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Small-angle X-ray scattering (SAXS) is an indispensable tool in structural investigations of self-assembled colloi-
dal crystals and colloidal liquid crystals. This paper reviews recent studies of the particle shape effects on the crys-
tal structure as revealed by SAXS. Rod-like, plate-like, biaxial board-like aswell as cubic-like shapes are discussed.
Since relatively large, (sub)micron particles are often used in these studies, we describe the principles of the
microradian X-ray diffraction technique that allows detailed characterisation of the periodic order including
the determination of the intrinsic width of the Bragg peaks.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Structures on the mesoscales, ranging from about a nanometre to a
micron, play a key role in a broad range of research fields such as soft
matter [1,2], heterogeneous catalysis [3] and biology [4,5]. They can be
studied either in direct-space using microscopy or in reciprocal-space
using scattering that are complementary to each other.

Microscopy data is more straightforward and can usually be
interpreted in an easier way. However, it yields information on small
sample volumes the choice of which is often biased by the observer.
Electron microscopy is very powerful as it can access all scales of inter-
est down to the atomic scale. However, this technique is limited in
accessing bulk structures and is not suitable for in-situ and time-
resolved studies. The latter can be solved using optical microscopy but
only on large scales. Recent developments of super-resolution optical
microscopy techniques [6] are a great step forward but they are applica-
ble only to systems that can be labelled with fluorescent dyes.

In contrast, scattering techniques are able to provide mesoscopic
structural data averaged over macroscopic volumes. They are often per-
fectly suitable for in-situ and time-resolved studies in the bulk. Light
scattering is easily affordable but only provides access to a very limited
range of q-values and often suffers frommultiple scattering. Small-angle
neutron scattering (SANS) has a number of important advantages such
as contrast variation possibilities and sensitivity to magnetic structures.
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However, low brightness of neutron sources limits the range of applica-
tions of SANS. Nowadays small-angle X-ray scattering (SAXS) is widely
recognised as an indispensable structure characterisation tool at the
mesoscopic scales. Recent developments of synchrotron sources and
X-ray detectors provide a very fast and effective tool to study colloidal
crystals and their real-time development. The high penetration power
of X-rays makes SAXS applicable to almost all system types. In addition,
the intrinsically low contrast of all materials for X-rays ensures, in the
vast majority of cases, a high quality of the scattering data that is free
of multiple scattering contributions. SAXS also gives access to a broad
range of spatial scales from a nanometre to microns. Moreover, as we
shall discuss in more detail below, positional correlations on distances
up to submillimetre can be accessed from the width of diffraction
peaks measured with microradian resolution.

In this reviewwe shall focus our attention onto the recent studies of
crystals and liquid crystals obtained by the self-assembly of colloidal
particles. Their self-assembly can be directed in various ways, for in-
stance by applying an external electric or magnetic field [7,8]. Alterna-
tively, one can vary the particle shape to achieve novel colloidal
lattices [9–11]. The use of strongly anisotropic shapes leads to a very
rich phase behaviour including numerous liquid-crystalline states,
which are of interest for researchers and engineers to prepare new
nanomaterials with novel symmetries using self-assembly techniques.
Their crystal structures, however, have to be carefully characterised in
order to be employed as such and this is where SAXS analysis plays an
important role.

The rest of this review is organised as follows. Section 2 is devoted to
the discussion of how to achieve microradian resolution in SAXS
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experiments. Section 3 provides a short summary of the form factor
scattering that can be measured in dilute suspensions. This is followed
by an overview of the recent developments in the studies of liquid crys-
tals formed by rod-like, plate-like and board-like colloids in Section 4. In
this part the behaviour of these anisotropic particles in external mag-
netic fields is also reviewed. In Section 5, we describe the investigations
of structures formed by cubic-like colloids which have been performed
in the last few years. Finally, a short summary is given in Section 6.

2. Microradian X-ray diffraction

Application of X-ray scattering to study the self-assembly of large,
(sub)micron-sized colloids is challenging due to the enormous, 3 to
4 orders of magnitude, difference between the scale of interest
and the X-ray wavelength λ that results in very small diffraction angles,
2θ ~λ/d ~ 1… 0.1mrad,where d is theperiod of the structure. To resolve
such diffraction patterns, one needs to have a resolution significantly
better than these values of 2θ. Moreover, very useful information is
contained in the width of the diffraction peaks, which sets the resolu-
tion demands much higher.

For example, in a perfect but small crystal the peak width is deter-
mined by the inverse crystal size. This finite-size broadening is the
same for all diffraction peaks but can depend on the direction in 3D re-
ciprocal space for crystals with anisotropic shape. The broadening is the
strongest in the direction of the smallest crystal size (e.g., along the nor-
mal for a thin crystalline film). Moreover, diffraction peaks can be
broadened by defects and strain fields, which deform the ideal crystal
lattice. This “second-type disorder” in the terminology of Guinier [12]
leads to peak broadening that depends on the q-value. Since in small-
angle X-ray scattering experiments multiple diffraction orders can
often be simultaneously measured, it is straightforward to apply the
Willamson–Hall analysis to colloidal crystals [13], which allows one to
determine the typical crystal size and the strength of the strain field.

To illustrate what type of information can be revealed by SAXS, we
show in Fig. 1 two examples of 2D patterns measuredwithmicroradian
resolution using different crystals of colloidal spheres [14,15]. There are
strong similarities between the patterns and the data may have looked
nearly identical ifmeasuredwith a lower resolution. However, thanks to
the microradian resolution, one can now see a striking difference in the
width of the reflections. In Fig. 1a one can also see that the peak broad-
ening can be anisotropic. The width δqr in the radial direction is the
measure of the spatial extent of the periodic order and the strain. The
width of the peak δqϕ in the orthogonal azimuthal direction can possess
additional contributions originating from fluctuations of the exact ori-
entation of the crystallographic axes within the irradiated area of the
sample. In the latter case the reflections often possess an arc-like
Fig. 1. Examples of the small-angle diffraction patterns measured with an angular resolution b
styrenemicrospheres grown on a glass substrate using the vertical deposition technique [14]. T
intense diffraction peaks of the 110 family in panel (b) strongly saturate the detector and their
shape. Moreover, crystal imperfections can lead to additional scattering
in between the Bragg peaks, which can also bringuseful structural infor-
mation on the colloidal structures.

To summarise, small-angle X-ray diffraction is able to provide a
wealth of information about theperiodic order and imperfections in col-
loidal crystals, just similar to X-ray diffraction (XRD) in ordinary, atomic
or molecular, crystals. To obtain this information is, however, challeng-
ing, especially for crystals made of large (sub)micron particles. Ideally,
onewould need to achieve resolution in reciprocal space corresponding
to submillimetre direct-space distances to be able to probe positional
correlations on a distance of the order of hundred lattice periods. For
X-rays with the wavelength of λ ~ 0.1 nm, the angular resolution of
the order of a microradian is therefore required.

How can one actually achieve the microradian resolution in small-
angle X-ray scattering experiments? Does one need to build a very
long beamline with extremely large sample-detector distance as in
Ref. [16]? Does one need to use a “pencil-beam”, i.e. a very thin X-ray
beam? Or, does one need instead to strive for achieving a very parallel
beam? To correctly answer these questions, we need to recall that X-
ray scattering is essentially a coherent process. To be able to achieve a
reciprocal-space resolution of δq, one has to make sure that waves
scattered at points separated by a distance of the order of 2π/δq are
still able to interfere at the detector. It is therefore important to consider
the beam coherence.

2.1. Transverse coherence and angular resolution

Transverse coherence is related to the finite size of the X-ray source,
the electron beam in the synchrotron in our case. Random summation
of waves emitted at different points of the incoherent source leads to
randommodulation of the phase of the X-ray wave in the transverse di-
rection [17]. The transverse coherence length ltr is defined as the dis-
tance along a wave front over which the phase fluctuations become
significant. As a result, the interference of waves scattered by particles
separated by more than ltr vanishes after averaging over all random
realisations. For a freely propagating X-ray wave the transverse coher-
ence length ltr = Lλ/(2d) [17] is determined by the source-sample dis-
tance L, the X-ray wavelength λ and the transverse source size d. By
using typical values of L ~ 50 m, λ ~ 0.1 nm and d ~ 0.1 … 1 mm, one
can estimate ltr ~ 2.5… 25 μm. This means that the existing synchrotron
sources have the potential of probing positional correlations on dis-
tances up to a fewmicrons or even tens ofmicrons.With the current up-
grade plans of themodern synchrotrons such as the ESRF [18], even sub-
millimetre values of ltr can become feasible.

Fig. 2 shows a few illustrations of the possible SAXS setup schemes
that can be used. Double-headed vertical arrows denote refractive
etter than 10 μrad. The pattern in (a) is measured from a colloidal crystal of 425 nm poly-
he pattern in (b) is obtained from a sedimentary crystal of 224 nm silica spheres [15]. The
apparent width is exaggerated.



Fig. 2. Various possible concepts of small-angle X-ray scattering setup using focussing optics as discussed in the text. The “lamp” stands for the partially coherent source of X-rays. Optical
elements such as the monochromator are not shown. It is assumed that the monochromator does not disturb nor focus the beam. The shaded area denotes a coherent patch, the size of
which is exaggerated for better visibility.
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and/or reflective optical elements that can focus the beam. These optical
elements can be placed at different locations at the beamline, such as at
a significant distance from the sample in the optics hutch, or in a close
vicinity of the sample in the experimental hutch. Scheme 1 can be
seen as a realisation of the “pencil-beam” concept, where the focussing
element is placed far before the sample. Scheme 2 utilises a focussing
element to create a parallel beam that passes through the sample and
is then focussed on the detector. While, in Schemes 3 and 3a the
beam is freely propagating to the sample and focused on the detector
in the vicinity of the sample. The difference between Schemes 3 and
3a is that the positions of the focussing element and the sample are
exchanged.

As illustrated in Fig. 2 by shading, focussing the beam before it hits
the sample can increase the beam intensity and reduce the spot size.
However, it will also reduce the transverse coherence length ltr at the
sample position. This can be seen as an increase of apparent source
size d, as viewed from the sample position through the focussing ele-
ment. Scheme 1 might be advantageous if one needs to perform
spatially-resolved measurements but it is obviously the worst for
achieving the highest angular resolution because the transverse coher-
ence length is too short at the sample position. Scheme2 and, especially,
Scheme 3 yieldmuch longer ltr in the sample. Scheme 3 is themain con-
cept of the microradian X-ray diffraction setup, which exploits com-
pound refractive lenses [19••]. This setup [7,20••] has been routinely
used by the authors to study colloidal crystals at the Dutch-Belgian
beamline DUBBLE [21] at the European Synchrotron ESRF (Grenoble,
France). However, in practice the positions of the focussing lens and
the sample are exchanged (Scheme 3a) due to the practical realisation
that the relatively small aperture of the lens can restrict measurements
at larger scattering angles. In this setup the beam hitting the sample is
convergingbut, due to the small distance between the lens and the sam-
ple, the reduction of the transverse coherence length in the beamdue to
focussing is yet negligible. In addition, in Scheme 3 a part of the
scattered photons are absorbed in the lens so that one needs a larger
radiation dose at the sample to measure the same scattered intensity
as in Scheme 3a.
2.2. Longitudinal coherence and rocking curve measurements

The final spectral width Δλ of the X-ray wave after a monochroma-
tor leads to a finite coherence in the beam in the longitudinal direction,
i.e. along the beam. As the result of random summation of different
spectral components, the wave can be seen as a sequence of wave
packets of a length of the order of llong= λ2/(2Δλ), which are not coher-
ent with each other [17]. For typical values at a synchrotron beamline,
λ ~ 0.1 nm and Δλ/λ ~ 10−3 … 10−4, one gets llong ~ 0.05 … 0.5 μm.
This value may seem to be too small if one aims to characterise struc-
tures with a period up to micron(s).

Let us consider two colloidal particles separated by a certain distance
l in the longitudinal direction. A given wave packet will not reach the
particles simultaneously because of the difference of l in the distance
from the source. However, most of this pathlength difference l is com-
pensated by the difference in the pathlength, l(1 − sin22θ), the
scattered waves have to travel to the detector. Detailed analysis of the
problem [22•,23] reveals that in the longitudinal direction the condi-
tions for coherent interaction between the waves is almost always ful-
filled and the finite monochromaticity can be usually neglected in the
conditions of a small-angle scattering experiment.

This fact can be used to determine the width of the diffraction peaks
in the longitudinal direction with a very high resolution for a single col-
loidal crystal in the so-called rocking curve measurement. Here one re-
cords the intensity of a certain diffraction peak as a function of the
orientation of the single crystal. With this measurement one can detect
peak broadening as small as onemillionth of thewavevector of the inci-
dent wave [22•]. Note that the rocking curve measurement is only able
to probe the peak width along the beam, i.e. in the direction normal to
the Bragg wavevector.
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As a final remark, let us return to our choices of the possible mea-
surement schemes, Fig. 2. In the usual realisation of the microradian
X-ray diffraction setup (Scheme 3a) the incident beam is converging
at the sample position and thus contains plane-wave components
with slightly different directions. This might result in a reduction of
the resolution in the rocking curve measurements. For the latter geom-
etries offering more parallel beam (Schemes 2 and 3) are preferred.

3. Dilute dispersions and form factor

We remind the reader that in principle information about the size
and the shape of individual colloidal particles can be obtained from scat-
tering experiments using dilute suspensions. The resulting scattering
pattern can be described using the form factor, which is usually defined
as the square of the total scattering amplitude normalised to 1 at small q.
For example, for a cuboid shapewith a uniform density and size Li along
i th direction the form factor is given by [12]

P q!
� �

¼ sin qxLx=2ð Þ
qxLx=2

sin qyLy=2
� �

qyLy=2
sin qzLz=2ð Þ
qzLz=2

0
@

1
A

2

; ð1Þ

which remains close to 1 as long as qi ≪ 2π/Li and decays at larger q
displaying characteristic fringes. Simply stated, this means that the in-
tensity will have a faster decay along q when Li becomes larger. For ex-
ample, for rod-like particles with a strongly anisotropic shape, Lx ≫ Ly
& Lz, the scattering intensity will extend to much larger q-values in the
y,z-plane in comparison to the x-direction. Qualitatively, the form factor
of a single rod looks therefore like a plate in reciprocal space and vice
versa. Of course, the form factor can in practice only bemeasured on di-
lute dispersions when the positions of the particles are not correlated.
Unless an external field is applied, this implies that also the orientations
of the particles are not correlated and the scattering pattern of the indi-
vidual particles is orientationally averaged. Averaging their form factors
in reciprocal space leads to the characteristic decay of scattering inten-
sity for rods and plates with high aspect ratio within the intermediate
q-regime:

P qð Þ ∝ q−1 rodsð Þ
P qð Þ ∝ q−2 platesð Þ 2π=Llargest ≪ q≪ 2π=Lsmallest

� �
: ð2Þ

On the other hand, the orientational averaging obviously also
obscures specific features of the form factor, e.g. making it hard to dis-
tinguish the scattering patterns of cubic particles and polydisperse
spherical particles.

The particle form factor also plays an important role in the small-
angle X-ray diffraction from colloidal crystals and liquid crystals. The
visibility of a specific Bragg peak can be low if it appears close to a
form factorminimum(e.g., the peaks of the 300 family are hardly visible
in Fig. 1). The position of a relatively broad Bragg peak can be shifted by
the q-dependence of the form factor. One has to take into account those
effects in the analysis of the experimental data.

4. Colloidal liquid crystals

The colloidal counterparts of liquid crystals have been known and
studied since 1925 when Zocher reported [24] spontaneous ordering
in dispersions of vanadium pentoxide and iron (hydr)oxide particles.
Above a certain volume fraction a randomly oriented isotropic disper-
sion of vanadium pentoxide first formed spindle-shaped droplets and
on standing a layer with typical birefringent optical defects which
betrayed nematic liquid-crystalline order (orientation along a single
axis). In the bottompart of his 15–30 year old iron (hydr-)oxide suspen-
sions he observed iridescence –which reformed after shaking – and de-
duced that the colloidal particles spontaneously stacked into layers,
ascribing the bright colours to Bragg reflection of visible light on the
layers typical of a smectic liquid crystal. It later turned out that he was
completely right in his interpretation although the particle shapes he
assumed were wrong without direct means to establish these at the
time. More details about the historical developments can be found in a
recent review paper by Lekkerkerker and one of us [25]. In contrast to
common (low-molecular weight) liquid crystals X-ray diffraction was
originally not available at the small angles required so that optical
Bragg reflection, the study of textures and later direct imaging tech-
niques were used to study their colloidal analogues. In this review we
will mainly discuss papers where small angle scattering or diffraction
played an important role.

4.1. Rod-like particles

Although nematic phases in rod-like systems have been observed
quite long ago, they were not much studied by SAXS for a long time,
displaying relatively featureless scatteringpatterns. The full orientation-
al distribution function and the nematic (orientational) order parame-
ter S was determined from the analysis of the angular spread of X-ray
diffraction patterns of Tobacco Mosaic Virus [26]. A combination of
SAXS and wide-angle X-ray diffraction proved similar nematic ordering
in a solution of more than 10 times smaller crystalline CdSe nanorods
[27]. SAXS was used in combination with static light scattering [28] to
characterise sterically stabilised particles of a natural sepiolite clay sys-
tem confirming the q−1 dependence for rods, see Eq. (2). In rutile (TiO2)
nanorods with anisotropic photocatalytic properties SAXS also gave an
estimate of the average lateral distance between the rods [29].

Liquid crystals with partial positional order were not so often stud-
ied by SAXS for rod-like colloid particles. A beautiful example of the
complementary power of experiments in reciprocal and real space is a
systematic study [30••] of μm-long rod-like silica particles with aspect
ratios ranging from 3.7 to 8. Smectic-A ordering (1-D stacking of 2-D
liquid-like layers) was found for L/D N 4.1 joined by a nematic phase
above L/D N 5.0 in rough accordance with computer simulations on
hard spherocylinders (see Fig. 3). At higher volume fractions further
down in the sedimented samples, the rods did not form the expected
fully crystalline phase but stacked into hexagonally ordered, non-
correlated layers (smectic-B), probably due to polydispersity and/or
charge. The SAXSmeasurements were instrumental in locating nematic
regions which otherwise might have remained undetected.

4.2. Plate-like particles

Apart from clays [31], one of the first plate-like colloids showing
discotic liquid crystals was hexagonal nickel II hydroxide Ni(OH)2.
SANS indicated 2-D hexagonal lateral ordering of the platelets but
SAXS was needed to rule out the possibility of a smectic-B like layered
structure and conclusively proved the existence of a columnar LC with
1-D liquid-like columns [32•]. The platelets were sterically stabilised
by a polyelectrolyte and their effective aspect ratio was further varied
by regulating the salt strength although not sufficiently to expect the
nematic phase predicted by computer simulations [33]. The cubatic LC
phase, consisting of a packing of small stacks of disks with cubic orien-
tational order, predicted by the same computer simulations [33], is
only locally ordered andwould not easily be distinguished from the iso-
tropic phase by scattering techniques; indications of its existence were
only found by cryo-TEM much later [34]. The aspect ratio of hexagonal
gibbsite (Al(OH)3) platelets is larger due to their larger diameter and
this was the first system to exhibit both nematic and (hexagonal) co-
lumnar LC phases [35•]. In this case the platelets were sterically
stabilised by a polymer layer and dispersed in toluene to screen long-
range interactions. Both this system and its aqueous version (usually
stabilised by absorbed Al13 Keggin ions) were extensively studied by
Lekkerkerker and co-workers.

An example of SAXS data is shown in Fig. 4. Due to the gravity-
induced gradient of the osmotic pressure, co-existence of isotropic,



Fig. 3. SAXSpatterns from a sediment of silica rodswith length L=1.9 μmand diameterD=235 nm. Scattering patterns of the isotropic phase on top of the sediment (a), nematic (b) and
smectic (c) liquid-crystalline phases below.White scale bars in (a–c) indicate 0.01 nm−1. The intensity is given on the logarithmic scale using the false colour encoding given in (c). Panels
(d–f) give the intensity profiles of the patterns shown in (a–c) in the horizontal (black) and vertical (grey) direction. Reproduced from Ref. [30••].
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nematic and columnar phases can be clearly seen in a single capillary
with a dispersion of sterically-stabilised platelets. Very careful analysis
of the high-resolution SAXS patterns in the bottom part of the sediment
[36•] was able to distinguish between a multidomain hexagonal colum-
nar LC regionwith sharp reflections and a single-domain hexatic colum-
nar LC region with short-range positional and long-range orientational
Fig. 4. SAXS patterns of the different phases observed in a suspension of sterically stabilised gibb
capillary the isotropic (panel a), nematic (X-ray beam parallel to the director, panel b), multidom
ture (panels d and e). A square-shaped lead beamstopwas used to absorb the direct beam. Pan
(a)–(e). Reproduced from Ref. [36•].
order. Both phases coexisted within this sedimented sample where
the hexatic region seemed to be caused by the need of the system
to accommodate polydisperse disks at higher compression. Another
way gibbsite platelets dealt with polydispersity on a long timescale
was demixing into different domains with different intercolumnar
spacings [37].
site plateletswith diameter of 237 nmandpolydispersity of 20%. From top to bottom in the
ain hexagonal columnar (panel c) and single domain columnar phase with hexatic struc-

el (f) shows the averaged radial profiles of the scattered intensity of the patterns shown in
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Positively charged aqueous gibbsite particles showed sol–gel behav-
iour (similar to clays) as they entered kinetically arrested states at both
high and low salt concentrations. At intermediate salt concentrations,
stable colloidal dispersions were formed up to relatively high concen-
trations, displaying a sequence of isotropic-nematic-columnar phases
[38]. Interestingly, SAXS experiments revealed that the nematic phases
at high salt concentrations or low platelet concentrations are of the
usual (discotic) nematic type, while those at low salt/high platelet
concentrations are of the columnar nematic (NC) type, where increased
lateral correlations indicate the formation of stacks of platelets.
Kleshchanok et al. [39] dispersed charged gibbsite platelets in dimethyl
sulfoxide (DMSO), a polar aprotic solvent leading to a long range of the
electrostatic Coulomb repulsion between platelets, and did report a
smectic-B, a layered liquid-crystalline phase consisting of hexagonally
ordered particles (without inter-layer correlations).

Exfoliated inorganic nanosheets combine nanometre-size thickness
with much larger lateral dimensions. Due to the huge difference in
length scales they may display (lamellar) liquid-crystalline behaviour
at very low concentrations as indicated by many higher-order SAXS
peaks of the layered phosphate K3Sb3P2O14 [40]. This class of systems
has already been extensively reviewed [41,42•], so we will not go into
them here. Many natural clays also fall under this category although
they tend to aggregate or gelate undermany circumstances. Interesting-
ly, since the first fleeting observation of LC behaviour in clays by
Langmuir in 1938, a true isotropic-nematic phase equilibrium was
only found in 2006 for lath-like nontronite [43••,44].

4.3. Board- or lath-like particles

In the previous section we just mentioned the clay nontronite
consisting of lath-like particles with 3 different dimensions. The first
mineral liquid crystal observed by Zocher [24] in fact turned out to con-
sist of particles of similar shape. As extensively reviewed by Davidson
[45] vanadium pentoxide consists of very long, 1 nm thin, semiflexible
ribbons. At low volume fraction, these ribbons display an isotropic–
nematic coexistence gap, which initially form a true nematic phase ex-
tending into a nematic gel beyond 1.5% volume fraction. Aligning parti-
cles by a shear field showed a cylindrically symmetric (uniaxial)
alignment up to 4% volume fraction, above which SAXS suddenly
displayed patterns with broken cylindrical (biaxial nematic) symmetry
remaining for hours after the shear flow was stopped. This could be an
indication of an underlying biaxial nematic LC phase, but could also be
explained as a shear-induced gel state.

Another extensively studied system of board-like particles is
the mineral goethite (α-FeOOH) grown under basic conditions [46].
Davidson and co-workers (see Ref. [47••] for a review) established that
it consists of “rafts” of ordered crystallites of colloidal sizewith different
crystallographic axes and properties in three perpendicular directions.
The elongated form of these particles in one direction leads to liquid
crystalline phases reminiscent of rods: nematic, smectic and columnar.
The formation of the columnar phase is related to the high (length)
polydispersity, so that particles form columns which order into a 2-D
lattice [48,49]. However, on timescales at which Brownian motion al-
lows fractionation smectic-A phases are split off even at polydispersities
as high as 55% [50•]. At lower polydispersities the smectic-A is the most
stable high-concentration phase [51] with often a very pronounced
layer-like structure. By varying the synthesis conditions the size and as-
pect ratios of the goethite boards can be tuned [52] resulting in the
observation of the first truly biaxial LC phases for colloidal systems
[53•,54]. In the biaxial nematic phase the three different particle axes
order in separate directions and liquid-like reflections are observed at
different q in three perpendicular directions, of which one transforms
into Bragg peaks for the biaxial smectic-A phase (see Fig. 5). Biaxial LC
phases have formed a much studied and contested topic for more
than 40 years (see Ref. [55] for an extensive overview and Ref. [56] for
colloidal systems in particular).
4.4. External fields

The relatively large particle size in combination with pronounced
and usually anisotropic material properties of mineral colloids leads to
interesting coupling of LC behaviour to external fields (electric,magnet-
ic, gravity, confinement, shear etc.; for a review see Ref. [57]) which can
be followed by SAXS. Here we restrict ourselves to magnetic fields
where a whole range of magnetic responses has been observed. Plate-
like gibbsite is diamagnetic and has a preference to align its short axis
perpendicular to a magnetic field. In combination with a preferred di-
rection of the short axis along the nematic director and the tendency
to anchor the particles flat onto the surface this leads not only to an in-
teresting response to amagneticfield [58] but also affects the location of
the isotropic-nematic phase transition. A stronger response is found for
GdPO4 nanorods which are paramagnetic [59]. For anti-ferromagnetic
goethite Davidson and co-workers [47••] found that the anti-paralleI
spin lattices do not compensate completely on the colloidal scale
which results in a small permanentmagneticmoment along the longest
axis, whereas the easy axis of magnetization is along the shortest axis.
Therefore, the permanent and induced magnetic moments compete
leading to reorientation of the individual particles above a critical mag-
netic field. In LC phases this couples to the orientational and partial po-
sitional order, which for instance leads to the reorientation of the
nematic phase by 90° and promotes the formation of a columnar from
a nematic LC phase [48]. A new type of nematic–nematic phase separa-
tion into domains with particle director oriented either perpendicular
or parallel to the applied field was also found, due to the fact that larger
particles in a polydisperse sample start to reorient at a weakermagnetic
field causing packing problems so that they spontaneously separate into
a different phase [60]. Polydispersity also plays a role in the smectic
phase [61] transforming to a columnar phase at high polydispersity
and an intermediate smectic-C-like zig-zag structure at low polydisper-
sity. The stability of the biaxial nematic is also affected by an external
magnetic field in a subtle way [62]. Very recently, ferromagnetic
platelets also have been studied. Martelj et al. [63] dispersed
scandium-doped barium hexaferrite single-crystal nanoplatelets in a
low-molecular-weight LC and created the first truly ferromagnetic
liquid.

5. Cubic particle dispersions and crystals

The recent availability of colloids with a cubic shape has inspired in-
vestigations into their close-packed structures. A number of cubic-like
shapes have been studied, such as near perfect cubes [64••,65], cubes
with rounded edges [66,67•] or truncated edges [68–70], and even con-
vex or concave faces [65]. The increased research efforts stem from the
fact that a cubic shape allows the assembly of structures with much
higher packing fractions than conventional spheres and in addition in-
creases the interparticle contact. Therefore, these structures are of inter-
est for both fundamental studies and new functional nanomaterials.

Here we discuss those studies that have employed SAXS for
clarifying the structures assembled by cubic-like particles. SAXS is
more equipped for the structural investigations because the cubic parti-
cles are typically made of metal-based materials, such as palladium
[64••], gold [65], lead selenite [69], and iron (hematite and magnetite)
[67•,68,71]. Despite the power of SAXS measurement the structural
investigations are often combinedwith electronmicroscopy or other di-
rect space imaging techniques because it remains difficult to determine
the exact orientation of the cubic particles on the crystal lattice from the
SAXS patterns alone.

Two distinct size ranges of cubic colloids have been explored to date,
which we note because this changes certain aspects of the assembly
studies. The first size range is the cubic particles between 1–100 nm
that are typically monocrystalline and stabilised by a ligand shell.
We will refer to these as cubic nanoparticles. The second size range
is that between 100–1500 nm, which we will refer to as the cubic



Fig. 5. SAXS patterns of the biaxial smectic-A phase in a capillary. To align the domains, a small magnetic field of (a) 3 mT and (b) 40mT parallel to the X-ray beam, and of (c) 40mT per-
pendicular to the X-ray beam (including zoom) was applied. The black scale bar in (a) is 0.05 nm−1. Panel (d) sketches the structure of the biaxial smectic phase, corresponding to (a).
Reproduced from Ref. [53•].
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microparticles. For these two size ranges the details of the SAXS setups
are distinctly different. The structure formed by cubic nanoparticles can
be studies with conventional SAXS setups but also grazing incidence
small- and wide-angle X-ray scattering (GISAXS and GIWAXS) can be
employed [64••,65,68–71]. In contrast, for the larger cubic microparticles
the use of a SAXS with a microradian resolution setup [7,20••] is imper-
ative to visualise the Bragg peaks [66,67•]. Although similar packing con-
strains arise from the cubic shape of thenanoparticles andmicroparticles,
their respective sizes and hence nature (single nanocrystal versus amor-
phous bulkmaterial) influence the interactions between the particles as
well as the self-assembly pathways that occur.

The focus of the first SAXS studies has been revealing the bulk crystal
structure formed by the cubic particles. One of the main findings is that
small structural changes in the exact cubic shape will change the final
superlattice structure [64••,66,68,71]. For cubic nanoparticles made
from palladium with a near perfect cubic shape Zhang et al. [64••]
showed using SAXS that a simple cubic (SC) lattice will be formed in
concentrated dispersions. In addition, they showed that by changing
the ligand shell thickness a transition into a rhombohedral (RH) phase
was induced. Fig. 6a shows the evolution of the obtained 2D SAXS pat-
terns and corresponding structure factors S(q) from state CL1 to CL6 as
the ligand shell increases. The CL1 state, indexed with a SC-lattice,
can be recovered by dilution of the solvent as clearly seen in the
S(q) peaks of state CL7 — that matches state CL1 again. Meijer et al.
[66] subsequently showed with SAXS for cubic microparticles made
from silica with intrinsic rounded corners that a hollow-site stacking
structure very similar to a face centred cubic (FCC) lattice was obtained
via convective assembly methods. A different modification of the cubic
shape namely truncation of the cube corners will also change the crystal
structure as shown by Disch et al. [68]. For slightly truncated cubic
nanoparticles their GISAXS investigations showed that controlled self-
assembly of the nanoparticles led to a highly ordered body-centred te-
tragonal (BCT) lattice. In a second GISAXS study by Disch et al. [71], it
was shown that the structure formation is driven by the degree of trun-
cation of the cube as assembly of cubic nanoparticles with a higher de-
gree of truncation resulted in an FCC superlattice.

The SAXS investigations have also provided invaluable information
on the cube assembly process in situ. The structural transition observed
by Zhang et al. [64••] as described above, was actually performed in situ
by slowly evaporating the solvent inwhich the cubic nanoparticleswere
suspended. This structural change could not have been visualised with
other techniques. Similarly, Choi et al. [69] studied the assembly of
cubic nanoparticles of lead selenite (PbSe) during evaporation of the
solventwithGISAXS. They showed that by dynamic control over the sol-
vent vapour environment they could follow the evolution of the
superlattice structure from an initial FCC to a dried RH superlattice. In
addition, the cubic nanoparticles were found to have two different ori-
entations in the dispersion during assembly, namely flat at the sample
container wall and tilted at the solvent–air interface. In another study,
Meijer et al. [67•] investigated the in situ assembly of cubic silica micro-
particles with a magnetic core under the influence of gravity and an
external magnetic field. The 2D SAXS patterns showed that at the con-
tinuously forming sediment fluid–solid interface these cubic micropar-
ticles formed a body centred monoclinic (BCM) lattice aligned to the
magnetic field (Fig. 6b–d). Interestingly, these cubic microparticles
were able to form a single crystal structure over the full sample volume
illuminated with the X-ray beam, showing clear Bragg peaks with
square symmetry (Fig. 6c) instead of the crystalline powder rings



Fig. 6. a) Evolution of the 2D SAXS patterns and corresponding structure factors S(q) of assembled palladium nanocubes upon evaporation of ligand-rich solutionwhich effectively rounds
off the particle corners. The initial state CL1 is indexed with a SC lattice which slowly changes into an RH lattice for final state CL6. Adapted from ref [64••] under license from APS. b–d) 2D
SAXSpatterns of thedispersion of cubic silicamicroparticleswith amagnetic core in a 25mTmagneticfield after 12h of sedimentation, taken around thefluid–solid interface, z=0mm,of
the forming sediment where a BCM lattice forms.White arrow in b) indicates direction of B-field. A clear structural change is observed in the form of a transformation of square symmetry
to hexagonal symmetry in the 2D SAXS pattern, caused by a rotation of the BCM lattice. Adapted from Ref. [67•] with permission from The Royal Society of Chemistry. e–f) Two collections
of cube PAEswith complementary DNA but different edge lengthswere co-crystallised to investigate the effect of size complementarity. e) Cube edge lengthwas varied from 47 to 85 nm,
as shownbyTEM images,where each cube size has a variation in edge length b5%. f) The difference in edge length (1 L) between these two collectionswas systematically varied from0nm
(red, high size complementarity) to 38 nm (blue, low size complementarity). g) SAXS spectra plotted in a log–log format, with I(q) normalised by the intensity of the first peak. Ideal peak
positions are given in grey for theΔL=0 sample. Crystal symmetry ismaintained asΔL increases,whereas peak breadth and peakposition change. Adapted bypermission fromMacmillan
Publishers Ltd: Nature Materials [65], copyright (2015).
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typically observed for cubic nanoparticles (Fig. 6a). Moreover, the mea-
surements showed that this structure rotated after time in the sediment
indicated by hexagonal symmetry of the 2D SAXS pattern (Fig. 6d),
which was attributed to an increased pressure resulting from the parti-
cles own weight and alignment with the capillary walls of the cubes
flat faces.

In addition to structural and in situ analysis, the SAXS investigations
can also probe the changes in crystal quality induced by particle size and
shape polydispersity. A very recent study of O'Brien et al. [65] focussed
on the effect of size and shape complementarity of cubic gold nanopar-
ticles by using DNA as a surface ligand. They showed with SAXS that by
increasing the size mismatch between the cubic nanoparticles resulted
in a decrease in crystal domain size. While mixing particles with good
complementary shapes, i.e. perfect cubes with perfect cubes or particles
with convex faces with ones having concave faces, results in long-range
ordered co-crystals. Fig. 6e–f shows TEM images of the different cubes
that were used and schematic illustrations of the formed structures.
The change in the radial averaged SAXS patterns and widening of the
Bragg peaks, a direct result of decreasing domain size, is shown in
Fig. 6g.

All the above mentioned studies illustrate the capabilities of using
SAXS complementary to other techniques for the structural determina-
tion of ordered assemblies of anisotropic particles with unique com-
plexity. A fascinating improvement that will allow more people to use
SAXS for the investigation of the self-assembled structures of anisotrop-
ic particles, is themodelling and analysis of 1D SAXSdata of periodic lat-
tices of arbitrary nano-particles developed by Gang and co-workers
[72•]. Hopefully, this or a similar method will also be extended to 2D
SAXS analysis in the future for analysis of cubic microparticles.
6. Discussion & conclusion

The take-home message of this review is two-fold. Firstly, it formu-
lates requirements for an ‘ideal’ SAXS beamline to study ordered colloi-
dal systems of different type and with various degree of periodic order.
It is shown that the challenging resolution problem can be solved using
a microradian X-ray diffraction scheme. Secondly, it provides an over-
view of recent studies on particle shape effects in colloidal crystals and
colloidal liquid crystals. This overview illustrates the strength of SAXS
for investigations of periodic order in colloidal systems.

The colloidal scale ranges from a few nanometres to about a micron.
To fully cover this scale of interest the ‘ideal’ SAXS beamline has to pro-
vide a minimum value of the scattering wavevector qmin, at which reli-
able data can still be measured, to be at least 2 times smaller than the
position of the lowest-order diffraction peak. To work with micron-
sized colloids onewould therefore need qmin ~ 3 × 10−3 nm−1 or, in an-
gular terms, 2θmin ~ 50 μrad. Moreover, to fully describe periodic order
extending over many lattice periods, one needs the actual resolution
of the setup δq to be much better than the qmin value mentioned
above. The setup described in this review yields a resolution δ(2θ)
down to a few microradians. Finally, another important parameter is
the maximum value of the scattering wavevector, qmax, which defines
the smallest scale available in the data. A broad q-range is important,
for example, for liquid-crystalline phases of highly anisometric particles.

In the last decades the self-organisation of anisotropic colloidal
particles has attracted significant attention in the search for new
nanomaterials that can be prepared via the cheaper bottom-up ap-
proach. The particle shape variations are shown to be a key feature in
tuning colloidal architectures. In this respect the SAXS investigations
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reviewed here have shown to contribute significantly in resolving the
crystal structures of anisotropic particles. These findings include the ob-
servations of nematic, smectic and columnar liquid crystals, as well as a
very rarefindingof the biaxial nematic phase, for rod-like, plate-like and
board-like particles, respectively. In addition, we highlight the recent
SAXS studies on the assembly of cube-like particles, which are promis-
ing candidates for high density close-packed structures.

On the basis of the considerations given above, the authors are of
opinion that high resolution SAXS can be used more often in the re-
search on colloidal particles and, especially, colloidal crystals and colloi-
dal liquid crystals. The technique has a wide applicability to practically
all colloidal systems and does not require drying, careful index
matching and/or fluorescent labelling, which are needed for conven-
tional microscopy techniques. With the increasing interest in the as-
sembly of anisotropic particles, which are typically made from metal
based materials, SAXS is the only technique that is suitable for in situ
quantitative structural investigation. Furthermore, the structural inves-
tigations of fluorescent colloidal systems with radii of N400 nm that
have been abundantly performed with confocal laser scanning micros-
copy can now be relatively easily extended with SAXS by employing
the microradian resolution setup. However, to satisfy this request of
the colloid community, more SAXS beamlines have to be (re)designed
to provide sufficiently small qmin and, especially, δq to be suitable for
studies of periodically-ordered colloidal systems. The authors hope
that the current review will promote further collaboration between
the colloid and SAXS communities.
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