L/W ) is on average the same for all particles,

so the small and large particles have the same shape. This is clearly different from the

g55 system (Figure 2.4a).

2.3.2. Influence of time

The changes in time give valuable information about the process of phase separation.

In the first few months after preparation already some changes could be seen. The lower

initial volume fraction (∼10%) capillaries showed isotropic-nematic phase separation

within a day, but it took several months to observe the development of a smectic and

columnar phase. This indicates that particles slowly sediment and fractionate and

then phase separate. The capillaries with a higher initial volume fraction (∼16%)

showed a smectic and columnar phase already after a week. In this case it seems that

fractionation and sedimentation-induced macroscopic separation, which are associated
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Figure 2.5. Length distributions of the fractions f1 (SmA) and f6 (I) of the
g17 system.

with the isotropic-nematic phase transition, help to create circumstances to form a

smectic phase within a week. It is clear that for both processes Brownian motion is

important, which is facilitated by the electric double layer around the particles.

One of the g55 samples, with an initial volume fraction of 16%, has been measured

by SAXS several times now. The first measurement of February 2004 (partly published

in reference [33]) is compared with the measurement of November 2006. The smectic

and nematic distances at a small angle, which give an indication of the particle length,

are calculated from their q-values. The calibration of 2006 is taken as the most reliable

one. Therefore the measurements of 2004 are scaled on the ones of 2006 as described

in Section 2.2.3.

It can be seen in Figure 2.6 that in 2004, when the sample was 3 months old, there

is a gradual increase in the distance going towards the bottom of the capillary. This

is caused by a faster sedimentation of larger particles. In 2006, however, there are two

regions with a more or less constant distance and a jump in the distance in between.

This indicates a strong fractionation which makes it possible to form a much larger

smectic phase. Down in the sample the smectic phase is accompanied by a columnar

phase for the ill-fitting particles but higher in the sample even a pure smectic phase with

a constant smectic periodicity has evolved at the height where previously a nematic

phase was predominantly observed. This means that particles remain highly mobile
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Figure 2.6. Small-angle peak distances of the g55 system.

so that in time continuous rearrangement of the particles occurs, causing a stronger

fractionation and the growth of a pure smectic phase. The smectic phase might act as

a kind of template for further growing this phase while retaining the same periodicity.

For the SAXS analysis described above, a capillary with an initial volume fraction of

16% was used which might not seem justified to be compared with the capillary used for

the TEM analysis (initial volume fraction of 8%). Initially different liquid crystalline

phases are observed, but in time similar behavior is observed. In both capillaries a

smectic phase appears at a height where a nematic phase was observed before.

For the columnar distances in November 2006 there is also a small difference in the

distances but it is less than for the smectic phase. The larger angle columnar peaks

show a 4% increase in the distance going down in the capillary and the smaller angle

peaks 8%, compared to 13% for the smectic phase. An explanation might be that the

double layer of the particles is more important for the width and the thickness than

for the length. Therefore, less influence of the differences in width and thickness of the

particles is expected on the distances between the columns.

Small-angle distances were also measured in November 2006 for the g17 system (Fig-

ure 2.7). A more or less constant distance is found, in agreement with the constant

particle length measured with TEM. The slight increase in distance going up in the
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sample might be counterintuitive because slightly smaller particles are expected there.

This is probably caused by the higher osmotic pressure lower in the sample, which

pushes the particles closer together, resulting in a smaller smectic periodicity.

2.4. Conclusions

Polydisperse (35% and 55%) dispersions of goethite form an isotropic, nematic, smec-

tic A and columnar phase. The occurrence of a smectic phase is surprising because the

terminal polydispersity to form a smectic phase was found to be 18% in simulations of

hard spherocylinders. It was found by analysis of SAXS data and TEM measurements

that sedimentation and fractionation play an important role. Regions within the sample

were found with a length polydispersity almost twice as low as for the parent sample

where the smectic phase was observed. Not only the average length increases going

down the sample but also the aspect ratio. Furthermore, the width polydispersity does

not hinder the formation of a columnar phase, presumably because of the double layers

and unequal width and thickness of the particles.

It is remarkable that over a few years large changes occur in the samples. Frac-

tionation is getting more pronounced in time and a pure smectic phase is evolving.
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Brownian rearrangement of particles is happening for a long time which means that

particles remain highly mobile due to the double layer surrounding the particles.

The development of a pure smectic phase with a constant periodicity over about

5 mm of the sample is also remarkable. It might be possible that the smectic phase

itself acts as a template for the new layers that form on top of it, although the smectic

phase is mostly oriented with the particles along the capillary and whole new layers can

form on top of the old one. Therefore, at first sight there is no clear reason why the

periodicity should remain constant over such a large distance.

In samples with a low polydispersity (17%) also isotropic, nematic and smectic A

phases were found, but never a columnar phase. A columnar phase can accommodate

particles with different lengths and therefore it is thought to act as a “waste disposal”

for particles that do not fit into the smectic layers. This indicates that the smectic phase

is the most stable phase and a columnar phase is only formed if the polydispersity does

not allow the smectic phase to form.

A recently published new method for the synthesis of goethite nanotubes gives more

monodisperse particles, with tunable dimensions [63]. This probably gives a nice model

system for a further study of the phase behavior of monodisperse goethite.
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3
Biaxial liquid crystal phases

Abstract

Dispersions of boardlike goethite particles with short-range repulsive interac-
tion form a versatile colloidal model system, showing a nematic, smectic A and
columnar phase. In high magnetic fields a biaxial nematic phase is induced
with the shortest dimension of the particles aligned along the field. Moreover,
if particles have a shape almost exactly in between rodlike and platelike they
can spontaneously, without external magnetic field, form biaxial nematic and
biaxial smectic A phases, which is in accordance with theoretical predictions.
The macroscopic domains were oriented by a magnetic field and their structure
was revealed by small-angle X-ray scattering. Our results suggest that biaxial
phases can be readily obtained by a proper choice of the particle shape.

25
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3.1. Introduction

3.1.1. Biaxial phases

It is now 30 years ago that Yu and Saupe reported the first experimental observation

of a biaxial nematic (Nb) phase, which was made in a micellar system [64]. The Nb

phase is a modification of the usual (uniaxial) nematic (Nu) phase. In the Nu phase a

spontaneous orientation of the main particle axis occurs: either the long particle axis

in rodlike systems or the short particle axis in platelike systems. Biaxiality occurs if

particles also orient along a second axis perpendicular to their main orientation, as is

shown in Figure 3.1b and c. The Nb phase has potential advantages for the use in

electro-optical applications, like flat-screen TV sets [65]. Currently, an Nu phase is

used, which can be realigned using a small electric field. An Nb phase has the potential

advantage that both molecular axes are aligned instead of one. If the long axis can be

fixed, faster switching between different birefringent states is possible by rotating the

short axes [66]. Interesting in this respect can also be a ferroelectric nematic liquid

crystal, where the transverse dipoles of molecules can be aligned coherently to produce

a large overall polarization [67–69].

Freiser was the first to predict the existence of an Nb phase in 1970 [70], and a

few years later theoretical phase diagrams were published [71, 72]. From then on, a

large amount of theoretical work and many computer simulations have been devoted

to the Nb phase [73–79]. A simulated phase diagram is shown in Figure 3.2 [74]. It has

been shown that a biaxial phase is expected to be found for molecules with a shape

exactly in between rodlike and platelike, so when L/W � W/T (with L, W and T the

length, width and thickness). A full phase diagram, including other (liquid) crystalline

phases, was given by Taylor and Herzfeld and they found that the formation of a biaxial

layerlike smectic phase strongly competes with the Nb phase [75]. Incorporating length

polydispersity destabilizes the smectic phase and might reduce this effect [76].

Another possibility to obtain a biaxial nematic phase is by using a mixture of rodlike

and platelike particles. This was already shown theoretically in 1973 [80] and has

recently also been observed with computer simulations [81]. The difficulty here is the

usually more favourable demixing into two uniaxial phases, one rich in rods and the

other rich in plates [82–85].

For almost 40 years, there has been a search for biaxiality in liquid crystalline phases.

The very few examples found so far are still debated and involve complicated interac-

tions and complex (molecular) shapes [64,65,86–91]. For the classical lyotropic micellar

system of Yu and Saupe [64] different suggestions have been raised about the nature

of this biaxial phase. A difficulty is that micelles are adaptive systems where parti-

cle shape and phase symmetry mutually influence each other. At first it was thought

that a mixture of rodlike and platelike micelles induced the Nb phase, but later it was
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Figure 3.2. Simulated phase diagram of a hard fluid of biaxial ellipsoids, with
y = W/T and L/T = 10, redrawn from [74].

revealed that the micelles actually have a biaxial shape themselves [86]. It took until

2004 before seemingly conclusive evidence was found for the presence of an Nb phase

in thermotropic liquid crystals [87, 88]. Yet, there is still an ongoing heated debate

about this subject [65,89–91], since it turns out to be very difficult to prove biaxiality.

Recently, the existence of Nb phases in bent-core molecular systems was questioned

again [92,93]. In particular, it was suggested that the “biaxial nematic” X-ray patterns

are actually caused by smectic C type fluctuations in the nematic phase.
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A biaxial smectic A (SmAb) phase was found for the first time in a side-chain polymer

system that was aligned by a magnetic field [94]. Without alignment in an external

field the phase was also found, for example using bent-core molecules in an anisotropic

medium [95] and in a binary mixture of a boardlike metallomesogen with trinitrofluo-

renone [96].

3.1.2. Colloidal liquid crystals

Apart from the extensively studied molecular liquid crystals, anisometric colloids

can also form lyotropic liquid crystal phases when dispersed in a liquid [10–12]. These

systems have some advantages like their enhanced susceptibility to external fields [24,

26, 97–99]. Secondly, they are less sensitive to temperature changes and have a good

thermal stability. Furthermore, they can be very cheap because some of them can even

be found in a natural form. As a model system these particles are interesting because

of their relatively large size, tunable shape and adjustable interactions.

In lyotropic systems a perfect anchoring is usually difficult to realize, making it

hard to obtain large domains of a certain orientation. For some colloidal particles

the magnetic properties can be used to overcome this problem, since already a small

magnetic field can align the domains along the field direction.

Colloidal particles usually have a relatively high density, so that sedimentation effects

play an important role in their phase behavior [51]. Leaving these dispersions in a

vertical position, a sedimentation equilibrium profile will form and a density gradient

is observed. Furthermore, fractionation will occur in these inherently polydisperse

systems. These factors make it possible to have several liquid crystal phases within one

sample, as was observed, for example, in gibbsite and goethite dispersions [33,50,100].

3.1.3. Colloidal biaxial phases

The examples of molecular biaxial phases mentioned previously have different types

of interactions and either an ill-controlled or complex shape, making a comparison with

theory rather difficult. Colloidal liquid crystalline particles are potentially interesting

in this respect because they can be synthesized in different shapes and have short-

range repulsive interactions. Although most attention has been paid to rodlike or

platelike particles, boardlike colloids can also be obtained. These boardlike particles are

promising because - as we have indicated - theory and simulations suggest that a biaxial

nematic phase can be formed if particles have dimensions L/W � W/T [71, 72,74].

In colloidal systems a biaxial nematic gel state was observed for vanadium pentoxide

(V2O5) [101]. These fairly rigid particles have a ribbon structure which is closely related

to that of bulk crystalline (orthorhombic) V2O5 [102]. The ribbons are well-defined

bilayers of single V2O5 layers made of square pyramidal VO5 units. These slabs are

separated by water molecules and stack along the z-axis of a monoclinic unit cell.

Particles of 250 × 25 × 1 nm were used to study the biaxiality of the nematic phase.
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A dispersion of these particles was studied in a Couette shear cell which produces an

intrinsically biaxial shear. Small-angle X-ray scattering (SAXS) was used to study the

organization of the ribbons, by sending X-rays either radially, through the centre of

the cell, or tangentially, through the gap between the cylinders. The combination of

these two perpendicular cuts in reciprocal space provided a complete description of the

symmetry of the structure. At volume fractions larger than 4% both configurations

led to anisotropic SAXS patterns, which demonstrates the biaxial nematic symmetry.

When the shear flow was stopped the biaxial orientation did not relax within hours

after stopping the shear. However, this nematic phase is a gel so the biaxial alignment

of the ribbons may have been induced by the shear and then trapped in the gel.

Another good candidate to show a biaxial phase is goethite which is a versatile

mineral liquid crystal, already known to readily form nematic, columnar and smectic

phases [28, 31, 33]. These particles have a boardlike shape (Figure 3.1a) and by tuning

the experimental conditions during synthesis we were able to make systems with a range

of particle dimensions [34], one of them with L/W = 3.1 and W/T = 3.0. This is close

to the condition L/W � W/T where biaxial phases are to be expected.

3.2. Experimental methods

3.2.1. Synthesis

The systems g17, g35 and g55 systems were obtained as described in Section 2.2.1.

The biaxial system was obtained in almost the same way as the g35 and g55 systems.

The aging time was 14 days and for centrifugation a larger volume was used [103].

Particle size distributions were determined TEM as described in Section 2.2.2. For

the biaxial system 150 particle thicknesses were measured instead of only 20 for the

other systems.

3.2.2. Small-angle X-ray scattering

Sample preparation is described in Section 2.2.3. Of the biaxial system, Capillary 1

(initial volume fraction of 7.5%) was made in December 2004 and Capillary 2 (initial

volume fraction of 10.6%) was made in January 2006. Due to slow evaporation, the

overall volume fractions had increased to 13.5% and 25.6%, respectively, at the time of

the measurements.

To study the liquid crystalline phase behavior, SAXS measurements were performed.

For thermotropic systems the main technique to prove biaxiality is NMR, but this tech-

nique cannot be used here because the system is sensitive even to low fields and at

fields above 250 mT the system changes dramatically (see Section 3.3). The SAXS

measurements were performed at the BM26 DUBBLE beamline [56], using the micro-

radian resolution setup [57], and at the ID02 High Brilliance beamline of the European

Synchrotron Radiation Facility (ESRF, Grenoble, France) [104]. A variable permanent
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magnet (from the ID02 beamline) was used, which could reach a magnetic field of up to

1.5 T. Two stacks of NdFeB permanent magnets generated the field and the distance

between them could be adjusted to reach the desired field strength. Different stacks

were available, one set giving a field perpendicular to the X-ray beam and another set

a field parallel to the X-ray beam. So, by changing the stacks the direction of the

magnetic field could also be altered.

3.3. Magnetic properties and induced biaxiality

Besides their rich liquid crystalline phase behavior, goethite particles also have pecu-

liar magnetic properties. A non-monotonic field-dependence of the birefringence in iron

oxide dispersions containing goethite was already recognized by Majorana in 1902 [26]

and further studied by Cotton and Mouton in 1907 [24]. The birefringence started

positive, reached a maximum value, and then decreased to reach even negative values.

It turned out that one of the components in their samples was goethite.

Bulk goethite is antiferromagnetic. The structure consists of double chains of oc-

tahedra occupied by iron atoms. Within a chain their spins are parallel, but there is

an antiferromagnetic coupling between neighbouring chains. The Néel temperature de-

pends on the size of the particles and varies between 325 and 400 K [29]. The magnetic

easy axis of magnetic susceptibility tensor
↔
χ lies along the shortest particle dimension.

Besides that, goethite nanorods also have a weak permanent magnetic moment �μ along

the long axis of the particles. This is presumably caused by non-compensated surface

spins. The magnetic energy per particle in a magnetic field �B is given by [29]

Em = −�μ · �B − V

2μ0

�B · ↔χ · �B (3.1)

with V the particle volume [29]. The first term is the interaction between the particle

dipole and the field and the second term is due to the induced magnetization.

In a small field, the first term dominates, which has a minimum when the particles are

aligned along the field. On the contrary, the second term dominates at large fields when

the energy reaches its minimum when the particles are aligned perpendicular to the field.

Therefore, particles will align parallel to a small magnetic field, but perpendicular to a

large magnetic field (> 300 mT).

These goethite particles have a Frederiks transition at very low fields. Samples held in

20 �m thick flat capillaries aligned beyond a field threshold of only 20 ± 5 mT [28]. This

field intensity is 50 times lower than expected for tobacco mosaic virus (TMV) [105] or in

V2O5 suspensions [97]. It is about 25 times lower than observed for usual thermotropic

liquid crystals [106].

It was found that in large fields, when the particles are oriented perpendicular to

the field, the nematic phase actually becomes biaxial [30]. This was found by birefrin-

gence measurements starting with a homeotropically aligned nematic sample. A field
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B = 0.1 T B = 1.3 T

Figure 3.3. SAXS patterns of the nematic phase of goethite in a magnetic
field. The scale bar is 0.05 nm−1.

above the reorientation threshold was applied within the plane of the capillary. Large

homeotropic domains grew and they displayed a weak birefringence that increased with

the field intensity. If the nematic phase is uniaxial there should be no birefringence,

which implies that this nematic phase is biaxial. It was shown that the thinnest dimen-

sion of the particles aligns along the field. This reveals that main component of
↔
χ in

Equation (3.1) is along the particle short axis.

The induced biaxial nematic phase was also observed with SAXS [107]. Going from

a small to a large magnetic field, not only the peak orientations changed by 90 degrees

because of particle reorientation, but also the peak positions changed. The liquidlike

nematic peaks shifted to a larger angle (from 0.069 nm−1 to 0.086 nm−1) going from

a small to a large magnetic field (Figure 3.3). This indicates smaller distances in the

direction of the field compared to the distances found for the uniaxial nematic phase

in a small field. This confirms that the smallest dimension of the particles aligns along

the field in large magnetic fields and that the phase is biaxial.

3.4. Biaxial correlations

Because of their boardlike shape, goethite particles are potential candidates to form

biaxial phases even without an external magnetic field. In the g55 system (Table 3.1)

there is a large difference between the L/W and W/T ratios and no biaxial phase was

found in this system. The g35 has dimensions getting closer to L/W � W/T , when a

biaxial nematic phase would be expected (Table 3.1). The actual ratios are L/W = 4.1

and W/T = 2.7. This system has been studied in detail with SAXS.

Signs of possible biaxiality were found in the scattering patterns when the sample

was 4.5 years old. SAXS patterns are given at different heights in the capillary, from

2–5 mm from the bottom of the capillary (Figure 3.4). In the lowest pattern sharp

peaks can be observed originating from a columnar phase. The broad peaks arise from

the liquidlike interactions in the nematic phase.
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Table 3.1. Goethite particle dimensions.

System 〈L〉 (nm) σL (%) 〈W 〉 (nm) σW (%) 〈T 〉 (nm) 〈L〉/〈W 〉 〈W 〉/〈T 〉
g55 216 55 35 48 ∼16 6.2 2.2

g35 282 35 68 32 ∼25 4.1 2.7

g17 220 17 62 29 ∼23 3.5 2.7

biaxial 254 25 83 25 28 3.1 3.0
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Figure 3.4. (a) SAXS patterns at different heights of a sample of the g35
system, with (b) the corresponding peak profiles. The scale bar is 0.05 nm−1.

In the lower part of the nematic phase double-peaked scattering can be seen, which

is clearer in the peak profiles shown in Figure 3.4b. Going up in the nematic phase

the double peaks vanish and single peaks are observed. These double peaks can be an

indication of biaxiality because it indicates two typical correlation distances, probably

from the width and the thickness of the particles.
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Figure 3.5. (a) SAXS pattern of the nematic phase without magnetic field
and (b) in a magnetic field of 25 mT, along the X-ray beam.

To check the biaxiality the sample was put in a small magnetic field (25 mT) which

was oriented along the X-ray beam. In that way the particles aligned along the field

and also along the X-ray beam. If the nematic phase was really biaxial it should be

observed as an anisotropic scattering pattern with two peaks at a different angle which

are perpendicular to each other. This is because the width and thickness correlations

should give a peak in orthogonal directions and at a different scattering angle. When we

put this sample in the field it showed the pattern displayed in Figure 3.5b; the original

pattern, without field, is shown in Figure 3.5a. It can be seen that the pattern actually

becomes more isotropic when applying a field. This implies that the nematic phase is

not biaxial as a whole, but it probably has some biaxial correlations on a local scale.

The g17 system seems to be closer to the biaxial condition L/W � W/T (Table 3.1),

but we did not find any double peaks in the nematic phase of this system. There can be

different reasons for this. First of all, these samples had been standing for a shorter time

before doing the SAXS measurements and in the other system it took years before the

signs of biaxial correlations were observed. Furthermore, in these systems the thickness

of only 20 particles could be measured (see Section 3.2.1), so there is a large error in

the average thickness giving also a large error in the W/T ratio.

3.5. Biaxial nematic phase

Another system studied has particles with average dimensions of L × W × T =

254 × 83 × 28 nm, with a polydispersity of 20–25% in all directions (see Table 3.1 and

Figure 3.6) [103]. This gives L/W = 3.1 and W/T = 3.0 which is promising in view of

finding an Nb phase. A schematic picture of the samples studied is given together with a

polarization microscopy picture in Figure 3.7. Because of sedimentation a concentration

profile developed and several liquid crystalline phases could be observed in one capillary.

SAXS was used together with a small external magnetic field to determine the phases

present in the system.



34 3. Biaxial liquid crystal phases

Figure 3.6. TEM picture of the goethite particles with L/W � W/T .

Capillary 1 was first measured with the field aligned along the X-ray beam, so per-

pendicular to the paper. The magnetic poles were at maximum distance and gave a very

small field of 3 mT. The SAXS pattern of the nematic phase is shown in Figure 3.8a. It

is clear that the pattern is now anisotropic, which is different from the system described

in the previous section (Figure 3.5b). Two orthogonal peaks at larger angles were ob-

served corresponding to the width and thickness correlations; for the peak profiles in

horizontal (solid line) and vertical (dashed line) direction see Figure 3.8d. In addition

to the radial profiles, the azimuthal profiles of the scattering intensity along circles at

q-values corresponding to the three main correlation peaks are show in Figure 3.9a. The

q-values chosen are illustrated by circles in the scattering patterns. One can clearly see

that different positional correlation peaks appear along directions orthogonal to each

other. The fact that the peaks are perpendicular to each other indicates that the parti-

cles are orientationally ordered in three directions, as is illustrated in Figure 3.1b. This

phase is clearly an Nb phase. It is also evident that an external field of as low as 3 mT

is sufficient to orient the particles along the field because no peak was observed at a

small angle corresponding to the length correlations.
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Figure 3.7. (a) Polarization microscopy picture of Capillary 1. (b)
Schematic picture of the measured capillaries described in Sections 3.5 and 3.6,
indicating the isotropic (I), biaxial nematic (Nb), biaxial smectic (SmAb) and
combination of columnar and smectic (C,SmAb) phase. The ×’s correspond
to the measurement positions discussed in this article.

Increasing the field to 40 mT (Figures 3.8b,e, 3.9b) the only change was a higher

intensity of the peaks. This indicates that the particles were better aligned at this field

strength. Subsequently, the field direction was changed from parallel to perpendicular

to the X-ray beam by replacing the magnetic poles. After applying again 40 mT, peaks

at small angles emerged in the field direction corresponding to correlations between

the long axes of the particles (Figures 3.8c,f, 3.9c). The width correlations can now be

seen in the vertical direction. In the same direction but at a larger angle there also

appeared weak scattering corresponding to the thickness, presumably originating from a

differently oriented domain caused by the reorientation process. The Nb phase changed

orientation with the change of the magnetic field direction and was then predominantly

like the situation depicted in Figure 3.1c. Table 3.2 summarizes the positions and the

radial widths of the liquidlike correlation peaks in Figure 3.8e,f. One can see that the

width of all the peaks, including the one in the horizontal direction in Figure 3.8f, is well

beyond the instrument resolution, which was about 3×10−4 nm−1. The normalized peak

widths δq/q0 are also comparable for the peaks originating from liquidlike interparticle

correlations in the three orthogonal directions, which confirms the nematic nature of

the phase.

Distances (d) were calculated from the scattering vector (q) of the three orthogonal

peaks, observed in the scattering patterns measured with the different orientations
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Figure 3.8. SAXS patterns of the Nb phase in Capillary 1 in a small magnetic
field of (a) 3 mT and (b) 40 mT parallel (⊗) to the X-ray beam, and (c) of 40
mT perpendicular (→) to the X-ray beam, with the intensity profiles of a (d),
b (e) and c (f) in the horizontal (solid line) and vertical (dashed line) direction.
The scale bar is 0.05 nm−1.
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Figure 3.9. Plots of the intensity as a function of the angle at different q-
values of the SAXS patterns shown in Figure 3.8.
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Table 3.2. Position q0 and radial width δq of the peaks seen in Figure 3.8e,f.

q0 (nm−1) δq (nm−1) δq/q0

Figure 3.8e vert 0.052 0.016 0.30

hor 0.109 0.045 0.41

Figure 3.8f vert 0.054 0.020 0.37

hor 0.0195 0.0034 0.18

of the magnetic field, by applying d ≈ 2π/q. Ensemble-averaged distances dL, dW

and dT were found of 320, 120 and 58 nm, which are slightly larger than the particle

dimensions L, W and T of 254, 83 and 28 nm. The electric double layer around the

charged particles is at least of the order of the Debye length (10 nm at most in this

case). Taking this into account brings the dimensions already close to the distances

measured. Furthermore, polydispersity causes fractionation in the system and therefore

mainly the longer particles are expected to be in the lower part of the capillary (where

these measurements were done, see Figure 3.7) [108]. The measured dL/dW and dW /dT

ratios are 2.7 and 2.1, while the actual particle ratios are L/W = 3.1 and W/T = 3.0.

However, including the Debye length gives Leff/Weff = 2.7 and Weff/Teff = 2.1, which

now correspond well to the peak ratios measured. Together with the SAXS patterns

these values give convincing evidence that an Nb phase was indeed found.

To be sure that the Nb phase is not field induced, measurements were performed

without any magnetic field. Therefore, Capillary 2 (Figure 3.7) was used, which had

not been in a magnetic field before, and was first measured without any field. The

observed SAXS pattern of the nematic phase is presented in Figure 3.10a. It shows

peaks at a small angle corresponding to the length correlations and perpendicular to

that peaks at a larger angle from the width correlations. No peak is observed at a larger

angle which would correspond to distances of the order of the thickness of the particles.

This implies that the smallest dimension of the particles is aligned along the X-ray

beam and that the three different dimensions of the particles are oriented orthogonal

to each other. It is concluded that an Nb phase was also present without field and is

not induced by the magnetic field. Furthermore, the domain of the Nb phase is larger

than the X-ray beam, which is about 0.5–1 mm in diameter at the sample position.

At 40 mT, the Nb phase aligned along the field as was observed before (Figure 3.10b).

After the field was reduced to 3 mT for one hour, it was seen that the Nb phase slowly

relaxed into the direction of its original orientation (Figure 3.10c).

Interestingly, a direct transition from the I to the Nb phase was observed in both

capillaries without an Nu phase in between. An intermediate Nu is already expected if

the L/W and W/T ratios are slightly different (Figure 3.2) [71–74]. It might be that

polydispersity has a stabilizing effect for the Nb phase compared to the Nu phase, which
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Figure 3.10. SAXS patterns of (a) the Nb phase in Capillary 2 in 0 mT, (b)
in 40 mT (parallel ⊗ to the X-ray beam) and (c) the relaxation of the Nb phase
shown at 3 mT. The scale bar is 0.05 nm−1.

has been shown to be the case for the Nu phase compared to the I phase [42, 44, 47].

Another aspect can be a possible electrostatic heterogeneity of the particles.

It was attempted to perform additional birefringence measurements on the Nb phase.

Therefore, it was tried to align the particles along the optical axis, using a small field

along this optical axis, to obtain a homeotropic sample. The measured birefringence

could then be compared with values measured for the induced biaxial phase of goethite

[30]. Unfortunately, the capillaries used (0.2 x 4.0 x 100 mm3) were too thick to be able

to observe anything optically. The problem is that goethite is a pigment and absorbs a

lot of light.

3.6. Biaxial smectic A phase

A smectic A phase was also found in the same system. The same measurements were

done for this phase, using Capillary 1. It did not align along the field of 3 mT (parallel to

the X-ray beam, that is perpendicular to the paper), as can be seen from the small-angle

peaks originating from the length correlations (Figure 3.11a). The pattern is similar to

the one observed for the Nb phase in zero field (Figure 3.10a), but with much sharper

small-angle peaks. These very sharp and intense peaks, oversaturated in this picture,

are characteristic for the periodicity of the smectic phase. Perpendicular to them, at

larger angles, liquidlike peaks were observed corresponding to distances comparable to

the width of the particles. However, no peaks were observed at even larger angles, so

the smallest dimension of the particles was oriented along the X-ray beam. This implies

that again the three different dimensions of the particles were oriented orthogonally to

each other and an SmAb phase was observed (Figure 3.11d).

By increasing the field to 40 mT, peaks appeared at larger angles, while the peaks at

small angles vanished (Figure 3.11b). The observed SAXS pattern was then similar to

the aligned Nb phase (Figure 3.8a,b), indicating that the smectic phase was now also

aligned along the field and the widths and thicknesses of the particles were perpendicular
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Figure 3.11. SAXS patterns of the SmAb phase in Capillary 1 in a small
magnetic field of (a) 3 mT and (b) 40 mT parallel (⊗) to the X-ray beam,
and (c) of 40 mT perpendicular (→) to the X-ray beam (including zoom).
The scale bar is 0.05 nm−1. (d) The structure of the biaxial smectic phase,
corresponding to (a).

to the field and perpendicular to each other. This shows that also the smectic phase is

clearly biaxial. After rotating the field direction from parallel to perpendicular to the

X-ray beam, sharp peaks from the length correlations (oversaturated in this picture)

returned at small angles (Figure 3.11c). Second order peaks were observed (Figure 3.11c,

zoom), suggesting a well aligned smectic phase. The distances corresponding to the

three different peak angles were calculated from the different SAXS patterns and found

to be dL = 327, dW = 120 and dT = 56 nm, comparable to the distances found in the

Nb phase. The dL/dW and dW /dT ratios measured are again 2.7 and 2.1.

Finally, we would like to stress that the observed biaxiality cannot be induced by

artefacts such as anchoring at the capillary walls. The results shown in Figure 3.8a,b,

Figure 3.10b and Figure 3.11b are obtained from domains with the particle’s long axis

normal to the capillary walls. In that case there can be no (biaxial) anchoring effect

of the capillary walls. Moreover, the biaxiality is not induced by the magnetic field

since the biaxial structure was also observed without applying a magnetic field and it

remains after removal of the field.
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3.7. Conclusions

In high fields goethite particles form a biaxial nematic phase. Without magnetic

field, in goethite dispersions with particle ratios L/W larger than W/T by at least a

factor of 1.3, some biaxial correlations have been observed in one system but no real

biaxial phase. However, in a dispersion of particles with L/W � W/T we clearly show

the existence of a biaxial nematic and biaxial smectic phase. The magnetic properties

of the particles have been used to align the domains in different directions during SAXS

measurements, which allowed to construct a complete picture of the biaxial phases. The

macroscopically large domains are also observed without alignment by a magnetic field.

Surprisingly, the Nb phase is stable over a large concentration range and no Nu phase

was found. These results suggest that the biaxial nematic and biaxial smectic phases

can be readily obtained by a proper choice of the particle dimensions, which for the first

time confirms earlier theoretical work. Compared to the work of Yu and Saupe [64], our

particles have a fixed and well-defined shape. This system can be a model for smaller

nanoparticles that could be useful for applications.
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4
Sliding undulation fluctuations in the

smectic A phase

Abstract

The spontaneous formation of a highly ordered smectic A phase of goethite
particles is demonstrated. The observation of a fifth order smectic X-ray re-
flection, which is still instrument limited, indicates a very small value of the
Caillé parameter ηc 	 0.05. An unusual peak shape was observed with highly
anisotropic tails in the transverse direction (perpendicular to the smectic pe-
riodicity). The peak shape is rationalized in terms of sliding undulations, in
which the director stays fixed while the layers undulate by sliding the particles
along each other.
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4.1. Introduction

The effect of any type of disorder in crystals and liquid crystals on their properties

is still an intriguing and challenging problem. For these studies, the static structure is

often distinguished from the dynamic properties. For (liquid) crystals the term static

usually refers to the average structure. Dynamics is about the (thermally-induced) time-

dependent fluctuations of the building blocks (atoms, molecules, colloidal particles) from

their average position.

In fact, the static and dynamic properties are closely related and they determine

each other. For atomic (e.g., ionic) crystals the bonding is very strong, 
 kBT , so that

the dynamic fluctuations are only a minor deviation from the average lattice positions.

Thermal fluctuations (and the corresponding entropy contributions) become crucial if

soft matter systems, such as macromolecular and colloidal crystals, are considered.

Thermotropic and lyotropic liquid crystals are also examples where the fluctuations

play a very significant role.

A conceptually important example is the role of fluctuations in smectic liquid crystals.

Most crystals possess so-called long-range positional order. It means that in perfect 3D

crystals (i.e. crystals without non-equilibrium defects) the thermal fluctuations of the

atoms around their equilibrium positions do not destroy the positional correlations

over macroscopic distances. In smectics with 1D periodicity, however, the mean square

fluctuations diverge logarithmically with the distance, which is known as the Landau-

Peierls instability.

These fluctuations have been studied in thermotropic [109–111], lyotropic [112–118]

and polymeric [119–121] liquid crystals using X-ray and neutron diffraction. In the

diffraction domain no real (δ-like) Bragg peaks are observed, but cusp singularities with

anisotropic power-law decays. This has mostly been studied in multidomain samples,

but there are also examples of single domain studies [115, 120]. With these single

domains it is possible to study the decay in the parallel and perpendicular direction.

In the diffraction data there might also be an influence of the mosaic spread.

Goethite particles are able to form a variety of liquid crystalline phases as well,

including the smectic A phase (see Chapter 2) [33]. The scattering peaks observed

during small-angle X-ray scattering (SAXS) experiments are analyzed to study the

fluctuations present in the smectic phase of this system.

4.2. Landau-Peierls instability in the smectic A phase

The smectic A phase has a layer structure with 1D positional order within which the

particles are oriented normal to the layers. The fluctuation spectrum of the smectic

structure depends on the elastic properties, which determine the energy costs for vari-

ations from the average positions. Of importance are the deviations in the direction
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(a) (b) (c)
uq

. .

Figure 4.1. Sketch of (a) compression, (b) splay and (c) bend distortion in a
smectic A phase. Panel (a) illustrates that a systematic variation of the layer
coordinate in the longitudinal direction, ∇‖u �= 0 leads to a change of the
smectic period. Panel (b) outlines a layer undulation mode with an amplitude
uq associated with the splay distortion of the director. Bend (panel c) and
twist (not shown) distortions are usually neglected.

normal to the layers, which can be described using the coordinate variable u. In the

long-wavelength limit, i.e. for slow-varying fluctuations, the most important part of the

elastic free energy can be written as

Fel =
1

2

∫ [
B(∇‖u)2 + K1(∇2

⊥u)2)
]
d3r, (4.1)

where B measures the energy cost associated with compressing or stretching the layers

(Figure 4.1a) and K1 is the splay elastic constant [122]. The splay distortion is shown

in Figure 4.1b; it can be produced at a constant layer spacing which is energetically

favorable. More costly are twist and bend (Figure 4.1c) distortions where the layer

spacing is not constant and their elastic constants are not included in the free energy.

According to the equipartion theorem, the mean-square amplitudes of the fluctuation

modes u(q) are given by
〈
|u(q)|2

〉
=

kBT

Bq2
‖ + K1q4

⊥
. (4.2)

One can see that the amplitude of the mode with q‖ = 0, which describes the undulations

of the layers, becomes anomalously large in the long-wavelength limit, q⊥ → 0. This is

the mode, which is responsible for the Landau-Peierls instability.

This instability will have a consequence for diffraction experiments. No true Bragg

peaks will be observed, but only power-law singularities. In the vicinity of an n−th

order quasi-Bragg peak the intensity can be described by

I(q − nq0) ∝
⎧⎪⎨
⎪⎩

(q‖ − nq0)
−2+n2ηc if q⊥ = 0,

q−4+2n2ηc

⊥ if q‖ = 0,
(4.3)

where

ηc =
q2
0kBT

8π(K1B)1/2
(4.4)

is the Caillé parameter.
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q0 2q0

Figure 4.2. Effect of the Landau-Peierls instability on the appearence of the
smectic reflections.

There are some important points to stress here. The tails are very much extended

along the q0 direction, while the decay in the perpendicular direction is much faster.

Furthermore, the effect of the Landau-Peierls instability grows quickly for higher-order

reflections, due to the factor n2. These effects are schematically illustrated in Figure 4.2.

4.3. Experimental

A sample of the g35 system of which the synthesis is described in Section 2.2.1 was

used in this study.

SAXS measurements were performed at the DUBBLE beamline of the ESRF in May

2009. The sample was rotated in steps of 0.2◦ between -5◦ and 5◦ to obtain profiles of

the full smectic peak. A home-made variable permanent magnet was used to align the

sample. The scattering pattern shown in Figure 4.3 was obtained during a measurement

session in September 2008. All scattering data are corrected for the detector offset and

the background scattering. Here, the magnet of the ID02 beamline was used (see

Section 3.2.2).

4.4. Results

In Figure 4.3 a 2D diffraction pattern of the smectic A phase of goethite, measured in

a magnetic field of 60 mT, is shown. A zoom of the 5th order peak is presented as well.

It was observed that the longitudinal peak width is still comparable to the resolution.

After the measurements were performed, the field was switched off and the 5th order

peak remained visible. The fact that the width this 5th order peak is still instrument

limited suggests that the parameter ηc, Equation (4.4), must have an extremely low

value: 52ηc 	 2, i.e. ηc 	 0.05.

The smectic phase of this system has a large periodicity, much larger than in usual

thermotropic systems (hundreds of nm versus a few nm). Therefore, q0 has a value

that is about two orders of magnitude smaller leading to a decrease of ηc by about 4

orders of magnitude. However, we do not possess a reliable estimate of the values of the

elastic constants B and K1. In any case, the diffraction data clearly indicate that the

reduction of q0 is not sufficiently compensated by a reduction of the elastic constants

B and K1.
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zoom 15 x

Figure 4.3. SAXS pattern of the smectic A phase of goethite with a zoom of
the 5th order peak. The scale bar is 0.05 nm−1.

A truly surprising result here is the observation of highly anisotropic tails of the

quasi-Bragg peaks in the perpendicular direction instead of along q0. This is opposite

to the usual theory summarized in Section 4.2.

Figure 4.4 shows examples of the peak profiles in the vertical direction qx, measured

in a field of 100 mT for different sample orientations (Figure 4.5). In this measurement

the sample is tilted by ω = ±5◦ around the vertical axis in steps of 0.2◦. The profiles

were acquired by integrating the scattering intensity along q‖ within a narrow slice

containing the smectic (100) reflection. The intensities up to about 100 units were

evaluated using the data measured with an exposure time of 10 seconds. For higher

intensities the data measured with exposure times of 1 s and 100 ms were used to avoid

detector saturation effects. Profiles as a function of qx at different qy = q0 tan ω were

obtained in this way, where q2
x + q2

y = q2
⊥. Lorentzian-like tails were observed with a

q−2 decay of the scattering intensity instead of a q−4, as would be expected from the

theory described above.

A very similar peak shape has been observed in the smectic phase of a block copolymer

by Ŝtêpánek et al. [120]. Comparable to goethite, the smectic reflections in the block

copolymer are significantly spread in the direction orthogonal to the wavevector of

the smectic periodicity and a very clear Lorentzian lineshape is observed along q⊥.

The authors of Ref. [120] interpreted the broadening in the “wrong direction” as an

effect of the so called mosaic spread (i.e. the sample contained domains with close but

not identical orientations according to Ŝtêpánek et al.). However, the mosaic spread
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Figure 4.4. Profiles of the X-ray scattering intensity along the vertical qx
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Figure 4.5. Overview of the components of the diffraction q. The qy compo-
nent is determined by the rotation angle ω.
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cannot explain the Lorenzian tails of the smectic reflections. One would rather expect

a Gaussian-like decay due to the central limit theorem.

4.5. Discussion

A re-examination of the theory is needed to understand our results. A more general

form of the elastic free energy, Equation (4.1), is [122]

Fel =
1

2

∫ [
B(∇‖u)2 + D(∇⊥u + δn)2)

]
d3r (4.5)

+
1

2

∫ [
K1(∇ · n)2 + K2 (n · (∇× n))2 + K3 (n × (∇× n))2

]
d3r,

where the D term describes the energy penalty for smectic C-type fluctuations, i.e.

fluctuations of the director n (locally averaged particle orientations) and the layer nor-

mal N away from each other. Furthermore, we have explicitly spelled out not only the

splay distortions (the K1 term), but also the bend (K2) and the twist (K3) distortions.

The latter two usually correspond to higher-energy excitations since they are associ-

ated with a variation of the layer spacing. The bend and twist excitations are therefore

usually expelled from smectic liquid crystals and the corresponding K2 and K3 terms

are neglected.

The usual approach is then to minimize first the elastic energy, assuming that the

average director n and the layer normal N are the same. This leads to δn = −∇⊥u

for small deviations. The D term disappears and Equation (4.1) is obtained. In the

following, however, we do not neglect the D term.

4.5.1. Interpretation

For further analysis, sliding fluctuations, as shown in Figure 4.6, are taken into

account. When sliding fluctuations occur there are parts of the smectic A phase that

are actually smectic C-like. In a smectic C phase n and N are not parallel to each

other. In this case δn �= −∇⊥u and the D term will not disappear. The elastic free

energy will then be given by

Fel =
1

2

∫ [
B(∇‖u)2 + D(∇⊥u + δn)2)

]
d3r (4.6)

+
1

2

∫
K1(∇ · n)2d3r.

In this case the layer coordinate u and the director n are not linked to each other

anymore and can fluctuate independently. In other words, two different types of fluc-

tuations can now co-exist in the system. The coordinate u is written as a sum of two

terms

u(r) = u1(r) + u2(r), (4.7)
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n N

Figure 4.6. Sliding fluctuations in the smectic phase with n the director and
N the layer normal.

where the first contribution corresponds to the splay undulations satisfying

∇⊥u1(r) = −(δn) (4.8)

while the second contribution u2(r) can be assigned to the sliding undulations. The elas-

tic energy associated with modes varying in space with a wavevector q, now simplifies

to

Fq =
1

2

[
Bq2

‖|u1q + u2q|2 + Dq2
⊥u2

2q + K1q
4
⊥u2

1q

]
. (4.9)

In the long-wavelength limit, q → 0, the u1 fluctuations correspond to the lowest-

energy excitation because of the q4
⊥ prefactor in the K1 term. These splay fluctuations

will therefore have the highest amplitude. Upon increasing the q⊥ value, however,

the u2 mode will become increasingly important. At q⊥ larger than a critical value

qc =
√

D/K1 the u2 mode has the lowest energy. On the scale much smaller than

2π/qc, the sliding u2 mode will dominate the undulation fluctuations in the system. To

illustrate this, let us consider a simple model.

4.5.2. Simple model

It is assumed that all the elastic constants Ki are very large so that, on the scale of

interest, the director can hardly fluctuate, i.e. u1 = 0. Therefore, there will be no splay

distortion, but sliding fluctuations are taken into account. All K terms will vanish and

the elastic free energy (Equation (4.5)) can be reduced to

Fel =
1

2

∫ [
B(∇‖u)2 + D(∇⊥u)2)

]
d3r. (4.10)

The mean-square amplitudes of the fluctuation modes u(q) are then given by

〈
|u(q)|2

〉
=

kBT

Bq2
‖ + Dq2

⊥
. (4.11)

It can be seen that now the amplitudes of the long-wavelength modes diverge only as q−2
‖ ,

and q−2
⊥ . This removes the divergence in the amplitudes of the particle displacements.

The Landau-Peierls instability is gone and the structure becomes long-range ordered.

The true Bragg reflections should then appear in the diffraction domain.
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The presence of the fluctuation modes (Equation (4.11)) will lead to the appearance

of tails of the Bragg peaks, which can be described by [123]

In(q) ∝ 1

B(q‖ − nq0)2 + Dq2
⊥

(4.12)

in the vicinity of the nth-order smectic reflection. These tails are similar to the phonon-

induced tails in ordinary crystals. On the other hand, since the intensity decay in the

two orthogonal directions is determined by the different elastic constants B and D, the

tails can become highly anisotropic.

The result of this simple model closely matches our experimental findings. The

fact that the tails are spread in the perpendicular direction suggests that the elastic

constant D, corresponding to the sliding fluctuations, should be much smaller than

the compressibility constant B. We do not possess estimates of the elastic constants

relevant for our system. We note, however, that for hard particles one can indeed

expect that D 	 B. The B term is related to the variation of the interlayer distance

leading to a reduction of the free space between the particles, which should result in a

significant entropy loss. The D term, however, is related to particles sliding along each

other, which can be done much easier by the hard particles.

In the q‖ direction there is little intensity in the tails, simply because of B 
 D. To

explain the intensity profile in the q⊥ direction, the experimental results from Figure 4.4

are replotted on a log-log scale in Figure 4.7. For comparison, the direct beam profile

is also shown. Two contributions can be distinguished in the peak profiles. One is

instrument-limited, which can be clearly seen in the ω = 0◦ curve for q < 2.5μm−1. This

contribution quickly decays as a function of ω. Furthermore, there is a quadratically

decaying contribution, which dominates for ω = 5◦. The scattering intensity profile

closely follows a Lorentzian lineshape in accordance with Equation (4.12). This is also

observed for the, not instrument-limited, tails of the other curves. The sliding mode

u2 apparently dominates the layer undulations in the q-range beyond the instrument

resolution.

The shape of the tails of the diffraction peaks can also be qualitatively explained,

as is shown in Figure 4.8. When sliding fluctuations occur the layer periodicity is not

constant. The smectic periodicity is controlled by the particle length L and a fluctuation

will decrease the periodicity. A rotation of the layer normal by an angle α will reduce

the layer periodicity to Lcosα. This piece of the sample will then effectively scatter

the X-rays into a different direction with an increased q-value of 2π/(L cos α). The

horizontal component [2π/(L cos α)] cos α = 2π/L of this wavevector is independent

of α, therefore, this scattering will be distributed along a vertical line normal to the

wavevector of the smectic order q0. This simple consideration shows that the D term

and the sliding fluctuations can be responsible for the observed shape of the reflections.
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Figure 4.8. Qualitative explanation of the shape of the tails of the smectic peaks.
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4.6. Concluding remarks

In goethite, smectic peaks with long streaks are observed. These are clearly not arcs,

as a mosaic spread would yield. The unusual peak shape is rationalized in terms of

sliding undulations, in which the director stays fixed while the layers undulate by sliding

the particles along each other. These kind of fluctuations in smectic phases have been

visualized before in different colloidal systems using scanning electron microscopy [53]

and also light microscopy [54], but they were not studied in detail. We believe that the

present results are able to shed light on the observations in copolymers [120]. Moreover,

these findings might also re-new the interest in the important fundamental problem

of the role of the Landau-Peierls instability in other smectics. According to Patrick

Davidson, apart from goethite and co-polymers, similar behavior in the diffraction

domain is observed in thermotropic molecular liquid crystals [124].
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Part 2

Goethite in an external magnetic field





5
General phase behavior in an external

magnetic field

Abstract

The behavior of the different liquid crystalline phases observed in a colloidal
dispersion of goethite, with a polydispersity of 35%, has been studied by small-
angle X-ray scattering. The particles align parallel to a small magnetic field
and perpendicular to a large magnetic field, which was observed in the iso-
tropic and nematic phase. The smectic phase also aligned parallel to a small
magnetic field but it formed an aligned columnar phase with a distorted hexag-
onal structure in higher magnetic fields. The columnar phase mainly aligned
in higher magnetic fields.
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5.1. Introduction

Dispersions of boardlike goethite (α-FeOOH) particles are an intriguing example

of mineral liquid crystals. A non-monotonic field-dependence of the birefringence in

iron oxide dispersions containing goethite was already recognized by Majorana in 1902

and Cotton and Mouton in 1907, who studied aqueous colloidal suspensions of mixed

iron oxides [24, 26]. The birefringence started positive, reached a maximum value,

and then decreased to reach even negative values. One of the components appeared

to be goethite. Lemaire et al. [28] further revealed that the goethite particles have a

permanent magnetic moment along their long axis L, presumably due to uncompensated

spins within their anti-ferromagnetic crystal structure. In contrast, their magnetic easy

axis is along the shortest particle dimension T . The interplay between them leads to

the peculiar reorientation from parallel to a small magnetic field to perpendicular to a

large magnetic field.

Furthermore, goethite dispersions show a rich phase behavior as is shown in Chap-

ter 2. Smectic A and columnar phases have been found even in very (55%) polydisperse

systems (Chapter 2) [33, 34]. Sedimentation and fractionation play an important role

in the formation of these phases. All different phases of goethite were studied by small-

angle X-ray scattering (SAXS) in a magnetic field.

5.2. Experimental

The goethite dispersion used in this chapter is g35 from Chapter 2, the synthesis of

which is described in Section 2.2.1.

TEM analysis was performed as in Section 2.2.2.

Samples were made as in Section 2.2.3. The sample had been standing for about 3.5

years before doing these measurements. SAXS measurements were performed at the

ID02 high brilliance beamline of the European Synchrotron Radiation Facility (ESRF,

Grenoble, France) [104]. The variable permanent magnet described in Section 3.2.2 was

used.

5.3. Results and discussion

The particle dimensions of the system used (g35) are 282× 68× 25 nm with a length

polydispersity of 35%. This system shows rich phase behavior as was explained before

(Chapter 2). It forms an isotropic (I), nematic (N), smectic A (SmA) and columnar

(C) phase in a sample with an initial volume fraction of 5.8%. The structure of the

different phases can be seen in Figure 5.1. This sample had been standing for a long

time and therefore sedimentation and fractionation contributed to the formation of the

higher order phases [33]. A polarization microscopy picture is shown in Figure 5.2. The

lowest phase is a combined smectic and columnar phase (C+SmA) of which the upper
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N CSmA

top side

Figure 5.1. Structure of the nematic (N), smectic A (SmA) and columnar
(C) phase of goethite. For the columnar phase a top and a side view are
shown. The particles are drawn in one orientation but in the nematic and
smectic phase they can rotate around their long axis.

I

C+SmA

SmA
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1 mm

Figure 5.2. Liquid crystalline phases observed between crossed polarizers in
a goethite sample.

part is purely smectic. On top of this phase a nematic phase can be seen and the upper

phase is isotropic. The dark part at the bottom of the picture is the glue which was

used to close the capillary.

An estimate of the volume fraction at the phase boundaries has been made from the

sample absorption measured during the SAXS experiments. The volume fraction at the

I-N phase boundary is approximately 7.3%, at N -SmA 10% and at SmA-(C+SmA)

11%. No clear jumps in the concentration profile were observed at the phase boundaries.

All different phases were studied with SAXS in an external magnetic field.

5.3.1. Nematic phase

Lemaire et al. [28] already found that goethite particles align parallel to a small mag-

netic field and perpendicular to a large magnetic field. This is also shown in Figure 5.3
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B = 3 mT B = 1.5 TB = 0.1 T
B≈

(a)

(f)(e)(d)

(c)(b)

B

Figure 5.3. Nematic phase of goethite in a magnetic field. Upper pictures
with the magnetic field perpendicular to the beam (in the horizontal direction),
lower pictures with the field parallel to the beam. The scale bar is 0.05 nm−1.

for the nematic phase. In the upper part of the figure (a-c) the magnetic field is per-

pendicular to the X-ray beam (in the horizontal direction) and in the lower part of the

figure (d-f) the magnetic field is parallel to the X-ray beam. All measurements with

the field perpendicular to the beam were performed before the measurements with the

field parallel to the beam.

It can be seen that in a magnetic field of 3 mT the nematic phase is already mostly

oriented in one domain (Figure 5.3a, the orientation is similar to Figure 5.1 N). The

diffuse peaks at a large angle originate from the liquidlike order perpendicular to the

direction of orientation in the nematic phase. At a small angle there are also peaks

visible (partly screened by the beamstop) indicating positional correlations on distances

of the order of the length of the particles. However, these peaks are quite broad and

cannot originate from a smectic phase. So, in this system there are already strong

length correlations in the nematic phase.

In a magnetic field of 0.1 T the particles in the nematic phase are clearly better

aligned parallel to the field (Figure 5.3b). The SAXS pattern with the field parallel to

the beam (e) shows an isotropic ring meaning that the shortest two axes of the particles

do not have a preferred orientation.

At 1.5 T the particles have changed orientation and are now aligned perpendicular

to the field (c). In the patterns c and f weak scattering can be observed at a small
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Figure 5.4. Smectic phase of goethite in a magnetic field. The scale bar is
0.05 nm−1.

angle, perpendicular to the field. This means that length correlations are present per-

pendicular to the magnetic field. In the picture with the field parallel to the beam

(f) it can be seen that the isotropic ring is now at significantly smaller angle than in

a small magnetic field. The q-value corresponds to 136 nm compared to 91 nm in a

small magnetic field. This means that within a plane perpendicular to the field the

particles are further apart from each other. In contrast, from the picture with the field

perpendicular to the beam (c) a distance of 73 nm along the field can be calculated

which is smaller than the 91 nm in small fields, so now shorter distances are present

along the field. This means that the particles are mainly oriented with their shortest

dimension along the field and their two larger dimensions perpendicular to the field.

5.3.2. Smectic phase

The behavior of the smectic phase in a magnetic field is shown in Figure 5.4. In a

magnetic field of 3 mT the typical sharp peaks at a small angle, corresponding to the

smectic periodicity of the layers, are not observed (a). At the same time, optical Bragg

reflections were observed in the sample at this height. The apparent discrepancy can

be understood on the basis of the orientations of the smectic domains present in the

sample. To observe the smectic periodicity in a SAXS pattern the X-ray beam must

be parallel to the smectic layers. A slight tilt of the layers is already enough to let the

small-angle peaks disappear.
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In a small magnetic field of 0.1 T the smectic phase aligns with the particles along

the magnetic field (b). The small-angle peaks corresponding to the periodicity of the

layers can now be seen, even up to the third order. The broad peaks originate from the

liquidlike interactions within the smectic layers. They are now less spread out in the

azimuthal direction than in the very small field of 3 mT, indicating alignment with the

field. At a field strength of 0.5 T the smectic phase starts to transform into a columnar

phase with a distorted hexagonal structure (c, structure like Figure 5.1 C), as was earlier

observed for a nematic phase in a magnetic field [31]. At a small angle there are smectic

peaks that are oriented in multiple directions indicating that this is not an equilibrium

structure yet. At the highest field strength of 1.5 T the columnar structure is nicely

ordered (d), second order peaks can be observed (even third order peaks were observed

with a very small intensity). Higher order peaks are mainly observed in the direction

of the field. This is because the structure is formed in all perpendicular directions. The

off-axis diffraction spots are actually cross sections through scattering rings around the

field direction. The peaks at a small angle suggest that there are still remnants of the

smectic phase present, now oriented with its layer normal perpendicular to the field.

More about the behavior of the smectic A phase in a magnetic field can be found in

Chapter 6.

5.3.3. Columnar phase

No pure columnar phase was found in this system, so the columnar phase was studied

together with the smectic phase. The behavior in a magnetic field of those two phases

together can be seen in Figure 5.5. The powderlike scattering rings are typical for a

columnar phase (Figure 5.1 C) with a lot of differently oriented domains. The much

broader liquidlike peak of the smectic phase lies in between the columnar rings. Hardly

any change of the diffraction pattern was observed in a small magnetic field. At 0.5 T

(b) it can be seen that the long axis of the particles is mainly oriented perpendicular

to the field. The domains tend to orient in the field but still some of the powderlike

peaks can be observed and at a small angle the smectic peaks are in some intermediate

state. At 1.5 T (c) the structure is more ordered but it is clear that it is not as

nice as the columnar structure developed from the smectic phase discussed before (see

Figure 5.4d). It seems that this part of the sample, which is almost at the bottom of

the capillary, cannot rearrange that easily. It is probably more restricted because of

the higher osmotic pressure.

5.4. Conclusions

Goethite liquid crystalline phases show interesting behavior in a magnetic field. The

nematic phase aligns parallel to the field at a low field strength and perpendicular to

a large magnetic field, with the shortest axis of the particles mainly oriented along the
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(a) (c)(b)

B = 3 mT B = 1.5 TB = 0.5 T

Figure 5.5. Combined columnar and smectic phase of goethite in a magnetic
field. The scale bar is 0.05 nm−1.

field. The smectic phase also aligns parallel to a small magnetic field but it forms a

columnar phase with a distorted hexagonal structure in a higher magnetic field. The

behavior of the columnar phase could only be studied together with a smectic phase.

This combination has also the tendency to form an oriented columnar phase in a mag-

netic field but it reacts more slowly, probably because the particles seem to be more

restricted at a higher osmotic pressure.
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6
Behavior of the smectic A phase in a

magnetic field

Abstract

The behavior of the smectic A phase in a magnetic field has been studied using
small-angle X-ray scattering. It was found that in systems with a high poly-
dispersity the smectic phase aligns parallel to a small field and it transforms
into a columnar phase in high fields. In these systems a columnar phase is
already present at higher concentrations without field. It apparently becomes
more stable in a large magnetic field, when the particles orient perpendicular
to the field. In systems with a low polydispersity the smectic phase aligns
along a small magnetic field as well, but in high fields it reorients perpendic-
ular to the field. The results suggest that the reorientation process follows a
rather complex pathway. The particle orientation and the orientation of the
layers seem to be able to decouple leading to smectic C-type deviations. No
columnar phase is found in these systems without field nor does it form in a
magnetic field.
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6.1. Introduction

Goethite particles show a rich liquid crystalline phase behavior, which depends on

the dimensions and polydispersity of the particles (Chapter 2) [33, 34, 108]. These

particle properties can be tuned by varying the exact synthesis conditions [34]. For

systems with a low polydispersity a nematic and smectic A phase have been observed.

Systems with a high polydispersity also show nematic and smectic A phases, and even

a columnar phase going down in the sample. A smectic phase is not expected to form if

particles have a high polydispersity, but because of sedimentation and fractionation a

smectic phase can form in which the polydispersity is much lower than that of the total

system [108]. The columnar phase seems to act as a “waste disposal” for the particles

whose length does not fit into the smectic layers. In a dispersion with specific particle

dimensions (L/W � W/T with L, W and T the length, width and thickness) even a

biaxial nematic and biaxial smectic A phase were found (Chapter 3) [103,125].

It was shown before that all these phases can be manipulated by applying an external

magnetic field [28–34,107]. For example, a magnetic-field-induced nematic-to-columnar

phase transition has been observed [31,32] and a transition from one type of columnar

phase (simple rectangular) to another (centered rectangular) (Chapter 10) [126]. In this

work we focus on the behavior of the smectic A phase in a magnetic field in systems with

different polydispersities. Earlier studies on thermotropic liquid crystals have shown a

complex reorientation behavior of the smectic A phase in a magnetic field that depends

on several factors, like the temperature or surface treatment [127–130].

6.2. Experimental

6.2.1. Synthesis

The synthesis of systems g17 and g35 is discussed in Section 2.2.1. g14 was made in

a similar way as g17, but now 125 mL of 25% TMAH was added to 370 mL of 0.18 M

iron nitrate (Acros Organics, p.a.). The solution was aged for 5 days at 85 ◦C.

Particle characterization by TEM is described in Section 2.2.2.

6.2.2. SAXS experiments

Sample preparation is discussed in Section 2.2.3. The g14 samples were flame sealed

instead of using glue and were made in August 2008. The samples had a volume fraction

of 13.5% (g14), 13.6% (g17) and 12.4% (g35). SAXS measurements were conducted at

the BM26 DUBBLE beamline of the European Synchrotron Radiation Facility (ESRF,

Grenoble, France) during different measurement sessions in 2007, 2008 and 2009. The

microradian resolution setup was used [57].

The variable permanent magnet described in Section 3.2.2 was used.
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Table 6.1. Goethite particle dimensions.

System 〈L〉 (nm) σL (%) 〈W 〉 (nm) σW (%) 〈T 〉 (nm) 〈L〉/〈W 〉
g14 189 14 57 25 ∼17 3.5

g17 220 17 62 29 ∼23 3.5

g35 282 35 68 32 ∼25 4.1

6.2.3. X-ray microscopy

X-ray microscopy [131] experiments were performed at the ID06 beamline of the

ESRF. The X-rays were generated with an undulator with a source size of about 20

μm. The distance from the source to the sample was 56m and an energy of 12 keV

was selected with a double crystal monochromator using Si (111) crystals. Two sets of

compound refractive lenses (CRLs) [132–134] were used as a condenser and an objective

in the microscopy setup. The condenser consisted of 19 Be CRLs with a diameter of

200 μm and it was placed at a distance of 54.3 m from the source; the objective of 50

Be CRLs with a diameter of 50 μm was placed at a distance of 56.2 m from the source.

The sample was placed two meters after the condenser and the magnification of the

setup was around 22. A CCD detector with a pixel size of about 0.65 μm2 was used to

record the images.

6.3. Results and discussion

The particle dimensions of the systems described in this chapter are shown in Ta-

ble 6.1.

6.3.1. Smectic A to columnar phase transition in systems with a high poly-

dispersity

In samples with a high polydispersity not only a smectic A phase but also a columnar

phase was observed below the nematic and isotropic phase, as was explained before

(Chapter 2) [33,108]. In such a system (g35, see Table 6.1), we studied the behavior of

the smectic A phase in a magnetic field (also described in Chapter 5).

In a small field of 60 mT, the smectic A phase aligned with the particles along the

magnetic field (Figure 6.1a). This phase is characterized by the very sharp and intense

scattering at small angles. These sharp peaks originate from the layerlike ordering.

Perpendicular to these and at a larger angle a broad scattering peak is observed from

the liquidlike interactions between the particles within the smectic layers. In this case

the alignment was well developed because the sample had been in a magnetic field

for about 4 hours. Here, we were able to observe peaks, originating from the smectic

periodicity, up to the fifth order. The periodicity is 390 nm, which is large compared

to the average length of the particles (282 nm). This difference can be explained by
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Figure 6.1. SAXS patterns of the smectic phase of g35 in a magnetic field
of: (a) 60 mT, (b) 350 mT, (c) 1 T. The scale bar is 0.05 nm−1.

sedimentation and fractionation and the fact that in a polydisperse system the smectic

period is determined by the larger particles [33, 108].

At a field strength of 350 mT, when it is expected that the particles rotate from

parallel to perpendicular to the field, peaks appeared at large angles that do not corre-

spond to the smectic phase (Figure 6.1b). The smectic phase started to transform into

a columnar phase with a centered rectangular structure, as was observed before for the

nematic phase in a magnetic field [31]. The smectic phase, which is still partly present,

was not rotated yet as can be seen from the small-angle peaks.

The columnar structure becomes nicely ordered in a field of 1 T (Figure 6.1c). Higher

order peaks can be observed mainly in the direction of the field. This is because the

structure is formed in all directions perpendicular to the field and the diffraction spots

are cross sections through scattering rings around the field direction. The less intense

peaks at a small angle suggest that there are still remnants of the smectic phase present
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Figure 6.2. SAXS patterns of the smectic phase of g17 in a magnetic field of
(a) 3 mT, (b) 120 mT, (c) 280 mT, (d) 440 mT, (e) 1.4 T. The scale bar is

0.05 nm−1.

that now have different orientations. After removal of the field the system goes back to

the smectic phase.

A cause of the increased stability of the columnar compared to the smectic A phase in

a magnetic field, above the critical field, can be the induced orientation of the particles.

In the columnar phase the particles already have a specific orientation of the short axes

of the particles as is indicated by the centered columnar structure; in the smectic phase

the particles are free to rotate along the long axis. When a large magnetic field is

applied the particles will align with their shortest axis along the field. This decreases

the orientational entropy in the smectic phase but not in the columnar phase; there it

was already lower.

6.3.2. Reorientation of the smectic A phase in systems with a low polydis-

persity

As was shown earlier (Chapter 2) [34, 108], in a system with a low polydispersity

(g17) a smectic A phase was found without the presence of a columnar phase. The

SAXS pattern of this smectic phase, in a very small magnetic field of 3 mT, is shown

in Figure 6.2a. 3 mT was used because that is the minimum magnetic field that could

be reached with the magnetic poles at their maximum distance. The periodicity of the

smectic phase is around 250 nm, which is now close to the average particle length of

220 nm.
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B

Figure 6.3. Schematic picture of the zig-zag undulations in the smectic phase.

When a magnetic field of 120 mT was applied, the smectic phase aligned with the

particles along the field direction (Figure 6.2b), as for the highly polydisperse system

(Figure 6.1a). The peaks at a small angle became more intense and more localized

at one position. The second order peaks can now be clearly seen and when looking

carefully even the third order peaks could be observed. At a magnetic field of 280 mT,

which is around the critical field strength where the particles rotate from parallel to

perpendicular to the field, two (intermediate) orientations of the smectic phase were

observed at the same angle to the field (Figure 6.2c). At 440 mT the particles rotated

further, in the direction perpendicular to the field, as can be seen from the scattering

pattern (Figure 6.2d). The peaks at a larger scattering angle merged into one broad

peak in the horizontal direction. In contrast, the smaller angle peaks were not yet per-

pendicular to the field, although they were already closer to the vertical in comparison

to panel (c). Such a pattern can occur if the particles themselves are pretty well aligned

but the layers still show many undulations, probably with smectic C type domains. A

schematic picture is given in Figure 6.3.

Furthermore, sharp peaks at a small angle reappeared at the original – horizontal –

position, where they were observed in a small magnetic field. Although these peaks are

rather intense, the corresponding wide-angle broad peaks in the vertical direction were

not clearly observed for this part of the smectic phase. This is because the observed

scattering peaks are actually cross sections through scattering rings around the field

direction and the intensity is spread over this ring. For the same reason, the small-

angle peaks in the direction orthogonal to the field have a smaller intensity compared

to the ones that are along the field.

Apparently, at 440 mT, the smectic phase partly aligned along the magnetic field

again, while most of it was already aligning perpendicular to the field. This type

of behavior was also observed with X-ray microscopy, which showed parallel domains

together with perpendicular domains with many undulations (Figure 6.4a) [135]. These

pictures were taken from another system (g35) but the scattering pattern (Figure 6.4b)

is similar (ignoring the columnar part), so it probably gives a good illustration. The

Fourier transform (Figure 6.4c) of the microscopy picture corresponds well to the actual

scattering pattern.



6.3. Results and discussion 69

B (a)

(b)

(c)

Figure 6.4. (a) X-ray microscopy picture of the smectic phase of g35 in a
magnetic field of 400 mT, with (b) the corresponding scattering pattern and
(c) the Fourier transform of the microscopy picture.

At the highest applied field of 1.4 T the smectic phase was fully aligned perpendicular

to the field and it seems to be completely smectic A again (Figure 6.2e).

6.3.3. Reorientation behavior

To have a closer look at the reorientation behavior around the critical field strength,

a sample of the g14 system was studied over time in a field of 280 mT. The SAXS

pattern of the smectic phase, immediately after applying a field of 280 mT, but after a

stepwise increase of the field from 0 to 280 mT within about half an hour, is shown in

Figure 6.5a. This pattern is similar to the one shown in Figure 6.2c, although in this

case the small-angle peaks are already closer to the vertical position, while the wide-

angle peaks are at a comparable angle as the previous sample. Here, the small- and

wide-angle peaks are not perpendicular to each other which indicates that the particles

are not oriented exactly perpendicular to the layer periodicity. It implies the presence

of smectic C type domains.

This behavior is sometimes observed during rotation in these kind of samples, proba-

bly depending on the exact measurement pathway. It suggests that the layers themselves

actually rotate faster than the particles within the layers, which is counterintuitive. An-

other explanation for the discrepancy between the small- and wide-angle peaks might be

that they correspond to different domains. The observed peaks are from cuts through
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Figure 6.5. SAXS patterns of the smectic phase of g14 in a magnetic field of
280 mT: (a) t = 0, (b) t = 0.5 h, (c) t = 10 h. The scale bar is 0.05 nm−1.

the Ewald sphere and it is easy to miss the sharp smectic peaks. If there is a distribu-

tion of domain orientations it is possible that the observed small-angle peaks belong to

another domain than the observed wide-angle peaks.

Because of multiple observations of these non-perpendicular small- and wide-angle

peaks, it can also have an origin in the reorientation behavior. The exact cause may

depend on the pathway of the transformation. For example, the smectic phase might

split up in many small domains. Particle reorientation is a collective effect of these

domains which is a slow process compared to the translations that the individual par-

ticles can perform within the domain. A kinetic decoupling of the particle and layer

reorientation will then take place. The smectic structure can reappear before the full

rotation is complete. The director of the particles could then be not exactly parallel to

the layer normal, thus kinetically forming smectic C like domains.
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B

Figure 6.6. Schematic picture of the possible influence of dipole-dipole inter-
actions during the reorientation process.

Dipole-dipole interactions between the particles could be a possible cause for the

preferred particle and layer orientations. At this field strength the effective magnetic-

field-induced dipole will not be exactly along the shortest particle axis but will have

a certain angle to that. Therefore, particles prefer to be at an angle to the magnetic

field. It is then easy to shift the particles a little to arrange the particles in a more

favorable orientation with respect to each other so that they have a stronger dipole-

dipole interaction (Figure 6.6). The layer normal will then be at a smaller angle to

the field than the particle director. In this way smectic C like domains are formed and

it will take more time to rotate the particles further to go to the thermodynamically

preferred smectic A phase.

After about half an hour the wide-angle peaks have rotated further which means

that the particles are moving toward an alignment perpendicular to the field and the

structure is now going to a smectic A phase again. Besides that, it can be seen that

small-angle peaks reappear at the position where they were in a smaller field, when the

particles were all aligned parallel to the field (Figure 6.5b). Apparently, after the initial

rotation, domains with an orientation parallel to the field formed again. After 10 hours

it was seen that the parallel alignment even became stronger, showing second order

peaks (Figure 6.5c). The more perpendicularly oriented domains also became better

aligned, indicated by the broad peaks that are at the horizontal position now. So, in

the end there are two types of domains, one with its particles parallel and the other

one with its particles perpendicular to the field which has smectic C type undulations

as in Figure 6.3.

A possible explanation is that the smectic phase first rotates as domains following the

average of the orientations favored by the particles. However, because of polydispersity

in particle size and magnetic properties of the particles, they will not all show the

same behavior in a field. After a certain time particles that intrinsically prefer another

orientation, in this case parallel to the magnetic field, can separate and form new

domains. The parallel domains will get better aligned in time, while in other domains

the particles go to the perpendicular orientation. In this way two domains form with
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orthogonal orientations, which is more favorable than having all kinds of intermediate

orientations (cf. nematic-nematic phase separation in Chapter 7). The q-values of the

small-angle smectic peaks of the perpendicular domains are slightly (2%) smaller than

that of the parallel domains which can be an indication that the larger particles prefer

the perpendicular orientation. Also in molecular systems reorientation of the smectic

A phase can follow complicated behavior [129]. Compared to that work we have some

extra information because we can also observe the liquidlike peak which is still at a

reasonably small angle.

6.4. Conclusions

The behavior of the smectic A phase of goethite in a magnetic field was found to

depend on the properties of the system. In systems with a high polydispersity a colum-

nar phase is present below the smectic A, nematic and isotropic phase. The smectic

phase in these systems aligns parallel to a small magnetic field, but it transforms into a

columnar phase in high fields. It seems that the columnar phase becomes more stable

in high fields.

In systems with a low polydispersity a smectic A phase is present together with a

nematic and isotropic phase, but without columnar phase. The smectic phase in these

systems aligns parallel to a small magnetic field but perpendicular to a large magnetic

field. This reflects the behavior of single particles, although the exact reorientation pro-

cess is complicated and not fully understood yet. It seems that domains with different

orientations form and that smectic C type undulations are present during the process.

The particles appear to orient more or less collectively in domains after which a splitting

occurs between domains with particles parallel and perpendicular to the field. Finally,

all particles will align perpendicular at a large magnetic field.
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7
Magnetic-field-induced nematic-nematic

phase separation

Abstract

We found, using polarization microscopy and small-angle X-ray scattering, that
for goethite a low polydispersity suffices to form two separate nematic phases,
while previous theory showed that this is only possible for mixtures of particles
with extremely different lengths or diameters. Applying a critical magnetic
field, which induces some of the goethite nanorods to rotate, leads to sufficient
excluded volume between the particles to cause macroscopic phase separation
between two orthogonal nematic phases. The larger the polydispersity of the
system, the broader the range of field strengths where nematic-nematic phase
separation occurs. This is a new phase separation mechanism which is expected
to lead to interesting interfacial phenomena.

73
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7.1. Introduction and theory

Sixty years ago, Onsager published his seminal paper on the first purely entropy-

driven phase transition [20]. He described the transition from the disordered isotropic

(I) phase to the orientationally ordered nematic (N) phase in terms of the excluded

volumes between anisometric particles. Another, much more rare, effect is N -N phase

separation in systems with extremely different lengths or diameters where to leading

order the excluded volume does not play a role [136–145].

Onsager formulated a simple virial expansion of the free energy for dispersions of

both rodlike and platelike particles. The expansion can be truncated after the second

virial term for infinitely thin, hard rods. The free energy F per particle, in units of the

thermal energy kT , is then given by [20,146]

ΔF

NkT
� constant + 〈ln(ρf)〉 +

1

2
ρ〈〈vexcl〉〉 (7.1)

where ρ ≡ N/V is the number density of rods and 〈ln(ρf)〉 is a combination of the

ideal translational and orientational entropy. Each pair of triangular brackets denotes

an average in terms of the relevant particle angles described by orientational distribu-

tion function f . The packing entropy is proportional to the excluded volume (vexcl),

asymptotically given by

vexcl ∼ 2DL2| sin γ| (7.2)

with γ the angle between two thin rods of diameter D and length L. The I-N phase

transition is explained as a shifting balance between the orientational and packing en-

tropy (Figure 7.1). At a certain concentration the gain in packing entropy will exceed

the loss in orientational entropy and the system undergoes an I-N transition. Remark-

ably, within the nematic phase the average excluded volume between particles is found

to be

〈〈vexcl〉〉 ∼ 4/ρ. (7.3)

At higher concentrations the particles spontaneously align more strongly, thus reducing

the excluded volume so that the last term in Equation (7.1) remains constant.

Comparing these theoretical results with experiments, polydispersity is an important

factor. Interestingly, equations 7.1 and 7.3 remain valid if the triangular brackets now

also include (number-)averaging over the different particle dimensions and the excluded

volume is generalized to include different lengths and diameters [147]. The first numer-

ical results on bidisperse systems were presented by Lekkerkerker et al. showing strong

fractionation effects and widening of the biphasic I-N gap [42].

Another remarkable effect found in bidisperse systems is the occurrence of N -N phase

separation [136–145]. To better understand this phenomenon an analytical theory was

used [138–140]. Surprisingly, the excluded volume does not play a role here – since the

last term of Equation (7.1) remains constant within the nematic phase – instead the
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Figure 7.1. Isotropic to nematic phase transition.

phenomenon involves the balance between the orientational entropy and the entropy of

mixing. The long particles induce a too strong alignment of the short particles, whose

orientational entropy favors demixing. Typically, a large length ratio of at least 3.2 or

diameter ratio of 4.3 is needed to get N -N phase separation [142]. Later, it was shown

that N -N phase separation can also be obtained in a polydisperse system [45–47] and

for more realistic L/D ratios [143–145]. Experimentally, this effect has been observed

in bidisperse [148], bimodal [149] and polydisperse systems [16].

The I-N phase transition in a magnetic field has been studied before [32, 150, 151].

In this work, the nematic phase itself is studied in a magnetic field. We use repulsive

goethite particles, which are boardlike (in between rod- and platelike). When dispersed

in water their surface charge leads to somewhat larger effective particle dimensions.

More concentrated goethite dispersions readily show nematic, smectic and columnar

phases [28, 31, 33]. The magnetic properties of these particles are very intriguing [28].

They have a permanent magnetic moment �μ along their longest axis L, presumably

because of uncompensated surface spins within their anti-ferromagnetic crystal struc-

ture. In contrast, the magnetic easy axis of magnetic susceptibility tensor
↔
χ lies along

the shortest particle dimension T . Therefore, the particles align parallel to a weak and

perpendicular to a stronger magnetic field.

The magnetic energy (Em) per particle in a magnetic field �B is given by [29]

Em = −�μ · �B − V

2μ0

�B · ↔χ · �B (7.4)

with V the particle volume. In dilute systems this gives a Boltzmann distribution with

Em in the exponent [29], so that an orientational distribution function can be externally

imposed. Near the I-N phase boundary the magnetic energy (Equation (7.4)) should

be added (in units of kT ) to the free energy (Equation (7.1)) [152].
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7.2. Experimental

7.2.1. Synthesis

The synthesis of the g55 system is described in Section 2.2.1, that of the g14 system

is similar to the g17 synthesis mentioned in the same section. It was done on a 5 times

larger scale and aging took place for 5 days at 85 ◦C.

The g29 system was obtained in a similar way as the g55 but some changes were made,

the exact synthesis is described below. 800 mL of a 0.1 M Fe(NO3)3 solution (Acros,

p.a.) was mixed with 1 M NaOH (Merck, p.a.), while stirring, until pH 11 was reached.

As the NaOH was added to the Fe(NO3)3 solution, a dark-brown precipitate formed.

The mixture was then centrifuged for 30 min (Beckman Coulter Avanti J-20XP, rotor

JLA-8.1000, 6000g), the supernatant was removed and the particles were redispersed

in 800 mL millipore (mp) water. 1 M NaOH was added to bring the solution at pH 12

and the suspension was put into the oven, for a day, at 70 ◦C. The solution was taken

out from the oven and the supernatant was removed. The particles were redispersed

in 750 mL mp water and centrifuged at 6000g for 30 min. The centrifuging procedure

was followed twice. After the last centrifugation step, the particles were redispersed in

250 ml of 3 M HNO3 (Merck, 65%). The solution was centrifuged again at 6000g for 30

min and redispersed in 750 mL mp water. The procedure was performed three times.

Following the third centrifugation step, the particles were redispersed in 250 mL mp

water of pH 3 (prepared with HNO3).

Particle size distributions were determined by TEM as described in Section 2.2.2.

7.2.2. Polarization microscopy

Capillaries of 0.1 × 2.0 × 100 mm and 0.05 × 1.0 × 100 mm (VitroCom) were filled

with goethite dispersions with volume fractions (φ) ranging from 7 − 13% and flame

sealed at both ends. They were kept in a vertical position to establish a sedimentation

equilibrium profile. I-N phase separation was observed within a day after preparation.

Phase separated samples were studied in a magnetic field using polarized light mi-

croscopy. A Bruker BE25v electromagnet with large flat poles was used to produce a

homogeneous magnetic field. On one side of the magnet there was a light source and a

polarizer and on the other side a microscope (head of a Zeiss Axiolab microscope) with

an analyzer and a 10× objective (Edmund Optics HR), connected to a CCD camera

(QImaging MicroPublisher 5.0 RTV). The microscope was rotated 90◦ to be able to

study the sample in a vertical position and observe gravity effects.

Birefringence measurements were performed at the “Laboratoire de Physique des

Solides” in Orsay, France. Birefringence values were obtained using an optical compen-

sator. A small variable permanent magnet was attached to the microscope, which was

also rotated 90◦.
Capillaries of 1 mm wide are shown in the figures, unless stated otherwise.
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7.2.3. SAXS

Small-angle X-ray scattering (SAXS) measurements were performed in June 2009 at

the BM26 DUBBLE beamline of the European Synchrotron Radiation Facility (ESRF,

Grenoble, France) [56], using the microradian resolution setup [57]. The beam size

was about 0.5–1 mm. Note that there is slight asymmetry in all SAXS patterns. The

intensities in the right and the bottom parts of the detector seem to be somewhat higher.

Presumably, this (unphysical) effect is caused by the detector. The variable permanent

magnet described in Section 3.2.2 was used. The measurements were performed on

samples which had never been exposed to a magnetic field before. A simple usb polarized

light microscope (dnt DigiMicro 1.3) was used to observe the samples stored within a

home-made variable permanent magnet (VPM) in between the SAXS measurements.

7.3. Results and discussion

7.3.1. Polarization microscopy

We prepared vertical samples of the g29 system (Table 7.1) showing I-N phase sepa-

ration (Figure 7.2a), focusing our studies on the nematic phase. Polarization microscopy

was used to study its behavior in a magnetic field. Without magnetic field, the nematic

phase showed domains with different orientations (Figure 7.2a). When a small mag-

netic field (a few mT up to 180 mT) was applied, the particles aligned parallel to the

field and a homogeneous nematic phase was observed (Figure 7.2b). Increasing to the

critical field strength (300 mT), where particles change their orientation from parallel

to perpendicular to the field, a fine texture was formed immediately (Figure 7.2c). The

fine texture consisted of small droplets of apparently different phases. The droplets

readily coalesced and grew over time (Figure 7.2d). Two types of droplets formed:

one kind moved upwards and the other downwards (Figure 7.2e). After about a day

macroscopic phase separation was reached and an interface was formed between the

two nematic phases (Figure 7.2f). Besides that, a rise of the level of the I-N interface

was observed, which will be discussed in the next chapter. A schematic picture of the

changes in phase behavior going from 0 to 300 mT is shown in Figure 7.3. Interest-

ingly, previous measurements seem to indicate an alternative escape mechanism where

a striped pattern of different domains of a single phase at oblique angles to the magnetic

field is being formed [30].

7.3.2. SAXS

To determine the nature of the different nematic phases SAXS was performed. Before

applying a magnetic field, nematic domains with different orientations were observed.

Immediately after applying a field of 270 mT, perpendicular to the X-ray beam, two

orthogonal orientations were recognized everywhere in the nematic phase (Figure 7.4a).

The sample was kept in this field for about a day and was studied with polarized light
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Table 7.1. Goethite particle dimensions.

System 〈L〉 (nm) σL (%) 〈W 〉 (nm) σW (%) 〈T 〉 (nm) 〈L〉/〈W 〉
g55 216 55 35 48 ∼16 6.2

g29 242 29 49 30 ∼17 4.9

g14 189 14 57 25 ∼17 3.5

(a)

(e)(d)(b) (f)(c)

B = 300 mT
I

N

B = 35 mT

t = 1 min t = 20 ht = 2 ht = 35 min

Figure 7.2. Polarized light microscopy pictures of: (a) an I-N phase sepa-
rated sample (g29, φ = 9%) without magnetic field, (b) alignment in a field
of 35 mT, (c) the nematic phase with a fine texture in a magnetic field of 300
mT at t = 1 min, (d) growing droplets at t = 35 min, (e) droplets moving at
t = 2 h, and (f) phase separation at t = 20 h. The black areas are marks to
recognize the position in the sample.

I

N2

N1

I

N

0 mT 300 mT
Figure 7.3. Schematic picture of the behavior of an I-N phase separated
sample without field and in a field of 300 mT.

microscopy. During this day phase separation within the nematic phase was again

observed (Figure 7.4b). SAXS patterns at different heights within the nematic phase

are shown in Figure 7.4c-g. It can be seen that above the interface (c,d) the particles
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Figure 7.4. SAXS patterns of the nematic phase in a magnetic field of 270
mT, perpendicular to the X-ray beam, (a) just after applying the field and
(c,d) after one day above the formed interface, (e) at the interface and (f,g)
below the interface. The scale bar is 0.05 nm−1. (b) The (low resolution)
polarized light microscopy picture corresponding to (c-g). The width of the
capillary is 2 mm (g29, φ = 11.5%).

were oriented parallel to the field; the broad peaks originate from the correlations

between the smaller particle dimensions. Below the interface (f,g) the particles were

aligned perpendicular to the field. At the interface (e) both particle orientations were

observed, since the beam hits both nematic phases.

Subsequently, a 270 mT field was applied along the X-ray beam (Figure 7.5), thereby

realigning the particles. In the upper nematic phase the particles immediately aligned
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Figure 7.5. SAXS patterns of the nematic phase in a magnetic field of 270
mT, parallel to the X-ray beam, (a) after one day above the formed interface
and (b) below the formed interface. The scale bar is 0.05 nm−1. (c) Schematic
picture of the lower nematic phase with two directions of the magnetic field.

along the new direction of the field, so one looks on top of the particles with the X-ray

beam. A uniform scattering ring was obtained (Figure 7.5a) implying that this nematic

phase was uniaxial. In the lower nematic phase the long axis of the particles aligned

perpendicular to the field. The observed scattering peaks are due to the correlations

between the two smallest particle dimensions. The scattering patterns with the field

perpendicular to the beam (Figure 7.4f,g) have their peaks at a larger angle or smaller

correlation distance than the pattern with the field parallel to the X-ray beam (Fig-

ure 7.5b). This implies that the smallest correlation distance is along the field direction

in accordance with an easy axis of magnetization along T (for a schematic picture see

Figure 7.5c). The lower phase is therefore a biaxial nematic phase.

It can be concluded that the phase separation within the initially uniform nematic

phase is based on perpendicular particle orientations which are imposed by an external

field. Within the critical magnetic field range, some particles already start to orient

perpendicular to the field, while other particles are still aligned parallel to the field. In

this way these two extreme types of particles experience a maximum excluded volume

(γ = 90◦, see Figure 7.1 and Equation (7.2)) and will therefore gain a lot of packing

entropy by phase separating into two nematic phases with different orientations. Parti-

cles with an intermediate orientation seem to end up in either one of the two orthogonal

phases. A different mechanism is causing this N -N phase separation than what was

found before [16,148,149]; in those examples the excluded volume did not play a large

role.

7.3.3. Birefringence

A closer look at the different nematic phases was taken by determining their birefrin-

gence. Without doing quantitative measurements, interference colors observed during

polarization microscopy can already give valuable information about the birefringence.

Bright interference colors indicate a small birefringence, a decreasing intensity of the



7.3. Results and discussion 81

Figure 7.6. Michel-Levy birefringence chart.

color bands indicates an increasing birefringence as can be seen in Figure 7.6. Within

a uniaxial nematic phase the birefringence (Δn) increases with the volume fraction (φ)

and the nematic order parameter (S2) according to

Δn = ΔnsatφS2 (7.5)

where Δnsat is the specific birefringence (the birefringence limit when φ and S2 are both

1).

In an N -N phase separated sample, the lower, biaxial nematic phase (N−
b ) has an

orientation perpendicular to the field. In the configuration used here, the field was

applied along the width of the capillaries (Figure 7.7). Therefore, the particles that are

aligned perpendicular to the field can be aligned not only with their long axis along the

wall (a), but also perpendicular to the wall ((b), homeotropic) and all orientations in

between. This is different from the upper nematic phase (N+) which is aligned along

the field and therefore the particles will always have their long axis along the capillary

wall.

In Equation (7.5), S2 can be used for the parallel, uniaxial nematic phase because

the two smaller dimensions of the particles have no preferred orientation. For the

perpendicular, biaxial nematic phase the situation is more complicated and S2 is not

the correct order parameter to use. Furthermore, there are two different Δn’s involved

here. The extreme cases that might occur in the situation of alignment perpendicular

to the field can be seen in Figure 7.7. If the particles are aligned along the wall of the

capillary (a) the difference in refraction along the length and thickness is important

and a different order parameter should be used here. However, around the critical field
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Figure 7.7. Schematic picture of the possible particle orientations in an N -N
phase separated sample.

strength, where the measurements in this chapter are done, the biaxial order is still

small and the situation is probably close to the uniaxial nematic phase.

The particles can also be homeotropically aligned (Figure 7.7b), then the orientation

of the width and thickness is important. Clearly, another order parameter and Δnsat

will be important here. If a complete alignment along the long axis is assumed, the

birefringence can be given as

Δn = Δnsatφ〈cos 2ϕ〉 (7.6)

with ϕ the azimuthal angle describing the particle orientation in the plane perpendicular

to the nematic director. In this case, Δnsat is defined by the index of refraction along

the width and thickness of the particles, while for the uniaxial case (Equation (7.5)) all

three refractive indices specify Δnsat.

If the order is high, a significant birefringence is expected for the situation in Fig-

ure 7.7b. However, around the critical field strength the biaxiality is not well developed

yet and there will be a low order causing a small birefringence. This has been ob-

served before using homeotropic samples for birefringence measurements in a magnetic

field [30]. A small negative birefringence (-0.002) was observed around the critical field

strength and it increased by increasing the field. In a field of 1 T it was still lower

than that of a uniaxial nematic phase which was aligned parallel to a small field (-0.02

compared to 0.06).

An example of the lower part of an N -N phase separated sample, in a field of 250 mT,

can be seen in Figure 7.8. The upper, parallel, nematic phase did not show interference

colors; it had a good alignment along the field. The lower, perpendicular and biaxial,

nematic phase showed intense interference colors indicating a small birefringence. After
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250 mT 0 mT

B

Figure 7.8. Polarization microscopy pictures of an N -N phase separated
sample (g29, φ = 9%) in a field of 250 mT and immediately after switching off
the field.

200 mT 0 mT

B

a
b

b
c

Figure 7.9. Polarization microscopy pictures of an N -N phase separated
sample (g29, φ = 9%) in a field of 200 mT and immediately after switching off
the field.

switching off the field, this part of the nematic was observed as a dark region. This

suggests that the particles had a homeotropic alignment, which indeed gives a smaller

birefringence than alignment along the wall.

In another sample, measured in a field of 200 mT, different regions were observed

within the lower, perpendicular nematic phase (Figure 7.9). In region a again interfer-

ence colors were observed; this region became partly black after the field was switched

off and it partly showed some yellow color. This region apparently has particle ori-

entations perpendicular to the wall or at least close to that. Regions b did not show

interference colors and seemed to be similar to the upper nematic phase. However, it

was clearly different from that concluding from the much smoother interface between

b and a than between a or b and the upper nematic phase. So, regions b probably

had an orientation perpendicular to the field, but with the long axis along the capillary

wall. Region c was still a droplet of the parallel nematic phase as could be seen from

the more pronounced interface around this region.
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B

A
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A

Figure 7.10. Polarization microscopy picture of an N -N phase separated
sample (g29, φ = 10%).

(a) (c)(b)

B

Figure 7.11. Polarization microscopy pictures of an N -N phase separated
sample with different orientations of the polarizers.

It was expected that the capillary walls would have an influence on the particle

orientation, preferring the particles to be aligned with their long axis along the wall.

Apparently, the influence is not that large because large regions with other orientations

were observed.

For a more detailed analysis of the birefringence, a 50 μm thick capillary with an I-N

phase separated sample was studied in a field of about 270 mT (perpendicular to the

optical axis). N -N phase separation occurred and the sample was left standing over

night (Figure 7.10). The parallel and perpendicular orientations of the different regions

were confirmed using an optical compensator. In this case, the particles mostly had

an orientation parallel to the wall. Within the perpendicular area (A) there were some

regions (e.g. inside the solid ellipses) that showed interference colors (not very clear

in the picture), indicating a smaller birefringence. These are areas where the particle

orientation was tilted compared to the orientation along the wall.

Within the parallel area (B) also some regions were observed that showed interference

colors and had a smaller birefringence (e.g. inside the dashed ellipse). So, also here

there were some regions with a tilt compared to the perfect alignment. This was not
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expected because, in this configuration, parallel to the field would always be parallel to

the wall as well. It seems that if a droplet with the perpendicular orientation passes a

parallel area it leaves a flow-induced trace where the particles are tilted away from the

ideal alignment. It was seen that this area was slowly getting better aligned in time

and finally got homogeneous.

The birefringence was measured in areas A and B and the obtained values of -0.08

and 0.1 respectively were a bit higher than the measurements of Lemaire et al. who

found a value of 0.064 for the aligned nematic phase [29]. This can partly be ascribed

to the slightly higher volume fraction of the nematic phase in our sample (about 11%

compared to 8.5%). Furthermore, it has to be mentioned that there can be a pretty large

error in the values because of the thickness of the capillaries; 50 μm seems to be still too

thick. Important factors playing a role here are absorption, scattering and dichroism.

The values measured seemed to be overestimations of the real values. In the solid and

dashed ellipses the measured birefringence was -0.03 and 0.03 respectively, which is

clearly smaller than that of the more homogeneous part of these regions. This indicates

an orientation away from parallel to the wall in the solid ellipses and a distortion of the

alignment in the dashed ellipse.

The same sample was also studied with different orientations of the polarizers. With

the polarizer and analyzer vertical and horizontal respectively, the full capillary became

dark as is expected if the particles are aligned in the vertical and horizontal direc-

tion (Figure 7.11a). The interface between different regions and the area with more

defects were still visible, because there were some intermediate orientations present.

Furthermore, it was noticed that the contrast with parallel polarizers was actually very

good. The parallel region became bright with vertical polarizers (Figure 7.11b) and the

perpendicular region with horizontal polarizers (Figure 7.11c). This indicates a clear

difference in absorption along the different particle axes, i.e. dichroism.

7.3.4. Effect of polydispersity

In calculations for monodisperse particles field-induced N -N phase separation could

not be identified [152, 153], so polydispersity might play an important role in the pro-

cess. First of all, larger particles tend to align perpendicular at a lower field strength

compared to smaller particles, since the permanent and induced moments depend on

the particle size in a different manner. Furthermore, a polydispersity in the permanent

magnetic moment is even expected for monodisperse particles, because the number of

uncompensated surface spins within the antiferromagnetic structure is not necessarily

the same for every particle.

To determine the effect of polydispersity on N -N phase separation, systems with

different size polydispersities have been studied. The particle dimensions of the systems
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(a) (c)(b)

Figure 7.12. Polarization microscopy pictures of N -N phase separated sam-
ples of the g29 system at a) 185 mT, b) 300 mT and c) 500 mT (φ = 9.5%,
9% and 10% respectively). The width of the capillaries is 1 mm.

studied can be found in Table 7.1. The behavior of the nematic phase of these systems

was studied within a range of field strengths using polarized light microscopy.

For the g29 system, the first signs of phase separation were observed at a field strength

of 185 mT, as can be seen from the small areas of a different phase at the bottom of

the capillary in Figure 7.12a. In the first stage of the phase separation process droplets

started to form at the bottom of the capillary. This is already an indication that the

larger particles rotate at this small field, because larger particles will be mainly present

at the bottom of the capillary due to sedimentation.

The larger the field, the larger the lower phase with the orientation of the particles

perpendicular to the field, as can be observed in Figure 7.12b and c. At 300 mT (b)

almost half of the nematic phase has the perpendicular orientation and at 500 mT

there are only some droplets with the parallel orientation left which are slowly moving
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Table 7.2. Critical field measurements.

System σL (%) σW (%) Bc (mT) Blimit (mT) Bc−Blimit

Bc
(%)

g55 55 48 285 140 51

g29 29 30 285 185 35

g14 14 25 180 140 22

upwards within the nematic phase. This is expected because by increasing the field

more particles will start to orient perpendicular to the field.

To make a comparison between the systems with different polydispersities, first the

critical field (Bc) of the isotropic phase (fresh samples with a volume fraction of 5%)

was determined. This was done by finding the field where the isotropic phase became

dark again (between crossed polarizers) after first becoming bright at lower fields. The

value for the g14 system is much lower than for the other systems. It is not clear why,

but perhaps the synthesis method has an influence on the magnetic properties of the

systems.

Then, for I-N phase separated samples the field was established where the first

signs of N -N phase separation were observed (Blimit). The data obtained are shown

in Table 7.2. The difference between the two values (Bc − Blimit) is a measure for

the range of field strengths where N -N phase separation takes place. Measuring this

directly was not possible because smectic and/or columnar phases formed before a full

nematic phase was reached, which changed the composition of the nematic phase (see

Chapter 2). The ratio Bc−Blimit

Bc
is compared with the polydispersity in Table 7.2. There

is a clear relation between this ratio and the polydispersity of the systems; the values

are even comparable. This indicates that the polydispersity of the particles has a large

influence on the N -N phase separation process.

7.4. Conclusions

We showed that phase separation takes place inside the nematic phase of colloidal

goethite dispersions within the critical field range where individual particles change

orientation. SAXS measurements proved that the two resulting nematic phases have

orthogonal orientations, a uniaxial nematic with particles parallel to the field and a

biaxial nematic with particles perpendicular to the field. The occurrence of N -N phase

separation in this system is remarkable, because it was previously found that a large

length ratio between particles is needed to get N -N phase separation [142]. In our case a

different mechanism is causing the phase separation because an external magnetic field

causes the orientational distribution function to broaden and even leads to orthogonal

orientations. The phase separation is then rationalized by the large excluded volume

between these perpendicularly oriented particles.
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Polydispersity is an important factor for N -N phase separation, since the magnetic

properties of the particles depend on their size. It was found that the larger the poly-

dispersity of the system, the broader the range of field strengths where N -N phase

separation occurs.

The interface formed between these phases is extremely interesting, since the two

orthogonal orientations have to join there. As can be observed from Figure 7.2 the in-

terfacial tension between the phases seems to be remarkably low (cf. [154]) and droplets

are not spindle-shaped as often observed with I-N interfaces. Different kinds of coales-

cence events are observed during phase separation which is subject of further studies.
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8
The isotropic-nematic interface in an

external magnetic field

Abstract

Polarization microscopy was used to study the behavior around the isotropic-
nematic interface in a magnetic field. In small fields (< 180 mT) both the
isotropic (or then paranematic) and nematic phase aligned and the interface
between them faded, but did not change position. At a bit higher fields the in-
terface lowered, while nematic-nematic phase separation occurred lower in the
sample. From about 250 mT droplets were observed within the paranematic
phase that sedimented to the nematic phase, thereby increasing the level of
the paranematic-nematic interface. Within the paranematic phase regions with
different orientations formed. The lower part had an orientation perpendicu-
lar to the field, going up in the sample a region with a spread of orientations
existed and above that a parallel part (at the smaller fields). At 300 mT the
paranematic-nematic interface became unstable and the perpendicular parane-
matic phase connected with the perpendicular biaxial nematic phase down in
the sample. The full paranematic phase was perpendicular in a field of 400
mT and the paranematic-nematic interface became vague.

89
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8.1. Introduction

Anisometric mineral particles can form liquid crystalline phases depending on their

concentration in suspension. Since these particles also have a large susceptibility to

external fields, they can easily be manipulated [11,12].

The isotropic (I) to nematic (N) phase transition was already described by Onsager

in 1949, who developed an entropy-based theory [20]. It has long been predicted that

an external field, which aligns the particles, will facilitate a phase transition from the

isotropic to the nematic phase [155] and phase diagrams based on the Onsager theory

were given by Khokhlov and Semenov [156]. Experimental evidence was found in fd

virus suspensions [150] and later also in gibbsite dispersions [151]. For the virus particles

very large fields of about 20 T were needed to achieve this transition, for the mineral

gibbsite much lower fields of a few tesla were needed to observe an increase in the

amount of nematic phase.

Colloidal goethite particles are very sensitive to external fields and show peculiar

behavior [28]. The situation of goethite is difficult because the particles possess a per-

manent magnetic moment along their long axis, but also an enhanced susceptibility

along their short axes. This induces an alignment along the field in low fields (up to

about 250 mT) and an alignment perpendicular to higher fields. An idealized theoretical

model for this behavior was developed by Wensink and Vroege [152]. Goethite parti-

cles were represented by monodisperse, charged spherocylinders; the calculated phase

diagram can be seen in Figure 8.1. The aligned isotropic phase is called a paranematic

(pN) phase, since it is not longer really isotropic. The dashed line in the paranematic

region represents the field where the order parameter is zero. The dotted lines show

the second order phase transitions from the uniaxial (para)nematic phase to the biax-

ial nematic phase. The phase diagram shows indeed the reorientation from parallel to

perpendicular to the field and also the transition from the uniaxial to biaxial nematic

phase. Furthermore, the nematic phase is favored over the paranematic phase in a

magnetic field. A tricritical point exists where the pN−-N−
b transition becomes second

order. Other scenarios are possible depending on the magnetic properties of the system.

In this chapter mainly the behavior of goethite around the I-N interface in a magnetic

field will be discussed. Polarization microscopy was used to study this.

8.2. Experimental

The system used in this chapter is the g29 system of Chapter 7. In Section 7.2

the synthesis is described and also the details of the polarization microscopy setup.

Capillaries of 0.05×1.0×100 mm (VitroCom) have been used. The microscopy pictures

shown are composed of several microscopy pictures joint together.
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Figure 8.1. Theoretical phase diagram for goethite in a magnetic field, show-
ing a paranematic phase with parallel (pN+) and perpendicular (pN−) align-
ment, a nematic phase with parallel alignment (N+) and a biaxial nematic
phase with perpendicular alignment (N−

b ) [152].

8.3. Results and discussion

I-N phase separated samples were studied at different magnetic field strengths, now

focusing on the behavior around the I-N interface. The first measurements were per-

formed at fields below the critical field strength. The behavior in a field of 100 mT

can be seen in Figure 8.2. The isotropic and nematic phase were aligned parallel to

the field. The interface was first visible as a red line but it slowly became vague;

the red line turned into a wider band. The nematic phase was homogeneous in this

field, but in the paranematic phase interference colors could be observed. The different

color bands are caused by a gradient in the birefringence as is presented in the Michel-

Levy birefringence chart shown in the previous chapter (Figure 7.6). The birefringence

(Δn) increases with the volume fraction (φ) and the nematic order parameter (S2) (see

Equation (7.5)). Since goethite has a large density (4.26 g/mL) and the particles are

relatively large, there is a large concentration gradient in the sample, which causes the

gradient in the birefringence.

In the nematic phase interference colors were not observed. Here, the order parameter

is much larger than in the paranematic phase (typically 0.95 compared to 0.05 [29,30]).
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Therefore, the interference colors will be much lighter in color (see the higher orders in

Figure 7.6) and cannot be seen in the strongly absorbing goethite.

After switching off the field, the initial situation came back within seconds, except

for the exact domain structure within the nematic phase. The pictures in Figure 8.2c

were taken two minutes after switching off the field. Right below the I-N interface,

interference colors were visible just after switching off the field, which indicates that

there is still a gradual transition from the isotropic to the nematic phase. Within

hours after switching off the field, the interference colors disappeared and a sharp I-N

interface was formed.

At fields where N -N phase separation takes place (see Chapter 7) the behavior starts

to be more complicated. In Figure 8.3 the behavior in a field of 200 mT can be seen.

Interference colors were again observed in the paranematic phase, but around the orig-

inal I-N interface the color bands were narrower than in a field of 100 mT, indicating a

larger gradient in the birefringence. The paranematic phase is probably already getting

less well ordered because the critical field is being approached, while the nematic phase

still has a large order parameter.

Furthermore, the bands gradually moved downwards over time in the field. This

implies that the order just below the original I-N interface was decreasing. The field

was switched off after 7 days and it can be seen in Figure 8.3c that the I-N interface

changed its position; it reformed lower than it initially was. This confirms the lower

order observed from the interference bands while it was still in the field. Besides the

behavior around the I-N interface, it can be seen that N -N phase separation has taken

place. The newly formed, biaxial nematic phase is apparently denser than the original

nematic phase. Because of the formation of this denser phase the total volume of

nematic phase has decreased and the level of the I-N interface lowered. Nevertheless,

the decrease in the height of the I-N interface seems to be too large to be accounted for

just by the denser lower nematic phase which is still very small. This would suggest that

the parallel nematic phase might also be denser than the non-aligned nematic phase.

An interesting change in the paranematic phase was observed in a field of 250 mT

(Figure 8.4). First, small droplets formed in the paranematic phase and larger droplets

in the nematic phase (8 min) and the interface between the paranematic and nematic

phase was not clear for a while (1 h). Then, a new interface was formed, at a bit higher

position, and droplets were still sedimenting from the paranematic to the nematic phase

(3.5 h). The movement of these droplets induced a wiggly black band which could

be clearly observed after 10 hours. Above and below this band, interference colors

were observed. The black color indicates a region of zero birefringence and thus a

spread of particle orientations. Below this black band the particles were probably

oriented perpendicular to the field (in a sample measured in a field of 270 mT the

paranematic phase, just above the pN -N interface, was confirmed to have an orientation
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I

N

pN+

N+

B

Figure 8.2. Polarization microscopy picture of an I-N phase separated sam-
ple (φ = 9.5%), (a) before applying the field, (b) in a 100 mT field for 1.7 days
and (c) just after switching off the field.
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(a) (b) (c)
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Figure 8.3. Polarization microscopy picture of an I-N phase separated sam-
ple (φ = 9%), (a) before applying the field, (b) in a 200 mT field for 7 days
and (c) just after switching off the field.

perpendicular to the field above which also a black region with zero birefringence was

observed). Above the black band the orientation is expected to be parallel to the field.

From this upper region nematic droplets sedimented to the nematic phase with the

same orientation. After 3.5 days the interface between the parallel nematic phase and

perpendicular paranematic phase was well developed. Within the paranematic phase

the interference bands were also better developed and the black band can be clearly

seen.

A more complete study of this rich behavior was performed at 270 mT (Figure 8.5). In

the paranematic phase similar behavior was observed as in the nematic phase. Droplets

formed in a large part of the sample, where the droplets were smaller in the paranematic

phase compared to in the nematic phase as can be seen from the picture taken after

40 minutes. The droplets formed in the paranematic phase were nematic and they

sedimented to the nematic phase, thereby increasing the level of the pN -N interface, as

could be seen after two hours in the field. Just below this interface interference colors
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8 min 1 h

10 h 3.5 d3.5 h
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Figure 8.4. Polarization microscopy pictures of an I-N phase separated sam-
ple (φ = 9%) in a 250 mT field. The white mark indicates one specific position
in the capillary.

were observed indicating that the parallel alignment was still distorted by droplets and

the pN -N interface was not clear yet. There seemed to be a flow from the nematic to

the paranematic phase as well and after 5 days the level of the interface had lowered a

bit. However, it was still clearly higher than the initial position, even though a nematic

phase which seems to be denser had formed. The nematic phase is stabilized in the field,

which confirms theoretical predictions [152,155,156] and earlier experiments [150,151].

Compared to the other experiments the process can be followed more directly in our

case. In the work of Tang and Fraden [150] droplets that formed a network were observed

when a magnetic field was applied to an initially fully isotropic sample, but no formation

of a macroscopic nematic phase was seen. Van der Beek et al. [151] observed a rise of

the I-N interface only when letting homogenized samples phase separate in a magnetic

field, but no formation of droplets in the isotropic phase was observed when increasing

the field.

In the paranematic phase some interference colors were observed after 5 days in 270

mT and there was a large area more or less black. This implies that there was a small

part with some (perpendicular) alignment, but in the largest part there was hardly any

order and probably all orientations were present within the paranematic phase. The

field is clearly close to the critical field where a spread in orientations is expected in the

paranematic phase.

Just after switching off the field, the I-N interface formed at the same position

as it was in the field. After one hour, it could already be seen that the interface

position was clearly going down and it was then close to the situation before a field
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Figure 8.5. Polarization microscopy pictures of an I-N phase separated sam-
ple (φ = 9%); before applying the field, in a 270 mT field and after switching
off the field.

was applied. Therefore, it was expected that equilibrium was reached soon after that.

However, the interface dropped even further and after two days it was clearly lower

than it was initially. This was attributed to the denser perpendicular nematic phase

which was still present at the bottom of the capillary. The dynamics in the isotropic

phase is faster than in the nematic phase, so while equilibrium is reached around the

I-N interface, the nematic phase is still changing. Particles have to diffuse within the

nematic phase, especially from the denser biaxial nematic phase which formed in the

field. This diffusion is a slow process. After 9 days, it could be seen that the interface

was rising and the nematic phase was probably getting less dense again.

The slow diffusion can also be seen when repeating the experiment in a field of 270

mT, 9 days after the previous experiment. In Figure 8.6 the behavior after two hours

in a field can be seen. Compared to the situation in Figure 8.5 after two hours, it

was observed that N -N phase separation was much more localized to the bottom of the

capillary in the second experiment. It is clear that the composition of the nematic phase

was still very different from the initial situation. The behavior around the I-N interface

was similar in the first and second experiment indicating that the I-N region reached

the equilibrium situation in zero field faster than the lower region of the nematic phase.

In a field of 300 mT, droplets were again forming in a large part of the sample

(Figure 8.7), except for the upper part of the isotropic phase which remained more or

less dark. The droplets in the paranematic phase were still small after 10 minutes, but
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Figure 8.6. Polarization microscopy picture of an I-N phase separated sam-
ple after two hours in a 270 mT field, 9 days after the experiment in Figure 8.5.

they grew over time as can be seen from the pictures taken after one hour. After one

day, a new interface has formed between the paranematic and nematic phase, which

was a bit higher than the I-N interface at zero field, even with the large dense nematic

phase formed at the bottom of the capillary. From the paranematic phase still some

droplets sedimented to the nematic phase.

After 5 days, the interface had lowered its position and it became unstable. Droplets

from the paranematic phase were falling through the interface and channels were being

formed. At the left side of the capillary a channel connecting the paranematic and the

lower nematic phase can be seen. This lower nematic phase had the same orientation

of the particles as the paranematic phase just above the pN -N interface; they were

both oriented perpendicular to the field. Apparently, these phases had a small density

difference and were very similar; channels connecting the two phases were made through

the upper nematic phase with a parallel orientation.

In a field of 400mT, most particles had an orientation perpendicular to the field. As

can be seen in Figure 8.8 (2.5 h) some small droplets still formed in the paranematic
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Figure 8.7. Polarization microscopy pictures of an I-N phase separated sam-
ple (φ = 9%); before applying the field and in a 300 mT field over time.

phase. These droplets had a parallel alignment as could be concluded from the obser-

vation that they coalesced with the nematic droplets with a parallel alignment. After

7 hours, hardly any droplets were observed in the paranematic phase anymore. The

position of the I-N interface does not seem to have changed, but it was not easy to

determine since there was no sharp interface present.

After 6 days, the amount of paranematic phase seemed to have increased, based on

the change of the position of the interference bands and of the areas of parallel nematic

phase. Probably, the perpendicular, biaxial nematic phase increased in density. Within
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Figure 8.8. Polarization microscopy pictures of an I-N phase separated sam-
ple (φ = 10%); before applying the field and in a 400 mT field over time.

the parallel nematic phase there was apparently a density gradient, since the areas were

stretched over a large part of the capillary.

The paranematic phase was aligned perpendicular to the field; no dark areas were

observed which would indicate a spread in the orientations of the particles. This phase

was clearly better aligned than at 300 mT, as can be seen from the interference colors

that were now less intense.
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Higher fields were not studied in detail here. At least more than 600 mT is needed to

see no N -N phase separation anymore. The paranematic phase becomes better aligned

and the interface with the nematic phase fades. It was observed by Lemaire et al. that

the difference between the paranematic and nematic phase vanishes at a certain field

strength, in their case they used 1 T [32].

8.4. Conclusions

The behavior of the region around the I-N interface in a magnetic field was studied

using polarization microscopy. In a small magnetic field (up to 180 mT) the parane-

matic and nematic phase align parallel to the field. In time, the interface between the

paranematic and nematic phase fades, but the difference is still clear from the interfer-

ence colors observed in the paranematic phase. After the field is switched off, the I-N

interface is still in the same position.

In fields where N -N phase separation occurs (above 180 mT), there are two effects

affecting the position of the I-N interface. Firstly, at least the lower, biaxial nematic

phase that forms has a higher density and perhaps the upper, parallel nematic phase

as well. Therefore, it reduces the total volume of the nematic phase and it lowers

the position of the I-N interface. Secondly, nematic droplets form in the paranematic

phase which sediment to the nematic phase, thereby increasing the height of the I-N

interface. Which of the two factors wins over the other depends on the field strength.

In small fields no droplets are formed in the paranematic phase yet and the interface

drops. Increasing the field, droplets start to form and the interface rises.

At fields above around 300 mT the I-N interface starts to go down again, probably

because of the large denser nematic phase. Furthermore, the interface starts to get un-

stable. Within the paranematic phase there are also regions with different orientations

as in the nematic phase. The lower part of the paranematic phase has a perpendicular

alignment like has the lower nematic phase. In high fields these two phases connect and

form channels through the parallel nematic phase. At fields above about 600 mT there

is no N -N phase separation anymore and the interface between the paranematic and

nematic phase starts to fade.

The dynamics in the isotropic phase was observed to be much faster than in the

nematic phase. The I-N interface restores within a day, but the composition of the

nematic phase was found to be still much different from the initial situation 9 days after

switching off the field.



Acknowledgements 101

Acknowledgements

Andreea Lupascu is acknowledged for her preliminary experimental work, her work

was supported by a Schlumberger grant. Bonny Kuipers is thanked for the magnet

setup and we thank Patrick Davidson for enlightening discussions.



102 8. Isotropic-nematic interface in field



Part 3

Modified goethite





9
Modified goethite in an external magnetic

field

Abstract

Goethite particles were successfully modified with chromium, aluminum and
cobalt. The behavior of the different liquid crystalline phases, observed in col-
loidal dispersions of this modified goethite, has been studied by small-angle
X-ray scattering and was compared with unmodified systems. All these sys-
tems show similar behavior with and without field. On the other hand, the
magnetic properties of the normal and modified systems are different: the rela-
tive importance of the permanent and induced magnetic moment was found to
have changed. Magnetic-field-induced nematic-nematic phase separation was
observed in a mixture of normal and aluminum-modified goethite.
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9.1. Introduction

Goethite particles have the opposing tendencies to align with their permanent mo-

ment parallel to the field at low magnetic field strengths and to orient perpendicular to a

larger magnetic field due to their induced moments. By tuning the relative importance

of the permanent and induced moments different phase diagrams can be expected [152].

When the permanent magnetic moment is relatively unimportant compared to the sus-

ceptibility anisotropy, the first-order isotropic-nematic phase transition changes into

a second-order transition in a large magnetic field. In the other situation where the

permanent moment is more important the first-order phase transition vanishes above

a critical point at a lower field strength and subsequently reappears at higher fields.

We hope to achieve these different types of behavior by modification of the goethite

particles with other elements. Goethite has a lot of isostructural equivalents where

other cations occupy the places of Fe3+ [157, 158]. Therefore, it is possible to modify

goethite with different elements, for example with chromium (Cr) [159,160], aluminum

(Al) [161] or cobalt (Co) [22,162].

Apart from the nematic phase goethite can also form higher order phases. Smectic A

and columnar phases have been found even in very (55%) polydisperse systems (Chap-

ter 2) [33,34]. All different phases of Cr-modified goethite were studied by small-angle

X-ray scattering (SAXS) in a magnetic field and compared with unmodified goethite.

An attempt was made to determine the magnetic properties of both systems. Al- and

Co-modified goethite was also studied.

9.2. Experimental

9.2.1. Synthesis

The normal goethite (gn) dispersion used in this chapter is g35 from Chapter 2 of

which the synthesis is described in Section 2.2.1.

The Cr-modified particles (gcr) were synthesized in a slightly adjusted way with part

of the iron nitrate replaced by chromium nitrate (Cr(NO3)3.9H2O, Merck, p.a.). In

this case, 1 M NaOH was added to a 0.1 M chromium/iron nitrate solution until a pH

of 9 was reached. After this, the precipitate was redispersed in fresh millipore water

before raising the pH further to 11-12. Aging took place at 70 ◦C for 10 days. The

dispersion obtained was centrifuged and stabilized as was done for g35. The gcr2 and

gn2 dispersions were made similarly but with 14 days of aging.

Al- and Co-modified (gal/gco) goethite dispersions were synthesized in the same

way using Al(NO3)3.9H2O (Aldrich, 98+%) or Co(NO3)2.9H2O (Acros, 99%). The

gal system was aged for 14 days at 50 ◦C and the gco system for 57 days at room

temperature. During synthesis, at high pH, oxidation of Co2+ to Co3+ takes place [162].



9.2. Experimental 107

The gn3 (normal) and gal2 (Al) dispersions used for polarization microscopy studies

were also made using the same method. Aging took place for 12 days, the gn3 system

was kept at room temperature and the gal2 system at 45 ◦C. The higher temperature was

used to compensate for their smaller size. At a higher temperature particles generally

grow larger.

9.2.2. Characterization

TEM analysis was performed as described in Section 2.2.2.

Scanning transmission electron microscopy (STEM) in combination with energy dis-

persive X-ray analysis (EDX) was used to do elemental analysis. A line scan over the

width of a Cr-modified particle was done to get information about the distribution of

Cr over the particles. For a bulk analysis inductively coupled plasma optical emission

spectroscopy (ICP OES) was used.

9.2.3. SAXS experiments

Samples were made as in Section 2.2.3. All capillaries, except the ones of the gn

system, were flame sealed instead of using glue. The gn sample had been standing

for about 3.5 years before doing these measurements, the gcr sample was about 1

year old and had been measured in a magnetic field two months before doing these

measurements, the gal sample was 4 months old, and the gco sample 2 months. SAXS

measurements were performed at the BM26 DUBBLE [56] and ID02 high brilliance [104]

beamlines of the European Synchrotron Radiation Facility (ESRF, Grenoble, France).

The variable permanent magnet described in Section 3.2.2 was used.

9.2.4. Magnetic properties

The magnetic properties of the particles were determined using a Micromag 2900 al-

ternating gradient magnetometer (AGM, Princeton Measurements Cooperation). Sam-

ples were made in glass capillaries of 4 × 4 × 0.04 mm3 attached to a small piece of

flexible plastic. Dispersions with a goethite volume fraction of 6% were put in the

capillaries using a pipette and then dried in a magnetic field. The magnetic field was

generated by a Bruker BE25v electromagnet with large flat poles. After drying the

samples two-component epoxy glue (Bison Kombi rapide) was gently added to the cap-

illary to keep the dried particles in place. Empty capillaries with glue were used as

background samples.

9.2.5. Polarization microscopy

The polarization microscopy setup is described in Section 3.2.2. The capillaries used

for microscopy were 0.1 ×2.0 × 100 mm3 in size.



108 9. Modified goethite

Table 9.1. Goethite particle dimensions.

System % Modification 〈L〉(nm) σL(%) 〈W 〉(nm) σW (%) 〈T 〉(nm) 〈L〉/〈W 〉
gn 0 282 35 68 32 ∼25 4.1

gcr 5 227 31 68 29 ∼22 3.3

gal 2 220 20 55 23 ∼18 4.0

gco 9 222 44 41 41 ∼14 5.4

gn2 0 237 23 57 23 ∼22 4.2

gcr2 5 232 17 67 16 ∼24 3.5
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Figure 9.1. EDX lineprofile along the width of a Cr-modified goethite particle.

9.3. Results and discussion

9.3.1. Characterization

The particle dimensions of the systems used are shown in Table 9.1.

With ICP OES bulk molar concentrations of the incorporated elements were deter-

mined which can be found in Table 9.1. The line profile made by STEM-EDX along

the width of a Cr-goethite particle (of the gcr system), which is shown in Figure 9.1,

shows that the Cr is homogeneously distributed over the goethite particle. For the

other modified systems such a line scan was not performed.

9.3.2. Influence of incorporated chromium

The general phase behavior of goethite is discussed in Chapter 5. The system dis-

cussed in that chapter is used to compare its behavior with that of a Cr-modified

goethite system with a similar size polydispersity (gcr). To tune the magnetic proper-

ties of goethite a part of its Fe was replaced by Cr. This sample contains 5% (mole) Cr.

In a capillary with an initial volume fraction of 7.8% the same phases were found as for

the pure goethite sample. The estimated volume fraction at the I-N phase boundary is
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(a) (b) (d)(c)

I C+SSNB

gn

(e) (f) (h)(g)gcr

Figure 9.2. Cr-modified goethite (gcr) compared to normal goethite (gn) in
a magnetic field of 0.5 T. The scale bar is 0.05 nm−1.

approximately 12%, at N -SmA 13.4% and at SmA-(C+SmA) 14.4%. No clear jumps

in the concentration profile were observed at the phase boundaries.

In a small magnetic field of 0.1 T, the system shows the same behavior as pure

goethite; the isotropic, nematic and smectic phase are aligned parallel to the field. The

coexisting columnar and smectic phases further down in the sample do not react to the

magnetic field yet.

By increasing the magnetic field to 0.5 T, differences between normal and Cr-modified

goethite become visible (Figure 9.2). In the upper part of the picture normal goethite

(gn, a-d) is shown and in the lower part Cr-modified goethite (gcr, e-h). The isotropic

and nematic phases of gn are already mostly oriented perpendicular to the field (a,b) as

opposed to gcr which is still predominantly oriented parallel to the field (e,f), although

a very small part of the system did turn perpendicular. When the smectic phase of gn

starts to form an ordered columnar phase (c), the smectic phase of gcr is still mostly

aligned with the field (g). The coexisting columnar and smectic phases of gn (d) start

to form an ordered columnar phase just like the pure smectic phase (c). However, the

columnar phase within the coexisting smectic and columnar phase of gcr has hardly

changed and its smectic part is still mostly aligned parallel to field (h). The columnar

phase of gcr is a bit peculiar because three rings are observed instead of two which are

observed for normal goethite. This suggests that another kind of columnar structure is

formed, probably a simple rectangular structure where a centered rectangular structure

(as in Figure 5.1 C) is normally found. This is further discussed in Chapter 10.
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(a) (c)(b) (d) (e)

I C+SSN SB

Figure 9.3. Cr-modified goethite (gcr) in a magnetic field of 1.5 T. The scale
bar is 0.05 nm−1.

B = 3 mT B = 1.5 TB = 560 mTB = 60 mT

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

B

Figure 9.4. Smectic phase of Cr-modified goethite (gcr) in a magnetic field.
The scale bar is 0.05 nm−1.

At 1.5 T, it can be seen that the gcr system in the end does show the same behavior

as normal goethite (Figure 9.3). The isotropic and nematic phase are now aligned per-

pendicular to the field (a,b like Figure 5.3c). In the smectic phase there are actually

two different effects observed. High in the smectic phase (c) the system stays smectic

but it aligns perpendicular to the field, whereas low in the smectic phase (d) it forms

an ordered columnar phase as was observed for gn (Figure 5.4c,d). It seems that either

the columnar phase which is already present close to the lower part of the smectic phase

induces the formation of this ordered columnar phase, or the higher osmotic pressure at

this height favors the transformation to a columnar phase. The columnar phase itself

also starts to orient (e) but it probably needs more time to align further.

Highly ordered smectic phase. The smectic phase in the Cr-modified system shows re-

markable behavior (Figure 9.4). It is already pretty well aligned in a magnetic field

of 3 mT (a): a third order peak can be observed. This is possibly because of prelim-

inary measurements carried out two months before doing these measurements where

the sample had been aligned in a magnetic field. In a magnetic field of only 60 mT

(b) it even shows a sixth order peak which indicates a very well ordered smectic phase.

Very short measurement times of a few milliseconds were needed, together with a filter,

not to oversaturate the detector. A longer measurement time was used to visualize the

higher order peaks, thereby slightly oversaturating the lower order peaks causing some

artifacts in the SAXS pattern (Figure 9.4b).
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3 mTB 1.4 T440 mT280 mT

gn

gco

gal

Figure 9.5. SAXS patterns of normal, Al- and Co-modified goethite in a
magnetic field.

By increasing the field the order slowly decreases and at 560 mT the particles start

to turn perpendicular to the field (c). At 1.5 T the smectic phase is mostly oriented

perpendicular to the field (d); a second order small-angle peak can be observed. How-

ever, there are still some different domains as can be seen from the peaks at a small

angle. A higher field or more time in the field are probably needed to fully align the

phase.

9.3.3. Other incorporated elements

Goethite has also been modified with Al and Co (see Table 9.1). SAXS measurements

of these systems and a normal system (gn) are shown in Figure 9.5.

A similar effect is observed as for Cr, the critical field strength increases when in-

corporating these elements. At 280 mT gn already starts to align perpendicular to the

field, while gal and gco are still aligned parallel to the field. At 440 mT gal and gco

also start to align perpendicular, while gn is already mostly aligned perpendicular. In
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the highest field of 1.4 T gn and gal are fully aligned perpendicular to the field; in the

gco system there is still a part aligned parallel to the field.

9.3.4. Magnetic properties

To study the difference in the magnetic properties of normal and Cr-modified goethite

measurements were performed with AGM. Slightly different dispersions were used for

these measurements: gn2 and gcr2 (Table 9.1).

Samples were dried at different field strengths to be able to determine the magnetic

properties along the different axes of the particles. Dispersions dried in small field will

be aligned along the field direction and in this way the permanent magnetic moment

and susceptibility can be determined in the direction of the long axis of the particles.

In high fields the particles will be aligned perpendicular to the field and the magnetic

properties in that direction can be determined.

The measured magnetization curves of normal goethite (gn2) samples dried at 0.12

T and 1.7 T are shown in Figure 9.6. Similar results were obtained before by freezing

dispersion in a certain field instead of drying them [29]. It can be seen that the curves

of the 0.12 T samples show a remanent magnetic moment which confirms the presence

of a permanent magnetic moment along the long axis of the particles. The 1.7 T graph

crosses the origin, so no permanent magnetic moment is present along the short axes

of the particles. Furthermore, a negative susceptibility anisotropy (χ‖ − χ⊥) of -7·10−4

is found. This value and the one found for the remanent moment (1.7·10−20 Am2)

correspond well to the values found by Lemaire et al. (-3·10−4 and 1.4·10−20 Am2) [29].

Differences can occur for different goethite dispersions and there is actually a pretty

large error in our measurements. The crossing point of the two lines should correspond

to the critical magnetic field where the particles change orientation from parallel to

perpendicular to the field. In our case, the crossing point is at a smaller (about 2-3

times) field than the actual critical field, so it is clear that the measurements are not

very accurate.

The same measurements were done for a Cr-modified dispersion (gcr2) as is shown

in Figure 9.7. Now there seems to be a problem because the 0.12 T and 1.7 T samples

both show a remanent magnetic moment which is not expected. It is possible that

the particles were not aligned completely perpendicular to the field yet, giving still

a contribution of the permanent moment of the particles. The crossing point, which

should be at a larger field than for normal goethite, seems to be at a very small field

now. It is clear that these measurements do not show the behavior corresponding to

the observations made by SAXS. Probably, there is a problem with the alignment of

the particles in the dried samples.



9.3. Results and discussion 113

0

500

1000

1500

2000

2500

0 0.2 0.4 0.6 0.8 1 1.2
B (T)

M
ag

ne
tiz

at
io

n 
(A

/M
)

0.12 T

1.7 T

Figure 9.6. Magnetization curve for normal goethite (gn2) samples dried at
0.12 T and 1.7 T.
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Figure 9.7. Magnetization curve for Cr-modified (gcr2) samples dried at 0.12
T and 1.7 T.

To be still able to say something about the difference between normal and Cr-goethite

a study was performed on the remanent magnetization (Mr) of samples dried at differ-

ent field strengths. When plotting this the initial slope gives the average permanent

magnetic moment (μp) of the particles, according to

Mr

NH
=

μ2
pμ0

3kBT
(9.1)
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Figure 9.8. Remanent magnetization of samples frozen at different field
strengths as obtained by Lemaire et al. [29].

with N the number of particles and H the magnetic field in A/m. At higher fields

the induced moment takes over and a decrease in remanent magnetization should be

observed. This type of measurements were already performed for normal goethite by

Lemaire et al. (Figure 9.8) [29]. In this way it should be possible to distinguish between

a difference in the permanent or induced moment. Measurements were performed for

samples dried in fields of 7, 28 and 50 mT. This is still in the part where a straight

line is expected. No difference was observed for the normal and Cr-goethite samples

(Figure 9.9). The value found for μp is 6·10−20 Am2, which suggests that the remanent

magnetization is overestimated if compared to the literature value of 1.4·10−20 Am2 [29].

The similar values for normal and Cr-goethite would suggest that there is no difference

in the permanent magnetic moment of the two systems. To be sure more measurements

should be done at higher fields. A difference between the systems should then be

observed. Due to time constraints these measurements were not conducted yet.

If there is no difference in the permanent magnetic moment of the normal and mod-

ified particles, there should be a difference in the induced moment. This is plausible,

since impurities can reduce the Neél temperature (TN) [163]. When TN is decreased,

the system is closer to its TN at room temperature and the susceptibility anisotropy

becomes smaller. This will cause a higher critical field where the particles will rotate
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Figure 9.9. Remanent magnetization of samples dried at different field strengths.

from parallel to perpendicular to the field. A change in the permanent magnetic mo-

ment could also be possible because part of the spins is replaced by other spins. This

induces more defects in the antiferromagnetic lattice and a larger remanent moment

could occur.

9.3.5. Nematic-nematic phase separation

In Chapter 7 magnetic-field-induced nematic-nematic (N -N) phase separation is dis-

cussed. This occurs around the critical field strength because of polydispersity in the

magnetic properties of the particles. Some particles will already start to orient perpen-

dicular to the field, while others are still oriented parallel to the field and they separate.

Another way to get this N -N phase separation, without the need of polydispersity, is by

mixing a normal goethite dispersion with a modified dispersion. These two dispersions

clearly have a different critical field where the particles rotate from parallel to perpen-

dicular to the field. This should induce N -N phase separation at a field in between the

two critical fields, because the normal particles will then be aligned perpendicular to

the field, while the modified particles will still be parallel to the field.

N -N phase separation was indeed observed in a mixture of normal (gn3) and Al-

goethite (gal2, 2% Al) with similar particle dimensions (Table 9.2). The critical fields

of the two separate systems were 390 mT and 490 mT respectively and the mixture



116 9. Modified goethite

Table 9.2. (Al-)Goethite particles used for N -N phase separation experiments.

System % Modification 〈L〉(nm) σL(%) 〈W 〉(nm) σW (%) 〈T 〉(nm) 〈L〉/〈W 〉
gn3 0 180 27 36 28 ∼15 5.1

gal2 2 194 27 39 28 ∼17 5.2

5 h 9 d5 d2 d21 h

B a

b

c

Figure 9.10. Polarization microscopy pictures of a sample of mixed normal
and Al-goethite in a field of 440 mT. The width of the capillary is 2 mm.

was studied in a field of 440 mT. Polarization microscopy pictures of a sample with a

1:1 mixture of normal and Al-goethite in a field of 440 mT are shown in Figure 9.10.

In the first 5 hours, droplets were forming in the full nematic phase and also in the

paranematic phase. Droplets from the paranematic phase sedimented to the nematic

phase and the interface was rising. Around the position of the original I-N interface

droplets coalesced and formed a region with a different orientation than the surrounding

region. In time, some droplets in the nematic phase sedimented to the bottom of this

phase and others went up to the region around the original I-N interface position.

After 21 hours, it could be seen that a phase was forming at the bottom of the

capillary, but also the interface region had grown. In the next day everything seemed

to be getting unstable. From the lower nematic phase droplets were moving up and

from the interface region droplets were moving up and down. These regions seemed

to have the same orientation since they connected at some points. Furthermore, the

region which is even higher seemed to have the same orientation as well and was also

connected to these other regions. Apparently, there is a very small density difference

between the different nematic phases. If one looks carefully to the regions a, b and c

(after 2 days) connections between these regions can be seen.

After 5 days, it was observed that regions a and b started to feed region c which

increased in size. After 9 days, this upper nematic phase had grown even further and a

connection with the lowest part of the nematic phase could still be observed. The upper
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nematic phase and the remaining regions at the bottom of the nematic phase seemed

to have the perpendicular orientation since it showed many interference colors and thus

had a smaller birefringence (see Figure 7.6). This can be expected for the perpendicular

nematic phase, because it can have all orientations from along to perpendicular to the

capillary wall. The perpendicular orientation has a much smaller birefringence and will

show clear birefringence colors. The other part of the nematic phase was slowly getting

more homogeneous with clearly less interference colors, which indicates that it had the

parallel orientation. Still some interference colors were observed in here because droplets

from the other nematic phase were moving through this phase, thereby distorting the

alignment.

So, in the end it seems that in this case the perpendicular nematic phase was mostly

formed above the parallel nematic phase, which is opposite to the situation of a pure

goethite system (Chapter 7). In that case the phase separation was based on particle

dimensions and the larger particles formed the perpendicular nematic phase. In this case

the N -N phase separation was not based on particle dimensions but on the magnetic

properties of the normal and Al-goethite particles. The Al-goethite is expected to form

the parallel phase since it switches to the perpendicular orientation at a higher field

than normal goethite. The Al-particles used here were slightly larger than the normal

goethite particles (Table 9.2), which might explain why the parallel nematic phase of

these particles finally formed at the bottom of the capillary. The density difference

between the two nematic phases seems to be smaller than in a pure goethite system

and the phase separation process is slower.

The phase separated sample was frozen in liquid nitrogen and cut in pieces to be

able to analyze the particles in the different nematic phases. STEM-EDX was used to

determine the Al concentration in both phases. Unfortunately, 2% Al appeared to be

below the resolution limit and it was not possible to see in which of the nematic phases

the Al-goethite particles were present. Particles with a higher modification content

would be better in this perspective, but incorporating other ions in goethite changes

the particle dimensions which is an unwanted effect.

9.4. Conclusions

Goethite particles were successfully modified with Cr3+ ions, which were incorpo-

rated homogeneously. The modified particles show the same phase behavior as normal

goethite. Furthermore, in a magnetic field similar effects are observed. The nematic

phase aligns parallel to the field at a low field strength and perpendicular to a large

magnetic field. The smectic phase also aligns parallel to a small magnetic field. In a

higher magnetic field it aligns perpendicular to the field in the higher part of the phase

and it forms a columnar phase with a distorted hexagonal structure in the lower part

of the phase. The columnar phase also has the tendency to align in a magnetic field
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but it reacts more slowly, probably because the particles seem to be more restricted at

a higher osmotic pressure.

The difference between normal and Cr-modified goethite is that the particles turn

perpendicular to the field at a considerably higher magnetic field strength. This proves

that the relative importance of the permanent and induced magnetic moment can indeed

be changed by incorporating different metal ions into the goethite particles. A similar

effect was observed when incorporating Al or Co.

Magnetic measurements did not give conclusive evidence for the difference between

normal and modified goethite, but it suggests that the permanent moment is the same.

This implies that their susceptibility anisotropy is different, although this should be

verified by further measurements.

In a mixture of normal and Al-goethite magnetic-field-induced N -N phase separation

was observed. The process is slower than in a pure goethite system, which was discussed

in Chapter 7. Furthermore, the position of the perpendicular and parallel nematic

phases seems to be reversed compared to the normal situation. The perpendicular

nematic phase was now mostly located above the parallel nematic phase. This might

be caused by the slight difference in particle dimensions of the normal and Al-goethite.
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10
Simple rectangular columnar phase and its

martensitic transition to the centered

rectangular columnar phase

Abstract

Using high-resolution small-angle X-ray scattering, we observed a new type
of the columnar phase with a simple rectangular (RS) structure in colloidal
goethite dispersions. Furthermore, it displays a martensitic transition into the
usual centered rectangular (RC) structure in an external magnetic field. The
findings are rationalized in terms of entropic effects within a simple cell model.
We interpret the results as an effect of the particle shape and the available
degrees of freedom on the delicate balance between the space available for
particle translations and rotations within the two structures.
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10.1. Introduction

Suspensions of inorganic anisometric colloidal particles are able to self-organize into

various liquid crystalline phases [11, 12]. They are very susceptible to external fields,

have a high thermal stability, and are potentially suitable for applications such as

photonics. Lyotropic mineral liquid crystals were found for the first time by Zocher in

1925 [13], who observed a nematic phase in suspensions of vanadium pentoxide particles.

In addition to the nematic phase, which possesses only the particle orientational order,

smectic or columnar phases can also be formed, which are positionally ordered in one

or two dimensions, respectively. A recent intriguing example is board-like goethite

particles, which shows rich liquid crystalline phase behavior, including nematic [28],

smectic [33], and columnar phases [31]. The inherent polydispersity of the particles,

which is usually considered to be a disadvantage of colloids, in this case enriches their

phase behavior. It was found to induce the columnar phase, which coexists with a

smectic phase and acts as a “waste bin” for the particles that do not fit within the

smectic structure [33, 108]. The coexistence of columnar and smectic phases is rather

unusual. The majority of known columnar phases are formed by flat molecules or

platelike particles [164, 165]. A columnar phase can also be formed by, for example,

long cylindrical micelles which do not have a fixed length [166]. For rodlike particles,

apart from a few rare exceptions such as the columnar phase in suspensions of DNA

molecules [167, 168] or fd viruses [169], a strong tendency toward smectic rather than

columnar phases is observed.

In addition to their unusual phase behavior, goethite particles also have peculiar

magnetic properties [28–34,107,108]. They possess a considerable permanent magnetic

moment along their long axis, presumably due to uncompensated surface spins within

their antiferromagnetic crystal structure. At the same time, their magnetic easy axis is

orthogonal to the permanent magnetic moment, along the shortest particle dimension.

Therefore, particles align parallel to a small external magnetic field but perpendicular

to a larger magnetic field (> 250 mT). These alignment and reorientation phenomena

open wide possibilities for easy manipulation of the liquid crystalline phases by an

external magnetic field. Apart from the magnetic-field-induced isotropic to nematic

phase transition, which has been extensively studied in various systems [32, 150, 151],

goethite also shows a nematic to columnar phase transition under the influence of

a magnetic field [31]. Furthermore, the particle properties can be tuned by various

modification methods [22,107,160].
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10.2. Experimental

10.2.1. Synthesis

The normal goethite particles were obtained as described in Section 2.2.1 (g35). The

synthesis of the Cr-modified particles is shown in Section 9.2.1.

Particle characterization by TEM is described in Section 2.2.2, elemental analysis in

Section 9.2.2.

10.2.2. SAXS

Sample preparation is discussed in Section 2.2.3. Flame sealing was used to close the

capillaries. SAXS measurements were conducted at the BM26 DUBBLE and ID02 high

brilliance beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble,

France). The microradian resolution setup was used [57].

The variable permanent magnet described in Section 3.2.2 was used.

10.3. Results and discussion

In the work presented here, a dispersion of chromium (Cr)-modified goethite particles

(5:95 Cr:Fe) was studied, which is system gcr of Chapter 9. The particle dimensions

are L×W ×T = 227×68×22 nm, with a polydispersity of about 30% in all directions.

Because of the incorporation of Cr, the particles have a slightly smaller L/W ratio than

usually found for goethite: 3.3 while > 4 is normal [28, 108]. Except for the difference

in particle dimensions, normal and modified goethite also have different magnetic prop-

erties [107]. The critical field strength (Bc) where the particles change orientation from

parallel to perpendicular to the magnetic field is higher (∼550 mT) for the modified

particles. These modified goethite particles show the same type of phase behavior as

normal goethite and have the same surface charge. In a capillary with an overall volume

fraction of 7.8% four different phases were observed: an isotropic, nematic, smectic A

and columnar phase upon establishment of the sedimentation equilibrium profile.

In a small-angle X-ray scattering (SAXS) experiment, the pattern displayed in Fig-

ure 10.1a was observed; the integrated intensity profile is shown in Figure 10.1b. The

sharp peaks at a small angle originate from the periodicity of a smectic A phase. There

is also a broad peak at a larger angle, which corresponds to the liquidlike interactions

within the smectic layers. On top of this broad peak, one can see sharp and inhomoge-

neous scattering rings, which indicate that there is also a columnar phase present. The

q-values corresponding to the first three rings are 0.062, 0.074 and 0.097 nm−1. Since

0.0622 + 0.0742 ∼= 0.0972, these reflections can originate from a simple rectangular (RS,

p2mm symmetry group) columnar phase with unit cell dimensions of 85 and 101 nm

(Figure 10.1c, one particle per cell).

More (higher order) rings can also be observed with longer exposure times. From

the basis vectors, the other peak positions can be calculated and they are shown as
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Figure 10.1. (a) SAXS pattern of the RS phase (p2mm) of Cr-goethite. Two
patterns measured with different exposure times are shown on top of each
other. Lines highlight reflections of a domain. (b) Azimuthally integrated
intensity profile (partly 10 times enlarged), with S being the smectic peaks, the
dots being the columnar peaks, and the crosses being the expected columnar
peaks that were not observed in the profile. (c) Unit cell.

dots and crosses in Figure 10.1b. The peaks corresponding to the dots are clearly

observed, and they correspond to the following reflections: 10, 01, 11, 21, 12, and 22.

The 20 reflection is weakly present as can be seen in the circles in Figure 10.1a, but it

is not strong enough to be observed in the profile in Figure 10.1b. The 02 reflection

was not observed, presumably due to a minimum of the particle form factor and a

close vicinity of the stronger 21 reflection. The RS structure of the columnar phase is

further supported by the fact that in this powderlike pattern a few sets of reflections

can be identified as originating from particular domains; one of them is highlighted in

Figure 10.1a.

For comparison, in Figure 10.2, we present the results measured in a similar suspen-

sion of ordinary goethite, without doping by Cr (282× 68 × 25 nm, volume fraction of

6%). Here only the centered rectangular (RC, c2mm symmetry group) phase has been

observed; see also references [31] and [33]. The RC columnar structure appears as less

rings in a SAXS pattern (see Figure 10.2a,b). The rectangular cell of the RC columnar

phase can be seen in Figure 10.2c. In the powderlike pattern, particular domains can

be found; one of them is highlighted in the figure.

The origin of the RS structure in this Cr-modified system instead of RC (as in ordinary

goethite) is not clear yet. It is known that Bc (the critical field strength where the

particles change orientation from parallel to perpendicular to the field) is significantly

different for normal and modified goethite (see Chapter 9) [107]. The change of Bc might

be related to the effect of the Cr substitution on the permanent magnetic moment as

well as on the induced moment (by changing the susceptibility anisotropy). However,
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Figure 10.2. (a) SAXS pattern of the RC phase (c2mm) of normal goethite.
Two patterns with different exposure times are shown on top of each other.
Lines highlight reflections of a domain. (b) Azimuthally integrated intensity
profile (partly 10 times enlarged) and (c) unit cell.

it is expected that the dipole-dipole interactions between the particles are too weak to

play a significant role when there is no field applied. Furthermore, there is a difference

in the length of the particles, which could make a difference, but the effect of the particle

shape should be further studied.

Interestingly, by applying a magnetic field of 1.5 T to the Cr-modified system, which

is above Bc, the RS phase transforms into the RC columnar phase (Figure 10.3). The

rectangular cell dimensions are now 130 and 132 nm (two particles per cell), and the

particle density remained the same within experimental error. Since the transformation

breaks the symmetry of the inter columnar structure, one can expect that the transition

between RS and RC ordering is of first order. Because the density of the structure

remained the same it is expected that it occurs via a martensitic transition, where

particles only move within the unit cell by a fraction of the cell size. This externally

controlled transformation is interesting from a fundamental point of view and can prove

useful for possible applications of goethite self-organization, since no long-scale diffusion

and no rotation of the long particle axis is involved in this transition.

Furthermore, the structure goes back to the initial (RS) structure after removal of the

field, which was observed two months later. Repeating the experiments in a magnetic

field, similar behavior was observed. Waiting again for a few months, a part of the

phase remained in the RC structure, but mostly RS was observed. A combined pattern

is shown in Figure 10.4. The RS phase seems to be the stable phase without an external

field.

To elucidate the competition between both phases, a simple cell model was devel-

oped. Within this approach, the 3D space inside the crystal is split into Voronoi cells.

The particles are assumed to be confined within the cells. Using the average particle
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B
Figure 10.3. SAXS pattern of the originally RS columnar phase (p2mm)
which transformed into an RC columnar phase (c2mm) in a magnetic field of
1.5 T. Two patterns with different intensity scales are shown on top of each

other.

Figure 10.4. SAXS pattern of the columnar phase after being two times in
a magnetic field with intervals of a few months. The rings originate from
coexisting RS and RC columnar phases.

dimensions (L × W × T = 227 × 68 × 22 nm), the configurational space Ω per particle

is estimated as the product of the amplitude of the particle translations Δx and Δy

possible in two orthogonal directions within the cell multiplied by the amplitudes α,

β, and γ of the particle rotations within the cell around three orthogonal axes. The

α rotation is around the long axis L, β around the shortest axis T , and γ around the

W axis (see Figure 10.5). This simple cell model was used to estimate the entropy

difference Δs = kB(lnΩS − lnΩC) between the RS and RC columnar structures.

It is found that the RS phase has a slightly higher entropy with Δs = 0.32kB per

particle. Moreover, the difference becomes certainly more pronounced if one accounts

for the electrostatic repulsion between the particles. By simply adding the Debye length
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Figure 10.5. Rotations within the cell model of (a) the RC columnar struc-
ture and (b) the RS columnar structure.

of 10 nm to all particle sizes, one gets an upper estimate of Δs = 3.4kB. In the presence

of a strong magnetic field, one can assume that the α and γ fluctuations are frozen to

ensure that the shortest particle axis stays in the field direction. In this case the

cell model predicts that Δs = −0.14kB for bare particles and Δs = −0.22kB after

accounting for the Debye length. This result is mostly caused by the fact that the RC

structure leaves more room for particle β rotations which are not frozen by the external

field.

We note that this cell model is presumably far too simple for exact quantitative

predictions of the excluded volume entropy. Moreover, possible fractionation was not

taken into account which would lead to mainly the larger particles forming the columnar

phase [108]. Yet, the cell model does qualitatively confirm that while the phase with

RS structure is more stable without the external field, the one with the RC structure

wins after particle alignment in a strong external magnetic field.

In our recent experiment, which was performed one year later than the measurement

shown in Figure 10.4, the structure did not return back anymore to the RS columnar

phase after its field-induced transformation to the RC structure. This observation sug-

gests the occurrence of slow processes, which can affect the delicate balance between

the phases with the RS and RC structures. A possible explanation is the slow densifi-

cation of the system due to sedimentation, which can slowly arrest the dynamics of the

system. This has been observed before in goethite samples. Additionally, it is known

that fractionation plays a role which slowly changes the system [108]. One could also

speculate that a slow release of ions from the goethite particles and/or capillary walls

might have increased the ionic strength, thereby screening the charge of the particles.

This will make them more “barelike”. As one can see from the results of the simple

cell model, this will reduce Δs and, therefore, will shift the equilibrium toward the RC

structure. Further study with a better control over the ionic strength would be useful.
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10.4. Conclusions

In this work, we have studied a suspension of Cr-modified goethite particles. Cr

substitution modifies the magnetic properties [107] and slightly influences the particle

shape. In this dispersion, we found a novel columnar phase with a different structure.

The most common structure of a columnar phase is the hexagonal one (p6mm symme-

try group), as in, for example, gibbsite dispersions [165]. For goethite particles with

a rectangular cross section, a centered rectangular structure has been observed (RC,

c2mm symmetry group), which can also be seen as a hexagonal structure deformed

along one of the symmetry planes [31]. This type of columnar phase is also found

frequently in molecular liquid crystals [170]. We have found a self-assembled simple

rectangular columnar structure (RS, p2mm symmetry group), similar to those seen be-

fore in a system of helical dendrimers [171] and in a system of bolaamphiphiles with

flexible lateral chains [172]. It is rather rare and has not been observed in colloidal

systems before. Moreover, we have found that the columnar phase can also be switched

between different structures via a magnetic-field-induced martensitic transition. The

different structures can lead to different properties which can be useful for applications

of goethite self-organization. A simple cell model was used to rationalize the observa-

tion. The results suggest that it is the competition for free space needed for particle

translations and rotations that determines which phase is the most stable. The subtle

balance between the two structures can easily be affected by external fields.
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11
Sterically stabilized goethite: phase

behavior with and without field

Abstract

The phase behavior of sterically stabilized goethite particles in toluene was
studied using small-angle X-ray scattering. It was compared with that of
charged particles in water, with and without magnetic field. The phase behav-
ior was found to be similar. Furthermore, the magnetic properties remained
the same after coating the particles with amino-functionalized polyisobutylene
chains. The difference between the aqueous and toluene samples is that the
latter one shows more tendency to form gels. Smaller domains of the different
liquid crystalline phases were observed and the columnar phase does not fully
develop. Also a higher field is needed to align the full sample.
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11.1. Introduction

Aqueous dispersions of charged goethite particles show rich liquid crystalline phase

behavior as is shown in this thesis. Nematic, biaxial nematic, smectic A and columnar

phases were found in these dispersions. Furthermore, goethite particles have special

magnetic properties [28]. They have a permanent magnetic moment along their long

axis, but also an induced magnetic moment which is predominantly along the short-

est particle axis. Therefore, the particles align parallel to a small magnetic field and

perpendicular to a large magnetic field.

In theoretical work, one usually considers purely entropic systems of hard particles.

Charged particles have a double layer, that depends on the ionic strength, which influ-

ences the effective particle dimensions and gives a softer interaction compared to the

hard particle interaction. The effect of the electrostatic repulsion was clearly shown by

changing the ionic strength of, for example, TMV and gibbsite dispersions [173, 174].

To get a better comparison with theory, particles with a nearly hard particle interaction

can be obtained by sterically stabilizing them with a polymer layer and disperse them

in an organic solvent.

Sterically stabilized dispersions were obtained by grafting the particles with amino-

functionalized polyisobutylene (PIB) chains. This has already been successful for several

inorganic liquid crystalline particles, including goethite [16, 34, 62, 100]. Before, this

was usually done by an elaborate method which involves a gradual solvent substitution

upon addition of the stabilizing polymer [16, 17, 175]. Here, we use an alternative,

recently described method in which the particles are freeze-dried in the presence of the

stabilizer [176].

11.2. Experimental

11.2.1. Synthesis

The synthesis of the g35 dispersion is described in Section 2.2.1, that of the g14

system in Section 7.2.1. g13 is comparable but the exact details are unknown. g38

was made using the same method as g35, but with a slightly different iron nitrate

concentration (0.08 M for g38 and 0.11 M for g35).

Sterically stabilized dispersions were obtained using amino-modified polyisobutylene

stabilizer SAP 230 TP, which has two tails of approximately 17 isobutylene subunits,

according to the method described in [176]. Goethite (20 mL, 3% v/v) was added to

SAP 230 TP (Infineum, U.K., 5 g), after which 1-propanol (Acros, 99%, 30 mL) was

added. The mixture was shaken vigorously until the polymer and particles appeared

well dispersed. The solvent was then removed by using a rotational vacuum evaporator

and a highly viscous paste was obtained. This paste was spread out as a film at the

inside of a round-bottom flask, then frozen in liquid nitrogen and connected to a vacuum
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Table 11.1. Goethite particle dimensions

System 〈L〉 (nm) σL (%) 〈W 〉 (nm) σW (%) 〈T 〉 (nm) 〈L〉/〈W 〉
g38(p) 307 38 70 31 ∼27 4.4

g35(p) 282 35 68 32 ∼25 4.1

g14(p) 189 14 57 25 ∼17 3.5

g13(p) 215 13 69 20 ∼18 3.2

setup. After freeze-drying, a mixture of goethite particles and stabilizing polymer was

obtained, which was easily redispersable in toluene (J.T. Baker, 99.5%). Finally, excess

SAP 230 TP was removed by three cycles of centrifugation (2 h, 1425g) and redispersion

in toluene.

Particle characterization by TEM is described in Section 2.2.2.

11.2.2. SAXS experiments

Sample preparation is discussed in Section 2.2.3. Capillaries were closed by flame

sealing and by using glue (Araldite AW 2101). Small-angle X-ray scattering (SAXS)

measurements were conducted at the BM26 DUBBLE beamline of the European Syn-

chrotron Radiation Facility (ESRF, Grenoble, France) during measurement sessions in

2008 and 2009. The microradian resolution setup was used [57].

The variable permanent magnet described in Section 3.2.2 was used.

11.3. Results and discussion

The particle dimensions of the systems used are shown in Table 11.1. A part of

each of the aqueous dispersion was used to coat the particles with PIB to get sterically

stabilized dispersions in toluene (which are called gxxp). The process seems to be

successful, since streaming birefringence was observed in the new dispersions. Systems

with a low and high polydispersity were studied to get a complete picture of the behavior

of these sterically stabilized dispersions.

11.3.1. Low polydispersity

As described in Chapter 2, charge stabilized systems with a low polydispersity form

isotropic, nematic and smectic A phases. In sterically stabilized dispersions the same

phases were found. The SAXS patterns of the nematic and smectic A phase of the

g13p system can be seen in Figure 11.1a and f. For both phases scattering is observed

at small angles corresponding to the length correlations; for the smectic phase the

scattering peaks are much sharper because of the layerlike ordering and even a second-

order ring is vaguely discernible. However, no scattering is observed at larger angles,

which is different from the scattering obtained from aqueous dispersions (see Figure 5.3a

and Figure 2.1b).
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Figure 11.1. SAXS patterns of the nematic and smectic phase of the g13p
system in a magnetic field. The scale bar is 0.05 nm−1.

The absence of wide-angle scattering can be caused by the presence of many small

domains with all different orientations. This is confirmed by the small-angle scattering

which is a full ring. If the broad scattering peak at a large angle is spread over all

orientations it is possible that it is not detected because the remaining intensity is too

low. In the toluene samples a faster sedimentation of goethite is observed and the

particles have a strong tendency to form gels. Liquid crystal phases form at a small

scale but it seems that gelation takes place before large domains can form. The polymer

layer of about 4 nm [17, 177] makes that the particles will probably be able to come

closer together if compared to the charged particles with a Debye length of around 10

nm. Therefore, the van der Waals interaction will be stronger, which might cause the

gelation.

In a field of 120 mT, the nematic and smectic phase aligned parallel to the field, as

can be seen in Figure 11.1b and g. There was still no clear scattering observed at larger

angles, which suggests that the alignment is not as good as in the charge stabilized

dispersions. The smectic phase seems to be well aligned because second order peaks

are observed. However, a ring is also still visible which implies that domains with all

orientations are present even in a magnetic field of 120 mT. Lower in the same sample

the smectic phase does not react to this field at all. Apparently, the structure is more

gel like than in aqueous dispersions. Applying a field for a longer time might induce a

better alignment.

At 440 mT, it can be seen that the particles were changing orientation (Figure 11.1c

and h). Going to a field of 715 mT, the nematic phase was mostly aligned perpendicular

to the field (Figure 11.1d). The smectic phase still showed domains with different

orientations (Figure 11.1i). This behavior is similar to that observed in charge stabilized

dispersions (Figure 6.2).
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Using high fields (1.4 T), perpendicular alignment was observed everywhere in the

sample (Figure 11.1e and j). In the smectic scattering pattern it can be seen that the

alignment of the layers was not perfect yet, more time in the field is needed to reach

that.

Samples of the charge and sterically stabilized dispersions of g14 were both measured

and could be compared. The critical field strength, where the particles change orien-

tation from parallel to perpendicular to the field, is the same for both dispersions. So,

the magnetic properties of the particles do not change if coated with PIB. It was shown

before that a surfactant layer on ferrofluids can cause spin-pinning, thereby creating a

non-magnetic surface layer on the particles [178–180]. Apparently, this is not the case

for our particles.

For this system the q-values were used to calculate distances between the particles in

charge and sterically stabilized samples. For the small-angle peaks hardly any difference

was found, so the particles seem to be at the same distance from each other in the length

direction. Wide-angle peaks were only observed in high fields for the PIB-samples, so

only those could be compared. At these high fields, the wide-angle peaks of the sterically

stabilized samples were at a larger angle, meaning that the particles were closer together

(45 nm compared to 60 nm). This confirms the hypothesis made earlier in this section.

It might be caused by the shorter range of the interaction. A strong repulsion is present

in the toluene samples around 4 nm from the particle surface (4 nm is the thickness of

the polymer layer [17, 177]) when the polymer layers start to mix and deform. In the

aqueous samples the Debye length is around 10 nm and the interaction is softer.

11.3.2. High polydispersity

Charge stabilized systems with a high polydispersity form isotropic, nematic, smectic

A and columnar phases (Chapter 2). In sterically stabilized systems (g35p, g38p) the

isotropic, nematic and smectic A (Figure 11.2a) phases were clearly observed as well.

Columnar features were also recognized (Figure 11.3), but the scattering rings are not

as sharp as expected for a columnar phase. It seems that the system prefers to form the

columnar phase, but the particles get stuck before forming a well-defined phase. This

supports the hypothesis that gelation takes place in these PIB-systems.

The smectic phase aligned in a magnetic field of 120 mT (Figure 11.2b). Reorientation

occurred at 280 mT and domains with different orientations can be observed in the

SAXS pattern (Figure 11.2c). In a large magnetic field of 1.4 T, the smectic phase was

mostly aligned perpendicular to the field. Besides that, columnar features started to

appear (Figure 11.2d). Slightly lower (0.5 mm) in the sample, this can be seen more

clearly (Figure 11.4). This behavior is similar to that of charge stabilized dispersions

(see Section 6.3.1).
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Figure 11.2. SAXS patterns of the smectic phase of the g38p system in a
magnetic field. The scale bar is 0.05 nm−1.

Figure 11.3. SAXS pattern of the columnar phase of the g35p system. The
scale bar is 0.05 nm−1.

As for the low polydisperse samples, high fields are needed to orient the full sample.

Further down in the capillary the structure seems to be more gel like.

11.4. Conclusions

Sterically stabilized goethite particles in toluene were obtained and their phase be-

havior was studied. The phase behavior of systems with a low and high polydispersity

is comparable to the equivalent aqueous dispersions. The main difference is that the

PIB-systems show a stronger tendency to form gels. Therefore, smaller domains are

formed and the columnar phase does not fully develop.

In a magnetic field again similar behavior is observed as for the charged systems,

showing that the magnetic properties of the particles have not changed. The effect of

gelation is also observed here. The lower part of the samples does not react to small

fields; fields of around 1 T are needed to align the full sample.
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Figure 11.4. SAXS pattern of the smectic / columnar phase of the g38p
system in a magnetic field of 1.4 T. The scale bar is 0.05 nm−1.

For platelike particles PIB has proven to be a good stabilizer to prevent gelation

and observe isotropic-nematic phase separation in systems that form gels in aqueous

environments [17,62,176]. For goethite it seems that the sterically stabilized dispersions

have a stronger tendency to form gels than the charge stabilized ones. This might be

caused by a stronger van der Waals attraction between the particles. The 4 nm polymer

layer is smaller than the 10 nm Debye length of the charged particles, so the particles

of high refractive index will get closer to each other.
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[23] Q. Majorana. Sur la biréfringence magnétique. C. R. Acad. Sci., 135:159, 1902.
[24] A. Cotton and H. Mouton. Sur les propriétés magnéto-optiques des colloides et des liqueurs
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Summary

In this thesis the liquid crystal phase behavior of colloidal, boardlike, goethite (α-

FeOOH) particles is described. The main technique to study this has been small-angle

X-ray scattering, while also polarization microscopy was used. Except for the last

chapter, aqueous dispersions were studied.

Part 1 describes the general phase behavior of goethite. In Chapter 2 it is shown that

polydispersity plays a large role in the phase behavior. Systems with a low polydisper-

sity show an isotropic, nematic and smectic A phase. A high polydispersity induces the

formation of a columnar phase, but still a smectic phase is observed as well. Strong

fractionation occurs which is able to reduce the local length polydispersity by up to

a factor two. The larger particles that do not fit into the smectic layers seem to be

accommodated by the columnar phase. Chapter 3 describes the existence of a special

type of liquid crystals, the biaxial liquid crystals. It is shown that particles with specific

dimensions, exactly in between rodlike and platelike, spontaneously form biaxial phases,

which confirms theoretical predictions. The 3D structure of the biaxial nematic and

biaxial smectic A phase was determined by aligning the domains using a small magnetic

field during small-angle X-ray scattering measurements. In Chapter 4 a closer look is

taken at the smectic A phase. Information about undulation fluctuations in this phase

is obtained by the analysis of the peak shape of X-ray reflections. An unusual peak

shape was observed which is rationalized by the occurrence of sliding fluctuations, in

which the layers undulate by sliding the particles along each other while keeping the

particle director fixed.

An external magnetic field was used to manipulate the phase behavior in Part 2.

Chapter 5 describes the general behavior of the different liquid crystal phases in a mag-

netic field. In the isotropic and nematic phase alignment along the field is observed

in small fields. Applying a larger field causes the particles to rotate to an orientation

perpendicular to the field. The columnar phase hardly reacts to a small field, but it

aligns perpendicular to large fields. The smectic phase shows more complicated behav-

ior, which is studied in more detail in Chapter 6. In systems with a low polydispersity

the smectic phase shows behavior similar to the isotropic and nematic phase. The

reorientation behavior is more complicated though; the particle and layer orientation

seem to be able to decouple during rotation. Systems with a higher polydispersity align

parallel to a small field as well, but at higher fields the smectic phase transforms into

an aligned columnar phase.
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Chapter 7 shows that nematic-nematic phase separation can occur in a magnetic

field. When a field is applied around the critical magnetic field, where the particles

rotate from parallel to perpendicular to the field, the nematic phase separates into

two nematic phases with orthogonal orientations. The large excluded volume between

these orientations causes macroscopic phase separation. The nematic-nematic phase

separation seems to be induced by a polydispersity in the magnetic properties of the

particles. Around the isotropic-nematic interface also various effects are observed when

following it over time in a magnetic field, as is shown in Chapter 8. Depending on

the field strength the level of the interface rises or lowers, which seems to couple to

the occurrence of nematic-nematic phase separation. Furthermore, from a certain field

strength onwards nematic droplets are being formed in the aligned isotropic (parane-

matic) phase. In the paranematic phase also regions with different orientations coexist

around the critical field strength.

In Part 3, modified goethite dispersions are discussed. Goethite particles are modi-

fied, replacing Fe with a few percent of the elements Cr, Al or Co in Chapter 9. The

magnetic properties of these particles are different from the pure goethite particles,

which results in a higher critical field strength. Apart from that, the phase behavior

is similar to that of normal goethite. Nematic-nematic phase separation is observed in

a mixed sample of normal and Al-goethite. Chapter 10 describes the formation of a

simple rectangular columnar phase in a Cr-goethite dispersion. In a large magnetic field

it is transformed into the centered rectangular columnar phase, which is the structure

that is usually found for goethite. This is rationalized in terms of entropic effects using

a simple cell model. The last chapter (11) shows the phase behavior of sterically stabi-

lized goethite which is compared to that of charged goethite. The magnetic properties

remain the same and the phase behavior is similar. However, in the sterically stabilized

dispersions a stronger tendency to form gels is observed. This might be caused by a

stronger van der Waals interaction because the particles can come closer together.



Samenvatting

In dit proefschrift wordt het vloeibaar kristallijne fasegedrag van collöıdaal goethiet

onderzocht. Hierbij is veelvuldig gebruik gemaakt van een magneetveld om het gedrag

te bëınvloeden. Een aantal belangrijke begrippen wordt hieronder, in de eerste drie

paragrafen, uitgelegd waarna de behaalde resultaten beschreven worden.

Collöıden

Collöıden zijn deeltjes waarvan tenminste één dimensie (lengte/breedte/dikte) een

grootte heeft tussen de nanometer en micrometer (10−9 − 10−6 m; een haar is ongeveer

100 micrometer dik). Ze vormen een stabiel mengsel met het medium waar ze in zitten.

De collöıden en het medium kunnen gasvormig, vloeibaar of vast zijn. Deze collöıdale

dispersies (mengsels) komen overal in het dagelijks leven voor. Een aantal voorbeelden

zijn melk, verf, crème, klei, inkt, bloed, mist en rook.

Een belangrijke eigenschap van collöıden is dat ze Brownse beweging vertonen. Dit

is de willekeurige beweging van deeltjes in een medium. Het wordt veroorzaakt door

de thermische beweging van de moleculen van het medium die daardoor voortdurend

tegen de collöıden botsen en deze zo ook continu laten bewegen. Deze beweging zorgt

er voor dat collöıden met een grotere dichtheid dan het medium niet bezinken maar

blijven zweven.

De vele toepassingen, zoals de hierboven genoemde voorbeelden, maken dat collöıden

interessant zijn om te bestuderen. Daarnaast kunnen ze ook model staan voor het ge-

drag van atomen of moleculen. Het is gebleken dat deze systemen vaak vergelijkbaar

gedrag vertonen. Het voordeel van collöıden is dat ze groot zijn vergeleken met ato-

men en moleculen en daardoor makkelijker zijn te bestuderen. Ze zijn makkelijker te

bekijken met een microscoop en beter te volgen omdat ze trager zijn. Daarbij kunnen

ze in allerlei vormen en maten gemaakt worden met ook nog eens verschillende soorten

interacties tussen de deeltjes. Hierdoor is een breed onderzoeksgebied ontstaan met

steeds groeiende mogelijkheden.

Vormen en vloeibare kistallen

Veel onderzoek is gedaan naar bolvormige collöıden. Deze deeltjes kunnen in een

oplosmiddel een gas-, vloeistof- en kristalfase aannemen. Welke fase ze vormen is af-

hankelijk van de concentratie. Als de concentratie heel laag is zijn de deeltjes zo ver

uit elkaar dat ze zich gedragen als een gas. Bij een toenemende concentratie wordt
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Figuur 1. Schematische weergave van de structuur van de isotrope, nemati-
sche, smectische en columnaire fase.

het gedrag vergelijkbaar met een vloeistof en op een gegeven moment zullen de deeltjes

kristalliseren en zich daarmee driedimensionaal ordenen.

Als de deeltjes niet bolvormig maar bijvoorbeeld staaf- of plaatvormig zijn, ontstaan

er nieuwe mogelijkheden. Ze kunnen nu behalve positie-ordening, zoals in een kristal,

ook ordening van de oriëntatie hebben. Op deze manier kunnen vloeibare kristallen

worden verkregen; deze hebben deels kristallijne eigenschappen maar vloeien nog wel

als een vloeistof. Deeltjes zullen zich ordenen vanaf een bepaalde concentratie. Bij een

lage concentratie hebben de deeltjes veel ruimte en zullen ze willekeurige oriëntaties

aannemen (dit wordt isotroop genoemd, Figuur 1). Als de concentratie hoger wordt,

wordt de bewegingsvrijheid van de deeltjes beperkt als ze ongeordend blijven. Door

allemaal dezelfde oriëntatie aan te nemen kunnen ze makkelijker langs elkaar bewegen.

De simpelste vloeibaar-kristalvorm wordt de nematische fase genoemd, hierbij zijn

alle deeltjes in één richting opgelijnd maar hun posities zijn nog steeds willekeurig (Fi-

guur 1). Als behalve het oplijnen ook ééndimensionale ordening van de positie optreedt

ontstaan er lagen in het systeem. Binnen deze lagen bewegen de deeltjes willekeurig.

Dit wordt de smectische fase genoemd. De deeltjes kunnen ook een tweedimensiona-

le positie-ordening hebben als ze kolommen vormen. De kolommen ordenen zichzelf

daarbij in een regelmatige structuur. Dit is de columnaire fase.

Een speciale vorm van de vloeibare kristallen kan ontstaan als de deeltjes een vorm

hebben tussen staven en platen in, dat wil zeggen plankvormig (met drie verschillende

dimensies, zoals in Figuur 4a). In dat geval kan het voorkomen dat alle drie de assen

van de deeltjes zich oplijnen, waar dit normaal gesproken maar voor één as gebeurt.

Zo’n fase wordt een biaxiale fase genoemd (uitlijning van twee assen geeft automatisch

ook uitlijning van de derde as).

Vloeibare kristallen worden veelvuldig toegepast in schermen, denk aan LCDs (liquid

crystal displays; vloeibaar-kristalschermen). De kristaleigenschappen zorgen ervoor dat
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Figuur 2. Schematische weergave van het uitlijnen van de uniaxiale en biaxial fase.

licht bëınvloed kan worden en de vloeistofeigenschappen zorgen dat de uitlijning mak-

kelijk gerealiseerd kan worden met bijvoorbeeld een elektrisch of magneetveld. Door

het veld aan te passen kan bëınvloed worden hoeveel licht er doorgelaten wordt. Veel-

belovend voor toepassingen zijn de biaxiale vloeibare kristallen omdat hierbij alleen de

kortste as van het deeltje van richting veranderd hoeft te worden in plaats van de lange

as (Figuur 2). Hierdoor kan het oplijningsproces sneller worden. Deze biaxiale vloeibare

kristallen kunnen mogelijk ook een rol spelen in driedimensionale optische toepassingen

omdat licht vanuit drie verschillende richtigen gestuurd kan worden.

Goethiet

In dit proefschrift wordt gekeken naar vloeibare kristallen van goethiet. Goethiet is

een mineraal dat bestaat uit ijzer oxyhydroxide (FeOOH, een soort roest). Het is overal

op de wereld in de natuur te vinden en het wordt al sinds de prehistorie gebruikt als

geelbruin pigment (kleurstof in bijvoorbeeld verf).

Goethiet kan ook gemaakt worden als collöıdaal systeem. Dit levert plankvormige

deeltjes op die stabiel zijn in water. Vanwege de vorm kunnen ze vloeibare kristallen

vormen. De magnetische eigenschappen van het materiaal zorgen ervoor dat de deeltjes

makkelijk gestuurd kunnen worden met een magneetveld.

Het is uit eerder onderzoek, ruim 100 jaar geleden begonnen en in meer detail de

laatste jaren, gebleken dat de goethiet deeltjes zeer speciaal gedrag vertonen in een

magneetveld. In een klein veld lijnen de deeltjes op langs het veld, maar in een groter

veld draaien de deeltjes zodat ze loodrecht op het veld staan (Figuur 3). Dit gedrag is

waargenomen in de ongeordende (isotrope) fase en ook in de nematische fase. Verder

is gebleken dat de deeltjes een columnaire fase kunnen vormen bij voldoende hoge

concentratie aan deeltjes. Bijzonder is dat de nematische fase in een groot magneetveld

overgaat in de columnaire fase, waarbij de deeltjes dus van soort ordening veranderen.
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Figuur 3. Het gedrag van goethiet deeltjes in een magneetveld.

Fasegedrag van goethiet

Uitgaande van het bekende gedrag is er verder gekeken naar de verschillende vloeibare

kristallen van goethiet. Het pure gedrag is bekeken in deel 1 van dit proefschrift.

Invloed van de variatie in de deeltjesgrootte

Als collöıden gemaakt worden hebben ze nooit allemaal exact dezelfde afmeting. Er

is een spreiding in de deeltjesgrootte en een maat hiervoor is de polydispersiteit: de

standaarddeviatie gedeeld door het gemiddelde. Afhankelijk van de manier waarop

de deeltjes gemaakt worden, kunnen systemen verkregen worden met een lage of hoge

polydispersiteit.

Er is in hoofdstuk 2 gekeken naar het fasegedrag van goethietsystemen met verschil-

lende polydispersiteiten. Systemen met een lage polydispersiteit vormen de nematische

en smectische fase, afhankelijk van de concentratie (zie Figuur 1). Als de polydisper-

siteit hoog wordt dan wordt er ook een columnaire fase gevormd. Verrassend genoeg

wordt de smectische fase ook nog waargenomen. Dit werd niet verwacht omdat het

vormen van lagen niet gunstig is als er veel verschil is in de lengte van de deeltjes. In

een columnaire fase is het makkelijker verschillende lengtes in te passen. Het blijkt dat

het systeem zich zo aanpast dat deeltjes van ongeveer dezelfde lengte de smectische

fase vormen en dat met name de deeltjes die te lang zijn om in de lagen te passen de

columnaire fase vormen.

Biaxiale fasen

Vanwege de vorm van de goethiet deeltjes, namelijk plankvormig, zijn ze een kan-

didaat om biaxiale vloeibaar-kristalfasen te kunnen vormen. In hoofdstuk 3 wordt

aangetoond dat ze dat inderdaad doen. Deeltjes met speciale verhoudingen van lengte,

breedte en dikte (lengte/breedte = breedte/dikte) vormen spontaan een biaxiale ne-

matische en biaxiale smectische fase. 40 jaar eerder was theoretisch al voorspeld dat
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Figuur 4. (a) Vorm van een goethiet deeltje, (b) biaxiale nematische fase met
de lange as loodrecht op het papier, (c) biaxiale nematische fase met de lange
as gericht langs het papier.

(a) (b)

Figuur 5. Fluctuaties in de smectische fase.

deeltjes met deze verhoudingen biaxiale fasen zouden vormen; hier hebben wij voor het

eerst het experimentele bewijs geleverd. Voor de structuur zie Figuur 4.

De smectische fase

In hoofdstuk 4 is er in meer detail gekeken naar de smectische fase. De lagen in deze

fase kunnen verschillende soorten fluctuaties vertonen. Er wordt voor de smectische fase

meestal uitgegaan van fluctuaties zoals te zien in Figuur 5a, waarbij de laagafstand gelijk

blijft maar de deeltjesoriëntatie varieert. In het bestudeerde systeem zijn aanwijzingen

gevonden voor een ander type fluctuaties, zoals weergegeven in Figuur 5b. Hierbij

blijft de oriëntatie van de deeltjes gelijk maar varieert de laagafstand. Bij de gebruikte

deeltjes kost het waarschijnlijk meer energie om de oriëntatie ten opzichte van elkaar te

veranderen dan om ze een beetje langs elkaar te schuiven.

Goethiet in een magneetveld

Deel 2 van het proefschrift beschrijft het gedrag van de vloeibaar-kristalfasen van

goethiet in een magneetveld.

Algemeen gedrag van de verschillende fasen

Het gedrag van de verschillende vloeibare kristalfasen in een magneetveld is beschre-

ven in hoofdstuk 5. In de nematische fase lijkt het gedrag in een magneetveld op het

gedrag van de enkele deeltjes. De fase lijnt op parallel aan het veld in kleine magneet-

velden. Vanaf een bepaalde veldsterkte gaan de deeltjes draaien naar een loodrechte

oriëntatie. De smectische fase lijnt ook op parallel aan een klein veld, maar in grote
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velden wordt het gedrag ingewikkelder. Het systeem beschreven in dit hoofdstuk gaat

over naar een columnaire fase. In het volgende hoofdstuk is nader ingegaan op het ge-

drag van de smectische fase. De columnaire fase wordt nauwelijks bëınvloed door lage

velden, maar lijnt wel op in hoge velden. Daar is de oriëntatie met de deeltjes loodrecht

op het veld.

De smectische fase

Het gedrag van de smectische fase in een magneetveld hangt af van de polydisper-

siteit van het systeem. Dit is bestudeerd in hoofdstuk 6. In systemen met een lage

polydispersiteit lijkt het gedrag op dat van de nematische fase. In een klein veld lijnen

de deeltjes op parallel aan het veld, en in een groot veld loodrecht. De reoriëntatie is

in dit geval ingewikkelder omdat de lagen van de smectische fase niet gemakkelijk als

geheel kunnen draaien. Het lijkt erop dat de lagen tijdelijk opbreken in kleine stuk-

jes om later in de nieuwe oriëntatie zich opnieuw te vormen. Systemen met een hoge

polydispersiteit lijnen ook op parallel aan een klein magneetveld, maar in hoge velden

vertonen ze ander gedrag. De smectische fase transformeert naar de columnaire fase. In

deze systemen is de columnaire fase ook al aanwezig zonder magneetveld (zoals gezien

in hoofdstuk 2) en die wordt dus stabieler in een groot magneetveld.

Scheiding van twee verschillende nematische fasen

In hoofdstuk 7 is gekeken naar het gedrag van de nematische fase als deze geplaatst

wordt in een magneetveld rond het kritische veld waarbij de deeltjes gaan draaien van

parallel aan naar loodrecht op het veld. In ongeveer een dag tijd vindt er scheiding

plaats tussen twee verschillende nematische fasen. De ene heeft een oriëntatie parallel

aan het veld en de andere loodrecht op het veld. Als een deel van de deeltjes al wil

gaan draaien, maar een ander deel niet dan gaan ze elkaar zo in de weg zitten dat het

gunstiger is om te splitsen in twee fasen met een onderling loodrechte oriëntatie.

Het isotroop-nemaat grensvlak

De isotrope en nematische fase worden gescheiden door een grensvlak. Hoofdstuk 8

beschrijft de invloed van een magneetveld op dit grensvlak. In een klein magneetveld

lijnen beide fasen op langs het veld en is het verschil niet goed meer te zien. Bij

hogere velden treden er veranderingen op in de positie van het grensvlak. Er zijn

verschillende effecten die hierbij een rol spelen. Ten eerste lijkt er een effect te zijn

van wat er in de nematische fase zelf gebeurt. Als daar een scheiding optreedt in twee

nematische fasen heeft tenminste één van de twee een hogere dichtheid dan voordat

het in een magneetveld is geweest. De hogere dichtheid zorgt ervoor dat de nematische

fase compacter wordt en het grensvlak verplaatst naar beneden. Tegelijk is er ook een

ander effect dat optreedt. In een magneetveld wordt de geordende nematische fase

voordeliger om te vormen ten opzichte van de isotrope fase. Er vormen zich dan ook
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nematische druppels in de isotrope fase die naar de nematische fase toe zakken en deze

fase laten groeien waardoor het grensvlak stijgt. Het hangt van de veldsterkte af welk

effect belangrijker is. Bij erg grote magneetvelden zal het verschil tussen de isotrope en

nematische fase volledig verdwijnen.

Gemodificeerd goethiet

In deel 3 van het proefschrift is goethiet op verschillende manieren gemodificeerd. Er

is gekeken in welke mate deze modificaties het gedrag bëınvloeden.

Vervanging van een deel van het ijzer door andere elementen

Een klein deel van het ijzer in goethiet kan vervangen worden door andere elementen

zonder de vorm van de deeltjes teveel te veranderen. In hoofdstuk 9 is eerst gekeken naar

deeltjes met chroom. Het blijkt dat deze deeltjes nog steeds dezelfde vloeibare kristallen

vormen. Wel is er iets veranderd aan de magnetische eigenschappen. Er is een groter

magneetveld nodig om de deeltjes te laten draaien van parallel aan naar loodrecht op

het veld. Deeltjes met aluminium of cobalt vertonen een vergelijkbaar effect. Dit soort

deeltjes kan bijvoorbeeld gebruikt worden om een scheiding in twee nematische fasen

te krijgen op een iets andere manier dan beschreven in hoofdstuk 7. Een mengsel van

gewoon goethiet en gemodificeerd goethiet is bestudeerd in een magneetveld. Bij een

bepaalde veldsterkte oriënteert het gewone goethiet zich loodrecht op het veld, terwijl

de gemodificeerde deeltjes parallel aan het veld zullen uitlijnen. Er vindt dan scheiding

plaats in twee verschillende nematische fasen: één met de gewone deeltjes loodrecht op

het veld en één met de gemodificeerde deeltjes parallel aan het veld.

Speciale vorm van de columnaire fase

In een goethiet systeem met chroom is een andere structuur van de columnaire fase

gevonden (hoofdstuk 10). De gebruikelijke structuur is te zien in Figuur 6a. In dit

geval bleek de structuur anders te zijn, namelijk zoals die in Figuur 6b. Wanneer deze

vervolgens in een magneetveld wordt gebracht, gaat de structuur over naar de normale

structuur (Figuur 6a). Een simpel model, waarbij is gekeken naar de bewegingsvrijheid

van de deeltjes in de verschillende structuren, is gebruikt om dit te verklaren.

Behaarde deeltjes

Alle hiervoorgenoemde systemen bestaan uit deeltjes in water. Het gebruikte water

heeft een pH van 3 en in die omstandigheden hebben de deeltjes een positieve lading.

Deze lading zorgt ervoor dat de deeltjes elkaar afstoten en niet te dicht bij elkaar

kunnen komen. Als ze elkaar te dicht zouden kunnen naderen aggregeren ze (klonteren

ze samen) en zinken ze naar de bodem. Losse deeltjes blijven mooi stabiel in het water

zweven. Een andere manier om de deeltjes stabiel te maken is door ze te beharen met

polymeren op het oppervlak. Deze haren zorgen er nu voor dat de deeltjes zelf elkaar
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Figuur 6. Schematische weergave van het bovenaanzicht van de structuur
van twee typen columnaire fasen.

niet kunnen raken. Dit soort deeltjes, met als oplosmiddel tolueen, is bestudeerd en

vergeleken met de geladen deeltjes in water in hoofdstuk 11.

De twee soorten systemen vormen dezelfde typen vloeibare kristallen en hebben de-

zelfde magnetische eigenschappen. Dit is waargenomen voor systemen met een lage en

een hoge polydispersiteit. Het is echter gebleken dat de behaarde deeltjes eerder een

gel vormen dan de geladen deeltjes. Een gel is een soort netwerk van deeltjes en is erg

viskeus (stroperig). Hierdoor vormen ze de vloeibare kristallen op een kleinere schaal

en zijn ze niet makkelijk uit te lijnen in een magneetveld. De haren op de deeltjes lijken

dus de deeltjes minder goed van elkaar af te houden dan de lading dat doet.

Nut van het onderzoek

Het onderzoek beschreven in dit proefschrift valt in de categorie fundamenteel on-

derzoek. Dit betekent dat het onderzoek vooral bedoeld is om nieuwe kennis op te

doen en niet direct om het toe te passen in de praktijk. Meestal is niet vantevoren

te voorspellen waarvoor de opgedane kennis uiteindelijk gebruikt zal worden. Dat wil

niet zeggen dat de resultaten nooit toegepast zullen worden. De opgedane kennis kan

gebruikt worden in meer toegepast onderzoek wat dan op de langere termijn kan leiden

tot een bruikbaar product.

Vloeibare kristallen worden vooral gebruikt in de eerder genoemde LCDs en andere

optische toepassingen. De collöıden beschreven in dit proefschrift zullen niet direct

hiervoor toegepast worden omdat ze te groot (en daarmee te langzaam) zijn en ook nog

eens gekleurd. Wel kunnen ze model staan voor wat er allemaal mogelijk is. Dit soort

deeltjes vormt een simpel model voor de ingewikkeldere moleculen die echt toegepast

worden.
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• B. H. Erné, E. van den Pol, G. J. Vroege, T. Visser, H.H. Wensink, Size fractionation

in a phase-separated colloidal fluid, Langmuir 21, 1802 (2005).



Curriculum Vitae

Esther van den Pol was born on the 1st of August, 1982 in Middelburg, The Netherlands.

In 2000 she graduated from the Buys Ballot College in Goes. She studied Chemistry

at Utrecht University from 2000 until 2005. As part of the Bachelor program she

performed a project on size fractionation in phase separated ferrofluids at the Van ’t Hoff

Laboratory for Physical and Colloid Chemistry under supervision of Ben Erné. During
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