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The phase diagram of colloidal suspensions of electrically charged
nanosheets, such as clays, despite their many industrial uses, is not
yet understood either experimentally or theoretically. When the
nanosheet diameter is very large (~100 nm to 1 pm), it is quite
challenging to distinguish the lamellar liquid-crystalline phase
from a nematic phase with strong stacking local order, often called
“columnar” nematic. We show here that newly upgraded small-
angle X-ray scattering beamlines at synchrotron radiation facilities
provide high-resolution measurements which allow us to identify
both phases unambiguously, provided that single domains can be
obtained. We investigated dilute aqueous suspensions of syn-
thetic SbsP,04,3~ nanosheets that self-organize into two distinct
liquid-crystalline phases, sometimes coexisting in the same sam-
ple. Close examination of their X-ray reflection profiles in the di-
rections perpendicular to the director demonstrates that these two
mesophases are a columnar nematic and a lamellar phase. In the
latter, the domain size reaches up to ~20 pm, which means that
each layer is made of >600 nanosheets. Because the lamellar phase
was only rarely predicted in suspensions of charged disks, our
results show that these systems should be revisited by theory or
simulations. The unexpected stability of the lamellar phase also
suggests that the rims and faces of Sh;P,0,,°>~ nanosheets may
have different properties, giving them a patchy particle character.

liquid crystals | nanosheets | X-ray scattering | colloids | lamellar

Colloidal suspensions of anisotropic nanoparticles are pres-
ently raising renewed interest because they are good model
systems for studying the appearance of liquid-crystalline phases
(1). Although the behavior of rod-like nanoparticles undergoing
either hard-core or electrostatic interactions has been largely
explored (2-9), the case of disk-like nanoparticles stabilized
through electrostatic repulsions, in polar solvents like water, still
remains unclear, even from a theoretical point of view (10, 11).
This could hinder the wide industrial application of these col-
loidal suspensions which are used in domains ranging from oil
recovery to cosmetics. In principle, in addition to the usual iso-
tropic liquid phase and the liquid-crystalline nematic phase,
which has long-range orientational order, suspensions of disk-
like particles can self-organize in lamellar and columnar phases
which have long-range positional order in one and two dimen-
sions, respectively (1). The free energies of these latter two
mesophases are often predicted to be so close that the occur-
rence of one or other phase may depend on subtle specific mi-
croscopic parameters and interactions. Moreover, nanoparticles
with a very large aspect ratio (>100), called nanosheets hereaf-
ter, such as clay, dichalcogenide, graphene, or other inorganic
systems (12-19), raise questions that are difficult to tackle ex-
perimentally. For example, each layer of the lamellar phase must
be made of more or less parallel nanosheets located in the same
layer plane, which is difficult to demonstrate. In the more clas-
sical cases of the SmA phase of molecular thermotropic liquid
crystals and the L, phase of surfactant molecules (without which
life, as we know it, would not exist, because they are the prime
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constituent of all cell membranes), such lamellar self-assembly
spontaneously proceeds from the segregation of amphipathic
parts of the molecules (1). Once the segregation sets in, layers
form and grow until they reach the sample boundaries or are
limited by topological defects. This self-assembly mechanism
driven by molecular segregation cannot be invoked for these
mineral liquid crystals based on colloidal suspensions of nano-
sheets (20). The stability of the lamellar phase must then pro-
ceed either from purely entropic interactions, such as excluded-
volume interactions, or from electrostatic repulsions, or even
from more specific effects such as differences, at the microscopic
scale, between the faces and the rims of the nanosheets.
Investigating the microscopic structure of colloidal suspensions
of nanosheets, in situ, by optical microscopy is actually quite chal-
lenging because the particles have very little optical contrast be-
cause they are small and thin (~500-nm diameter and ~1 nm thick),
and they are not fluorescent. Moreover, the usual electron mi-
croscopy and atomic force microscopy techniques require sample
preparation that may affect the structure. The most common and
arguably best suited technique for this purpose is X-ray scattering,
but probing in detail the relative positions of nanosheets within
layers requires the production of an aligned sample of lamellar
phase. Moreover, investigating its structure over length scales of
typically 10 pm requires excellent instrumental resolution while
maintaining large enough beam intensity. The recent upgrade of
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Fig. 1. Two possible types of organization of suspensions of nanosheets
(depicted as small disks). (A) Lamellar phase: the nanosheets gather in equidis-
tant layers. Nanosheets of the same gray shade belong to the same layer. d is the
lamellar period, and L, is the size of the lamellar domain in the plane perpen-
dicular to the director. (B) Columnar nematic phase: the nanosheets stack locally
in columns. Nanosheets of the same gray shade show short-range stacking po-
sitional order and belong to the same column. D is the nanosheet diameter.

third-generation synchrotron radiation facilities allowed us to per-
form such a study. We used an upgraded small-angle X-ray scat-
tering (SAXS) beamline to distinguish a lamellar phase (Fig. 14)
from a so-called “columnar” nematic phase (Fig. 1B). This latter
phase, of nematic symmetry, is made of disks which tend to stack
over short distances and form short columns that align parallel to
each other. We revisited the phase diagram of colloidal suspensions
of synthetic H3Sb;P,014 nanosheets (13), a material of interest for
solid-liquid extraction of rare earth elements (21), and discovered
that in addition to the isotropic liquid phase, many samples display
two different coexisting mesophases that we identified as nematic
and lamellar by high-resolution X-ray scattering. Our study also
demonstrates that in the lamellar phase, the positional order of the
nanosheets extends over a length scale of at least ~20 pm and in-
volves at least 600 nanosheets per layer.

Materials and Methods

Synthesis and Characterization (XRD). H3Sb3P,014 was synthesized according
to a previously published method (13). The synthesis was performed in two
consecutive steps: the first high-temperature reaction led to the synthesis of
K3Sb3P,014, and the second led to the title compound by cation exchange in
aqueous solution. For the synthesis of K3Sb3P,0414, a stoichiometric mixture
of NH4H,PO4 (23 mmol, 2.65 g, synthesized from mixing stoichiometric
amounts of H3PO,4 85 wt % in water with NH3 30 wt % in water), Sb,03
(17 mmol, 5.06 g; Merck), and KNOs (34 mmol, 3.51 g; Prolabo) was placed in
a platinum crucible and heated in air, first at 300 °C (ramp of 50 °C/h) for
10 h to decompose NH4H,PO,, then at 1,000 °C (ramp of 50 °C/h) for 100 h,
yielding 8.78 g (12 mmol; yield = 100%) of K3Sb3P,014 (X-ray powder dif-
fraction showed impurities level <1%).

For the second synthesis step, 3.4 g of K3Sb3P,044 powder was thoroughly
ground and stirred in a 0.33-L solution of 7.5 M nitric acid at 50 °C for 22 h.
During this process, the solid was centrifuged (3,000 x g) and rinsed with
18 MQ water a few times until a swelling of the solid was noticed. This
procedure was repeated three times to ensure a complete exchange of the
alkali metal cations for protons to yield H3Sb3P,014 (over 98% potassium
to proton exchange). It should be noted that after the last cation exchange
and centrifugation, the solid was only rinsed once to avoid too much
swelling.

Further purification of H3Sb3P,044 was achieved according to the fol-
lowing procedure: the gel collected after cation exchange was placed in a
regenerated cellulose tubular membrane (Cellu Sep, width 46 mm, thickness
28 um, pore size 1 nm) and was subjected to dialysis in 18 MQ water,
replacing the water regularly, until the nitrate ion concentration decreased
to less than 1 ppm (JBL, nitrate test). During this dialysis, the lamellar, pro-
tonated phosphatoantimonic acid H3Sb3P,044 kept on swelling.

Size fractionation procedures were then applied by centrifuging, on a
Heraeus Biofuge Primo centrifuge (Thermo Fisher Scientific), the stock sus-
pension at 8,000 g for 86 h, in 50 mL Falcon polypropylene conical tubes, leading
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to five different size fractions from top to bottom, named A to E. All fractions
were carefully removed one by one, from top to bottom, using a pipette. The
bottom fraction E was very small and consisted of white and insoluble solid
impurities; it was discarded. The top two fractions were both transparent liquids
and were separated by an interface. When observed between crossed polar-
izers, the top fraction showed some flow birefringence when agitated, whereas
the one underneath was permanently birefringent. Both fractions were con-
centrated by rotoevaporation, yielding fractions A and B, for the very top and
second ones, respectively. The third fraction from the top, labeled C, was made
of a thixotropic white gel. It was separated by two interfaces from fraction B
over it and fraction D below it, the latter being a dense white gel. After a
preliminary fast exploration of the phase diagram of each fraction, samples
were prepared in glass test tubes by diluting the fractions, up to a dilution factor
of 100, so as to span the concentration range of interest.

Thermogravimetric Analysis. The weight fractions of the suspensions were
determined by thermogravimetric analysis (TGA) under N, (model no.
TGA92 from SETARAM Inc.) by heating to 250 °C. All calcined materials col-
lected after TGA were white, indicating that no organic contamination arose
from the cellulosic dialysis membranes. Weight fractions for A to D were
measured to be 1.01 wt %, 1.77 wt %, 1.95 wt %, and 5.63 wt %, respectively.

Atomic Force Microscopy. Nanosheets were imaged by atomic force micros-
copy (AFM) to determine their size. They appeared as irregular flat objects of
1.1 + 0.2 nm thick [in agreement with the crystallographic thickness of
1.10 nm of a single Sb3P,0143~ layer (13, 22)]. Approximating these objects as
regular disks, their average equivalent diameters (and SDs), for fractions A
to D, are 44 (31) nm, 660 (615) nm, 790 (395) nm, and 960 (490) nm, re-
spectively. A typical AFM image is given in S/ Appendix, Fig. S1A, and the
whole size distributions for A to D are shown in S/ Appendix, Fig. S1 B-E.

Optical Studies. Test tubes were filled with samples of different concentra-
tions and were first observed with the naked eye, either in the natural light of
an LED hand lamp shone from below the tubes or between crossed polarizers
in transmission. Reported observations were made 6 mo after the dilutions
were performed, which gave time for the samples to reach equilibrium. No
significant evolution has been observed since.

Fig.2. Sample tubes photographed (Top) using LED light shone from below
and (Bottom) directly viewed between crossed polarizers in transmission. All
tubes were photographed 6 mo after initial dilution from the mother sus-
pensions A, B, C, and D, with initial weight fractions (from left to right) of
1.01 wt %, 0.59 wt %, 0.79 wt %, and 0.57 wt %, respectively. White dashes
have been superimposed on the tubes to indicate the location of visible
interfaces (I, isotropic phase; L, lamellar phase; and N, nematic phase).
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Fig. 3. Photographs of samples of H3Sb3P,044 suspensions observed by
polarized-light microscopy. (A) Suspension of nanosheets (size C, 0.35 wt %),
showing three coexisting phases (IL, isotropic liquid; L, lamellar phase; and N,
nematic phase) in a flat glass capillary. (The width of the capillary is 2 mm.)
(B) Typical nematic texture of the intermediate phase (size A, the overall
sample tube weight fraction is 0.51 wt %). (Scale bar, 100 pm.) (C) Texture of
the bottom phase (size C, the overall sample tube weight fraction is 0.35 wt %).
(Scale bar, 100 pm.) The polarizer and analyzer directions are parallel to the
edges of the photographs.

Optical Microscopy. Polarized-light microscopy was performed with a BX51
microscope (Olympus) equipped with an Olympus digital camera. For texture
observations, samples were filled in flat glass capillaries (Vitrocom) of 100- or
200-um thickness, 2-mm width, and about 80-mm length. The capillaries
were flame-sealed after filling and then stored vertically. Their evolution in
time was monitored over several months, and they remained stable for more
than a year.

SAXS Studies. Samples were inserted into cylindrical Lindemann glass capillaries
of 1-mm diameter (Glas-Technik & Konstruktion) that were flame-sealed and
left vertical in the field of gravity. Many of the X-ray capillaries were carefully
scanned by X-ray scattering to characterize the different phases and to find
areas where the X-ray beam impinged on only one (or a few) domain in re-
flection condition. One particular capillary was filled with a sample taken from
a triphasic test tube (fraction C, 0.49 wt %) after remixing. Within 3 d, this
sample appeared triphasic again and remained stable.

A first set of SAXS experiments were carried out at the SWING beamline of
the SOLEIL synchrotron radiation facility. Measurements were made using a
fixed energy of 12.0 keV and a sample-to-detector distance of 6.56 m. The
typical accessible range of scattering vector modulus g was 102 to 1 nm™" [q =
(4x/))sinG, where 20 is the scattering angle and A = 0.1033 nm is the wave-
length]. Scattering patterns were recorded on an Aviex 170170 CCD camera
formed with four detectors and placed in a vacuum detection tunnel. The pixel
size was 41.7 pm, and the binning was either 2 x 2 or 4 x 4; the beam size at
the detection level was about 50 pm. The scattering patterns were radially
averaged to obtain the scattering curves I(g). The particular (fraction C, 0.49 wt %)
capillary mentioned above was scanned by SAXS on SWING every 200 um from
its very bottom up to 28 mm above (well into the isotropic phase). The lamellar
period, d, was obtained by using the relation d = 2x/q,, where qq is the scat-
tering vector modulus at the maximum of the reflection.

6664 | www.pnas.org/cgi/doi/10.1073/pnas.1802692115

High-resolution SAXS experiments were also performed at the recently
upgraded high-brilliance ID02 beamline of the European Synchrotron Radiation
Facility in Grenoble, France (23). The X-ray energy was 12.48 keV (A = 0.0993 nm),
and the sample-to-detector distance was 20.007 m, which leads to an accessible
q range of 0.005-0.15 nm™". The detector was a Frelon camera with pixel size of
24 um. In high-resolution SAXS conditions, the instrumental resolution is mostly
governed by the beam size at the detector level (120 x 120 um?). In reciprocal
space, the resolution can be modeled as a Gaussian of full-width at half-
maximum 2.7 x 10~ nm™", which gave a coherence length of ~20 pm.

Results and Discussion

Observations of Samples with the Naked Eye. For all four size dis-
tributions A to D, some of the sample tubes clearly displayed two
liquid-liquid interfaces that separated the liquid samples in three
regions. [The A fraction already showed three phases at its initial
synthesis (maximum) weight fraction of 1.01 wt %. B, C, and D
remained monophasic down to 1.04, 0.84, and 0.81 wt %, re-
spectively.] Typical triphasic sample tubes observed with the
naked eye, either in natural light or between crossed polarizers,
are shown in Fig. 2. The upper regions were clear and isotropic,
but they always showed a strong flow birefringence at the
slightest movement, especially near the top interface. Below this
phase, a usually small birefringent region (5-15% of the overall
height of the sample) was observed between two interfaces. The
lowest phase was always birefringent and often displayed visible
light diffraction, resulting in a blueish hue, as previously ob-
served for the lamellar phase close to its maximum swelling
periodicity (~ 200 nm) (13, 24). The appearance of three coex-
isting phases in samples of several centimeters height left under
the influence of gravity is actually due to a vertical particle
concentration gradient (evidence of this gradient was obtained
by X-ray scattering; SI Appendix, Fig. S2). Such a phenomenon
was already reported for colloidal suspensions of sterically sta-
bilized gibbsite nanodisks in toluene (25). In this system of hard
disks, the proportions of isotropic, nematic, and columnar phases
were precisely modeled by balancing the effect of gravity with
osmotic pressure. The gravitational length scale of SbsP,04>~
nanosheets, 1, = kgT/(gVAp) (where kg is the Boltzmann con-
stant, T is the temperature, g is the gravity acceleration, V is the
particle volume, and Ap is the specific mass contrast of the particle
with the solvent), is of the order of 1 mm, like that of gibbsite
disks. However, detailed modeling of this system is much more
complicated than for gibbsite suspensions because the equation of
state of charged nanosheets is much less understood than that of
hard disks. A similar phase coexistence was also reported for

Fig. 4. A 2-mm-diameter X-ray capillary (size C,
0.49 wt %) was scanned from bottom to top, every
0.2 mm on the SWING SAXS beamline. Representa-
tive patterns are displayed: (A) isotropic phase just
above the I-N interface, nematic phase (B) just be-
low the I-N interface and (C) just above the N-L in-
terface, (D) lamellar phase just below the N-L
interface, and (E) in the middle of the lamellar phase
region. (Note that in the photograph on the left,
colored spots can be seen in the lamellar phase due
to diffraction of visible light.)

Davidson et al.
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Fig. 5. High-resolution SAXS patterns recorded at the ID02 beamline of
H3Sb3P,044 nanosheet suspensions in the (A) nematic phase (size B, 0.18 wt
%), (B) lamellar phase (size C, 0.24 wt %) [Inset is a magnified portion of the
pattern showing the (001) reflection], and (C) nematic phase of a beidellite
clay suspension (<D> = 280 nm, volume fraction ¢ = 0.8%). In A and B, the
green dashed lines show the radial cuts through the patterns used to obtain
the radial profiles of scattered intensity. In A, the yellow dotted half-circle
shows the cut used to obtain the azimuthal profile and hence the nematic
order parameter, and the yellow dotted line in B shows the cut used to
obtain the transverse profile of the lamellar reflection.

suspensions of electrostatically stabilized goethite nanorods dis-
persed in water, and it was used to explore qualitatively a large
part of the phase diagram in a single sample (26).

Davidson et al.

Description of Microscopic Textures. The coexistence of three dif-
ferent phases in the same sample was also observed in many flat
capillary tubes by optical microscopy (Fig. 34). For example, a
sample of size C nanosheets, at 0.35 wt %, left undisturbed for
several months in the field of gravity, displays three different
liquid phases separated by sharp interfaces. The top phase is
optically isotropic, whereas both the middle and bottom phases
are birefringent and therefore liquid-crystalline. The middle
phase is strongly homeotropically anchored on the glass surfaces
so that it mostly looks dark in the polarizing microscope. Such
homeotropic anchoring is expected for nematic suspensions of
plate-like particles for entropic reasons (27). This alignment
could easily be disturbed by applying a magnetic field of ~800 mT
delivered by small permanent magnets. After a minute, the texture
became distorted, and the phase birefringence was revealed (S/
Appendix, Fig. S3). After field removal, full homeotropic alignment
of this mesophase was recovered after about an hour. In another
sample that has weaker homeotropic anchoring, the middle phase
shows a typical threaded texture (Fig. 3B), which strongly suggests
that it is a nematic phase. This conclusion was indeed confirmed by
SAXS experiments (see below). The nematic phase of H3Sb;P,014
suspensions looks quite similar to that displayed by aqueous dis-
persions of HSbP,Og (13), bentonite (28), beidellite, and non-
tronite natural clays (16). In contrast, the liquid-crystalline bottom
phase did not show strong homeotropic anchoring and was not
affected by the magnetic field, probably because it is more visco-
elastic than the middle phase. Its optical texture (Fig. 3C) is also
quite different because it is slightly reminiscent of the mosaic
textures of ordered smectics (29). However, the texture is not
typical enough to allow unambiguous identification of this meso-
phase, a task that requires X-ray scattering experiments.

Triphasic Capillary Tube Studied by SAXS. Representative SAXS
patterns recorded while scanning a vertical capillary tube filled
with a triphasic suspension of H;Sb;P,O,4 are shown in Fig. 4. In
the upper region, all patterns are typical of an isotropic phase,
even just above the I/N interface (Fig. 44). The next pattern
in the series, just below this interface, is strongly anisotropic
and presents broad peaks (d ~ 230 nm); it is typical of an ori-
ented nematic phase (Fig. 4B). Similar patterns were observed
throughout the whole intermediate region till just above the
bottom interface (Fig. 4C). Just below that interface and
throughout the whole bottom region, very anisotropic patterns
displaying sharp and intense diffraction peaks [with up to six
equidistant (001) orders] were recorded (Fig. 4 D and E). Such
diffraction patterns strongly suggest the existence in this system
of a lamellar phase, somewhat reminiscent of that of charged
surfactant membranes diluted in pure water. The lamellar period
decreases from 230 to 190 nm from top to bottom, due to the
above-mentioned gravity-induced particle concentration gradi-
ent (S Appendix, Fig. S2). In many scattering patterns, the X-ray
reflections and diffuse peaks of both liquid-crystalline phases had
maxima around the horizontal direction, which reveals some
alignment of the nanosheets parallel to the capillary axis. This
partial alignment may be due to flow during sample filling and/or
slow nanosheet sedimentation under gravity.

High-Resolution SAXS. High-resolution SAXS experiments on se-
lected samples allowed us to probe the large-scale structures of
the different liquid-crystalline phases observed between crossed
polarizers. Fig. 54 presents the X-ray scattering pattern of a well-
aligned region of the middle phase. This pattern only shows
broad scattering features arising from liquid-like positional cor-
relations of the nanosheets. Because the pattern is also quite
anisotropic, it is typical of a nematic phase, in agreement with
the microscopic texture observations. A radial scan of the scat-
tered intensity reveals two broad peaks whose scattering vector
moduli are in a ratio of 1:2; they correspond to a period of
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~240 nm (Fig. 64). The broad peaks indicate a marked posi-
tional short-range order in the nematic phase which can then be
regarded as a columnar nematic (Fig. 1B). The peak width in the
perpendicular direction may be due to either the finite diameter
of the nanoparticles or their orientational distribution, quanti-
fied by the nematic order parameter, S. Because the transverse
width of the second-order broad peak is about twice that of the
first, we conclude that the broadening of the peak is mostly due
to the orientational distribution. Then, by neglecting in a first
approximation the broadening due to the finite nanosheet di-
ameter and by using classical methods, S can be estimated by
fitting an azimuthal scan of the scattered intensity (SI Appendix,
Fig. S4) going through the first scattering peak (30). The value
obtained, S = 0.93 + 0.05, is very large but is not uncommon for
colloidal nematic suspensions which usually show a strongly first-
order I/N transition (3). This large value also suggests that the
scattering essentially arises from a nematic single domain.

The high-resolution SAXS patterns of the other mesophase
are completely different from those of the nematic phase. They
usually show several very sharp dotted diffraction rings (SI Ap-
pendix, Fig. S5). Uniform rings were very rarely observed,
whatever the sample treatment, so that good-quality, powder-
like samples of the bottom phase could not be obtained. Nev-
ertheless, by carefully scanning capillaries with the small X-ray
beam, the scattering pattern of a single domain of this mesophase
could be acquired for several samples (Fig. 5B). This pattern
displays two very sharp diffraction spots that can be indexed as the
(001) and (002) reflections from a one-dimensional ordered stack.
A radial scan of the scattered intensity going through the (001)
reflections reveals sharp peaks whose width increases with I, as
expected for a lamellar phase. The full-width at half-maximum
(FWHM) of 5.3 x 10~ nm™" of the (001) peak in the radial di-
rection is close to the experimental resolution (2.7 x 10~ nm™") of
the setup. A fit of the whole scattered intensity profile along the
radial direction (SI Appendix, Fig. S6) was used to estimate
the size of the lamellar domain along the director, L, ~ 25 pm.
The (001) lamellar reflection is thus quite different from the first
broad scattering peak of the nematic phase which, with FWHM of
8.4 x 107 nm™', is ~16 times broader (Fig. 6).

Even though the radial profiles of scattered intensity in each
phase differ so much, the distinction between the two types of
organization depicted in Fig. 1 can only be made through the
close inspection of the scattering profile of the reflections along
the orthoradial direction. As mentioned above, for the nematic
phase (Fig. 14), this profile results from both the in-plane form
factor of the nanosheets, leading to a widening of the reflection
inversely proportional to the nanosheet diameter, and the ori-
entational distribution, leading to the deformation of the re-
flection along a small circular arc. For the lamellar phase,
neglecting the line broadening due to the Landau-Peierls in-
stability of the lamellar phase (ST Appendix, Fig. S7) in a first ap-
proximation, the reflection width should be inversely proportional
to the lamellar domain size, L,, in the plane perpendicular to the
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director (Fig. 1B). In fact, the transverse scan of the scattered in-
tensity going through the first reflection, shown in Fig. 5B, is barely
wider than the experimental resolution function of the beamline
(Fig. 6B). By simply applying Scherrer’s formula (31), taking the
experimental resolution into account, L, can be roughly estimated
to ~20 pm. This size is much larger than the nanosheet diameter,
<D> ~ 800 nm for this sample, and leads to approximately (20 pm/
800 nm)* ~600 nanosheets self-assembled to build up a smectic layer.

Because no other scattering feature could be detected, the
nanosheets have no long-range positional correlations within the
layers. This rules out the possibility of a smectic phase with solid-
like layers (like smectic B, smectic E, smectic G, etc.) and allows
us to identify the bottom phase as a usual lamellar phase of the
same symmetry as the SmA of thermotropic liquid crystals and
the L, phase of surfactants.

For comparison, the SAXS pattern of a beidellite natural clay
suspension, recorded in the same experimental conditions, is
shown in Fig. 5C. This sample displays a clear nematic schlieren
texture in polarized-light microscopy (16). Its SAXS pattern is
indeed quite similar to that of the nematic phase of H3Sb3P,014
suspensions (Fig. 54), and it is completely different from that of
the lamellar phase (Fig. 5B). Clay suspensions have not yet been
reported to display any other mesophase than the nematic one
because they undergo a sol/gel transition at concentrations only
slightly larger than that of the isotropic/nematic transition, hence
forbidding any higher order to take place at larger concentrations.

Detailed experimental studies of charged gibbsite, Ni(OH)5,
and layered double hydroxide nanoplates, of aspect ratio ~12—
15, most often show that the nematic and columnar phases are
more stable than the lamellar one (32-37). There is indeed only
one report in literature of a lamellar phase in suspensions of
gibbsite particles, but it is not based on the detailed analysis of
the scattering from a single domain (38), and no lamellar/
nematic phase coexistence was reported. However, the H;Sb;P,014
nanosheet suspensions described here have much larger aspect
ratios (>100) and therefore form liquid-crystalline phases at
much smaller concentrations than these systems. Moreover, the
electrostatic repulsions between nanodisks and nanosheets may
strongly differ due to the higher anisotropy of the latter. There
are also several reports of the existence of a lamellar phase in
systems of nanosheets (14, 18, 39-42), but they all rely on the
analysis of the scattering from unaligned (i.e., powder-like)
samples. Indeed, none of these studies show the detailed analysis
of the transverse profiles of the X-ray reflections from single
domains of the lamellar phase, which is the most stringent cri-
terion to tell the difference between a columnar nematic and a
lamellar phase (Fig. 1). Moreover, H3SbsP,Oy4 nanosheet sus-
pensions are so far the only experimental system where both the
columnar nematic and lamellar phases coexist in the same
samples, which confirms that these phases have different struc-
tures. Nevertheless, the (isotropic-nematic-lamellar) phase se-
quence, upon increasing concentration, is quite robust in this
system because it is observed for all four size fractions, A to D, of
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H;3Sb;P,0y4 nanosheets. The phase transition concentrations
decrease with increasing particle size (SI Appendix, Text), as al-
ready reported in previous studies (40).

Theoretical studies of colloidal suspensions of plate-like par-
ticles rarely predict the existence and stability of the lamellar
phase with respect to the nematic and columnar ones (43, 44).
For example, it was shown that disk polydispersity may enhance
the stability of the lamellar phase. Moreover, there have only
been a few theoretical studies of the phase diagram of electrically
charged plate-like particles reported so far because the electro-
static interaction potential of two charged disks in suspension has
only recently been calculated (45). Based on this potential, nu-
merical simulations were made to draw rich phase diagrams that
present the nematic and columnar phases, among others, but not
the lamellar one (10, 46).

In this context, the observation of a lamellar phase in the
suspensions of H3Sb3P,014 nanosheets is somewhat surprising,
and more theoretical work is needed to revise the phase dia-
grams of charged nanosheets. Other microscopic details could
also play a role in the relative phase stabilities. For example, the
chemical properties of atoms located at the nanoparticle rim are
likely to differ from those of atoms on the particle faces, leading
to differences in charge density that may affect the particle
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interactions, even at long range. Such particle heterogeneity that
is reminiscent of patchy nanoparticles might affect the phase be-
havior of H3Sbs;P,014 suspensions (47, 48). Also, cation-mediated
attractions between like-charged nanosheet rims might also take
place. More experimental investigations are therefore needed
to better characterize the surface properties at the particle rim
and faces.
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