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We have studied stable strata of gravity-induced phase separation in suspensions of synthetic Na-
fluorohectorite clay in saline solutions. We have observed how the strata depend on clay concentration as well
as on salt content. The mass distribution and density variation at the isotropic-nematic interface indicate that
existing models and assumptions in existing simulations are able to relatively well account for the observed
behavior. We suggest that discrepancies could be due to the high polydispersity and the irregular shape of our
Na-fluorohectorite particles, as well as diffusive double-layer effects, which could result in a competition
between nematic ordering and gelation. The dependence on ionic strength displays three main regimes irre-
spective of clay concentration. At low ionic strength ��0.1–5 mM NaCl�, the Debye screening length is
longer than the van der Waals force range. In this regime, the particles repel each other electrostatically and
entropy-driven Onsager-type nematic ordering may occur, although gelation effects could also play a role. For
ionic strengths above about 5 mM, we believe that the van der Waals force comes into play and that particles
attract each other locally according to the classical Derjaguin, Landau, Verwey, and Overbeek �DLVO� model
of colloid interactions, resulting in a small-domain regime of attractive nematiclike ordering. In the third
regime, for ionic strengths above �10 mM, the clay particles aggregate into larger assemblies, due to the
dominant van der Waals force, and the observed birefringency is reduced. We have studied the nematic phase
in detail between crossed polarizers and have found textures showing nematic Schlieren patterns. By rotating
the polarizers as well as the samples, we have observed examples of disclinations of strengths −1, −1 /2, and
+1.
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I. INTRODUCTION

The formation of liquid-crystalline order in colloidal dis-
persions of anisotropic mineral nanoparticles has recently
seen an increased research activity �1–3�. From early inves-
tigations of colloidal systems such as vanadium pentoxide
�V2O5� �4� and tobacco mosaic virus �5,6�, suspensions of
various rodlike nanoparticles �7� have been found to exhibit
a spontaneous transition from an isotropic �I� to a nematic
�N� phase, in good agreement with statistical mechanical
theories. In the 1940s, Onsager �8� modeled this phase tran-
sition considering the competition between the entropy of
orientation �favoring orientational randomness� and the en-
tropy of excluded volume �favoring nematic alignment� of
the colloidal system, thus concluding that at a sufficiently
high particle concentration, the packing �excluded volume�
entropy dominates and it becomes favorable for the particles
to order in nematic alignment. Onsager showed that interpar-
ticle interactions beyond hard-core repulsion are not neces-
sary for orientational ordering and that the shape anisotropy
of the particles alone is enough to drive the I-N phase tran-
sition. As Onsager proposed and as was later confirmed by
computer simulations �9,10�, nematic ordering occurs for
platelike particles that are fairly anisometric. This possibility
had already been studied experimentally by Langmuir in
1938 �11�, who reported observations of an I-N phase tran-
sition in sols of natural clay particles, although conclusive
evidence for a true thermodynamically stable I-N transition
was lacking.

An obstacle encountered when using clays as models to
study nematic ordering of colloidal systems is the tendency
for clays to gel when dispersed in water. This transition from
a sol to a gel may take place at very low clay concentrations.
The gel structure and its formation, which are responsible for
many of the practical applications of clays, have been sub-
stantially studied from the 1930 to 1950s �12–16� and until
today �17–35�. In recent years, the presence of orientational
order in clay gels have been documented by optical measure-
ments �30,36� showing visual nematic textures. Neutron-
�37–39� and x-ray-scattering �40–43� as well as magnetic-
resonance imaging �MRI� experiments �44–49� have all re-
vealed structural correlations with nematic order in clay gels.
However, since the gel phase may not be at thermodynamic
equilibrium, the nematic ordering in the gels cannot be ex-
plained by Onsager theory alone.

There is today no complete theory for the process of ori-
entational ordering in a gelled clay structure. There has been
suggestions that the sol-gel transition may be directly related
to the I-N transition �29,30,50,51�, but this possibility has
been contradicted in experiments by Michot et al. �27�,
showing that the concentration for the sol-gel transition of
suspensions of size-selected Wyoming Na-montmorillonite
increases linearly with particle anisotropy. This is opposite to
what could be expected for the corresponding evolution of
the I-N transition, since a large aspect ratio for the particles
shifts the I-N transition toward lower volume fractions.
Other studies concerning systems of charged colloidal plate-
lets, such as Mg2Al layered double hydroxide �52� and gibb-
site �53,54�, also suggest that the liquid crystal phase transi-
tion and gelation are separate and possibly competitive
processes. In these latter two systems, the I-N phase transi-
tion has been observed to take place at a lower concentration
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than the sol-gel transition �52,55,56�. Thermodynamic stabil-
ity of the nematic ordering could therefore be achieved and
be further compared to the Onsager model. For clay platelets,
an I-N transition was recently obtained in suspensions of
natural nontronite �57,58�. Experimental systems of colloidal
clay suspensions should be expected to differ from the On-
sager model, since factors such as particle morphology, elec-
trostatic and van der Waals forces �59�, the gravitational
force �60–62�, and Brownian motion �63,64� are of impor-
tance to the phase behavior.

In the present paper, we describe the phase behavior of
the synthetic 2:1 phyllosilicate smectite clay Na-
fluorohectorite �NaFh� suspended in aqueous solutions with
NaCl concentrations ranging over more than 2 orders of
magnitude from 0.1 to 25 mM. In the gravitational field, a
suspension of NaFh may be effectively separated into differ-
ent strata of gels, sols, and sediments. In one of the phases,
collective particle orientation corresponding to nematic order
is found as evidenced by previous x-ray scattering
�27,41,65–67� and MRI �44� studies.

Here, we present the birefringent nature of the nematic
ordering, the role of different salt concentrations, and study
how the clay concentration varies in the gravity-dispersed
suspensions. We also report on observations of topological
defects in the nematic phase. It is known that many of the
topological defects which are commonly present in molecu-
lar liquid crystals may also form in mineral liquid crystals.
Schlieren textures and different disclinations have been ob-
served in nematic clay gels of bentonite and Laponite �36�
and in the nematic phase of other systems of nanoplatelets
�55,68� similar to our present observations.

II. EXPERIMENTAL DETAILS

A. Materials

Synthetic Li-fluorohectorite clay was purchased in pow-
der form from Corning Inc., New York, and later ion-
exchanged to produce Na-fluorohectorite. The nominal
chemical formula for NaFh is Na0.6Mg2.4Li0.6Si4O10F2, for

which two inverted silicate tetrahedral layers share their api-
cal oxygens with one octahedral layer �Fig. 1�. The indi-
vidual NaFh particles are composed of such silicate lamellae
�69� that stack by sharing Na+ ions between their basal
planes. Each 2:1 silicate lamellae is around 1-nm thick, with
a nominal charge of 1.2 e− per unit cell �Si8O20� due to
substitutions of Li for Mg in the octahedral layers. This
nominal layer charge is relatively large compared to that
of other smectite clays, such as synthetic Laponite RD
�0.4 e−/unit cell� and natural montmorillonite �0.6 e−/unit
cell� �69�. The large layer charge is responsible for the par-
ticle stacks remaining intact when suspended in water, in
contrast to what is the case for Laponite RD and montmoril-
lonite �40�. Scanning electron microscopy �SEM� images
�Fig. 1� indicate that the polydispersity in NaFh particle sizes
is quite large and that it is accompanied by highly variable
particle morphologies. The effective diameter of the platelets
can vary from a few hundred nanometers up to about 20 �m
�69�.

The ion-exchange process consisted of adding 70 g of the
purchased Li-intercalated fluorohectorite to 1000 ml distilled
and de-ionized water, where it was dissolved and stirred by
shaking for 2 days using an incubator at 300 rpm. Sodium
ions were added as 60 g NaCl, which corresponds to about
10 times the known layer charge per unit cell. The suspen-
sion was further shaken at 300 rpm for 2 weeks. Cl− ions
were removed by dialysis, where the Cl− content was
checked regularly using a standard silver nitrate procedure.
NaFh powder was obtained by drying the resultant solution
at 105 °C for about 3 days. A mortar and pestle was used
before the NaFh powder was further pulverized using a mill-
ing machine �IKA A11 basic�.

Three different batches of NaFh were studied in the
present experiments and are referred to as B1, B2, and B3,
respectively. All three batches were prepared as described
above. Due to some differences in the time sequences spent
at the different preparation steps and due to differences in
crushing and milling procedures, there may be differences
between the particle sizes of the three batches, so that the

FIG. 1. �a� SEM micrograph of NaFh particles and �b� the idealized crystalline structure of one Na-fluorohectorite layer. The NaFh
particles in the SEM image consist of several such crystalline layers of approximately 1 nm thickness that are stacked in a lamellar structure
through the sharing of intercalated Na+ ions between the layers.
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particles of batch B1 and B2 are similar, whereas the B3
particles are expected to be smaller.

B. Experimental methods

Dispersions of the B1, B2, and B3 batches of NaFh in
saline solutions were prepared with varying clay and salt
concentrations and allowed to settle under the influence of
gravity for several weeks in containers suited either for bire-

fringence imaging or x-ray studies, or in larger containers.
Birefringence images were recorded with the samples placed
between crossed polarizers and illuminated with a diffusive
white light source and images were captured with a charge
coupled device �CCD� camera. The x-ray scattering studies
were conducted in part at an in-house Bruker system and in
part at the Dutch-Belgian beamline �DUBBLE� at the Euro-
pean Synchrotron Radiation Facility �ESRF�. The Bruker
system used an x-ray wavelength of 1.54 Å with an acces-
sible q range of approximately 0.3–4 nm−1 and a two-
dimensional �2D� multiwire gas detector for data acquisition.
The setup at DUBBLE had an x-ray wavelength of 1.03 Å
and an accessible q range of approximately 0.06–0.6 nm−1,
with a 2D multiwire gas detector.

Two kinds of rectangular sample tubes were used for op-
tical studies of the phase behavior of the suspensions. Figure
2�a� shows a Vitrotube 4410–100 from VitroCom, which is
10-cm long, 1-cm wide, and 1-mm thick. Figure 2�b� shows
a cell made of polyoxymethylene �POM� plastic with micro-
scope cover glass as windows, with inner dimensions of
2460�1 mm3. This cell has glass walls approximately
0.12-mm thick. Figures 2�c� and 2�d� display the cylindri-
cally shaped thin-walled capillary tubes used in some of the
optical studies and for the x-ray scattering; these are 2 and 1
mm Hilgenberg Mark tubes.

III. RESULTS

A. Clay concentration

Shown in Fig. 3 are birefringence images of seven B1
samples with NaFh concentrations of 0.5, 1, 2, 3, 4, 5, and

FIG. 2. �Color online� Different sample tubes used in the experi-
ments: �a� Vitrotube 4410-100 from VitroCom; �b� rectangular cell
made from POM plastic and microscope glass covers; ��c� and �d��
Hilgenberg Mark tubes of diameters 2 mm �left� and 1 mm �right�.

FIG. 3. �Color online� Samples of suspended B1 batch Na-fluorohectorite particles at concentrations of 0.5, 1, 2, 3, 4, 5, and 6 wt % clay
in 1 mM NaCl solutions in water. The photographs were taken at different times after the samples had started to settle under gravity; these
times were 1 month for the 0.5% by weight sample, 2.5 months for 1%, 3 months for 3% and 5%, 4 months for 6%, and 4.5 months for 2%
and 4%. The picture of the 3% sample represents the stabilized settling state, where no further changes in the phases are observed; for the
other samples, a moderate increase in the extent of the NS phase along with a slight increase in overall birefringence is expected as the
samples age. The 3% sample is expected to look the same after 4.5 months and can be directly compared to the 2% and 4% samples. As
shown, the 3 wt % sample displays IS, NS, NG, �mainly� IG, and FS.
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6% by weight of clay at 1 mM NaCl. The behavior of the
samples depicted in Fig. 3 is typical for our system. The
samples in the concentration range from 0.5% to 5% by
weight of clay display �from bottom to top� a flocculated
sediment �FS�, followed by a gel-like sediment �IG� that is
mainly isotropic, but with modestly birefringent domains, a
nematic phase that may be split into a lower, gelled phase
�NG� and an upper nematic sol �NS� phase, and finally an
isotropic sol �IS�. The designation of the various phases as
being gels or sols refers to qualitative observations and will
in later works be further investigated by rheological studies.
The time scale for the formation of the different phases var-
ies. In particular, the formation of the nematic sol happens in
general on a much slower time scale �weeks� than the forma-
tion of the nematic gel �days�.

The main differences between the three batch powders are
variations in the location of phase boundaries and hence in
the relative fraction of sample volumes occupied by the
phases. For the samples with the lowest clay concentrations,
the relative amount of birefringence is in general lower for
the same induced phase than for samples of higher concen-
tration.

The contribution of the sediment and the isotropic gel
above it to the sample height increases as expected when the
clay concentration is increased, up to the point of 6 wt %,
where the behavior changes. For the 0.5%–5% samples, a
density profile is observed which includes the FS, IG, NG,
NS, and IS phases. This is common to all of the samples in
the 0.5%–5% concentration range.

For the 2 wt % B1 sample, the birefringent NG part of
the sample can be divided into two regions with an upper
part being more birefringent than the lower. At 6 wt %, the
distinction between the phases is less obvious than in the
other samples, although some birefringence is observed for
this sample as well. The relative heights for the nematic
phase of the samples shown in the Fig. 3 were measured and
are plotted in Fig. 4.

Figure 5 shows an example of a sample prepared in a
capillary tube and the corresponding small-angle x-ray scat-
tering �SAXS� patterns recorded at different heights in the
tube, showing anisotropies as previously observed by us in
other NaFh samples �41,65–67�. The SAXS data were ob-
tained on the in-house commercial Bruker SAXS instrument.
We see that in the nematic part of the samples, the long axis
of the SAXS pattern is horizontal, indicating that the platelet
normals and hence the nematic director also are horizontal
�66,67�.

B. Mass distribution

In order to map out density differences between the vari-
ous phases and how much the density varies within each
phase, the clay contents were measured for two samples of
3 wt % NaFh �B2 and B3 samples� at 1 mM NaCl. These
samples were prepared in containers of 50 ml each, all with
height 7.5 cm and diameter 2.9 cm. The samples were left to
settle for 2 months �B2� and 2.5 months �B3� before the
measurements, and after this waiting time, phase separation
into the previously described static strata had occurred.

The clay content measurements were carried out by pipet-
ting out 250 �l at a time by inserting a pipette at the top of
the sample. The measurements extended from the isotropic
liquid at the top to the sediment at the bottom. In total, 177
measurements were done for the B3 sample and 163 for the
B2 sample. Since it turned out to be difficult to pipette out
the strongly gelled bottom phase and sediment, the remain-

FIG. 4. Fraction of the total sample height occupied by the
nematic phases for the B1 powder at ionic strength 1 mM NaCl for
clay concentrations in the range of from 0.5 to 5 wt %. The total
height of the sample is almost 10 cm; hence the indicated height
percentage is numerically equal to the height of the nematic phase
in millimeters. Here, NG and NS denote nematic gel and nematic
sol, respectively.

FIG. 5. �Color online� Example of a sample prepared in a 2 mm
capillary tube and the corresponding SAXS patterns recorded at
different heights in the tube showing anisotropies as previously ob-
served by us in other NaFh samples �41,65–67�. We see that in the
nematic part of the samples, the long axis of the SAXS pattern is
horizontal, indicating that the platelet normals also are horizontal.
The greatest anisotropy is found in the NS region.
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ing phases at the bottom of each sample were dried and
weighed to contain 0.285 g of NaFh for the B3 sample �8.5
mm� and 0.561 g for the B2 sample �14 mm�.

Figure 6 shows the clay volume fraction as a function of
relative height. The relative height is the height where a
sample was extracted, represented as a percentage of the full
sample height. The zero reference point is set to the gap
between the nematic regions and the isotropic sol phase. The
volume fraction was found by evaluating the excess weight
of each pipetted 250 �l batch using a value of 2.0 g /cm3

for the mass density of NaFh particles intercalating two wa-
ter layers �70�. Figure 6 also shows the volume fraction of

clay as a function of relative height in a capillary sample of
B1 batch NaFh. This series was calculated from x-ray ab-
sorption data obtained at the DUBBLE beamline at ESRF at
a wavelength of 1.03 Å. The absorption coefficients of clay,
water, and salt were computed at the relevant wavelength
and the sample thickness was set to a value of 1.22 mm,
which is within the accuracy of the Mark tube nominal di-
ameter value of 1 mm. Figure 6 also illustrates how the
marked step in concentration shown in the three graphs does
not reflect the gap in volume fraction between the isotropic
and nematic phases. The transition from the isotropic to the
ordered state for the B1 system is, through the anisotropy of

(b)(a)

FIG. 6. �Color online� �a� Clay concentration as function of relative sample height for initially 3 wt % samples at 1 mM NaCl: B1
sample �green triangles�, B2 sample �red circles�, and B3 sample �black squares�. The relative height gives the height at which a measure-
ment was taken in percentage relative to the full height of the sample dispersion. The zero reference point has been shifted from the bottom
of the capillary to the gap between the nematic and isotropic phases for clarity. The B2 and B3 data series were determined by pipetting out
successive 250 �l batches and weighing them, whereas the B1 series was obtained from x-ray absorption data recorded at the DUBBLE
beamline at ESRF. �b� Montage of the raw SAXS data �height in sample decreasing by 1 mm from top left to bottom right� shows that the
B1 system actually transitions from an isotropic to an ordered state between two data points.

FIG. 7. �Color online� Birefringence images of 3 wt % B1 samples at NaCl concentrations ranging from 0.1 to 50 mM. The samples
were prepared in POM cells �shown in Fig. 2�b�� and the birefringent structures at the top parts are due to local increases in clay
concentration caused by water evaporation. The pictures were taken with the samples placed between crossed polarizers with their trans-
mission axes oriented parallel and perpendicular with the long axis of the containers. The relative height of the nematic phase decreases with
ionic strength as the electrostatic interaction is more effectively screened, thus reducing the effective clay volume fraction of the dispersions.
The postulated transition between phase behaviors dominated by repulsive and attractive forces happens at an ionic strength between 10 and
25 mM.
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the SAXS patterns recorded along with the transmission
data, shown to occur between calculated volume fractions of,
respectively, 1.39% and 1.54%.

C. Salt concentration

Salt concentration is known to play a major role in the
phase behavior of aqueous Na-fluorohectorite solutions ow-
ing to particle surface charges �40,41�. Figure 7 shows a
series of 3 wt % B1 samples with an increasing salt concen-
tration ranging from 0.1 to 50 mM NaCl. Although only B1
samples are shown, all sample batches show the same gen-
eral trend as that found in Fig. 7, irrespective of powder type
and clay concentration. At low salt concentrations, the phase
separation exhibits the formation of a nematic phase between
a flocculated gel at the bottom and an upper dilute isotropic
sol. As the samples age beyond the time span required for the
stabilization of phase boundaries, the upper isotropic sol
seems to transform into a gelled state, as illustrated by the
features in the upper parts of the samples of Fig. 7. These
features also display slight birefringence due to local concen-
tration increases produced by a moderate degree of water
evaporation from the sample. This very slow evaporation had
no apparent effect on the birefringent textures of the NS and
NG regions.

As the ionic strength is increased, the relative height of
nematic phase decreases along with an increase of the upper,
initially isotropic sol. In general, the relative height of the
flocculated gel also moderately decreases as the ionic
strength is changed from 0.1 to 1 mM NaCl. For the B1
samples in Fig. 7, this is not as pronounced as for other
batches and only a slight decrease can be seen over the given
range of salt concentrations. As the ionic strength is further
increased, the height of the isotropic gel and the nematic
phase suddenly displays a larger drop when the salt concen-
tration is increased from 2.5 to 5 mM NaCl. Above 10 mM
NaCl, there seems to be a gravity-settled equilibrium distri-
bution of particles in the whole container.

IV. DISCUSSION

A. Discussion of mass distribution

There are small discrepancies between the B1, B2, and B3
suspensions investigated in Sec. III B regarding the clay con-
centration step occurring around the nematic-isotropic inter-
face. The clay volume fractions for the B1 sample are of
about 2.5% well into the nematic phase and 1.2% in the
isotropic phase. For the B2 sample, these values are about
3.2% for the nematic phase and 1.4% for the isotropic phase,
and for the B3 sample about 2.9% and 0.9%. Thus, the
marked steps in volume fraction upon going from the isotro-
pic state through the nematic sol state and finally into the
nematic gel are of 1.3%, 1.8%, and 2.0% for the B1, B2, and
B3 samples, respectively. Note, however, that from the x-ray
absorption data, the actual difference in volume fraction ob-
served at the phase interface between the isotropic and nem-
atic �sols� is as small as 0.15%. The more marked step in
volume fraction of around 1.3%–2.0% thus mainly reflects a
concentration increase occurring after the threshold for nem-

atic ordering has been crossed. The difference in volume
fraction between the batches in the isotropic phase may pos-
sibly be explained by the fact that the B3 batch has been
more finely crushed and therefore might have lower polydis-
persity and smaller particle sizes, allowing a larger fraction
of the clay particles to remain dispersed in the isotropic sol
phase over time.

Because of sedimentation and gelation, it is not possible
to obtain samples of NaFh where isotropic or nematic phases
constitute the whole volume of the sample. Figure 4 shows
that the relative amount of the nematic gel increases linearly
upon increasing the clay content from 1 to 5 wt % and then
the isotropic gel and nematic merge into a single phase at
about 6 wt %. Such a linear increase is similar to what has
been observed for other systems reported in the literature,
such as gibbsite �55� and nontronite �57,58�, when the vol-
ume fraction was gradually increased in those systems. The
gibbsite and nontronite systems have been reported to dis-
play a true thermodynamic isotropic-nematic phase transi-
tion, where attractive forces are believed not to interfere with
the nematic ordering.

For gibbsite and nontronite, experimental values for the
densities of the coexisting isotropic and nematic phases are
in reasonable agreement with theoretical computer simula-
tions �71� �for infinitely thin platelets� for which dimension-
less number densities, i.e., the number density n=N /V, ex-
pressed as the number of particles N per volume unit V,
multiplied by the cubed diameter D, at zero polydispersity
are found to be nisoD

3�3.7 and nnemD3�4.0. These simula-
tions �71� were done for infinitely thin platelets, but it has
also been found that platelets with a finite thickness do not
give any major difference: nisoD

3�3.8 and nnemD3�3.9
when the diameter-to-thickness ratio is 10 �10�. If the poly-
dispersity is 25%, which would likely be a low estimate for
our system, the densities are found to be nisoD

3�3.5 and
nnemD3�5.0, respectively �71�.

Since the sedimentation process in our NaFh suspensions
may fractionate the particles, the size �or shape� of the par-
ticles in the isotropic phase may be different from the par-
ticles in the nematic phase. This hypothesis is supported by
the fact that the nematic sol forms after the nematic gel re-
gion has stabilized, something which indicates that the par-
ticles forming the nematic sol are able to stay dispersed on a
longer time scale than the particles which form the nematic
gel. With the possible variation of particle sizes and shapes
in mind, the values reported in Fig. 6 for the volume frac-
tions at the isotropic and nematic phases might still be used
to estimate number densities, which can be compared to the-
oretical and other experimental �54,56� results. The relation
between volume fraction � and number density nD3 for cir-
cular platelets of diameter D and thickness t is �56�

� = n�D2t/4 = ��/4��t/D��nD3� . �1�

When polydispersity is taken into account, Eq. �1� is re-
placed by �56�

� = ��/4���t�/�D���n�D3���1 + �D
2 �/�1 + 3�D

2 � , �2�

where �D= ���D2�− �D�2�1/2� / �D� represents the polydisper-
sity in the diameter and �� denotes the system average �56�.
Rewriting Eq. �2� gives
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n�D3� = ��4/����D�/�t���1 + 3�D
2 �/�1 + �D

2 � . �3�

An exact value for the polydispersity of our suspensions
of Na-fluorohectorite is not known, but AFM �67� and SEM
pictures �Fig. 1� indicate that the polydispersity is high. In
order to estimate quantities, the use of an approximated av-
erage particle diameter of 3�2� �m, which corresponds to a
circle of same facial area, gives the coexisting densities of
nisoD

3�3.2�2.1� and nnemD3�3.5�2.4� when the effects of a
high polydispersity are assumed to force the factor
�1+3�D

2 � / �1+�D
2 � to its limiting value of 3, and 50 nm is

used for the average particle thickness. Previous investiga-
tions have shown however that the thickness of the particles
in the isotropic phase is less than in the nematic �67� and
there are also strong indications that average particle diam-
eters could be smaller in the isotropic phase, since these
particles are seen to remain dispersed on time scales of sev-
eral months. Setting the average particle diameter and thick-
ness, respectively, in the nematic phase to 4 �3� �m and 50
nm while using values of 2 �1� �m and 40 nm for the iso-
tropic phase leads to coexisting densities of nisoD

3�2.7 �1.3�
and nnemD3�4.7 �3.5�. The values are roughly comparable to
the theoretical values found for polydisperse systems �71�,
but are also very sensitive to the unknown average particle
diameter and the polydispersity in this parameter.

Computer simulations by Bates �72� showed that the co-
existing densities for the nematic-isotropic transition are de-
pendent on the shape of the particles. Bates’s study showed
that the transition densities for triangular particles are lower
than for particles of circular shape �nisoD

3�2.9 and
nnemD3�3.2 for triangular particles; nisoD

3�3.7 and
nnemD3�4.0 for circular particles�. The simulation data �72�
also showed that rectangular particles with an aspect ratio of
2:1, which might be more representative of the present NaFh
particles, have transition densities intermediate between the
values obtained for the triangular and circular particles.

The fact that different NaFh particles within our system
may interact, separate, and behave differently from each
other depending on particle size could also influence the
transition densities. Larger particles �2–10 �m� may form
nematic ordering in coexistence with an isotropic embedding
of smaller particles ��2 �m�, as was also found to occur in
the simulation data �71�.

B. Discussion of salt concentration effects

Since a theoretical understanding of the ionic-strength-
dependent ordering of charged colloidal particles of large
particle size is not yet fully established, the phase behavior
present in this section is qualitatively discussed within the
classical Derjaguin, Landau, Verwey, and Overbeek �DLVO�
�59� and Onsager theories �8�. When the samples in Fig. 7
are viewed without polarizers �not depicted�, there seems to
be a density increase in the lower phases as the ionic strength
increases, which is expected due to the decrease in repulsion.
For any clay concentration or powder type, the NaFh suspen-
sions form loose, suspended flocs at a salt concentration of
about 50 mM, and for higher ionic strengths, the flocs are
denser and sediment out.

In Fig. 7, a flocculation transition is found to take place
between ionic strengths of 10 and 25 mM NaCl. Such a
flocculation transition is similar to data found for Wyoming
montmorillonite �73�, where the transition line shows a nega-
tive slope as the clay concentration is increased. This is also
probably the case for our NaFh system, since slightly slower
coagulation occurs for the lowest clay concentration. Experi-
ments carried out by Michot et al. �58� on sodium-nontronite
also show a flocculation transition at ionic strength 10 mM.
However, the phase diagram of this clay type has a positive
flocculation slope at low volume fractions, thereafter dis-
playing a negative sol-gel transition as the volume fraction is
further increased. Compared to other clay minerals, the floc-
culation transition for NaFh is lower than for bentonite and
higher than for Laponite �36�. Within the framework of the
classical DLVO theory, a transition from a repulsive interpar-
ticle potential characterized by a high barrier toward floccu-
lation to a potential which exhibits a minimum for a given
particle separation is expected as the salt concentration is
increased �59�. For our system, the sudden drop in the extent
of the nematic phase between salt concentrations of 2.5 and 5
mM could indicate the introduction of effects related to at-
tractive particle interactions, as was also concluded in �66�.
The increased extent of the nematic phase for low salt con-
centrations as observed in Fig. 7 might indicate that the num-
ber density of particles at the isotropic-nematic transition
increases as the salt concentration is increased from 0.1 to 10
mM.

FIG. 8. �Color online� Birefringence images of a sample of
3 wt % B3 NaFh in 1 mM aqueous NaCl solution at different
angles of the crossed polarizers. From the upper left to the lower
right picture, the polarizers are rotated successively to 20°, 45°,
55°, 75°, and 90° with respect to the edges of the sample tube.
Arrow a shows a disclination with two brushes emanating from
each other at 90°. In the first two pictures of the last row, two more
brushes may be seen. The brushes rotate in the same direction as the
polarizers and the strength can therefore be regarded as being +1.
Arrow b shows a singularity where two dark brushes meet and
rotate in the opposite direction with respect to the rotation of the
crossed polarizers. This corresponds to a disclination with strength
−1 /2. Arrow c marks the position of dark grooves located between
birefringent stripes. As the polarizers are rotated, there are no ap-
parent movements of the grooves.
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C. Discussion of Schlieren patterns, textures, and defects

Defects commonly found in thermotropic molecular liq-
uid crystals may also be observed in colloidal systems that
display orientational ordering. In Fig. 8, we show birefrin-
gence images from a sample of 3 wt% B3 NaFh in 1 mM
aqueous NaCl solution at different angles of the crossed po-
larizers, including a disclination defect �74� with two brushes
emanating from each other at 90°. In the first two pictures of
the last row, two more brushes may be seen. The brushes
rotate in the same direction as the polarizers and the strength
is therefore +1. Arrow b shows a singularity where two dark
brushes meet and rotate in the direction opposite to the rota-
tion of the crossed polarizers. This corresponds to a disclina-
tion with strength −1 /2. Arrow c marks the position of dark
grooves located between birefringent stripes. The birefrin-
gent stripes become dark when they are oriented along the
polarizer or analyzer axes, but it is not possible to tell
whether they are composed of clay particles oriented edge-
to-edge, face-to-face, or for that matter face-to-edge. The
black grooves do not seem to change in either brightness or
position during rotation of the crossed polarizers. This is
shown in Fig. 8, from which it seems reasonable that the
black grooves correspond to regions of isotropic orientation,
giving nematic-isotropic coexistence in almost every height
of the settled suspension. Another possibility could be that
there is homeotropic alignment in the black grooves and that
the particles crosswise of the stripes orient in a helical struc-
ture similar to chiral �cholesteric� nematic phases. A way to
test this could be to rotate the sample and see if the black
grooves would move either up or down, since that would
change the optical position of homeotropically aligned par-
ticles. However, this has not proved successful in our
samples, since the increase in optical path length through our
1-mm-thick sample tubes changes the appearance of the pat-
tern too much.

Defects in the nematic region close to the isotropic phase
are shown in Fig. 9 for a gravity-settled sample of 3 wt% B3
powder at 1 mM NaCl. The pictures were taken after 8
months of settling. Arrow a shows a disclination of strength
−1 and arrow b shows a disclination of strength +1. For all
the samples that display Schlieren patterns, disclination
points are found with both two �strength −1 /2� and four
�strength �1� emanating brushes. The disclinations seem to
appear most frequently in the upper NS part, where larger

domains are observed and the presence of �on average�
smaller particles than in the lower phases was documented in
�67�.

V. CONCLUSIONS

We have studied stable strata of gravity-defined phase
separation in suspensions of synthetic Na-fluorohectorite
clay in saline solutions. We have observed and reported how
the strata depend on clay concentration as well as on salt
contents of the suspensions. The mass distribution in the iso-
tropic and nematic phases, together with the density variation
at the isotropic-nematic interface, indicates that existing
models, and assumptions in existing simulations, may well
account for the observed behavior, but that a precise deter-
mination of average particle diameters is needed to confirm
this. We note that factors such as the high polydispersity and
irregular shape of the present Na-fluorohectorite particles, as
well as effects of the electrical double layers which could
result in an overlap of, and even possibly a competition be-
tween nematic ordering and gelation in our system, may all
contribute to determining the volume fraction at which the
system transitions from an isotropic to an ordered state. It
should also be noted that after a few weeks of gravitational
settling, sedimentation due to gravity is more prominent in
the isotropic sol than in the gelled nematic, thus leading to a
lowering of the concentration of clay particles with time in
the isotropic phase.

The dependence on ionic NaCl strength displays three
main regimes irrespective of clay concentration. At low ionic
strength ��0.1–5 mM�, the Debye screening length is pre-
sumably longer than the van der Waals force range. In this
regime, the main mechanism for interparticle interaction
should therefore be electrostatic repulsion and entropy-
driven nematic ordering, in the Onsager sense, occurs. One
may thus use the term “repulsive nematic” for this regime.
For ionic strengths above about 5 mM, we believe that the
van der Waals force come into play, meaning that gelation
becomes important, and we may use the term “attractive
nematic” for this regime. For ionic strengths above
�10 mM, the clay particles form bigger assemblies due to
the dominant van der Waals force and thus the nematic or-
dering is reduced.

We have studied the nematic phase in details between
crossed polarizers and we have found textures showing nem-
atic Schlieren patterns. By rotating polarizers as well as
samples, we have seen examples of disclinations of strengths
−1, −1 /2, and +1.

In the majority of our images, a narrow nematic regime
�NS� just at the interface of the isotropic-nematic transition is
visible, with nematic ordering that differs from the larger NG
phase. This is the subject of our recent study �67�, along with
ongoing studies on the dynamics of phase separation in grav-
ity. We have previously shown that the nematic gel is sensi-
tive to strong magnetic fields �44� and we plan to study this
in more details in the future both in terms of nematic bire-
fringent textures and also by means of x-ray scattering and
MRI. We hope that our density measurements across the
isotropic-nematic transition for the polydisperse NaFh sys-
tem, and the comparison of these data to existing models and

FIG. 9. �Color online� Defects in the nematic region close to the
isotropic phase for a sample of 3 wt % B3 powder at 1 mM NaCl.
The pictures were taken after 8 months of gravitational settling.
Arrow a shows a disclination of strength −1 and arrow b shows a
disclination of strength +1.
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simulations, could initiate theoretical or simulation work by
other groups.
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