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Colloidal dispersions are natural candidates to produce materials structured at the nanometer scale because of their propensity to self-organize into colloidal (liquid) crystals. Not
only do they fall in the right size range (up to the wavelength
of light necessary for photonic applications) but anisometric
colloids also exhibit different length scales in different directions. Moreover, so called mineral liquid crystals[1] are also
particularly susceptible to external fields. An inherent disadvantage of colloids is their polydispersity, which is, for example, supposed to suppress the formation of smectic liquid crystals, while mineral particles also suffer from sedimentation
due to a large density difference with the solvent. Their phase
behavior is further complicated by size fractionation and kinetic effects. In this Communication we present a very (over
50 %) polydisperse system of Goethite (a-FeOOH) nanorods
where these apparent disadvantages meet to produce a wealth
of concurrent phases ranging from the isotropic, nematic and
columnar to—surprisingly—even a smectic phase. Our findings suggest that employing such polydisperse mineral nanorods gives access to diverse nanostructured materials, as an alternative to the route that has recently successfully employed
mineralized virus suspensions.[2]
One of the paradigms in colloid science is the notion that
the inherent polydispersity of colloids suppresses the formation of ordered phases. Examples are suspensions of spheres,
which would refuse to crystallize above the so-called terminal
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polydispersity of 5–10 %,[3,4] and colloidal rods, which are not
supposed to fit into the layers of smectic liquid crystals above
about 18 % length polydispersity.[5] However, recent theories
have recognized that this issue is markedly influenced by fractionation or partitioning of the colloidal components over coexisting phases.
Fractionation has been addressed for the isotropic–nematic
coexistence in rod dispersions,[6–8] in which case polydispersity
does not prevent ordering since only the orientational degrees
of freedom are involved. On the contrary, polydispersity even
drastically widens the phase gap here since the longer rods
want to orient first while shorter rods remain in the isotropic
phase (this problem has only recently been addressed for truly
continuous distributions[9–12]). For ordered systems with complete positional order the situation is more complicated, as is
borne out by recent results for fractionation accompanying
the crystallization of polydisperse spheres.[13] The full incorporation of partitioning for continuous distributions now
seems to redefine the concept of terminal polydispersity as
pertaining to the crystalline phases only (which cannot incorporate a polydispersity of over 7 %). Theoretically, the polydisperse fluid could split off several crystalline phases and
would not possess a terminal polydispersity; experimentally, it
may still show up for kinetic reasons.[14] Liquid-crystalline
phases with partial positional order like smectic or columnar
phases can be expected to fall in between these extremes.
Another contribution to complicating the observed phase
behavior of colloids is sedimentation. Wensink and Lekkerkerker[15] showed that multiple (isotropic gas–isotropic fluid–
nematic–columnar) phase equilibria in a single test tube of a
polymer-platelet mixture[16] could be explained as a result of
sedimentation, which imposes a concentration gradient on the
system. The phases in contact at different heights in the system then have different osmotic pressures and different compositions at which they coexist. Sedimentation therefore also
couples to fractionation, as recently described in the theory
by Bellier-Castella and Xu for polydisperse van der Waals
fluids.[17]
Here, we apply these theoretical concepts to understand the
remarkably rich phase behavior of Goethite dispersions in
water. Although Goethite was already used about 30 000
years ago as a dark-yellow ochre pigment in paleolithic cave
paintings and its special magneto-optical properties were recognized in 1902 by Majorana,[18] only the recent work by
Lemaire et al.[19–23] revealed the special phase behavior of its
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aqueous dispersions. Their use of thin samples demonstrated
that isotropic dispersions of its elongated crystallites transform into nematic and columnar liquid crystals upon increasing the concentration.
Goethite particles were synthesized as described by Lemaire et al.[20] leading to the results shown in Figure 1. This
highly polydisperse system gave interesting results in capillaries stored vertically and filled up to a height of 5 cm
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Figure 2. These photographs of a capillary with the phase-separated
Goethite dispersion (16 % volume fraction) display three distinctly different regions (apart from an isotropic layer higher up in the capillary—not
shown here). a) Between crossed polarizers: Schlieren patterns typical
for a nematic phase are observed in region I. b) In reflected light: brightred Bragg reflections from a smectic phase are seen in region II. The columnar phase (predominant in region III) is not distinguished by special
optical characteristics.

average length L̄, width W̄, and thickness T̄, would decay is
given by

b

lg 

Figure 1. Goethite rods as synthesized by adding 1 M NaOH to an aqueous 0.1 M iron nitrate solution until reaching pH 11–12. After ageing for
nine days the sediment was charged with 3 M HNO3 and three times centrifuged and redispersed in water at pH 3. The charge density is around
0.2 C m–1 and the electric double-layer thickness less than 10 nm.
a) Transmission electron microscopy image of the Goethite crystallites
formed with dimensions length L= 216 nm (± 55 %), width W = 35 nm
(± 48 %), and thickness T ≈ 16 nm; b) length distribution in the coexisting isotropic and nematic phases. The arrow indicates the smectic periodicity.

(0.2 mm × 4 mm cross section). Above 10 vol % the system
readily showed within a day an isotropic–nematic phase separation, where polarization microscopy showed vivid Brownian
fluctuations and settling nematic tactoids smoothly coalescing
with the growing nematic layer characterized by typical
Schlieren patterns (Fig. 2a). Analysis of samples taken from
the different layers revealed strong size partitioning between
the phases (see Fig. 1b). Only on a time scale of months did a
sedimentation profile become visible at the top of the isotropic phase (otherwise hardly observable, because of the intense
ochreous color of the dispersion), which is in agreement with
a typical sedimentation length lg of 0.8 mm. The distance over
which an ideal barometric profile of Goethite particles of
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where kBT is the thermal energy, Dq the mass density difference of Goethite and water, and g the gravitational acceleration.
We prepared a range of capillaries with increasing volume
fraction, but we focus here on samples of 16 vol %. After a
few days a darker layer of grainy appearance developed at the
bottom of this capillary, followed after a week by the development of small red reflecting specks at the interface between
the bottom layer and the nematic phase. Over a month, these
specks grew into a layer at the expense of the grainy bottom
layer and reached a height of about 5 mm, showing bright red
Bragg reflections in specific directions (see Fig. 2b). These observations strongly suggest the development of repeat distances within this layer on the order of the wavelength of visible light, possibly a smectic state.
To give decisive answers about the structure of the bottom
layers, we used the recently developed high-resolution smallangle X-ray scattering (SAXS) setup[24] of the Dutch–Belgian
beamline BM-26B at the ESRF (Grenoble, France) and
scanned the capillary. In the top layer we observe an isotropic
scattering pattern; going down we see the signature of the nematic phase in Figure 3a, while the red Bragg reflections are
confirmed in Figure 3b as belonging to a simple smectic-A
phase, with two reflection orders (sometimes even three orders, as shown in Fig. 3d) due to the interlayer spacing and a
liquidlike peak parallel to the layers. The typical repeat distance is 450 nm (± 10 nm at different places in the layer),
almost twice the average particle length, which points to
substantial fractionation favoring the longer particles (see
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Figure 3. SAXS patterns taken with a high-resolution charge-coupled device camera from a four-phase Goethite dispersion. a) Nematic with a
small-angle diffuse-scattering peak showing length correlations and a
perpendicular diffuse liquidlike peak; b) smectic A with sharp first- and
second-order small-angle reflections and perpendicular diffuse liquidlike
scattering; c) powderlike rings of the columnar phase near the bottom of
the capillary (and a remaining small-angle smectic ring); d) intensity profile along the orientation axis in the smectic A phase (further down in the
sample compared to (b)); e) a 2D columnar structure formed perpendicular to a horizontal 650 mT magnetic field applied to the pattern of (b)
(obtained with a lower-resolution, wider-view, gas-filled detector).

Fig. 1b). Most smectic and also many nematic patterns
showed additional diffraction spots corresponding to typical
distances of 56 ± 3 and 36 ± 2 nm, characteristic of the columnar phase (reflections (11) and (20) of the c2mm symmetry
group) reported before by Lemaire et al.[22] The lower 4 mm
of the capillary shows a powder pattern of the columnar phase
(see Fig. 3c), indicating that the columnar domains are generally much smaller than the nematic and smectic domains encountered higher up in the sample.
It is striking that, at the same height where the smectic
Bragg reflections are detected, indications of a columnar
phase also appear. In this respect a virtually pure smectic
SAXS pattern, as seen in Figure 3b, is exceptional and almost
always a mixed smectic–columnar SAXS pattern is observed.
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This could well be considered a kinetic effect but one could
also speculate that this forms a mechanism to accommodate
any remaining length polydispersity by expelling ill-fitting
particles from the smectic to the columnar phase, since the latter is not disturbed by differences in particle length.
Lemaire et al.[19] reported that small Goethite particles possess a considerable permanent magnetic moment along their
long axis, presumably due to partially uncompensated spins
within their antiferromagnetic crystal structure, in combination with an induced moment largest along one of the shorter
axes. At small magnetic fields the permanent moment dominates, but at fields above 250 mT particles increasingly turn
perpendicular to the field. Here, we put our sample in the
650 mT field of a small permanent magnet and observed an
immediate transformation of the smectic–columnar region
into a columnar structure oriented perpendicular to the field
(see Fig. 3e). The scattering pattern shows a 2D rectangular
pattern of diffraction spots typical for a distorted hexagonal
columnar structure.[22] Especially along the field many reflections (up to the fifth order) are visible. The much faster decay
of the intensity of diffraction spots perpendicular to the field
indicates that the 2D structure is formed in all perpendicular
directions and the diffraction spots observed are actually cross
sections through scattering rings around the field direction.
After removal of the sample from the magnet, we again observed the typical red Bragg reflections, which indicates that
the system transforms back to a smectic state.
In conclusion, aqueous dispersions of Goethite rods not
only form isotropic, nematic, and columnar phases but also a
newly found smectic A phase. Although smectic phases have
been found before in colloidal dispersions of rodlike particles
(for examples see the literature[25–28]), the smectic phase of
Goethite is first identified in an extremely (over 50 %) polydisperse system, much higher than the terminal polydispersity
of 18 % determined by computer simulation of spherocylinders.[5] It seems very likely that the fractionation and sedimentation-induced macroscopic separation associated with the
isotropic–nematic phase transition help to create the circumstances to form a smectic phase within one week. However, it
remains remarkable that only a very narrow range of smectic
layer spacings is found. Particle lengths that do not fit seem to
go to the columnar phase. A second scenario, where individual particles slowly sediment and fractionate and only then
phase separate, also seems to be at work, since samples with
much lower volume fractions also develop Bragg reflections
after about half a year. In both scenarios, the phase development is clearly kinetically helped by the Brownian motion enabled by the presence of an electric double layer around these
charged particles.
Finally, we hope to have given evidence that particle polydispersity is not always a nuisance but can at times also be
very helpful—especially in combination with sedimentation—
and may even be employed to form new phases. Moreover,
the special magnetic properties of these mineral liquid crystals
give the possibility to exploit the combined effect of field response and the strong correlations present in liquid-crystalline
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phases. This allows manipulating the structures formed by applying external fields (e.g., switching between smectic and columnar phases), so that they might find applications as functional materials in the future. Our findings also suggest that
employing polydisperse mineral nanoparticles in some instances forms an alternative route to produce nanomaterials
instead of using suspensions of viruses,[2] which are intrinsically monodisperse but often require painstaking experimental
procedures.
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