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We present an experimental study on mixtures of the gibbsite platelets and silica nanospheres of the
same charge sign. In these mixtures the spheres act as depletants changing the phase behaviour of the
platelet system, for which two very different time scales can be distinguished. At short times as a result
of a strong depletion attraction in the system a kinetically arrested phase was split off. Subsequently, on
a time scale of months the top phase separated in an isotropic and a columnar phase on top of the
arrested phase. We rationalize this gravity induced liquid crystal formation in terms of a platelet
sedimentation and a strong depletion attraction. The sedimentation driven columnar phase is highly

ordered as we show by microradian X-ray diffraction experiments.

I. Introduction

Today the phase behaviour of platelets is well established by
experiments,' simulations®> and theory.® Platelet suspensions
show formation of nematic and columnar liquid crystalline
phases. By adding a depletion agent the phase behaviour of
platelets can be enriched with liquid crystalline phases appearing
at lower platelet concentrations*® even though no new phase is
induced. In conjunction with gravity multiphase coexistence was
found in mixtures of platelets and polymeric depletants experi-
mentally.>® The theory for sedimenting platelets experiencing
depletion attraction predicts these surprising multiphase coexis-
tences over a large concentration range of platelets.” Gravity,
amplified by centrifugation or simply reflected in sedimentation,
can be experimentally employed to obtain the liquid crystalline
nematic®' and columnar®'' phases in originally isotropic
platelet suspensions. Furthermore, sedimentation is often used as
a method to grow colloidal crystals of good quality.*** Gravity
in a competition with phase transition may lead to unexpected
phenomena in colloidal suspensions, such as to smaller spheres
settling faster than large ones.'

Here we explore the role of gravity in a system of colloidal
platelets with a strong depletion attraction. We use gibbsite
platelets and silica nanospheres of the same charge sign, which
induce a strong depletion attraction. Previously, we reported on
the formation of a kinetically arrested state in this system on
a short time scale.’® The system was unable to access the equi-
librium liquid crystalline phases and an attractive glass was
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formed instead. This paper is dedicated to the long time scale
behaviour of the gibbsite/silica mixtures. Over a period of
months due to the gravity gibbsite platelets phase separate into
an isotropic and a columnar phase on top of the arrested phase.
Due to the interplay between the sedimentation and a strong
depletion attraction the gibbsite/silica system evolves towards its
final state in a highly nontrivial way. Nevertheless, this behaviour
can be rationalized theoretically due to the significant difference
in the time scales of the glass and liquid crystal formation.
Interestingly, while the pure gibbsite suspensions are able to
build both a nematic and a columnar phase, the nematic phase is
skipped in the gibbsite/sphere mixtures. The sedimentation
driven columnar phase possesses a very long positional order and
contains large crystal domains, whose sizes depend on the
depletants concentration in the system.

In this paper we first discuss the phase behaviour of the pure
and attractive gibbsite suspensions on the time scale of platelet
sedimentation. It is followed by a detailed study of the liquid
crystalline columnar phase using microradian X-ray diffraction
measurements. At the end, we present a schematic phase diagram
of the gibbsite/silica mixtures on long time scales and discuss the
role of the depletion attraction and the platelet sedimentation on
the liquid crystal formation in the system.

II. Materials and methods
Experimental system

The synthesis of colloidal gibbsite platelets used in this study has
been described in detail elsewhere.® To induce depletion
attraction between the platelets silica Ludox CL spheres were
added. The surface of Ludox CL is coated by the manufacturer
(Sigma-Aldrich Co) with aluminium oxide, which converts the
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charge of the particles from negative to positive. As a result the
surfaces of gibbsite platelets and silica spheres have the same
charge sign. Both the gibbsite platelets and silica spheres are
stable in aqueous solutions due to the electrostatic repulsion
between them. All particles are suspended in a 10~* M NaCl
solution.

The average particle diameter, (D), and the standard devia-
tion, o, were determined from transmission electron microscopy
images. Atomic force microscopy was used to obtain the thick-
ness of the gibbsite platelets, (L). The particle’s characteristics
are listed in Table 1.

The gravitational length of colloids can be calculated as L, =
kgT/mg, where kpT is the thermal energy, m is the buoyant mass,
and g is the gravitational acceleration. For the gibbsite platelets
used in this study L, is 1.0 mm. The filling height of the test tubes
was always at least 50 L,. Theoretical calculations” show that
sedimentation enables platelets to scan a large density range
within the vessel height of above 10 L,. Thus, in our study we
expect a significant influence of platelet sedimentation on the
experimental phase diagram. The gravitational length of the
silica spheres is much larger than that of the platelets and the
height of the vessels, L, = 9.4 m. Therefore, we can assume that
the silica spheres in our study do not sediment.

Sample preparation

Samples were prepared by mixing the stock suspensions of
gibbsite and silica with solvent such that the desired colloid
concentrations were obtained. Two series of mixed gibbsite/silica
suspensions were made with constant volume percent of gibbsite
(4 and 8 vol%), and a varying amount of silica, ¢gjica, from 2 to
8 vol%. Additionally a series of pure gibbsite suspensions were
prepared with a varied platelet concentration, from 4 to 14 vol%.

As already mentioned silica spheres were added to the gibbsite
suspensions to cause depletion attraction:

Waepi(contact h) 93 D, 2 )
kg T T 4w 2 D

At silica concentrations used in this study a strong depletion
attraction between the platelets with contact values varying
between 5.2 and 19.0 kgT is induced.

For visual observations the mixtures were put into flat glass
capillaries (1.0 x 10.0 mm cross-section, Vitrotubes, VitroCom
Inc.) that were flame sealed. Suspensions for microradian X-ray
diffraction (pradXRD) experiments were placed into round
Mark tubes (2 mm diameter, 10 um wall thickness, W. Miiller,
Berlin). All samples were stored vertically at 20 °C. The samples
liquid crystallinity was checked with crossed polarisers. Here the
isotropic phase appears black, while nematic and columnar
phases show birefringence. The columnar phase will additionally
show colourful Bragg reflections under white light illumination.

Table 1 Characteristic sizes of gibbsite platelets and silica Ludox CL
spheres

(D))nm  ¢Dmm  (L)nm o¢L/nm
Gibbsite 232.5 34.0 8.4 2.8 L/D = 0.04
Silica 16.8 1.7 — — Dgibbsile/DsiliCa =138

Additional microradian X-ray diffraction experiments
(uradXRD) provided the symmetries, lattice constants, and
domain sizes of the liquid crystalline phases.

Microradian X-ray diffraction

X-Ray scattering experiments were performed at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France, at
the Dutch-Belgian beam line BM-26."° A pradXRD setup was
used and described in detail elsewhere.*'” This setup provided
a range of scattering vector, ¢, values of 0.011 nm™' = ¢ = 0.370
nm~'. The modulus of the scattering vector is determined by the
scattering angle 26 as ¢ = 4 sin 6/A.

The hexagonal lattice spacing of the columnar phase, ap, was
obtained by plotting ¢, values of the Bragg peaks vs.

(h? + hk + k?). The ap spacing was determined from the slope,

v, of this straight line using the following equation:

74\/57':1

5 @

ap
The face-to-face ay_ lattice spacings in the columnar phase were
calculated from the ¢go; values as

ay, = 27T/¢I(001) 3)

Crystal domain sizes, ¢, were calculated using the Debye—
Scherrer equation:'®

. 0.9 x 21t @)

qry’
Bcos (ZTc)
where ( is the full width at half maximum of the first scattering

peak. For the intercolumnar reflections studied here cos (gA/27)
= 1 with accuracy better than 10-°.

III. Experimental results

Liquid crystal formation in suspensions of pure platelets

On short time scales, when the sedimentation does not play
a dominant role, the pure gibbsite suspensions were found to be
isotropic (I) up to 11 vol% of platelets. Upon increasing the
amount of platelets, we observed an isotropic/nematic (I/N)
phase coexistence, then a nematic (N) phase followed by
a nematic/columnar (N/C) phase coexistence. The observed
phase behaviour of pure gibbsite suspensions complies well with
the previous experimentally studied gibbsite system'® and is in
accordance with theory.?

The phase behaviour of these suspensions is strongly affected
by sedimentation. One year after the sample preparation all
samples showed the I/N/C phase coexistence (Fig. 1). In origi-
nally isotropic suspensions sedimentation led to an increased
platelet concentration at the bottom of the capillaries and
resulted in the formation of nematic and columnar phases. In
samples originally showing liquid crystals the nematic phase at
the top became depleted of platelets such that an isotropic phase
developed. Table 2 summarizes the phases found in all samples
after a day and a year of equilibration.
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Fig.1 Aqueous gibbsite suspensions observed between crossed polarisers. Pictures were taken one year after the sample preparation. Concentrations of
gibbsite are listed at the lower end of the picture. All samples show the I/N/C phase coexistence. Inset of (¢) shows an example of the Bragg reflections in

white light illumination indicating the presence of the columnar phase.

The presence of the three phase coexistence (I/N/C) can be
theoretically explained by taking into account gravity and hence
sedimentation of platelets, leading to a density gradient in
a capillary of sufficient height.”

Arrest and liquid crystal formation in platelet/sphere mixtures

Spherical silica depletants were added to the initially isotropic
gibbsite suspensions (4 and 8 vol%) in order to manipulate their
phase behaviour. As a result, on very short time scales (<1 hour)
an arrested state formed in the mixed samples at the bottom of
the capillaries and coexisted with an isotropic phase above. The
top phase of all samples did not show birefringence between
crossed polarisers, which indicated its isotropic structure. It is
important to notice that the isotropic phase in suspensions with
>7 vol% of silica appeared totally transparent after the arrested
state formation, indicating a complete absence of gibbsite
platelets there.

In a previous publication we identified the nature of the
arrested state in these mixed suspensions as being a glass.'® It had
formed due to the short-ranged and very strong (up to 19 kg7)
depletion attraction induced by the silica spheres. With an
increasing silica concentration the time needed for a sample to
form the glass decreased from an hour to only minutes for the
samples with the highest sphere concentrations. Thus, the mixed
samples did simply not have enough time to form an equilibrium

Table 2 Phases present in suspensions of pure gibbsite platelets after
a given period of equilibration

Period of Gibbsite  Gibbsite  Gibbsite  Gibbsite  Gibbsite
equilibration 4 vol% 8 vol% 10vol%  12vol% 14 vol%
1 Day I I I N N/C

1 Year I/N/C I/N/C I/N/C I/N/C I/N/C

liquid-crystalline phase and became arrested at the glass transi-
tion line.

On a time scale of months sedimentation of gibbsite platelets
played a significant role in the phase behaviour of mixed platelet/
sphere suspensions. One month after the sample preparation
a columnar phase has formed on top of the glass phase in samples
with low sphere concentrations, <7 vol% silica. As evident from
the Bragg colours seen in the samples under white light illumi-
nation (Fig. 2a-c and f-h), no nematic phase in any of the
samples is observed between crossed polarisers. The amount of
the columnar phase in the suspensions decreased with increasing
sphere concentration for a constant concentration of gibbsite, as
shown in Fig. 3 for the 4 and 8 vol% gibbsite suspensions. It has
to be noted that the concentration of platelets in the isotropic
phase has decreased due to the splitting off of the kinetically
arrested phase, where platelets are irreversibly stuck. The higher
is the concentration of spheres, the lower is the amount of the
columnar phase. In the samples with the largest silica concen-
trations (>7 vol%) a columnar phase is not formed even a year
after the sample preparation due to the fact that there are no
platelets left over after a splitting off of the arrested state (Fig. 2d,
e, 1and j).

Characteristics of the columnar phase formed due to the
sedimentation

Here we in detail characterize the columnar phase formed due to
platelet sedimentation in mixed platelet/sphere suspensions. We
used pradXRD measurements to obtain quantitative informa-
tion about the lattice space parameters and the domain sizes.
Fig. 4a shows a typical 2D puradXRD scattering pattern
obtained from the columnar phase in sample 7, which contains 8
vol% of gibbsite and 3 vol% of silica (Fig. 2g). A corresponding
average scattering intensity profile is plotted in Fig. 4b, in which
five sharp peaks can be seen. The scattering data are indexed as
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Fig. 2 Mixed gibbsite/silica suspensions observed in white light illumination one year after the sample preparation with, from (a) to (e), 4 vol% of
gibbsite and 2, 3, 5, 7, and 8 vol% of silica spheres; from (f) to (j), 8 vol% of gibbsite and 2, 3, 5, 7, and 8 vol% of silica spheres. White turbid layer at the
bottom of the capillaries is the glass phase formed within one hour after the sample preparation. The columnar phase on top of it slowly formed during
the next month and is identified by pronounced Bragg reflections in (a)—(c) and (f)—(h). Numbers at the bottom of the capillaries label the sample
positions in the experimental phase diagram (Fig. 7a). Photographs of the mixtures were taken under different exposure times to bring out the iridescent

colours of the columnar phase.

shown in the inset of Fig. 4b. The straight fit line passing through
the origin indicates the hexagonal structure of the phase,?**!
which is built up by stacks of gibbsite platelets and the ap spacing
was determined to be 266.6 nm. The average intracolumnar
spacing, ap, revealing face-to-face positional correlations
between platelets in columns, was calculated according to eqn (3)
and equals 29.3 nm. Both of these values are more than 10%
larger than those from the glass layer in the same sample,'® where
platelets are so tightly pushed together that they almost touch
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Fig.3 Amount of the columnar phase on top of the arrested phase layer
in mixtures of gibbsite platelets and silica spheres as a function of
the silica concentration in mixed samples with 4 vol% (open circles) and
8 vol% (filled circles) of gibbsite one year after the sample preparation.
Lines are guides for the eyes.

each other with their sides. Clearly the columnar phase is less
compressed.

Fig. 5a shows that the values of the ap hexagonal spacing
increase from the bottom to the top of the columnar phase. This
increase becomes less pronounced in samples with a rising sphere
concentration. Furthermore, the value of the ap spacing decreases
with an increasing amount of spheres. Both these facts indicate
a more compressed columnar phase in samples with higher sphere
concentration. On the other hand, the a; spacings do not change
through the length of the columnar phase (Fig. 5b). It shows that
this liquid crystalline phase is compressed more along the vertical
axis than the horizontal, and complies well with the previous
studies on crystals build-up by sedimenting colloidal spheres.??

Using the Debye—Scherrer equation (eqn (4)) we calculated the
domain sizes in the columnar phase for the different silica
concentrations (Fig. 6). First of all, it can be noticed that the
columnar phase has a very long positional order. The platelets
are ordered over distances larger than at least 10 of their diam-
eters. Further, the domain size decreases with an increasing
attraction in the mixtures. This is because the speed of the liquid
crystal nucleation increases with the attraction. In the mixtures
with higher depletant concentration more nuclei are formed,
which leads to smaller domain sizes in the columnar phase.

IV. Discussion

Adding silica spheres to the gibbsite suspensions led to a fast
non-equilibrium process, ie. formation of an arrested state.
Within months the upper isotropic phase separates into
a columnar and a more diluted isotropic phase on top of the
arrested state due to sedimentation. The non-trivial behaviour of
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Fig. 4 The 2D pradXRD scattering pattern (a) and the average intensity profile (b) obtained from the columnar phase of sample 7. The inset in (b)
depicts the g vectors of the Bragg reflections vs. y/ (42 + hk + k?). The straight line indicates a very good fit of the scattering reflections to the hexagonal

structure.

gibbsite/silica mixtures on two time scales can be rationalized
theoretically due to the significant difference between them. Our
analysis is based on the idea that the arrested state acts as
a spectator phase, while being physically present in the system it
does not interfere with the phase behaviour at long time scales, as
indicated by the absence of columnar phase formation in samples
with =7 vol% silica. Fig. 7a schematically shows how the volume
fraction of silica and gibbsite changes in a sample during the time
frame of the experiment. After rapid formation of an attractive
glass in the mixtures, the upper isotropic phase becomes depleted
in gibbsite platelets and rich in silica spheres in comparison to the
original system, thus increasing the depletion attraction strength.
Furthermore, due to the sedimentation of platelets a concentra-
tion gradient is established over a period of months in the
isotropic phase, resulting in an increased concentration of
platelets in the lower part of the sample. As a result, the system is
first moved to higher silica concentration and then slowly
quenched from its position at the phase boundary into the
coexisting isotropic—columnar phase region. Since sedimentation

causes a slow increase in the platelet concentration, the new
phase separation is also induced slowly. Therefore, the attractive
gibbsite platelets are now able to form a liquid crystalline phase
instead of becoming arrested. Further sedimentation leads to
a continuous increase of platelet concentration in the lower part
of the isotropic phase and hence to formation of the columnar
phase. This will continue until the system finally reaches a steady
state, where sedimentation is counterbalanced by the osmotic
pressure gradient due to the platelet concentration profile. As
mentioned before, the amount of the columnar phase in mixtures
decreases with an increased initial concentration of spheres. This
is due to the fact that the amount of platelets in the isotropic
phase will be smaller in samples with higher depletant concen-
tration, because the amount of glass formed at the initial stage is
linearly proportional to the depletant concentration.'® This
effectively reduces the number of platelets available for the
formation of a sedimentation profile and hence the formation of
the columnar phase. Therefore samples with high depletant
concentrations will reach a steady state much earlier.
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Fig. 5 The side-to-side, ap, and the face-to-face, a;, correlation distances vs. a vertical position in the columnar phase for suspensions with 8 vol% of
gibbsite and varied silica concentrations. Squares, circles, and triangles are the spacings of samples 6, 7, and 8 (Fig. 2), with an increasing silica

concentration in them.
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Fig. 6 The domain size in the columnar phase as a function of the silica
concentration in mixed samples with an initial concentration of 8 vol% of
gibbsite.

We summarize the visual observations on the pure gibbsite and
gibbsite/silica suspensions on the time scale of one year in the
schematic phase diagram presented in Fig. 7b, where sample
points are placed at the initial used volume fractions, as it is hard
to estimate these after the formation of the arrested state.

In the studied systems of mixed gibbsite/sphere suspensions the
only liquid crystalline phase observed is a columnar phase in
coexistence with an isotropic phase (I + C). Interestingly, the
pure gibbsite systems in our study are able to form a nematic
phase, both on short time scales and upon sedimentation (I +
N + C). The strong depletion attraction in the mixtures prevents
the formation of a gravity induced nematic phase. This fact is
explained by theoretical calculations for mixtures of hard discs
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with small polymers’* and repulsive platelets with spheres,?
which predict a significant broadening of the I/C coexistence
region at large depletant concentrations. The initial silica sphere
concentration in our mixed suspensions is high enough to induce
attractions between 5 and 19 kg7. Additionally, due to the glass
formation partitioning of the colloids takes place in the mixtures,
which makes the silica concentration in the upper phase even
higher than the overall initial one. At such strong attractions
sedimentation of platelets could only lead to a transition from an
I to a C phase without the intervention of a N phase.”

V. Conclusions

We studied aqueous gibbsite platelet suspensions to which silica
spheres were added in order to induce depletion attraction. As
a result of the short range and the large strength of this inter-
action, the glass state was formed in the mixtures at the initial
stage. However, on the time scale of months, due to the sedi-
mentation of platelets an isotropic/columnar phase coexistence
was established on top of it. On this time scale formation of the
columnar phase instead of the arrested state in concentrated
platelet suspensions was possible, because the sedimentation
enabled a slow quench into the isotropic/columnar two phase
coexistence region in the phase diagram of attractive platelets.

We used pradXRD to obtain detailed information about the
structure of the columnar phase formed due to platelet sedi-
mentation in their mixtures with spheres. It showed that the
structure of the columnar phase is less compressed than the
structure of the glass formed in the same samples. Furthermore,
the liquid crystalline domains were found to become smaller with
an increasing sphere concentration in the mixtures, because the
number of nuclei of the columnar phase is proportional to the
attraction strength in the system.

124 |
! f No C phase due to the absence
104 / of free platelets
| after the arrested state formation
N |

b)

Fig. 7 (a) Scheme showing how the volume fractions of silica spheres and gibbsite platelets change in a sample over time. First a split off of arrested
state with a high concentration of platelets occurs, after which the isotropic top phase slowly evolves due to the sediments into an isotropic/columnar
coexistence region. (b) Experimental phase diagram of aqueous gibbsite/silica suspensions on the time scale of a year with (green) I phase, (pink) the I/C
phase coexistence and (blue) the I/N/C phase coexistence. Dashed line is an approximate boundary between the I phase and the I/C phase coexistence.
Numbers label the samples as presented in Fig. 2 at their initial volume fractions. The arrows schematically represent the change of gibbsite vol% of the
top phase after formation of the arrested phase, as it gets quenched from the I phase to the I/C coexistence region due to gravity.
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