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ABSTRACT

We studied isotropic-nematic (I-N) phase
separation  via gravity sedimentation in
suspensions of plate-like colloidal particles of
identical thickness but different lateral sizes
(diameters). It is well-known that I-N phase
transition occurs at a higher concentration for
particles with larger aspect ratio
(thickness/diameter) than for particles with
smaller aspect ratio. Here we report that for the
larger aspect ratios of nanoplates, gravity-driven
I-N phase separation is faster. In a homogenously
mixed [-N biphasic suspension of nanoplates,
nematic tactoids nucleate, grow, and then undergo
sedimentation in gravity, leading to the formation
of a clear horizontal interface between the | and N
phase. For I-N coexistent suspension of
nanoplates with different aspect ratios but the
same amount of nematic fractions, the larger the
aspect ratio, the faster the formation of nematic
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tactoids and interface between isotropic liquid and
nematic liquid crystal phase. The tactoid
formation rate is governed by the rotational and
translational diffusion rates, which are faster at
larger aspect ratios. The time required for I-N
separation (t*, seconds) varies inversely with the
mean aspect ratio (<¢>) of nanoplates and follows
the relation, t* = a < & >™, where a = 0.97 +
1.30s andn = —2.1 + 0.2. The phase separation
kinetics studied in our experiments offers
guidance for the selection of aspect ratio of
nanoplates for samples to be studied at the
International Space Station (ISS).

INTRODUCTION

Colloidal crystallization of hard spheres is
well-studied in microgravity (Zhu et al., 1997;
Cheng et al., 1999; Cheng et al., 2002). However,
there is a need for similar studies of lyotropic
liquid crystalline phase transitions and phase
transition  kinetics in suspensions of two-
dimensional colloids, also known as nanoplates,
which are building blocks of naturally abundant
clay. Liquid crystals are matter in a state that
shows symmetry and other properties intermediate
between those of liquids and solids. For example,
they can flow like liquids and have long range
spatial or orientational order like solids, but only
in one or two dimensions. Nematic liquid crystal
has a long-range orientational order of constituent
mesogens (molecules or particles), which means
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that the constituent molecules or nanoparticles are
aligned along a certain direction called “nematic
director.” Nanoplate suspensions show novel
liquid crystalline nematic (van der Kooij et al.,
2000), smectic (Sun et al., 2009; Kleshchanok et
al., 2012), and columnar (van der Kooij et al.,
2000) phases. The rich liquid crystalline phase
behavior of nanoplates makes it even more
interesting to study their phase transition kinetics
in microgravity. In preparation for conducting
nanoplate liquid crystal formation study in the
microgravity environment at the International
Space Station (ISS), we studied the nanoplate size
dependence of isotropic (I) liquid and nematic
liquid crystal (N) phase separation kinetics under
the influence of gravity. The Onsager theory
(Onsager, 1949) for anisotropic colloidal particles
predicts that the lesser the aspect ratio
(thickness/diameter) of the particles, the lesser the
concentration required to form a nematic phase—
this has been verified experimentally (Mejia et al.,
2012). Very low aspect ratio nanoplates have
recently been found to exhibit richer phase
behavior, including chiral phases (Xu and Gao,
2011). However, the kinetics of liquid crystalline
phase formation can be very slow for nanoplates
with very low aspect ratio. Thus an optimum
value of size needs to be chosen in order to ensure
successful completion of desired phase transition
studies in the limited flight time on ISS. Hence,
we tried to study how aspect ratio affects the
kinetics of the nematic phase formation from
metastable fluid state. Small nematic domains that
nucleate from metastable fluids are called
tactoids. In the microgravity environment the
problem of sedimentation of nematic tactoids can
easily be avoided, and the growth of tactoids—
their coarsening—can be studied in detail.
Different shapes of tactoids and their director field
distribution have been reported previously
(Verhoeff et al., 2011); however, little has been
reported on the timeframe for the I-N separation
and its dependence on size (diameter) or
thickness.

MATERIALS AND METHODS

Nanoplate suspensions used in this study were
obtained by using a two-step process. First,
pristine  a-zirconium  phosphate  disks  of

ZrH(POg4)-H,O (abbreviated as a-ZrP,
henceforth), were obtained using either a
hydrothermal (Shuai et al., 2013) or reflux
(Clearfield and Stynes, 1964) method. Second,
pristine a-ZrP was exfoliated into monolayer ZrP
platelets (henceforth called nanoplates) using
tetra-(n) butyl ammonium hydroxide, as described
in Kim et al. (1997). Monolayer ZrP has a single
plane of Zr atoms with P, O, and H atoms on both
sides of the Zr atomic plane. The details of
bonding in monolayer can be found in Kim et al.
(1997). Aqueous suspensions of nanoplates with
five different mean diameters were obtained and
categorized into five groups—group 1 had the
lowest size (diameter) nanoplates and group 5 had
the highest size nanoplates. Pristine o-ZrP disks
used to obtain nanoplates suspensions of group 2
to group 5 were obtained using the hydrothermal
method, whereas that used for group 1
suspensions were obtained using the reflux
method. The advantage of the hydrothermal
method is that one can make disks of mean size
ranging from 500 nm to 1500 nm by controlling
the reaction conditions (Shuai et al., 2013), and
also can keep polydispersity of the pristine a-ZrP
disks relatively small (<30%).

Figure 1 shows an electron micrograph of
pristine a-ZrP (used in sample group 5). We made
use of Dynamic Light Scattering (DLS) to
measure the diameter (d) of monolayer ZrP
nanoplates obtained in the second step (He et al.,
2010). DLS gives the hydrodynamic size from
which one may calculate the lateral size. Making
use of the already established fact that monolayers
have a uniform thickness (1) of 2.68 nm (Sun et
al., 2009), the lateral size (diameter) distributions
of nanoplates in five different groups of
suspensions were obtained, as shown in Figure 2.

Five different mother suspensions with
different lateral sizes of monolayer ZrP were
prepared and each of them was diluted with milli-
Q water to obtain different volume fractions of
nanoplates, which exhibit isotropic, I-N
coexistence, and full-nematic phases. The
suspensions were placed in 1 mL cylindrical vials,
homogenized by hand shaking, and then placed
between a pair of crossed-polarizers in increasing
order of concentration. Their snapshots were
taken as a function of time.
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Figure 1. A scanning electron microscope (SEM) image of the pristine ZrP disks.
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Figure 2. Lateral size (diameter) distributions of nanoplates in group 1 to group 5 suspensions used in this
study. The values were measured using Dynamic Light Scattering (DLS) and they were fit to the log-normal
distribution function.
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RESULTS

Figure 3 shows snapshots of the group 1
suspension, which had an average nanoplate size
(diameter) of 454 nm and a nanoplate volume
fraction, ¢ = 2.8%. Initially (i.e., t = 0), the
suspension was homogenized by gentle hand
shaking and turning the vial upside down while
making sure that no air bubble is trapped inside
the susspension. In a matter of seconds, the
sample nucleated nematic liquid crystalline
droplets, also known as tactoids (Verhoeff et al.,
2011), grew larger with time and underwent
sedimentation, due to gravity. After the nematic
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tactoids settled to the bottom of the vertical tube, a
clear interface between the isotropic and nematic
phase was established. The time elapsed between
homogenization of the sample and the
establishment of a clear interface between I and N
phase, is defined as the time required for I-N
separation (t*). At this time, the gravitational
sedimentation of tactoids was judged to have
finished. We monitored kinetics of 1-N separation
in group 1 to group 5 suspensions. Mean aspect
ratios (defined as ratio of thickness to diameter) of
nanoplates in different groups are listed in Table
1.

Tactoid Growth

119 147 160 180 209 244 341 373 509

Figure 3. Snapshots of a group 1 nanoplate suspension (£ = 0.0059+3-9942) between crossed polarizers with a
ZrP platelet volume fraction, ¢ = 1.75%, taken as a function of time. In the beginning, the suspension was in
a metastable liquid state and then underwent the nucleation and growth of tactoids, followed by tactoid
sedimentation, which was completed at time, t*, when a clear interface between isotropic and nematic phases

had established.
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Table 1. Lateral diameters of nanoplates in five different types of suspensions used in this study.

Average Diameter

Elrap (<d>) innm nm

Standard Deviation (o) in

Polydispersity
(A = o/<d>)

Aspect Ratio
(8 =1/d)

1 454 208 46% 0.0059+3:9942
2 616 137 28% 0.0045%3:5%12
3 933 212 28% 0.002813:9998
4 1105 216 25% 0.0025%5:35%¢
5 1356 288 26% 0.0020%3:3995

The value of I-N separation time was
guantitatively obtained by image analysis.
Grayscale values of all pixels in the image were
obtained using IDL 6.2 image analysis software.
The ratio of intensity (I) of the light transmitted
through sample and crossed polarizers to the
intensity (lp) of light input to the polarizer was
measured by standard charge-coupled device

. I _ (GrayscaleValue 2.4
(CCD) relation, E_(—zss ) . The

transmittance values along a vertical line at the
center of vials shown in Figure 3 were analyzed
from bottom to the top as a function of time, as
shown in Figure 4(a). A sharp decrease in
transmittance profile corresponds to the interface
between isotropic and nematic phase, as annotated
in Figure 4(a). The area under this transmission
curve for values of height above the I-N interface
height represents the amount of unsettled tactoids,
which decreases first (trend 1) and remains
relatively constant (trend 2) at a value close to
zero. The value of t* is determined by the
intersection of the two trends and is demonstrated
in Figure 4(b).

Figure 5 demonstrates the [I-N phase
separation process for various concentrations of
nanoplates. All the samples in Figure 5(b)
correspond to the decreasing trend in Figure 4(a),
whereas all samples in Figure 5(c) correspond to
trend 2 of Figure 4(b); t* corresponds to a time in
between 5(b) and 5(c).

Similar analyses were done for suspensions of
other groups having different aspect ratios of
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nanoplates. Crossed polarizer snapshots, taken at t
=0 and at t close to t*, are shown in Figure 6. The
nanoplate volume fractions are labeled at the
bottom of each sample. It can be seen that the
suspensions with an average platelet size of 454
nm (group 1) took less than 10 hours to complete
I-N separation. As the platelet size increases, the
required time for I-N separation also increases;
and for suspensions with an average platelet size
of 1356 nm (group 5), it took about 100 hours.
The dependence of t* on aspect ratio is plotted in
Figure 7. As predicted by the Onsager theory
(Onsager, 1949) and verified with previous
experiments (Mejia et al., 2012), the suspensions
with large aspect ratio require a higher
concentration of platelets to realize the nematic
phase; this was confimed by Figure 6. For the
50% nematic phase, the volume fractions were
2.1%, 1.03%, 0.7%, 0.55%, and 0.45% for
suspensions  with  average platelet sizes
(diameters) of 454 nm (< & > = 0.0059), 616 nm
(<€&>=0.0045), 933 nm (< ¢ > = 0.0029), 1105
nm (< &> = 0.0025), and 1356 nm (< & > =
0.0020), respectively.

DISCUSSION

Figure 7 shows that the time required for I-N
separation (t*) varies inversely with the mean
aspect ratio of nanoplates and follows a power law
relation: t*=a <& >™ where a =097+
130 s and n =—2.1 + 0.2. The I-N phase
separation time is affected by nucleation rate of
tactoids, as well as by the sedimentation speed of
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Figure 4. (a) Transmittance profiles along vertical line in group 1 suspension with /1, plotted at different
times. Position of I-N interface is pointed with an arrow. The transmittance profile shows a sudden jump at
341 min, indicating the establishment of I-N interface. (b) Area under the transmittance curve in (a) for the
region above the I-N interface was plotted as a function of time. Time t* corresponds to the point where area
becomes zero.
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Figure 5. Crossed polarizers images of group 1 nanoplate suspensions at various concentrations taken at (a) 1
h (b) 2 h (c) 5.5 h after homogenization. Left to right, ¢ = 0.0140, 0.0158, 0.0175, 0.0193, 0.0210, 0.0228,
0.0280, and 0.0350.
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Figure 6. Crossed polarizer images of aqueous suspensions of different aspect ratio and different
concentrations of a-ZrP nanoplates. Left column shows textures of suspensions immediately after
homogenization and the right column shows images when a clear interface between the Isotropic (1) and
Nematic (N) phase was established. The ZrP nanoplate percentage by volume in each vial is labeled below.
Group numbers of different samples are indicated on the left side at the beginning of each row.
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Figure 7. Isotropic-nematic (I-N) phase separation time (t*, in hours) is plotted as a function of aspect ratio.
The nematic fraction of the samples used to determine t* values was about 50%.

the tactoids. If the sedimentation time for the
tactoids is relatively short, nucleation time of the
sample will determine the speed of the I-N phase
separation. We argue that the nucleation rate of
smaller size nanoplates is much faster and hence
their I-N separation time is much less when
compared to that of larger nanoplates. Nucleation
of tactoids requires nanoplates to be oriented
along the same direction from their initial
disordered (metastable fluid) state to form a
nematic tactoid. Therefore, tactoid nucleation is
determined by the rotational and translational
diffusion rate of nanoplates, which are inversely
related to the platelet size. We approximate our
ZrP nanoplates as oblate ellipsoid particles that
follow the relations (Odriozola et al., 2004), DR =
3kpT (§72-2)s-1 R _ 3kpT &725-1

2mpad e4-1 Ul T 2mpad g2 g2y
DR and Dl’f are rotational diffusion coefficients
corresponding to small angular displacements
around axes that are perpendicular and parallel,
respectively, to the particle axial axis, and

T _ opnT _ ksT (3§72-2)5-1 T T
D|| =2D| = wmd o1 where D and D||

where
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are free translational diffusion coefficients parallel
and perpendicular, respectively, to the particle
axial axis; kg is the Boltzmann coefficient, 1 is the
viscosity of the solvent, T is the absolute
temperature, d is the diameter of the platelets, & is
the aspect ratio defined as thickness/lateral size
(diameter), and

S = (2 —-1)"Y2arctan(\/§"2 - 1).

This model, when applied to our highly
anisotropic nanoplates (¢ ranging from 170 to

. . R _ R~3kBT 3 _ 3kgT ;¢

400), simplifies to Dy’ = Dy 4nd3f = &
_ __3kpT o _ 3kgT

and Dy, = 2D, ond &= ol

&2, where | is the
thickness of nanoplates. Clearly, nanoplates with
smaller diameter (large ¢) have a much faster
diffusion coefficient than nanoplates with larger
diameter (small &), and hence tactoid nucleation
takes place faster if the aspect ratio (&) is large.
Figure 6 supports this argument by demonstrating
that the kinetics of transition from metastable
fluid to 1-N phase separation is the fastest in group
1 suspensions (largest &).
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CONCLUSIONS

In summary, due to faster rotational and
translational diffusion rates, nanoplates with
larger aspect ratio undergo faster nucleation of
tactoids and hence form an I-N interface faster
than smaller ones. I-N phase separation time (t*)
follows the relation, t*=a <& >", where
a=0974+130 s and n =-2.05+ 0.2 .
Sedimentation speeds of tactoids of different
aspect ratio can be studied in the future using
microscopic observations of tactoids to further
investigate the sedimentation process.
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