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Abstract. The structure and phase behaviour of a colloidal dispersion of plate-like particles are described.
The plates are nickel (II) hydroxide and have short-range, repulsive interactions and a low polydispersity.
As the concentration of the plates is increased, an equilibrium phase separation between a columnar phase
and a less ordered phase is observed. Complementary measurements using small-angle neutron and small-
angle X-ray scattering have been used to distinguish the columnar phase from other possible ordered
structures. Previously isotropic-nematic phase transitions have been observed [1], however this dispersion
forms the more highly ordered columnar phase, due to the aspect ratio and the low polydispersity of the
plate-like particles. The concentration at which phase separation occurs, increases as the range of the
particle interactions is reduced. This system provides an interesting model for comparison with theory and
calculations of structures in liquid crystal and mesophase in which the particle interactions can be altered.

PACS. 61.30.Eb Experimental determinations of smectic, nematic, cholesteric, and other structures –
64.70.Md Transitions in liquid crystals

1 Introduction

Dispersions of colloidal particles have been observed to
mimic the behaviour of atoms and molecules in certain
respects. Monodisperse spheres may, for example, crys-
tallise into highly ordered structures. The arrangement
and density of particles in such structures depends on the
range of the interactions in relation to the size of the parti-
cles. These systems have attracted considerable interest as
their larger size (up to a factor of a thousand) gives rise to
much slower motion than atomic or molecular materials.
Dynamics of phase separation can then be followed using
convenient time-scales. It is also possible to tailor systems
with particular interactions or mixtures of particle sizes
to explore the origin of particular behaviour. Examples of
such studies have been work on phase behaviour of mix-
tures of particles [2], studies of crystallisation of “hard-
spheres” and studies of shear induced structures.

Non-spherical, colloidal particles might be expected to
display some of the rich phase behaviour of liquid crystals.
Indeed dispersions of elongated particles such as vanadium
pentoxide which has been described as ribbons [3,4], to-
bacco mosaic virus (TMV) that forms as rods [5], and
more recently boehmite rods [6] have shown equilibrium
transitions between isotropic and nematic phases. Dis-
persions of plate-shaped, gibbsite particles have similarly
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been observed to display transitions between isotropic and
nematic phases [1]. In the nematic phase there is only
liquid-like positional order and long range orientational
order. Consequently the nematic phase can be and has
been observed in systems where the range in particle sizes
is quite large. However in order to observe phases with
positional order, it is necessary that the particles are suf-
ficiently uniform in size that the ordered phase is not dis-
rupted. This is clearly seen in the case of the crystallisation
of spherical particles, where crystallisation of hard spheres
is not observed if the range of particle sizes is greater than
around 5%.

Large molecules with a plate-like or discotic form are
known to form a range of thermotropic, mesophases [7,8].
In some cases columnar phases are observed. At higher
temperatures, or on dilution with solvent, less-ordered
phases such as a nematic can be found. These systems
demonstrate the fine balance in determining the phase
behaviour in different systems. Specific interactions gener-
ated by dipolar forces and hydrogen bonding can give rise
to more complex structures such as cholesteric and twisted
phases. It is interesting to explore systems in which or-
dering will not be dominated by specific inter-molecular
forces, to determine the extent to which the shape and
density of particles alone can determine the structure.

The repulsive forces between colloidal particles are of-
ten considered as being either long-range or short-range
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forces. Long-range forces arise from charged interactions
that can be described by a screened Yukawa potential and
short-range forces that arise from the interaction of steric
stabilisers adsorbed or grafted to the particle surface. It is
possible to control the extent of these forces. The range of
the steric forces can be controlled by the molecular length
of the stabilisers. The range of the charge interactions are
governed by the reciprocal screening length, κ, of an ionic
solution containing electrolyte which is given by:

κ2 = e2
∑

niz
2
i /εkBT (1)

where e is the electronic charge, ni the number density
of ions of valency zi, ε the permittivity of the solvent,
kB Boltzmann’s constant and T the absolute tempera-
ture [9,10]. Addition of salt provides thus an excellent
tool for tuning charged interactions. At high concentra-
tions of electrolyte, the repulsive forces are restricted to
almost the thickness of the polymer layer providing al-
most, hard-body interactions for the particles used in the
present study.

This paper describes a structural study of concentrated
dispersions of plate-like particles at rest and the equi-
librium between phases at different concentrations. The
work has used dispersions of nickel (II) hydroxide parti-
cles that form as hexagonal plates with a range of diame-
ters of ±13%. We have recently reported the observation
of a phase that displayed strong positional order [11]. The
present work presents a detailed investigation of the struc-
ture of the ordered phase observed and the accompanying
equilibrium phase transition. Small-angle neutron scat-
tering (SANS) and small-angle X-ray scattering (SAXS)
have been used in a complementary manner, allowing the
three-dimensional structure of the more ordered phase to
be investigated. Papers describing the same system under
conditions of continuous shear are currently under prepa-
ration.

2 Experimental methods

2.1 Colloidal particles

Plate-like particles of nickel (II) hydroxide were pre-
pared by ageing 0.010 M Ni(NO3)2 and 0.020 M NH4OH
(reagent grade from Aldrich) at 90 ◦C for two hours, as
described by Duran-Keklikian et al. [12]. This yielded
hexagonal, plate shaped particles as shown in Figure 1.
Occasionally particles were observed edge on, such as that
ringed in Figure 1, allowing the thickness to be deter-
mined as 10 nm. The size distribution of the particles was
obtained from measurements of maximum and minimum
distances between the opposite flat edges of the particles
from micrographs. The results are shown in Figure 2 as
histograms. The uniformity of shape as well as size is ev-
ident from this data with the average maximum distance
between edges being 89 nm ±12 nm and the average min-
imum distance between the edges being 79 nm ±11 nm.

An independent measure of the particle size was made
using small angle X-ray scattering (as described later)

Fig. 1. Transmission electron micrograph of nickel (II) hy-
droxide particles. The scale bar is 200 nm. The diameter is
readily observed, but only rarely (see ring) can edges of the
plates be seen. The uncertain tilt makes precise measurement
of this dimension difficult.
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Fig. 2. Histograms of the (�) maximum and (�) minimum
edge to edge dimension of each nickel (II) hydroxide plate,
observed with a TEM.

from a dilute dispersion of the plates. The scattering
(Fig. 3) was fitted with a model for uniform, circular
discs [13]. The model assumed the discs were randomly
oriented, monodispersed and had no positional order. This
gave the radius of the discs to be 90.6 nm and the thick-
ness of the discs as 12.0 nm.

The range of interaction was controlled by
adding NaCl to screen the electrostatic forces be-
tween the particles. In order to prevent the par-
ticles from aggregating when salt was added, a
low molecular mass sodium polyacrylate (N40 from
Allied Colloids) was added as described previ-
ously [11]. The polyelectrolyte dissociated in wa-
ter so that even with no additional NaCl, up to
0.03 M sodium ions were present. Thus the range
of the interactions was governed both by the thickness



A.B.D. Brown et al.: Structure in a concentrated colloidal dispersion of uniform plates 483

103

104

105

106

107

0.04 0.06 0.08 0.1 0.3 0.5

S
ca

tte
re

d 
In

te
ns

ity

(nm )q
-1

Fig. 3. Radial average of small angle X-ray scattering from
a dilute dispersion of the nickel (II) hydroxide plates. The
solid line is a curve fit using the predicted scattering for di-
lute, monodisperse circular plates.

of the polymer layer on the surface of the particles and
the range of the electrostatic interactions between the
particles.

Measurements were made of the density of a range
of dispersions. Combination of this data with measure-
ments of the solid content by drying samples, both with
and without adsorbed polyacrylate, to constant weight al-
lows an estimate of the amount of stabiliser attached to
the particles. It was calculated that there was 0.114 g of
polymer adsorbed per gram of nickel (II) hydroxide. If
the polymer layer has a weight fraction of 0.5 and the
remainder is water then the thickness of the layer would
be 3.5 nm. The thickness of the layer is governed by the
length of the polymer chains and their conformation. At
0.03 M Na+ the screening length for charge interactions
is around 3.7 nm. Assuming that the decay of the charge
interaction is measured from the centre of the polymer
layer, then with no additional salt added the total range
of the interactions must lie between 5.4 and 8 nm. If more
salt is added then the range of interactions will be re-
duced for two reasons; the charge interactions between
particles will be screened further, and the polymer will
have a reduced repulsion with itself, thus reducing the ex-
tent it spreads into the solvent. The uncertainty in the
thickness of the polymer layer on these particles makes it
difficult to provide a precise estimate of the average vol-
ume of a particle and thus the volume fractions of the
dispersions used. Hence the concentration of dispersions
will be described as a weight fraction. The aspect ratio
will depend on the thickness of the polymer layer and will
be reduced from 8 to between 3.5 and 6 depending upon
the concentration of electrolyte and its effect on the poly-
mer. Dynamic light scattering measurements were used to
confirm that there was no irreversible aggregation that oc-
curred on preparation of the concentrated dispersions by
centrifugation.

2.2 Small-angle scattering

SANS and SAXS techniques were used to investigate
the structure of concentrated dispersions. The small-angle
neutron scattering experiments were made with the D22
camera on the vertical cold source of the high flux reac-
tor at the Institut Laue-Langevin, Grenoble, France [14].
This apparatus has a 96× 96 cm2 detector with 0.75 cm
resolution that can be placed at distances up to 18 m
from the sample. The incident beam is monochromated
(wavelength, λ) with a mechanical velocity selector giv-
ing a spread (FWHM) of 10% ∆λ/λ. The angular diver-
gence of the incident beam is determined by guides and
apertures but the overall resolution in momentum trans-
fer q (= 4π/λ sin(θ/2)) results from a combination of the
spread in wavelength, angular resolution of the detector
elements and the incident beam divergence. In a typical
configuration, ∆q will vary from about 30% at small mo-
mentum transfer to close to 10% at the largest q values.
A combination of different sample-detector distances and
wavelengths was used to provide data over a q-range from
0.003 to 0.1 Å−1. Samples were contained in fused silica
cells with 2 mm path length, the dispersion medium was
adjusted to contain about 80% D2O to reduce the effects
of multiple scattering.

The SAXS measurements were made on the ID2
High Brilliance beam line at the ESRF, Grenoble,
France [15]. This instrument is equipped with a silicon
double monochromator and focussing mirror which pro-
vide high monochromaticity ∆λ/λ (FWHM) 0.02% and
a low divergence. The angular divergence is less than
0.0015 degrees vertically and 0.002 5 degrees horizontally.
Beam size was defined by apertures and was 0.2 mm (verti-
cal) by 0.36 mm (horizontal). A gas filled two-dimensional
detector with 0.5 mm spatial resolution was used at a dis-
tance of 10 m from the sample. The width of diffraction
peaks is effectively limited by the point spread function of
the detector (0.6 mm).

Small-angle neutron scattering allowed samples with
a thickness of 2 mm to be investigated so that the effect
of the cell surfaces was small. In contrast, X-rays have a
higher absorption and scattering. Only thin samples could
be investigated, however the X-ray source at the ESRF
provides an intense beam that can be highly monochro-
mated and collimated. This meant that the width of any
SAXS peaks were determined by the sample and not the
instrument. The high intensity of the beam also meant
that a small area of the sample could be investigated
to probe areas showing uniform alignment. Samples for
SAXS studies were placed in 0.4 mm thick flat-sided thin-
walled glass tubes aligned on a goniometer head allowing
rotation about a vertical axis.

In both the case of SANS and SAXS data was treated
with standard programs to account for relative efficiency
of detector cell and subtract the background. The X-ray
data was corrected for detector efficiency, flat-field re-
sponse and background from the instrument and cell. The
conversion to absolute intensity was made by measure-
ment of transmitted flux and the intensity from a Lupolen
standard sample. Data was inspected as two-dimensional



484 The European Physical Journal B

0.0

0.2

0.4

0.6

0.8

1.0

0.52 0.54 0.56 0.58 0.6 0.62 0.64 0.66 0.68

F
ra

ct
io

n
 o

f 
sa

m
p

le
 in

 lo
w

e
r 

p
h

a
se

Weight fraction

Fig. 4. Fraction of the cell occupied by the more dense, or-
dered phase for a series of samples with different, overall weight
fractions at three different salt concentrations after 36 days.
(◦) 0 M, (+) 0.02 M, (×) 0.05 M, and (4) 0.1 M NaCl added.

Table 1. Weight fractions of the two phases that are in equi-
librium at the four concentrations of added salt investigated.

Added NaCl Upper phase Lower phase Difference between
(M) (wt. fraction) (wt. fraction) two phases

(wt. fraction)

0 0.529 0.625 0.096
0.02 0.557 0.642 0.085
0.05 0.580 0.662 0.082
0.1 0.596 0.678 0.082

images and also converted to circular averages of intensity
as function of momentum transfer, either for the entire de-
tector or in individual sectors at particular orientations.
In this way data from different instrument configurations
could easily be combined and compared. Crystallography
of large-scale structures measured by low-angle diffraction
presents some unusual features [16]. The ratio of spacing
to wavelength is large and only a small part of the Ewald
sphere is accessible. It can be difficult to determine inten-
sities of Bragg reflections for peaks other than those lying
in one plane. Distinction between 3-dimensional structure
with spots and cuts through patterns of lower order with
rods or sheets of intensity in the scattering pattern can
sometimes be difficult.

3 Results

3.1 Visible phase separation

For all the concentrations of added electrolyte considered,
it was found that there was a range of particle concen-
trations over which droplets formed in the bulk of the
dispersion. These droplets then sedimented over a num-
ber of days, and formed a dense lower phase with a

more dilute upper phase. This could be observed read-
ily, and the droplets and the resulting lower phase dis-
played some birefringence, whereas no birefringence was
observed in the upper phase. The fraction occupied by the
more dense phase for samples with 0 M, 0.02 M, 0.05 M
and 0.1 M added NaCl are shown in Figure 4, plotted
against the total weight fraction of the sample. Over most
of the region where two phases are present, the volume of
the concentrated phase varies linearly with weight frac-
tion, indicating the phase separation is true equilibrium
coexistence. There is a small deviation from this linear
behaviour at high weight fractions, as the viscosity of the
sample at these concentrations slowed the phase separa-
tion. At low weight fractions there is also a deviation, as
at this concentration the viscosity was much lower, and
so sedimentation of the particles (as opposed to droplets
of the denser phase) was measurable, causing an increase
in the volume of the lower phase. The weight fractions of
the two phases in equilibrium are given in Table 1. The
phase separation is observed at increasing particle con-
centrations with increasing electrolyte concentration due
to the shorter range of the inter-particle forces. The dif-
ference between the two equilibrium concentrations de-
creases slightly as the range of the particle interactions is
reduced.

The lower phase appeared to be an agglomeration of
droplets with a diameter of around 40 µm. More detailed
optical observations could not be made as samples greater
than 1 mm in thickness were opaque due to the strong
green colour of the sample. If the samples were placed in
thinner tubes, the droplets tended to stick to the surface
of the glass and were consequently distorted.

3.2 Neutron scattering patterns

A number of dispersions at a wide range of weight frac-
tions were investigated by small-angle neutron scattering.
The radial average of the scattering patterns obtained
from these samples over a wide range of q are shown in
Figure 5. Sample A, at a concentration above the phase
separation region and sample B, within the phase sepa-
ration regime both display a series of diffraction peaks.
The peaks can be indexed on the basis of a crystallo-
graphic hexagonal cell with a = b, γ = 120 degrees.
The positions, corresponding d-spacings and Bragg indices
of these peaks are given in Table 2. The peaks in sam-
ple A are at slightly larger q than in sample B, suggest-
ing that the structure is slightly compressed above the
phase separation regime. The way in which these peaks
are indexed will be discussed later in this paper. Sample
A was sufficiently viscous that it could only be inserted
in the cell by gentle centrifugation. As a consequence the
two-dimensional scattering patterns shown in Figure 6a
and b indicate a preferential orientation of peaks 100 and
001 showing that they arise from orthogonal directions
within the sample. To show the preferential alignment,
the data is show with a threshold around the maximum
intensity in each of the two ranges of momentum transfer
measured.
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Table 2. Concentrations of dispersions of nickel (II) hydroxide investigated with SANS.

Sample Weight fraction Added salt Comment
(±0.003) concentration (M)

A 0.677 0.040 above phase separation
B 0.614 0.040 48% upper separated region
C 0.566 0.040 just below phase separation
D 0.365 0.030 much below phase separation
E 0.02 0.030 dilute
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Fig. 5. The scattered intensity from sample A, B, C, D and
E. Details of the samples are given in Table 2. For clarity each
data set has been offset vertically.

3.3 Small-angle X-ray scattering patterns

A sample above the phase separation regime was placed
in a flat cell, 0.4 mm thick, for the measurements. The
scattering pattern from the sample with the beam perpen-
dicular to the flat face of the tube is shown in Figure 7a.
The pattern very clearly shows hexagonal order within
the sample indicating that inserting the sample in the cell
must have orientated it to almost a perfect crystal. The
scattering from the same point in the sample when it is
turned by 20 degrees about a vertical axis is displayed in
Figure 7b. This shows how some of the peaks disappear as
the sample is turned, the radial average of the pattern in
Figure 7a is shown in Figure 8. The position of the peaks
in these plots is very similar to those observed with neu-
tron diffraction from sample A. This indicates that the
structure is not significantly altered by the size of the cell
that the sample is placed in.

(a)

(b)

Fig. 6. SANS patterns from sample A, (a) 100 peak, (b) 001
peak. A threshold has been used to reveal the slight anisotropy
present in the two primary diffraction rings. The X marks the
position of the unscattered beam.

4 Discussion

4.1 Distinguishing possible structures

The positions of the 001, 002 and 003 peaks observed with
SANS from sample A are consistent with their being first,
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(a)

(b)

Fig. 7. SAXS pattern from a sample above the phase tran-
sition regime, in a flat cell mounted (a) perpendicular to the
beam, (b) rotated by 20 degrees about a vertical axis.

second and third orders of a single d-spacing associated
with a length scale of the order of the thickness of the
plates. This distance puts a limit on the thickness of the
polymer layer. The thickness of the nickel (II) hydrox-
ide crystal is 10 nm and the distance corresponding to
the 001 peak from sample A is 20 nm. Thus if the poly-
mer layer is not highly compressed in sample A, it can-
not be greatly thicker than 5 nm. The position of the
100 peak suggests that it is associated with a feature of
the order of the diameter of the particles. This is con-
sistent with the observation made from the anisotropy in
Figure 6. The pattern observed with the SAXS measure-
ments shown in Figure 7a suggests that the packing in
the plane perpendicular to the plate normals is hexago-
nal. The second peak that can just be observed in the
SANS measurements is consistent with being the 110 and
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Fig. 8. Radial average of the SAXS pattern shown in
Figure 7a.

a

b

(a)

(b)

Fig. 9. Two possible schematic structures of the dense, more
ordered phase. (a) a columnar structure, (b) a layer structure.
Distance a is related to peak 100 and distance b is related to
peak 001.

the 200 peaks from hexagonal packing, which are not re-
solved with SANS due to the instrument resolution, but
are resolved in Figures 7 and 8 with SAXS. The peak
positions observed in these diffraction patterns from the
ordered phase could result from two types of structures
that are sketched in Figure 9. In a columnar structure
(Fig. 9a), the 001, 002 and 003 peaks would correspond
to a regular spacing of particles along columns, stacked
face-to-face. The 100, 110 and 200 peaks would arise from
the hexagonal packing of the columns. In this structure
there need not be any correlation between positions of
particles in different columns. In a layer structure such
as that in Figure 9b, the 100, 110 and 200 peaks would
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correspond to scattering from within layers of hexagonally
arranged particles. The 001, 002 and 003 peaks would
then correspond to the stacking of these layers at a reg-
ular spacing, but no lateral correlation of adjacent layers
would be required. A third possibility would be a crys-
talline combination of these two structures where there
is no loss of correlation between the layers or columns of
particles.

These two structures are represented in different ways
in reciprocal space [17]. The columnar structure would be
represented by layers normal to the real space columns,
except for the layer containing the origin that breaks up
into spots corresponding to the relative positions of the
columns. The layer structure would be represented by rods
normal to the sheets of particles, except for the rod con-
taining the origin, which breaks up into spots correspond-
ing to the spacing between the layers.

If a single crystal was placed in a range of different
orientations in the beam, all directions of reciprocal space
could be investigated. This would allow the structure of
the crystal to be determined. Alternatively it would also
be possible to distinguish between the possible structures
from the peak shapes and intensities of the scattering from
a powder with a known preferred orientation.

The samples investigated with SANS were partially
orientated powders due to the influence of the walls and
some shear-induced order as the sample was inserted into
the cell. However the extent of orientation was not known.
This meant the intensities were altered by the partial ori-
entation of the domains, making it impossible to use the
intensity information in this data to distinguish between
the proposed crystal structures [11]. The width and hence
the shape of the peaks were dominated by the instrument
resolution, and so also could not be used to determine the
crystal structure.

The sample investigated with SAXS was a strongly
orientated powder and so can be considered as an ap-
proximation to a single crystal. A region showing par-
ticularly strong alignment was selected for study by
scanning the position of the sample with respect to
the incident beam. Figure 7a is the plane in recipro-
cal space that contains the origin and whose normal
is parallel to the plate normals. If the particles were
in layers with normals parallel to the plate normals
(Fig. 9b), then the lack of positional correlation be-
tween particles in different planes would mean the spots
seen in Figure 7a would be cuts through rods perpen-
dicular to the page. If all the particles were correlated
in this direction, such as in both the columnar struc-
ture and a three dimensional crystal, then the spots ob-
served in Figure 7a would be cuts through short arcs
around the origin due to the range of domain orien-
tations. To determine which is the case, the sample
was rotated about a vertical axis by 20 degrees and
the pattern obtained is shown in Figure 7b. If the
spots observed in Figure 7a were cuts through rods,
then in the cut through reciprocal space shown in Fig-
ure 7b they should appear as spots, shifted horizon-
tally to larger q. This is not the case. The spots re-
main at the same magnitude of q, indicating that the

scattering observed is a cut through an arc. Thus the
structure cannot be formed of layers but must be either
columnar or crystalline.

In theory the same approach could be used to investi-
gate whether there is positional correlation between parti-
cles in different columns. However the sample was in a flat
tube and so it was not possible to investigate the direction
perpendicular to the tube, as this would require the beam
to be incident in the plane of the tube.

It can be concluded from these X-ray measurements
that the particles must be in columns (Fig. 9a), as they
cannot be in uncorrelated layers, and the hexagonal pack-
ing shows no absences. However from these measurements
it is not possible to say the extent of any positional cor-
relation between these columns.

4.2 Dilute phase

The dilute phase displays no birefringence, and so cannot
be a nematic phase. Samples C, D, and E are all below
the point of phase separation; however the scattering ob-
served from them, shown in Figure 4, shows a range of
structure present. Sample E is at a weight fraction of 0.02
and so will be at a volume fraction of approximately 0.006.
At this concentration there will be very little interaction
between the particles, and so the scattering will be es-
sentially the spherical average of the form factor of the
particles. The scattering profile from sample D is a dif-
ferent shape. This is due to interactions between the par-
ticles, giving them some kind of liquid positional order.
Sample C that is just below the phase separation regime
displays significantly more order. This increase in order
between samples D and C could be a progressive increase
in liquid order, or it could be due to a further phase tran-
sition from an isotropic structure in sample D to a more
ordered structure in sample C. No phase separation was
observed at any concentration investigated between that
of sample C and D. However, a more detailed scattering
study would be required to determine if a phase transition
exists in this region.

4.3 Comparison with simulation and other systems

Results from computer simulations on dispersions of plate-
like particles and their phase transitions are reported in
the literature [18]. A sketch of the expected phase diagram
is shown in Figure 10. It is predicted that for discs with
an aspect ratio of 5 and hard interactions, as concentra-
tion is increased, a first order transition from an isotropic
phase to a cubatic phase occurs between ρ∗ = 0.54 and
0.57. There is then a first order transition to a colum-
nar phase with phase separation between ρ∗ = 0.59 and
ρ∗ = 0.66, and finally a continuous transition to a solid at
ρ∗ = 0.73. ρ∗ is defined as being the ratio of the volume
fraction to that of a close packed structure. The observa-
tions made here are consistent with these predictions on
a number of points. A nematic phase is not observed and
a first order transition to a columnar phase is observed
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Fig. 10. Phase diagram for plate-like particles that has been
suggested by computer simulation of Veerman and Frenkel [18].

with a phase separation between dispersions at a concen-
tration of ρ∗ = 0.393 and ρ∗ = 0.498 for a polymer layer
thickness of 3.5 nm and ρ∗ = 0.605 and ρ∗ = 0.766 for
a coat thickness of 8 nm. Our present data has not al-
lowed us to determine the structure of the less concen-
trated phase that may not be an isotropic liquid.

The observed difference in concentration between the
coexistent phases is twice that predicted in the simula-
tions. This separation in concentration of the two coex-
isting phases is termed the biphasic gap by Bates and
Frenkel [19]. The unusually large region could be caused
by the presence of attractive forces between the parti-
cles. However the gap was observed to decrease slightly
as salt is added. This suggests that significant attractive
forces are not present, as it would be expected that the
effect of any attractive forces would enhanced as the re-
pulsive electrostatic forces are screened by adding salt,
and this should increase the biphasic gap. An alternative
explanation for this large biphasic gap arises from the
simulations of Bates and Frenkel [19]. They studied the
nematic-isotropic transition as a function of the poly-
dispersity in the diameter of infinitely thin plates. They
found that 14% polydispersity approximately doubles the
biphasic gap. By analogy it might well be expected that
the polydispersity present in the system studied here (13%
in the diameter) could well account of the large biphasic
gap observed.

In their original simulations Veerman and Frenkel [18]
predict that samples with concentrations in the region of C
should form a cubatic phase. This phase is described as a
structure in which the particles assemble in short stacks
of approximately 4 or 5 particles with neighbouring stacks
tending to be approximately perpendicular. There is no
long-range positional order. This phase would be expected
to have a peak in the 001 position arising from spacings
between the faces of the plates. The short stacks would
mean that this peak should be broader and less intense
than the peaks observed in the columnar phase. There

would also be a weak peak in the 100 position arising from
the spacing between the short stacks in the dispersion.
These differences would depend on the degree of positional
correlation in each structure and so are not straight for-
ward to interpret. The scattering observed from sample C
shows these features; however a phase transition between
sample C and D would need to be observed before a defi-
nite statement could be made.

There are some differences between these results and
those observed for gibbsite [1] where there is clear evi-
dence of a wider range of stability for a nematic phase.
There are several differences between that material and
the nickel hydroxide plates. The polydispersity in parti-
cle size may be crucial. Bates and Frenkel have simulated
thin, polydisperse plates and suggested that this gives rise
to size segregation [19]. Bates has also investigated the ef-
fect of shape [20] and has shown that exclude volume can
be used to scale the behaviour but both gibbsite and nickel
hydroxide form substantially hexagonal particles.

The observation that the phase boundary (Fig. 4)
moves to higher concentrations as the salt concentra-
tion increases, is expected as the particles interact over
a shorter distance. The difference in concentration of the
two phases in equilibrium decreases. It is not clear whether
this might be attributed to a change in the effective aspect
ratio of the particles or simply to the range of the interac-
tions between the particles. This would be an interesting
study for further experimental, theoretical, and computer
studies.

5 Conclusions

A dispersion of plate shaped particles with a small range
of particle sizes and shapes has been studied. The plates
have an aspect ratio of 3.5–6 and a range of interaction
less than 10% of the particle diameter. As the concen-
tration of such plates is increased, an equilibrium phase
transition to a columnar structure is observed. Reducing
the range of particle interactions increases the concentra-
tion at which the phase transition occurs, and reduces the
range of concentrations over which phase co-existence is
observed. Although other work has reported an isotropic
to nematic phase transition in a dispersion of plate-like
particles [1] this observation of a columnar phase is new.
The high monodispersity and the particular aspect ratio
of the stabilised Ni(OH)2 particles gives rise to this struc-
ture. This system provides a test for computer simulations
such as those of Veerman and Frenkel [18]. The combi-
nation of small-angle scattering on aligned samples with
direct optical observation of phase separation provides a
valuable tool to investigate model mesophase materials.
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