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Abstract Effects of gravity on liquid crystal phase tran-
sitions (LCPT) in polydisperse aqueous suspensions of
Mg, Al layered double hydroxide (LDHs) were studied
under normal gravity condition. Samples with different sus-
pension concentration (SC) were tested for 15 days and the
relevant changes in samples were observed through crossed
polarizers. Our results showed: (a) the samples were still
isotropic (I) when SC < 23 wt%; (b) when 23 wt% < SC <
30 wt%, a shear-induced birefringence appeared after prepa-
ration, and finally coexistence of four phases was reached,
including an opaque isotropic top phase, a birefringent mid-
dle phase, a faint birefringence phase and a sediment layer
of larger platelets resulting from the high polydispersity; (c)
when SC > 30 wt%, the suspensions were in a gel state, and
the gel network slowed down the LCPT. The above different
behavior of phase transitions is apparently due to the con-
centration gradient and fractionation caused by gravity. This
study provides guidance on how to select samples of LDHs
suspensions for LCPT used in the upcoming experiment in
the space program SJ-10 satellite.
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Introduction

Anisometric colloidal particles with high aspect ratio may
be able to self-assemble into orientationally ordered lig-
uid crystalline phases, involving nematic (N), smectic (S)
and columnar (C) phases. Already in 1925, Zocher (1925)
observed liquid crystal phase transition (LCPT) in the sus-
pension of vanadium pentoxide particles for the first time.
After that, the LCPT of non-spherical particles, such as rods
and plates, has been attracting much attention (Landman
et al. 2014; Hansen et al. 2013; Kleshchanok et al. 2012a).
As indicated by Onsager (1949), the I-N transition is based
on the fact that the loss of orientational entropy is smaller
than the simultaneous gain of excluded volume entropy at
high enough concentration. In fact, numerous studies have
pointed out that lyotropic liquid crystals are highly affected
by the gravitational force (Leferink Op Reinink et al. 2012,
2013). However, most of these findings were based on sed-
imentation tests carried out on the ground (Wijnhoven et al.
2005; Kleshchanok et al. 2012b) or computer simulations
(Viveros-Méndez et al. 2014), and few of them could give
an explanation to the influence of gravity by direct compari-
son of samples with and without the earth gravitational field
due to the limitations of experimental conditions.

LCPT driven by gravity has been observed in many stud-
ies (Verhoeff et al. 2009; Vis et al. 2015). Under gravity,
all particles will settle down to the bottom of the con-
tainer, and the effect of entropy is to make all particles
evenly distributed, thus the actual situation is controlled
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Fig. 1 Transmission electron micrograph of Mgy Al LDHs particles
used in this study

by these two factors (Yang et al. 1977). After long time
storage, the system reaches a sedimentation-diffusion equi-
librium that arises from the balance between the gravity and
the osmotic pressure. Using a simple model, Lekkerkerker
(2004) qualitatively described this hydrostatic equilibrium
that the osmotic pressure difference between two faces of
each divided layer was balanced by the weight of the layer.
Furthermore, the balance will cause a concentration gradient
depending on the height in the cuvette (Kuijk et al. 2012),
leading to multiple phases in one sediment. Veerman (1992)
and Verhoeff (2012) found the suspension of hard platelets
was able to show the N-C transition after the I-N transition
in gravity at a high particle concentration.

Unlike highly monodisperse viruses (Lettinga et al.
2006), colloidal particles always exist a size distribution
(Palberg 2014), which may suppress the formation of
ordered structure (Vroege et al. 2006). For instance, if the
polydispersity of colloidal rodlike particles is higher than
18 %, the smectic phase will not appear on the basis of com-
puter simulation because the rods cannot fit into the smectic
layers (Leferink Op Reinink et al. 2012). For suspensions of
discotic particles, the computer simulation shows that the I-
N and N-C transitions may appear for polydispersity below
17 % (Veerman and Frenkel 1990; Bates and Frenkel 1998).
However, researchers have recently indicated that for a poly-
disperse system, the fractionation induced by gravity could
reduce the local polydispersity and further enrich the phase

Table 1 Characteristics of the colloidal platelets used in this study, as
obtained by TEM (for the average diameter <D>) and AFM (for the
average thickness <L>)

<D>/nm op/% <L>/nm o /% <D>/<L>“

89 36 5.21 13 17

2<D>/<L> expresses the aspect ratio of the Mgy A1 LDHs particles
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behavior of colloidal systems (Leferink Op Reinink et al.
2012; Byelov et al. 2010). Van den Pol (2008) showed that
strong fractionation occurred in the highly polydisperse sys-
tems consisting of isotropic, nematic, smectic A and colum-
nar phases. As noted by Fonseca (2009), such coexistence
of multiple phases was due to the sedimentation-induced
vertical distribution of particle fraction.

Layered double hydroxides (LDHs) are a typical class of
inorganic compounds. The general formula for LDHs is:

X+
[Ml_X2+MX3+(OH)2] A" x_ - mH,0

where M?* and M>* are the divalent and trivalent mental
ion respectively, and A"~ is the interlayer anion. The LDHs
have a lamellar structure originating from the brucite-like
structure of M2+ (OH),, in which part of divalent metallic
cations are replaced by trivalent ones. Nowadays, there are
many studies about the application of LDHs, because they
are easy to synthesize and be able to accommodate different
ions (Zhang et al. 2013; Chowdhury, Bhattacharyya 2015).
In our previous work, we have reported their ability of tran-
sition from a disordered isotropic phase to an orientationally
ordered nematic (Liu et al. 2003) and lamellar (Wang et al.
2005) phase. In addition, the competition among sedimen-
tation, nematic ordering and gelation was also studied based
on ground test (Zhang et al. 2007).

SJ-10 program provides a mission of space micrograv-
ity experiments including both fields of space life science
and microgravity science aboard the 24th recoverable satel-
lite of China (Hu et al. 2014). This paper will report on a
specific pilot study of LCPT for the upcoming experiment
in the space program SJ-10 satellite, especially providing
guidance on selecting samples of LDHs suspensions used
for the program. Our experimental device on board will stay
for only 15 days in space according to the SJ-10 satellite
schedule but LCPT may last for many months. Therefore,
proper selection of the samples of LDHs suspensions is
essential to making behavior of LCPT observable in the 15-
day period. As a result, samples with different SC were
tested for 15 days in the ground basis experiment and the
relevant changes in samples were observed through crossed
polarizers. The results and discussion will be presented in
the following sections.

Experimental Section

The Mgy Al LDHs sample was synthesized by coprecipi-
tation at pH 9.5-10. A mixed solution of magnesium and
aluminum chlorides was prepared with a molar ratio of
Mg* /APt = 2 : 1, and the total concentration of the
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Fig. 2 Polarized light
photographs of the 28 wt%
Mg, Al LDHs suspension: a just
prepared, b 5 days, ¢ 12 days, d
15 days

Mg and Al ion content was 0.5 M. Then, diluted ammo-
nia solution (20 vol%) was slowly added to the mixed
solution under vigorous stirring. After coprecipitation for
45 min, the suspension was washed with deionized water.
The filter cake was then placed in a preheated oven, fol-
lowed by hydrothermal treatment at a temperature of 80
°C for 24 h. The as-obtained suspension was concentrated
in vacuum until the solid content was up to 40 wt%. The
samples were tested further after dilution to the required
concentration.

The chemical composition of the MgyAl LDHs was
Mgo 68Alp.36(OH)2.30Clp.158 "0.78H,O based on chemical
analysis. The morphology and particle size distribution of
the Mgy Al LDHs particles were characterized by JEM-
100CXII (JEOL, Japan) transmission electron microscopy
(TEM). As shown in Fig. 1, most of the particles have
hexagonal shape with different diameter D and thick-
ness T. The corner-to-corner diameter of 500 particles
was measured to obtain the average. The equation of
the polydispersity in the diameter (op) was defined as

op = +<D?> —<D>?/<D>. Here, <D> was the

average corner-to-corner diameter. The thickness (L) of
the Mgy Al LDHs particles was measured by an atomic
force microscope (AFM) which was recorded on a Digi-
tal Instrument Nanoscope IIIa Multimode system (Santa,
Barbara, CA) in tapping mode. Similarly, the average thick-
ness of the particles (<L>) was defined as the average
of L, and the polydispersity in the thickness (o1) was

oL=v <L*> —<L>?/<L>. The characteristics of Mg,Al
LDHs particles were listed in Table 1.

e bt SR
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Results and Discussion
Phase Behavior of Mg;Al LDHs Suspensions in Gravity

The birefringence of suspensions of the Mg;Al LDHs
platelets was examined between crossed polarizers in sealed
cuvettes with a width of 1 mm. Onsager (1949) indi-
cated that when the aspect ratio of particles was above 5,
there would be a LCPT at high enough concentration. In
fact, on a time scale of 15 days, the dispersions showed
complex phase behavior with different suspension concen-
tration (SC) and rest time. At low particle concentration
(SC < 23 wt%), the suspensions were in the isotropic state.
On increasing the SC to above 23 wt%, the dispersions
showed an I-N transition. When 23 wt% < SC < 30 wt%,
the suspensions showed a shear-induced birefringence after
preparation (Fig. 2a), indicating a highly-ordered directional
alignment of particles. We defined the critical concentra-
tion of the formation of the shear-induced birefringence as
C;. Within five days, the shear-induced structure gradually
relaxed, and then a nematic phase developed at the top of
that structure. The nematic phase separated into two clearly
different ordered phases with time. At last, coexistence of
four phases was found, including an opaque isotropic top
phase, a birefringent middle phase, a faint birefringence
new phase and a sediment layer of larger platelets result-
ing from the high polydispersity. It should be pointed out
that the dark of the major birefringent phase was due to
the homeotropic alignment of Mgy Al LDHs particles. On
increasing the SC further to above 32 wt%, a gel was formed
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Fig. 3 Polarized light photographs of the 32 wt% MgyAl LDHs
suspension: a just prepared, b 12days, ¢ 15days

which can be judged from the typical texture (Mourad et al.
2009) (Fig. 3a). We defined the critical concentration of the
formation of a gel as Cg. The LCPT slowed down because
of the formation of the gel network. After 12 days, we
observed the phase transition proceeded with sedimentation
of bright liquid crystal droplets (Fig. 3b). Three-phase coex-
istence appeared at last, including an isotropic top phase, a
middle nematic phase and a sediment layer.

The particle size polydispersity increases significantly
due to different aggregation degree of MgyAl particles.
The slow sedimentation rate of small particles or aggre-
gates permits rearrangement into ordered phase, but larger
ones settle down from the top to the bottom quickly and
always form amorphous sediments instead (Davis et al.
1989). At last, there will be a density gradient and parti-
cle size fractionation in a single test tube. In suspensions
of highly polydisperse goethite particles, the formation of
smectic phase was attributed to a synergistic effect of Brow-
nian motion, sedimentation, and fractionation by Vroege
(2006). If colloidal gibbsite AI(OH)3 platelets were under
a high gravitational force, an opal-like columnar crystal
could be easily formed in only one day, a process which
could take years under normal gravity (Van Beek et al.
2007). Obviously, the formation of ordered phase was
greatly influenced by the strength of gravity, and Van der
Beek attributed this fast formation of columnar opals to
the forced sedimentation which was accompanied by frac-
tionation. Consequently, the influence of gravity-induced
sedimentation on LCPT can be considered in two aspects.

@ Springer

On one hand, the average size dramatically increases down-
wards the bottom due to the different sedimentation rate of
particles or aggregates. Therefore, the polydispersity will
decrease through the fractionation in size, which benefits
the orientationally ordered arrangement of particles. On the
other hand, it is possible to induce a high particle con-
centration on the bottom in gravity. For this reason, the
critical concentration of liquid crystalline phase transition
(CL) may be reached, and the phase transition occurs more
easily near the bottom but above the layers of amorphous
sediment.

On the Anticipation of Phase Behavior of Mg,Al LDHs
Suspensions in Microgravity

Under normal gravity condition, the concentration gradi-
ent and fractionation undoubtedly facilitates the formation
of an ordered phase. For I-N phase separation in rods sus-
pensions in the earth gravitational field, the longer rods
tend to orient first and form a nematic phase because their
larger excluded volume is strengthened by sedimentation
(Leferink op Reinink et al. 2013), while the shorter rods still
remain behind in the isotropic phase (Van Den Pol et al.
2008). However, to our knowledge, the density and particle
size is uniformly distributed in microgravity, and the LCPT
is not favored in this condition. Therefore, we make the
following prediction.

Samples that do not show an ordered phase in gravity
will also be incapable of undergoing a phase transition in
microgravity. Taking the lack of concentration gradient and
fractionation into consideration, we think the Cg may be still
below the Cr. Therefore, the LCPT may appear in micro-
gravity when Cg <SC <Cg. As for samples in a gel state,
the rearrangement of particles may be hindered by the for-
mation of network. As a result, the LCPT will not occur in
microgravity.

Selected Samples for the Upcoming Experiment
in the SJ-10 Satellite

The consideration of the sample selection for the mis-
sion of LCPT on SJ-10 satellite is based on the pilot
study of LCPT described above. Because of the limita-
tion of experiment condition, only six samples are allowed
to be placed in SJ-10 satellite. Therefore, we select six
samples from those which show LCPT according to the
ground test. We divide the selected samples into two
groups. According to the previous section, liquid crys-
tal phase may appear between Cs and Cg. Therefore, we
choose five samples from this concentration range. To verify
our prediction, another sample comes from concentration
above Cg.
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Conclusion

We conducted a pilot study of the LCPT in polydisperse
aqueous suspensions of MgyAl LDHs under normal grav-
ity condition by birefringence observations for the space
program SJ-10 satellite. We found that with the increase
of particle concentration, the suspensions showed differ-
ent phase behavior of isotropic, four-phase coexistence and
three-phase coexistence in 15days. The phase transitions
were attributed to the concentration gradient and fractiona-
tion caused by gravity. Finally, we described how to select
samples suitable for the mission of SJ-10 project according
to the ground-based experiment and our anticipation for the
upcoming microgravity experiments
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