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ABSTRACT

Isotropic suspensions of colloidal nanoplates are of potential use in electronic
displays. Electric field induced-birefringence and the response time of platelets are the
two most relevant important properties for display applications. The Kerr coefficient
quantifies how high is the field induced-birefringence for a given strength of electric
field. The higher the Kerr coefficient, the lower is the required voltage for switching the
pixels ON. Therefore, the battery consumption would be lower for high Kerr coefficient
platelets. While graphene oxide platelets have shown a potential to be used in displays
due to very high Kerr coefficient and very high diameter-to-thickness ratio, a systematic
study on the variation of this ratio to study its effect on Kerr coefficient has not yet been
done. Very dilute aqueous suspensions of 2D nanoplates of a-zirconium phosphate (o-
Zr(HPO,) abbreviated as a-ZrP) in isotropic phases were tested for electric field
induced-birefringence. Different reaction conditions of synthesizing pristine a-ZrP disks
in hydrothermal reactor allowed controlled variation of disk sizes. The a-ZrP disks were
exfoliated in aqueous medium using tetra-(n)-butyl hydroxide (BusNOH). After
exfoliation, nanoplates with uniform thickness (~3 nm) and diameter-to-thickness ratios
of 300 to 900 were obtained and then tested for electric field induced-birefringence. The
systematic variation in aspect ratio allowed us to study the dependence of Kerr
coefficient on nanoplate diameter-to-thickness ratio. The obtained Kerr coefficient of
ZrP nanoplates is higher than other platelet systems such as gibbsite, beidellite, but
lower than graphene oxide. Due to the shape anisotropy of 2D materials, the electrical

polarizability in the plane of this 2D material (« | ) and in the direction perpendicular to



the plane («) are different. The anisotropy in electric polarizability, defined as Aa =
a) — « |, induces birefringence in isotropic samples. The Ao value was measured for
two different sizes of nanoplates and compared with those predicted by Maxwell-
Wagner-O’Konski. By comparing the field interaction parameter of nanoplates for
electric and magnetic fields, it turned out that a Tesla of magnetic field and a volt per
millimeter of electric field have the same effect in terms of induced-birefringence.
Hence, it can be concluded that electric field can easily induce-birefringence in isotropic

suspensions of nanoplates as compared to magnetic field.
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CHAPTER |
INTRODUCTION
History of Liquid Crystals

There are three important states of matter — solid, liquid, and gas. A liquid flow
and adopts the shape of the container. A solid can be amorphous or crystalline but it
cannot flow and tends to keep its shape. Liquids and solids are the two most common
condensed matter phases, and the difference is that in solids, the molecules are in order
whereas in liquids they are not. The optical properties of both liquids and solids are very
different. For example, the polarization of the light changes when it hits a solid but it
does not change in liquids. This has brought attention to many researchers and they were
interested to see the possibility of the existence of new phases. In the year 1888, a phase
transition was observed by an Austrian botanist and chemist, Friedrich Reinitzer!. He
was observing some esters of cholesterol when he found out two different melting points
of the substance. He was doing his experiment with cholesteryl benzoate and noticed
that at 145°C, the cholesterol melted from solid to a cloudy liquid. Then when he raised
the temperature to 178.5°C, the cholesterol turned into a clear liquid. He also noticed
some color changes when the substance was cooling off. He first noticed the appearance
of a pale blue color when the clear liquid was turning cloudy then it changed to a bright
blue-violet color as the cloudy liquid was crystallizing. He was puzzled with this change
that decided to send his samples of this substance to German Physicist Lenmann?. The
German physicist was specialized to study the crystallization properties of different

types of substances. He observed the cholesterol substance under his polarized
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microscope and noticed some interesting properties of that sample. He observed that the
substance flows like a liquid and contains optical properties the same as in solids. This
new investigation was then named liquid crystals because it contains both the properties
of a solid and a liquid.

The geometrical structure of liquid crystals can be grouped in several types, such
as rods®, disks*, and bowlic®. Liquid crystals that are derived from rod-shaped molecules
are called calamitics. This type of material has been extensively investigated and it is
also very useful for practical investigations. Mesophases of liquid crystals derived from
disk-like molecules are called discotics. The discotics liquid crystals were not known
until late 1970’s by scientists Chandrasekhar* 6 and Billard’, and disk-like platelets are
still under investigation. The transition of phases in the liquid crystal can be done in two
different ways; one way is to be done by thermal processes and the other way is to be
done by the influence of solvents. The first method is called thermotropics and the
second method is called lyotropics because one changes phases with temperature and the
latter changes phases with concentration. For this investigation, lyotropic liquid crystals
of zirconium phosphate platelets are going to be studied because of lack of information

in the literature of their electrical properties.



Introduction to External Fields of Liquid Crystals

Liquid crystal is a state of matter that exhibits symmetry intermediate to perfectly
ordered crystals and completely disordered liquids. In the past 120 years of liquid crystal
research, more than 800 thousand molecular liquid crystal systems are characterized
whereas less than fifty colloidal particulate suspensions are reported to show liquid
crystalline phases. Liquid crystals of 2D colloidal particles, which are particles from the
range of 1 nm to 10 pm, are of emerging research interest®. External electric field
influences the microstructural ordering within nanoplate liquid crystal, and there have
only been a couple of efforts®® in this research direction. They demonstrated that shape
anisotropy of nanoplates leads to electric polarization anisotropy in the system'°.

There has been many missing literature in exfoliated zirconium phosphate in its
electrical properties, and the goal of this project is to fill the missing gaps of the
important properties of this 2D colloidal suspension. Some interesting properties of o-
zirconium phosphate is that they are monodisperse, controllable aspect ratio, and
biodegradable!!. The Onsanger’s theory predicts the transition from isotropic to nematic
phase, which passes through a biphasic region*?. The location of the phase transition
widely depends on the aspect ratio of the platelet and can be perfectly described in phase
diagrams.

Quadratic electro-optic effect, also known as the Kerr effect, quantifies induced
birefringence due to the application of electric field in which the birefringence originates
from the alignment of nanoplates. This effect is induced in colloidal systems when an

electric field is applied. The induced birefringence is the difference between the



refractive index parallel and perpendicular to the electric field*®. The difference in the
two rays describes the anisotropy of their orientation distributions as the electric field
exerts a torque to the platelets'®. The Kerr effect is a fundamental study that explains the
transition between isotropy to anisotropy*>8; in other words, it is when the suspension
shows birefringence in response to an external stimulus. The DC component of the
induced birefringence, Anp, can provide fundamental understanding of the electrical
field*"8, In the Kerr effect theory, the induced birefringence is linearly proportional to
the square of the electric field. As the field is increased, the induced birefringence
cannot longer increase; this is when the signal saturates and platelets show perfect
orientation alignment.

The goal is to compare the Kerr coefficient of exfoliated zirconium phosphate
platelets to other systems. In previous studies, it has been demonstrated that the Kerr
coefficient of graphene oxide is approximately 1.8x10° m/V/? and claimed that their Kerr
coefficient is the largest compared to other colloidal materials'® *°. There are also
previous studies that measures the Kerr coefficient of 2D Gibbsite platelets, which is in
the order of magnitude of 10° m/V2.1” Another type of liquid crystal is the polymer-
stabilized blue phase which is the next-generation display technology due to its high
Kerr coefficient of magnitude between 108 to 10° m/V2.1% 20 |n conclusion, the
application of external fields is of prime importance for fundamental studies and

possible development of liquid-crystal devices.



CHAPTER II
ZIRCONIUM PHOSPHATE PLATELETS

The synthesis of crystals with high anisotropy shapes through innovated
chemical methods has been studied over a century now. Disk-like nanoplates have been
found in various applications such as discotic liquid crystals® 223, Pickering
emulsions?*2®, and functional membranes?’. Some of the key factors in the applications
of disk-like nanoparticles are the shape, size polydispersity, orientational order, and
number density?®. Previous studies, both experimental and theoretical, have shown that
in discotic liquid crystals, for instance, the self-assembling of platelets dispersed in a
solvent is very sensitive in the geometric factors of the particles?®2°. A well-known
form of crystalline acids of zirconium is the a-zirconium phosphate. Zirconium
phosphate platelets have been found in many applications as artificial kidneys®!,
membranes for direct methanol fuel cells®, and as modified Janus nanoplates for drug
delivery which it is still being conducted in the laboratory. In the production of a-ZrP
crystals, van der Wall forces between layers take place, as well as covalent bonds
between atoms in each layer and hydrogen bonding®3. o-ZrP crystals can be synthesized
in many forms, such as reflux method*, hydrothermal method, **°, and microwave-
assisted synthesis method®. In this study, the disk-like ZrP are going to be synthesized
using the hydrothermal method because of the effective control in size, thickness, aspect
ratio, and polydispersity!!. In addition to the controllable of size, a-ZrP has several
advantages over natural clay, such as high ionic exchange®”-® and ease intercalation and

exfoliation®®.



As mentioned before, the alpha-zirconium phosphate platelets were synthesized
via the hydrothermal method due to the following reasons. Hydrothermal method
provides high inverse aspect ratio and the size distribution is in the range of 35-40%.
The fact that the platelets were not synthesized using the reflux method is because of the
difficulty to obtain very large platelet size. However, the microwave-assisted method
provides even higher platelet size compared to the hydrothermal method but the size
distribution is very wide.3* 3 There has not been any reported data in the maximum
particle size length. However, in our lab, the largest synthesized particle size was about
2342 nm, which has not been reported in the literature. There are no particle size limits
as of now, but as the concentration of phosphoric acid increases, as well as the reaction

time in the oven, the particle increases in size accordingly.

Synthesis of a-Zirconium Phosphate Platelets

6 grams of zirconyl chloride octahydrate (ZrOCl2>-H20, 98+%, Acros Organics)
and 60mL of phosphoric acid (85%, certified CAS, Fisher) were used to synthesize the
a-ZrP disks. This procedure was done by using the hydrothermal method® . In two
different centrifuge tubes, 3 grams of zirconyl chloride octahydrate was added in each
tube. Then, 30 mL of 15 M of phosphoric acid was added to the zirconyl chloride
octahydrate powder in each tube. The reason that it was done in two different centrifuge
tubes is because the solution should be completely homogenized. Afterwards, the sample
was vortexed until it became well-mixed and a gel-like mixture was seen. The resulting

mixture was then poured into a 20 mL PTFE container and placed in an autoclave. Once
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the autoclave is completely secured, it should be kept in an oven at 200°C for various
lengths of time. For this experiment, two different autoclave containers were kept in the
oven at two different interval times: one for 8 hours and the other for 316 hours. The size
of the particle is dependent on the time that the system is in the oven. After the desired
time has been achieved, the autoclave was allowed to cool down in room temperature for
about 8 hours under ambient conditions. In this entire synthesis of a-ZrP disks, the

chemical reaction that took place was

ZrOCL,.8H,0 + 2H,PO, > Zr(HPO,),.H,0 + 2HCl + 8H,0

After the autoclave has been cooled down, the PTFE container was removed
from the autoclave and only the resulting a-ZrP disks were collected by centrifugation.
The disks were then washed with distilled water under centrifugation three times. After
washing, the sample was then dried in an oven at 64°C overnight. The dried sample was

then ground with a mortar and pestle into fine powder as shown in Figure 1.

Figure 1. Final product of a-ZrP disks.



The resulting a-ZrP disks were characterized under scanning electron
microscopy (FERA3 TESCAN) operated at 10 kV, working distance of 9 mm, at
different magnifications. Since the disks are not very conductive, the sample was coated
with 5 nm of Pt/Pd for better image processing. The SEM analysis was mainly used to
study the morphology characterization of the platelets, as well as the shape of the disks,
their roughness, and the distribution of sizes. As explained before, two different sizes of
platelets were synthesized using hydrothermal method and the SEM image can be seen
in Figure 2 and Figure 3. Also, the crystallinity of the nanoplate increases as the
reaction time increases, as it can be seen in the SEM images.

There is a three-stage growth of a-ZrP disks that describes the formation of the
crystals under the hydrothermal method. The first stage involves the formation of ZrP
crystalline nuclei. In the second stage, the crystals get attached into one another, and the
attachment happens due to the formation of hydrogen bonds into the flat surface of the
disk, <001> plane. During the third stage, all the small crystals fuse into the big crystals
forming one single multi-layer crystal, and all the defects get repaired through the
Oswald ripening. However, the sample will be polydisperse but it can be controlled by
adding some capping agents which can control the shape of the crystals, making it more

monodisperse.!



Figure 2. SEM image of synthesized a-ZrP disks in 15 M phosphoric acid for 316 hours
at different magnifications. (a) 5.00 kx, (b) 12 kx, (c) 25 kx.



Figure 3. SEM image of synthesized a-ZrP disks in 15 M phosphoric acid for 8 hours at
different magnifications. (a) 10 kx, (b) 100 kx, (c) 50 kx.

From the SEM images, it is seen that the platelets are hexagonal in shape, they
have uniform thickness, but the polydispersity is very high. The dispersity of the sample
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depends on several factors, such as the formation of the nucleus. The polydispersity of
the sample can be improved if the formation of the nucleus is uniform. This can be
controlled by making sure that the sample is well-mixed before loading it into the PTFE
container and placing it into the oven. Also, the reduction of particle’s polydispersity can
be achieved by fractionation*’. Using ImageJ (v1.44p, National Institutes of Health), the
size of each disk can be obtained but very rigorous to determine the size distribution of
the platelets (polydispersity); therefore, another method, dynamic light scattering (DLS),

was used to measure the average size and size distribution, which will be explained later.
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Exfoliation of Zirconium Phosphate Platelets

In order to obtain monolayers of ZrP of uniform thickness, the multilayered
crystals were exfoliated by dissolving the crystal 7.8 mL of Milli-Q water and
subsequently adding 2.2 mL of tetra(n-butyl ammonium) hydroxide (TBA*OH", Sigma-
Aldrich, 40% water) drop by drop at a molar ratio of 1:1 ZrP: TBA*OH" at room
temperature. After the exfoliation, the suspension was treated under sonication for about
30 to 60 minutes and were put in rest for 3 days to ensure full intercalation of the TBA
and complete exfoliation of ZrP?° 41, The schematic exfoliation process and structure of

zirconium phosphate crystals with exfoliation are shown in Figure 4 and Figure 5.

Bu,N"OH" I Excess
ZrP:TBA'OH" = 1:1 (C4Ho)N"OH-
Sonication

&

)

Figure 4. Exfoliation of a-ZrP going through exfoliation by using excess of TBA. The
purple circles around the monolayers are TBA™. The obtained monolayer has thickness
of 26.8 A.
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Figure 5. Structure of crystalline multilayer ZrP before exfoliation and structure of
monolayer ZrP after exfoliation.

Transmission electron microscopy (TEM) (FEI Tecnai G2 F20 FE-TEM) image
of the small platelets are shown in Figure 6. From the TEM image, it can be seen that

the platelet got fully exfoliated and retained its shape.

S pm

Figure 6. Transmission Electron Microscopy (TEM) image of exfoliated ZrP in 15 M
phosphoric acid concentration of 316 hour under hydrothermal treatment.
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The size and polydispersity of the sample were calculated using a dynamic light
scattering (DLS) (Zetasizer Nano ZS). DLS makes measurements assuming that the
platelets are spheres in shape but this is not the case. The measurements gathered from
the DLS need to be converted into the actual diameter of the disk. The following

conversation was used to measure the actual diameter of the disk:

where Dgppere and Dy are the diameter of the sphere measured in DLS and the actual
diameter of the disk, respectively, and t is the thickness of the disk*2. The actual
diameter of the disk was obtained by iteration since the diameter of the sphere and the
thickness of the disk are known. The size distribution for both the large platelets and
small platelets are plotted using OriginPro 8.5 in Figure 7 and Figure 8. It was
calculated that the size distribution of the large platelets is 2343 £ 1181 nm, and for
small platelets, the size distribution is 753 £ 357 nm. The polydispersity (o) of the

suspension was calculated by taking the ratio of the standard deviation and the mean.

Vvvariance

mean

o =
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Figure 7. Size distribution of large platelets using DLS and converted into actual
diameter. The platelet diameter was calculated as 2343 + 1181 nm with polydispersity of
40.25% and mean of 2935.02.
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Figure 8. Size distribution of small platelets using DLS and converted into actual
diameter. The platelet diameter was calculated as 753 + 357 nm with polydispersity of
38.49% and mean of 925.91.
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Liquid Crystals Phase Diagrams

Using the Onsager’s second virial theory*®, Wensink et al studied the hard-
colloidal platelet phase diagram for different aspect ratios*. The phase diagrams give
available information on the phase transitions of the system as the volume fraction is
increasing. The Onsager theory predicted that for anisotropy colloidal platelets with
small aspect ratio (thickness/diameter), the nematic phase forms at a lower volume
fraction*. For lyotropic liquid crystals, the disk-like platelets change phases with
increasing concentration, from isotropic, to nematic*®, to smectic 1D, to columnar 2D*/,

and finally to crystal 3D as shown in Figure 9.4

Spheres @ @
p 0”

- AWl

Disks :" == - .. -

| . . Smectic Columnar (Crystal
sotropic Nematic 1D 2D 3D

INCREASING CONCENTRATION

Figure 9. Representation of lyotropic liquid crystal phases in increasing concentration
for spheres, rods, and disks.
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The phase diagrams were first obtained by calculating the volume fraction of the
mother suspension. The volume fraction of ZrP was calculated by adding 1 mL of the
mother suspension to a Petri dish and then removing all the water out in a vacuum. After
all the water has been dried out from the suspension in the Petri dish, the volume fraction

was calculated by using the following expression,

=y
pwater

bzrp =1 — bwater =1— 1mL

where W, is the weight of the suspension before drying, Wy is the weight of the
suspension after drying, and p,,q:er 1S the density of the solvent, which is water. After
the volume fraction has been obtained, then the suspension can be diluted to different

concentrations to form a phase diagram as shown in Figure 10.

INCREASING CONCENTRATION
) mn oy § paSSa gy e V-
==ry

I —_—
.

d - =
0.33% 0.462%, 0.594% 0.66% 0.99% 165%| 198% 2.64% 3.3% 4.62% 5.94%

Figure 10. Phase diagram of large platelets of inverse aspect ratio of 901 * 454. This is
at onset. The samples between the dashed lines are in the biphasic (I-N) transition. The
sample before volume fraction of 0.462% is in isotropic region and after 1.98% is in full
nematic.
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The following figure, Figure 11, shows snapshots of suspension of average
nanoplate size of 2343 nm and a nanoplate volume fraction of ¢ = 6.6% at three different
times. The suspension was diluted into 11 different concentrations. At onset (t = 0), the
suspension was homogenized by flipping the vial up and down while making sure that
there are no bubbles trapped inside the suspension. The suspensions were then put to rest
while taking pictures every two hours using a CCD camera for continuous 25 days. It
can be seen from the figure that the suspension underwent nucleation of nematic
crystalline, also known as tactoids*®, in matter of minutes as well as sedimentation due to
gravity. After all the nematic tactoids settled down to the bottom of the vial, a clear
interface can be seen which distinguishes between isotropic and nematic phase. For
larger platelets, it took about 25 days for all the nematic tactoids to sediment to the
bottom of the vial. The nematic fraction equilibrium as a function of volume fraction for
larger platelets is shown in Figure 12. The equilibrium phase diagram was obtained by
measuring the height of the birefringent nematic phase of the sample every two hours
until complete sedimentation has occurred. Afterwards, the height of the birefringent
nematic phase was plotted as a function of time for only one concentration. This was
also done for other concentrations. Then, the data points were fitted into a linear fit with
negative slope because the height of the birefringent phase decreases with time. The
birefringent height as a function of time for one concentration was then interpolated as
time goes to zero, and the nematic phase equilibrium for that concentration was
obtained. This value tells nematic fraction of the system under no sedimentation, i.e. no

gravity.
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Figure 11. Snapshots of nanoplate suspension of inverse aspect ratio of 901 + 454
between crossed polarizers with a ZrP volume fraction of ¢ = 6.6% at three different
times, beginning (t = 0), intermediate (t = 27 hr), final (t = 615 hr). Left to right, ¢ =
0.0033, 0.00462, 0.00594, 0.0066, 0.0099, 0.0165, 0.0198, 0.0264, 0.033, 0.0594.
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Figure 12. Fraction of nematic phase as a function of volume fraction for large platelets.
The phase diagram is divided into three regions: isotropic, I-N, and nematic.

The same work was done for the smaller platelets with size of 753 £ 357. The

concentrations used for this phase diagram are shown in Figure 13.

INCREASING CONCENTRATION

0.885% 1.18% | 1.475% | 1.77% 2.36% “2:95% 5.31%

Figure 13. Phase diagram of small platelets of inverse aspect ratio of 290 £+ 137. This is
at onset. The sample between the dashed lines is in the biphasic (I-N) transition. The
sample before volume fraction of 1.475% is in isotropic region and after in full nematic.
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The following figure, Figure 14, shows a complete phase diagram for small

platelets.

t=0hr
t=2hr
t =46 hr

Figure 14. Snapshots of nanoplate suspension of inverse aspect ratio of 290 £+ 137
between crossed polarizers with a ZrP volume fraction of ¢ = 5.9% at three different
times, beginning (t = 0), intermediate (t = 2 hr), final (t = 46 hr). Left to right, ¢ =
0.00885, 0.0118, 0.01475, 0.0177, 0.0236, 0.0295, 0.0531.
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The nematic fraction was also plotted for small platelets, as shown in Figure 15,

and the procedure to obtain the data is the same as for large platelets.
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Figure 15. Fraction of nematic phase as a function of volume fraction for small platelets.
The phase diagram is divided into three regions: isotropic, I-N, and nematic.

The basic principle of the two different phase diagrams is that for small platelets,
the nucleation growth sediments faster than the larger platelets. Also, the I-N transition
occurs faster for small platelets. This has already been confirmed experimentally?®. The
reason is that for smaller platelets, they overcome faster diffusion and translation rates;
thus, the nuclei of the tactoids grows larger and the terminal velocity of the tactoids is
faster. This means that the sedimentation of nematic crystalline will occur faster for

small inverse aspect ratios, i.e. smaller platelets®.
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CHAPTER IlI
ELECTRIC BIREFRINGENCE MEASUREMENTS

Birefringence is an optical property of liquid crystals because they have a
refractive index that depends on the polarization and propagation of the light. The
electric birefringence is also a traditional method to study the field-induced orientation
of the platelets'® !, This occurs in nematic, smectic, and crystalline phases. However,
liquid crystals are very sensitive to an electric field and can make an isotropic phase,
which has no birefringence, exhibit anisotropy. The property of liquid crystals to be
responsive to an electric field can allow applications of display and other optical device
technology. Since the beginning of the century, there have been extensive studies in
electro-optical properties of liquid crystals that led to discoveries such as
electrohydrodynamic instability®?, Frederiks transition®?, ferroelectric switching®,
induced biaxiality®®, etc. The optical anisotropy of a liquid crystal is called birefringence,
and it is defined by the equation

An=n,—n,=n—ng

where n and n are the refractive index components parallel and perpendicular
to the director of the disk, respectively. In the isotropic phase, the liquid phase does not
exhibit any birefringence because the interactions between neighboring platelets are too
weak to induce an spontaneous long-range orientational order®®>’. In this section, the
induced birefringence of two different size platelets in the dilute region are going to be

measured and compared to different colloidal systems.
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External Electric Field

An external electric field can influence the orientation of the platelets and this
can characterize important electro-optical properties of the material. An electric field
causes the disk-like molecules to orient along the direction of the electric field®®. As a
result, this alignment of platelets induces birefringence as shown in Figure 16. The ZrP
nanoplate suspension of volume fraction of ¢ =0.001 and average inverse aspect ratio of
901 was loaded into a Kerr cell that contains two copper electrodes located opposite to
each other. A monochromatic light source is placed behind the Kerr cell and analyzer.
The advantage of using a Kerr cell is that it provides a uniform electric field in the
sample. The Kerr cell can also provide a high sensitive measurement of induced
birefringence, as well as enabling to study very dilute suspensions. The Kerr cell has
also its disadvantages; for example, it degrades the sample very fast when working at
low frequencies. The direct contact of the electrolytes to the copper electrodes results in
a strong current in the suspension that can cause sample degradation. This degradation is
often seen because of the strong polarization created by the electrodes, Faradaic
reactions, or electrolysis. However, sample degradation can be avoided. The sample
should not be exposed to an AC electric field at low frequencies because it often results
of electrolysis.

For this experiment, the induced birefringence of ZrP nanoplates will be
measured using image analysis. The copper electrodes are 3 millimeters apart with
optical path length of 10 millimeters. The Kerr cell is placed between two cross

polarizers, the polarizer is 45° off the vertical axis, and the analyzer is set perpendicular
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making an angle of 135° from the vertical axis. As seen in Figure 16, the isotropic
suspension shows optical birefringence as the electric field increases. The electric field
was operated at high frequency, 300 kHz, to avoid electrolysis. At low frequencies,
chemical reduction and electrolysis®® were observed. All experiments were set above 1
kHz to avoid the formation of bubbles. The reason is that in the beginning, when there is
not application of electric field, platelets are in random orientation and no long-range
orientational order is seen. As the electric field increases, the director of the platelet
aligns perpendicular to the field. The presence of an electric field changes the orientation
of the platelets through direct induced electric dipole or through indirect viscous forces.
Due to both cases, the orientational distribution of particles f (6) becomes anisotropy,
where 0 is the angle between the electric field and the symmetry axis of the particle. The
relationship between the macroscopic birefringence, as seen in Figure 16, and the
orientational distribution of particles f (8) is shown as®

An = Ange, (P, (cos6))
where 0 is the volume fraction of the platelets, (P, (cos8)) is the average of the
second Legendre polynomial which quantifies the degree of alignment of particles,

and

Aa®

Mg, = ——
St 2nggoVp

where Aa? is the optical polarizability, ng is the refractive index of the solvent, &, is
the vacuum permeability, V, is the volume of the particle. This is called the specific

birefringence when there is perfect aligned system and volume fraction of ¢ = 1.
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Figure 16. Electric field effect in isotropic suspensions of nanoplates. As the electric
field is increased, the director of the platelet is forced to align perpendicular to the
electric field due to electric and hydrodynamic torques; thus, inducing a well-ordered
system that shows birefringence. The Kerr cell is between two cross polarizers and front
of a monochromatic light source. This was done at constant frequency of 300 kHz.

The induced birefringence for this system can be obtained by doing image
analysis tools. A code was created to estimate the intensity of the birefringence as a

function of electric field. The sample becomes lighter as the electric field increases;

hence, the code can estimate the value of the intensity, defined as ‘average grayscale’.
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Once the grayscale values were obtained, it can then be converted into transmittance as

shown in the following equation®

2.4

T it s (avg. grayscale)
rasmittance = T Te

The average effective birefringence (An.) is defined as®!

- I\/4
Angsr = sin E (E)

where / Iois the transmittance value, A is the wavelength of the incident light,

and | is the optical path length.

Since the values of transmittance are already known, then the average effective
birefringence can be estimated. This is shown in Figure 17. From the plot, the value of
the saturation birefringence is the plateau of the signal, when the platelets have achieved
perfect orientation. It is in the order of 107, but again, this is only an estimation because
it was done with image analysis tools. A more accurate method to measure induced

birefringence will be explained later.

27



1 ®
14 A><P o P T
4 <« ¥ »E (] A
N\
12 4 e -T
y e® ~—
10 - .,’ \ A
& g o & E
b B ." ! f >
b - X —
c © .
= |
e
- ®
2 jv€<’ \'
- . ~1=901
0 N 4 Z;
T T T T T T T T T y T
50 100 150 200 250

E* (V/mm?)

Figure 17. Electric field induced birefringence in isotropic suspension of ZrP platelets
(¢ = 1.00x10°%). The Kerr cell is between crossed polarizers 45° to the electric field
direction. Measurement of induced-birefringence as a function of electric field squared
using image analysis. Perfect alignment of platelets is achieved when the electric field is
high enough.
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Electro-Optical System Derivation

Electro-optical devices can detect changes in their optical properties in the
medium, such as birefringence. The Kerr cell is used to determine the birefringence
which is proportional to the square of the electric field. However, electro-optical systems
can be described by using Jones matrix calculus for polarized light discovered by J.C.
Jones®2-%4, This derivation® will allow to correct the measurements of the electric
birefringence, also known as the Kerr effect, of very diluted suspensions where the
stress-induced birefringence of the Kerr cell wall cannot be neglected. This correction
method includes rotating polarizers (polarizer and analyzer) and a quarter wave plate.
The use of the quarter wave plate has several advantages: the sign of the birefringence
can be obtained with this procedure; the precision of the measurement is larger; the
influence of the stress-induced birefringence of the windows of the Kerr cell is
minimized.

The following procedure to make birefringence measurements is derived from
Jones matrixes®. Retarder is characterized by optical retardation, 8, using the unitary

matrix

B _iB iB B
ezcos?(0) + e 2sin*(0) (e 2 — ez ) sin(0) cos(H)
16O =, 5 ip iB
<e7 — e7) sin(8) cos(0) ezsin?(0) + e zcos?(H)

where 0 is the angle between the x-axis and the fast axis.
Also, both the rotator, R, and polarizer, P, can be described using unitary matrix

as
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cos(0) sin(0)

R(9) = [—sin(@) cos(H)] and

cos?(0) sin(8) cos(0)

P = [sin(@) cos(6) sin?(6)

The following derivation involves properties of a combination of different

retarders. The unitary matrix can be expressed in terms of Pauli matrixes,
i=lo Z1i=12 olk=[7 o
wherei2 =2 =Kk%i-j=ki-k=jj k=i
Then the rotator and retarder can be simplified as
R(6) = cos(6)I — sin(6)j and
J(5,0) = cos(6/2) I+ sin(s/z) cos(20) i+ sin(s/z) sin(26),

respectively. When a quarter wave plate is placed in the system with fast-axis parallel to

the incident polarization, then the output vector can be described as

v =P/, =a)]'("/2,0)(5,/4)vo.

Using Pauli matrixes, the quarter-wave plate, J°, and retarder, J, can be found as
1
J =272 +1i)and

J= 005(6/2)1 + sin(5/2)k,
respectively. Then by applying the equivalence theorem, the transmitted intensity of the

beam is found as

)
I = I;sin*(a +E)
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where I; is the intensity of the incident beam, ("/2 — a) is the angle between the

analyzer and incident polarization, and 8 is the phase different of the extraordinary and
ordinary rays of the light.
This phase difference®® is expressed as

5= 2mwdAn
]

where An is the induced birefringence expressed as the difference between
extraordinary refractive index and ordinary refractive index.
The intensity of the transmitted intensity when the Kerr cell does nothing, having
polarizer, analyzer, and quarter-wave plate, is shown as
I, = I;sin’a.
Solving both equations of I, and I simultaneously in terms of the intensity of the

light beam, then the induced-birefringence equation is expressed as

p) . ’1 .
An = — (arcsm( —sma) — a).
nd Ip
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Electric Birefringence Spectroscopy
Electric birefringence spectroscopy (EBS) is a powerful tool that can provide
enough information on the interfacial properties of colloidal suspensions®’. It can also
provide information on the different polarization mechanics of the platelets, as well as
relevant information on their electric double layers'*. Using EBS, it can measure the
induced birefringence of the system accurately through an application of an AC electric
field. This innovated technique can provide valuable information on the electro-kinetic
phenomena, as well information on the electric and optical properties of the particle such
as surface conductivity and refractive index'* %8, Despite the potential use of EBS, only
few studies are devoted to this technique!’. This technique provides quantitative analysis
of the high frequency spectra of the system. For these reasons, EBS will be used to
measure the anisotropy of polarizability of ZrP platelets.
Before measuring the spectrum, there are some key points that should be taken
into consideration.
1. The ionic strength of the sample. The particle orientation is determined by the
structure of the charge at the interface, which is related to the ionic strength.
2. Monitor the electric field for every measurement. This will allow to check the
intensity and shape of the signal that it is applied to the sample.
3. The Kerr law must be satisfied for different frequencies, and the range of the
amplitude of the electric field should lie in the Kerr regime. The saturation of the

signal can be related to the power that the amplifier can provide. If the ionic
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strength of the sample is very high, then the resistance is very low and the power
needed to get large voltage is high.

. The dilution of the suspension. Different volume fractions should be measured to
confirm that the Kerr coefficient is proportional to the particle concentration; this
will confirm if the sample is in the dilute regime. Another way to determine this
is to establish a phase diagram for the system.

. The transient behavior. Once the signal is off, the decay time of the Kerr
coefficient can be used to calculate the size of the particles. Another way to
determine the size of the particles is to perform dynamic light scattering
measurements.

If all points are well-addressed, then the spectrum could result of the Maxwell-
Wagner-O’Konski relaxation®. The orientation of the particle is due to the
induced dipole. This induced dipole should decrease near-around the MHz range,
which depends on the conductivity, because particle charge and ionic strength

does not play a major role in this region**,
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The Electric Birefringence Spectroscopy (EBS) set-up is shown in Figure 18,
and it includes: He-Ne laser beam (Thorlabs, HNLS008L, A = 633 nm), polarizer
(Thorlabs), quarter-wave plate (Thorlabs, A/4 at 633 nm), analyzer (Thorlabs),
photodetector (DET36A, Thorlabs), an oscilloscope (Tektronix, TBS 1052B), a voltage
generator (Stanford Research Systems, Model DS345), an amplifier (Falco Systems,
WMA-100), and a hand-made quartz Kerr cell. Details about the experiment is described

in the book, Electric Dichroism and Electric Birefringence®’.
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Figure 18. Electric Birefringence Spectroscopy (EBS) set-up to measure the electro-
optic properties of colloidal suspensions.
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A linearly polarized He-Ne laser beam (A = 633 nm) transverses through:

A polarizer rotated at 45° to the direction of the electric field.

A Kerr cell containing the suspension. The optical path length of the
cell is 1 mm, and the copper electrodes are 2 mm apart. The copper
electrodes will create an electric field that is perpendicular to the laser
beam and 45° to the incident polarization.

A quarter wave plate whose fast axis is parallel to the incident
polarization. The quarter wave plate is used to minimize the residual
birefringence of the cell window.

An analyzer that is (90° - «) to the incident polarization. The analyzer
is rotated in a way that the angle o maximizes the signal of the
transmitted intensity and it will also compensate the birefringence
losses caused by the cell wall.

A photodiode. The transmitted intensity is collected by the

photodetector and then sent to an oscilloscope for data analysis.

The data collected from the oscilloscope will give the intensity as a function of

time. Then An is extracted by using the following expression

17,65

A . ’1 .
An = — (arcsm( —sma) — a).
td IO

where I, is the intensity when there is no electric field.
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Small-Angle X-Ray Scattering (SAXS)

Patrick Davidson from the Laboratoire de Physique des Solides, along with Ivan
Dozov, made collaboration with us. He measured the induced birefringence of our
zirconium phosphate platelet in a capillary with aluminum electrodes of 2 mm apart and
provided us with the SAXS measurement. He found out that the platelets have perfect
orientational order of S = -0.5 when a high electric field is applied. This measurement
will be very useful when finding the anisotropy of polarizability (Aa). This means that a
strong anisotropy was induced by the electric field and that the platelets align with their

plane parallel to the field as shown in Figure 19. This effect is called, ‘anti-nematic’’.

()

E=0

E =200 V/mm

Figure 19. SAXS patterns of the isotropic phase of zirconium phosphate platelets of ¢ =
0.041%. (a) Without electric field. (b) With electric field (400 V, | =2 mm, v = 600
kHz)
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Induced Birefringence Measurements

Before the electric birefringence measurements, the two mother suspensions of
inverse aspect ratio of 901 and 290 were diluted into the same concentration: ¢ = 0.001,
¢ =0.002, and ¢ = 0.003. It is very convenient to have them in the same concentration to
be able to compare them. However, the biphasic region of each platelet is different due
to their size distribution. The biphasic region of large platelets lie between 4.62x1073 < ¢
< 1.98x102 and the biphasic region of small platelets lie between 1.18x102 < ¢ <
1.77x1072. The induced birefringence was measured using the Electric Birefringence
Spectroscopy (EBS) as it was explained in the previous section. The induced
birefringence An as a function of the electric field squared are shown in Figure 20 to
Figure 27 for different volume fractions ¢ for zirconium phosphate platelets. All the
samples were diluted below the biphasic region because measurements of electric
birefringence only apply to isotropic samples. Also, all the measurements were taken at
300 kHz with increasing electric fields. For all volume fractions, there is an initial
quadratic increase for electric fields which is the Kerr region®®. Depending on the size of
the platelet, volume fraction, and ionic strength, this Kerr regime is different. One
observation that was seen is that the addition of salt decreases the induced birefringence.
The birefringence decreases because salt gives rise to an increase in electrolyte
conductivity which enhances interflake interaction. Also, the rotational relaxation of the

particles slowed down with the addition of TBACI.
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Figure 20 shows the induced birefringence as a function of electric field squared
for large platelets. At different volume fractions, the slope at low electric fields, the Kerr
regime, gets sharper at increasing concentration. At higher fields, the birefringence

saturates to a ¢-plateau, and this is when the colloidal particles are perfectly aligned.
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Figure 20. Induced birefringence for large platelets of inverse aspect ratio 901 as a
function of E2. Measurements for three different volume fractions in the dilute region.

For very low volume fractions, all the particles are independent to each other.
The induced birefringence can be approximated as’®

An = AnP¢pS(E)

where An® is the specific birefringence of the particles, i.e., when the

birefringence is extrapolated to ¢ = 1 and the system is perfectly ordered. The induced

orientational order parameter S (E) is given by®’
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1
S(E) = §< 3cos%6 — 1 >

1
= %f f(8)(3cos?6 — 1)dcosh
0

where f(8) is the orientational function of particles.

The induced birefringence equation is only valid at very diluted suspensions
because the average optical susceptibility cannot longer improve. As the system gets
closer to the biphasic region, the saturation values of birefringence cannot longer
increase. This is due to the interference of the optical fields with particles who are very
close to each other.

From SAXS experiments, it was measured that at high electric fields, the
zirconium phosphate platelets have an induced orientational parameter of S(E) = —0.5.
This value will now be used to estimate the specific birefringence.

The saturated birefringence value is linearly proportional to the concentration as
seen in Figure 21. The saturation values were obtained from an extrapolation of the
measured birefringence as the electric field squared approaches to infinity (E2 —c0). The
local volume fraction of about ¢ ~ 0.003 was obtained from the phase diagram. This
local volume fraction is the equilibrium value for the isotropic phase in coexistence with
the nematic phase®’. The specific birefringence can be obtained by fitting a linear
equation to the saturation values and dividing the slope with the order parameter.

The specific birefringence for the large platelets of aspect ratio 901 was found to
be An® = —0.0158 4+ 0.0015. This value will later be used to calculate the anisotropy

polarizability for zirconium phosphate platelets.
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Figure 21. Measurements of saturated birefringence An*#(¢) under the isotropic region
for large platelets of inverse aspect ratio 901.

The addition of salt caused a decrease in birefringence as shown in Figure 22;
thus, it decreased the sensitivity of the electro-optic response to electric fields. The
saturation values of birefringence decreased with a factor of 2 as shown in Figure 23.
The reason is that an increase in ionic strength, it induces a decrease in the electric
double layer thickness which brings a decrease in the electric potential. Adding 1 mM of
TBACI to the suspension, the specific birefringence of the large platelet decreases to
AnP = —0.007038 + 0.000081.

The same measurements were done for small platelets. As the particle gets
smaller, the induced birefringence decreases. Therefore, the induced birefringence is a
function of ionic strength, aspect ratio, and volume fraction. This is in good agreement

with the following expression’?,
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An = p(np — nS)L(L” - LL) S
(9 + k)?
where S (E) is the field-induced order parameter defined as S(E) =
An(E)/An®% (¢), k is written as (1 — ¢)/(np/ng — 1), L, and L | are the depolarizing
factors depending on particle symmetry and are defined as L =~ 1 — 7T“/Zb and L, =
7Ta/4b. This function is only a function of aspect ratio and volume fraction, but another
equation that involves the effect of ionic strength will be explained later. The specific

birefringence for the small platelets of aspect ratio 290 changed to An” = —0.00216 +

0.000083. An addition of 1 mM of TBACI decreased this value to An” =

—0.001528 + 0.000146.
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Figure 22. Induced birefringence for large platelets of inverse aspect ratio 901 as a
function of E2. Measurements for three different volume fractions in the dilute region

with the addition of 1 mM TBACI.

41



4] Isotropic Phase

AN* (x10®)

w
| -
b
Biphasic Region

0+— T T T T T T T T T T
0.0000  0.0005  0.0010 0.0015 0.0020 0.0025 O.

0
Volume Fraction ¢ P,

Figure 23. Measurements of saturated birefringence An*#(¢) under the isotropic region
for large platelets of inverse aspect ratio 901 with the addition of 1 mM TBACI.
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Figure 24. Induced birefringence for small platelets of inverse aspect ratio 290 as a
function of E2. Measurements for three different volume fractions in the dilute region.
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Figure 25. Measurements of saturated birefringence An*#(¢) under the isotropic region
for small platelets of inverse aspect ratio 290.
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Figure 26. Induced birefringence for small platelets of inverse aspect ratio 290 as a

function of E2. Measurements for three different volume fractions in the dilute region
with the addition of 1. mM TBACI.
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Figure 27. Measurements of saturated birefringence An*#(¢) under the isotropic region
for small platelets of inverse aspect ratio 290 with the addition of 1 mM TBACI.

The induced birefringence and the effective electric field are related to the Kerr
effect. As the voltage keeps increasing, the orientation of the nanoplates gets driven by
the field. The Kerr constant is defined as’?

An(E) = Cx(¢p)E?

where Cy is the Kerr coefficient”>"®. This equation is only valid in the low

regions and the effect diverges as E — oo. From Figure 20 to Figure 27, the Kerr

coefficient can be calculated and values are shown on Table 1 to Table 4.
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ZrP Nanoplates {1 = 901

Volume Fraction (%) Kerr Constant (mm?/\V?)

0.1 0.1213x10°
0.2 0.4925x10°®
0.3 0.8405x10°

Table 1. Kerr coefficient as a function of volume fraction, ¢, for large platelets.

ZrP Nanoplates {1 = 901 + 1 mM TBACI

Volume Fraction (%) Kerr Constant (mm?/V?)

0.1 0.5135x10”7
0.2 1.1192x107
0.3 1.6184x107

Table 2. Kerr coefficient as a function of volume fraction, ¢, for large platelets
with the addition of salt.

ZrP Nanoplates {1 = 290

Volume Fraction (%) Kerr Constant (mm?/V?)

0.1 1.6359x10°®
0.2 3.8759x10°8
0.3 5.9834x10°8

Table 3. Kerr coefficient as a function of volume fraction, ¢, for small platelets.

45



ZrP Nanoplates {~1 = 290 + 1 mM TBACI

Volume Fraction (%) Kerr Constant (mm?3/V?)

0.1 0.7888x10°8
0.2 1.7660x10°8
0.3 2.7291x10°8

Table 4. Kerr coefficient as a function of volume fraction, ¢, for small platelets
with the addition of salt.

Since the Kerr constant is a function of birefringence, a change in size, volume
fraction, or ionic strength, will make a difference to the Kerr coefficient. This was
proven in the tables and are in good agreement with the expression of Kerr constant and

induced birefringence.
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CHAPTER IV
MAXWELL-WAGNER-O’KONSKI

An electrokinetic model should be able to provide insightful information on the
polarizability of a spheroid particle in terms of size, charge of the particle, and ionic
strength of the solution. This polarizability arises from the mismatch of conductivities
between the solvent and the particle. The ionic mobility in the electrical double layer has
also an effect in the polarizability of the particle. The electric polarization of the particle
can be determined from the dielectric body of the material suspended in a dielectric
medium, such as the electrolyte solution. This classical problem was first solved by
Maxwell®. Later in the years, Wagner decided to extend this application to spheres’’.
And finally, this technique was extended by O’Konski to charged particles with effective
surface conductivities. This contribution led to the formation of a new regime often
referred as Maxwell-Wagner-O’Konski (MWO) model. The goal is to see if the electric
polarizability of zirconium phosphate platelets can be expressed based on the MWO
regime.

Theory of Anisotropy of Polarizability

Colloidal systems exhibit an induced dipole moment when they are influenced by

an external field. The induced dipole moment is governed by’®
p= “om

where « is the anisotropy tensor of the particle employed at low frequencies.

The Maxwell-Wagner-O’Konski polarizability of platelets can be expressed as
fO”OWSl4' 68, 79-80
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4mrab? K: —K:
aﬁJ_ = EOSS * p* *
! 3 KS + (Kp - KS)LH,L

where K and K are the complex conductivities of the particle and medium,
respectively, 2a is the thickness of the material, and 2b is the diameter of the system.

Real part of polarizability can be expressed as function of aﬁ’f’ ' and “I(IJ, 1

0 [¢)
o = o +“||,L a1
L= &L Ty e

where «;°  and aﬁ’_Lare the MW polarizabilities at high and low frequencies,
respectively, and w = 2z f is the ionic relaxation frequency.
In this case, 7, | are the reciprocals of MW cut-off frequencies, and they are

defined as followed:

. (1—Ly e+ Ly &
0
(L=Ly )Ks+ Ly, Ky 1

L=

)’ and a) | are defined as followed:

2
e _ 4mab . e &p — &
R 0¢s
I 3 &+ (&p — &)Ly L

a = o€
Il-L 3 $ KS + (Kp’”‘J_ - KS)L”’J_
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As stated by the O’Konski’s model®?, a strong effective particle conductivity is
produced by the electrical double layer which depends on the geometrical factor of the

platelets.>’

K3 2KS
K 1

bl = Koy ==~

where K* is the surface conductivity and can be estimated as u,q.

By the Gouy-Chapman equation®**, the surface charge density is expressed as

2exkgT ze
q= sinh ( )

ze 2kgT
where ¢ is the dielectric constant, e = 1.6x107'° Coulombs, z is the valency of the

counterions, and the Debye length is given by’

1= kpTeyes
22N, 1
where | is the ionic strength of the substance.

The depolarized factor of infinitely thin nanoplates can also be estimated as

na na

Ly=1—— ~—
I 2b Li~g

The theoretical anisotropy of polarizability can be obtained by

Aa=ay—a)
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Maxwell-Wagner-O’Konski Model
According to the model, the anisotropy of polarizability (Aa) depends on aspect
ratio, volume, and ionic strength on its surface. For this reason, Aa will be calculated
experimentally for different aspect ratios, different volume fractions, and different
surface conductivities. The two different aspect ratios that will be tested are 901 and
290. Three different concentrations, in the dilute region, will be used for this study as
0.001, 0.002, and 0.003. The calculated surface conductivities for both platelets at
diluted region are shown in Table 5 and Table 6.
ZrP Nanoplates
Aspect Ratio {1 Surface Conductivity (S)
901 1.22949x101°

290 8.95837x10%

Table 5. Measurements of surface conductivities at different aspect ratios when
no salt is added.

ZrP Nanoplates + 1 mM TBACI
Aspect Ratio {1 Surface Conductivity (S)
901 7.27792x101!

290 1.1654x10%°

Table 6. Measurements of surface conductivities at different aspect ratios when 1
mM of TBACI is added.
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To measure Ao experimentally using the obtained electro-optical measurements
from the EBS, an expression should be obtained®*. The relationship between the induced
birefringence and Kerr coefficient is defined by the following expression

An = KAE?
In colloidal suspension, the induced birefringence can be expressed as
An = AnPpS(E)
where Anf is constant and the specific birefringence, volume fraction ¢ can be

¢
1-¢/p*’

rewritten as ¢ is the spinodal volume fraction which will be explained later, S

(E) is the nematic order parameter.
The nematic order parameter, when there are no interparticle interactions, can be

defined as
T3 1
S(E) = f (— cos?0 — —) f(6,E)sinfdo
o \2 2
where f(6,E) is the Boltzmann distribution and it has a potential of
1
U@ = EAaEzcoszé?
The Boltzmann distribution can be expressed as

u(o)
“kgT

e
f(H,E) = - O)
J, e ¥8T sin6do

Combining all the equations together, the nematic order parameter then becomes

S(E) = f (E cos?6 — E) exp(—Dcos?0) sinfd6/ f exp(—Dcos?60) sin8d6
0 0

o1



where

Aa

D= 2
2kyT

Since the anisotropy of polarizability involves small amount of electric field, this

expression can be reduced to

T3 1
S(E) = f (E cos?6 — E) (1 — Acos?8)sin6d0 /2
0

Solving the integral, the nematic order parameter then becomes

Aa
E)=— E?
S(E) 15kgT
Solving for Aa

Aa =

o)

This expression is only valid when there is no interparticle interaction. To
measure the anisotropy of polarizability, Kerr constant (An/E?), An?, ¢, and ¢* should
be measured. From the EBS method, the Kerr constant and specific birefringence were
measured for each platelet at different volume fractions as mentioned before. The

spinodal volume fraction, ¢*, can also be measured from the induced birefringence
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measurements from Figure 28 and Figure 29. This technique will be explained in more
details.

In Figure 28, the electric field induced birefringence is shown as a function of
volume fraction, ¢, for small platelets with the addition of 1 mM of TBACI. The induced
birefringence, or Kerr constant, reaches an asymptotic value as it gets closer to the
spinodal volume fraction, ¢*, and diverges to infinity. The spinodal volume fraction is
when the isotropy phase is no longer thermodynamically stable. In other words, it can be
said that the volume fraction has left the biphasic region and jumps into the nematic
phase at coexistence.
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Figure 28. The induced birefringence An/EZ versus the volume fraction for the small

platelet of inverse aspect ratio 290 with the addition of 1 mM TBACI. The induce
birefringence diverges as it approaches to the spinodal volume fraction and the vertical
asymptote is indicated in dashed lines. As ¢p — 0, the tangent line in the fit curve
indicates ideal behavior.

53



There are many models that explains this critical concentration®-8® as

¢ = 16/mL*Dyys
where L can be assumed as the thickness of the material and D, is the effective
diameter of the platelet. The effective diameter is expressed as
Desr = D(1+6)
The effect of the electrostatic interaction on the free energy in the isotropic phase
can be interpreted as an increase in the diameter of the disks, and this factor is

represented as

_InA'+y+In2-1/2

J kD

where y denotes the Euler’s constant as 0.5772, A’ = Ae™*P, Alisa

proportionality constant®’ defined as A4 = vagfo;c‘l, the Bjerrum length defined as

Q = e?/ekyT, € is the permittivity of the solvent, and  is the Debye length.

In this case, this spinodal volume fraction can be calculated theoretically or
experimentally. This value was measured experimentally and can be seen in Figure 29.
The linear fit was performed to the inverse of Kerr constant (An/E?) as a function of
volume fraction, ¢. The dashed line is representation®® of

An = Angq §S,;

In this case, Ang,; is the specific birefringence with a different notation. This

yields to ¢* =0.0179. This is the critical volume fraction for small platelets that

represents the metastable limit in the isotropic phase.
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Figure 29. Another representation of induced birefringence of an isotropic suspension
versus volume fraction. The spinodal volume fraction is when the linear birefringence
approaches to zero.
As mentioned before, the biphasic region for small platelets lies in the range of
1.18x102 < ¢ < 1.77x107?; thus, from the obtained critical concentration, ¢* is close to
the nematic region at coexistence.

The focus of this study is to test polarization to very diluted suspensions, for

example, (¢ — 0). For this case, the anisotropy of polarizability can be rewritten as

An15kgT /1
e -5

Ez AP \¢

since /" K 1.
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Now that an equation for anisotropy of polarizability has been established and all
the important parameters has been found, the measurements can now be made as shown

in Table 7 and Table 8.

System {1 ) I (mol/L) Ao, (]/EZ) K (hm)
901 0.1% 1.251x1073 —4.499 + 0.472x10728 8.45 + 0.015
290 0.1% 1.41x1073 —4.412 + 0.1698x10728 7.945 + 0.008
901 0.2% 2.384x1073 —8.651 + 0.907x10728 6.12 + 0.01

o-ZrP
290 0.2% 2.688x1073 —4.533+0.174x10728 5.754 + 0.01
901 0.3% 3.584x1073 —9.289 + 0.974x10728 4.99 + 0.0066
290 0.3% 3.872x1073 —4.735 + 0.182x10728 4.794 + 0.009

Table 7. Measurements of anisotropy of polarizability with changes of aspect ratio,
volume, and ionic strength. Data for the effect of electric double layer, Debye length is
also provided.
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System 1 o I (mol/L) aad/p) x (nm)

901 0.1% 2.352x1073 —4.278 + 0.492x10728 6.16 + 0.0084

290 0.1% 2.48x1073 —3.894 + 0.215x10728 6.00 + 0.002
a-ZrP +

901 0.2% 3.504x1073 —4.413 + 0.508%x10728 5.05+ 0.01

1ImM

290 0.2% 3.76x1073 —4.098 + 0.244%x1072° 4.88 +0.014
TBACI

901 0.3% 4.672x1073 —6.382 + 0.734x10728 4.37 + 0.005

290 0.3% 4.928%x1073 —4.262 1 0.264x10728 4.25 + 0.009

Table 8. Measurements of anisotropy of polarizability with changes of aspect ratio,
volume, and ionic strength. Data for the effect of electric double layer, Debye length is
also provided. This is when 1 mM TBACI is added to the suspension.

This confirms the effect in polarizability as changes in volume fraction, ionic
strength, and aspect ratio occur. All measurements were done with the same solvent,
Milli-Q water, and at the same temperature (room temperature).

The Debye length and Aa are plotted in Figure 30 and Figure 31 for better
visualization. The addition of salt increases the ionic strength but decreases the double
layer thickness. As a result, it decreases the sensitivity of the platelets to an electric field.
Therefore, the anisotropy decreases due to the increase of both electrolyte conductivity
and interflake interactions. This also induces a decrease in electric potential. In the
isotropic phase, there is no specific d-spacing between particle to particle due to the

random orientation. However, as an electric field is applied to the suspension, the
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platelets get oriented and the particle to particle distance can be measured using 1-D
SAXS.

In conclusion, the anisotropy value zirconium phosphate platelets are smaller
compared to graphene oxide but is larger than gibbsite, montmorillonite, and beidellite

particles.
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Figure 30. The Debye length is plotted as a function of volume fraction of two different
aspect ratios when 1 mM of TBACI salt is added into the solution and when no salt is
added, as indicated in the legend.
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Figure 31. Effect in the polarizability of anisotropy in increasing volume fraction when
one solution has salt and the other does not. The data points are in the isotropic region.
To make sure if the calculation of Aa are correct, the experimental result should
match the theoretical result. This can be verified by using the equations derived in the
Theory of Anisotropy of Polarizability section. In order to theoretically calculate Aa,
the following values are needed: surface conductivity of zirconium phosphate, dielectric
constant of the solvent, dielectric constant of zirconium phosphate®®, thickness and
diameter of the platelet, conductivity of the solvent. For this case, the platelet of ¢ =

0.001 and ¢{~* = 901 will be used for comparison.
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The following values were obtained:
“ITO = —9.12611x1072°F - m?
af = —4.74826x10730F - m?
T, =7.5971x107%s

7 = 1.6584x107"s
aj = 4.8733x1073°F - m?

a9 =5.3738x107%"F - m?

Substituting each value to this equation,

0 [e%e)
o= a4 T
IILL — %L 1+ wZTﬁJ_

J
— — -28
a=q—a =—33620x10 7z
From Table 7, the experimental anisotropy of polarizability for large platelet at ¢
=0.001, Ao = —4.499 + 0.472x10728, Even though this value is slightly higher than

the theoretical value, both are of the same order of magnitude. Therefore, both the

experimental and theoretical are in good agreement.
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A visual representation is shown in Figure 32, where the blue line is the
theoretical values of anisotropy for different aspect ratio. The anisotropy of polarization,

Aa, increases proportional to an increase in aspect ratio.
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Figure 32. The solid lines are a representation of the theoretical MWO model as a
function of aspect ratio for a-ZrP platelets when no extra salt is added. The dotted points
are the experimental values of anisotropy of polarizability for very diluted suspensions.
Since the platelets are polydisperse, error bars are included.
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Kerr Coefficient
The Kerr coefficient as a function of frequency was obtained for two different
aspect ratios at the same ionic strength and volume fractions. This was measured by

using the EBS technique, with an o angle of 22°, and the sample was loaded in a Kerr

cell.
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Figure 33. Frequency dependence of Kerr constant measured at two different aspect

ratio nanoplates with same ionic strength. The continuous line is the best representation
of EMW-2 model.

From Figure 33, the following observations can be seen:

I The Kerr constant depends on the frequency of the applied frequency. As the
frequency goes to infinity, the Kerr coefficient saturates to a non-zero value.

This is in good agreement with other works®®-9*,
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Il The value of the Kerr constant of the suspension decreases with aspect ratio.
For small particles, the Kerr coefficient is smaller.

1l At frequencies above 10 MHz, the Kerr coefficient becomes independent to
the ionic strength and particle charge. In other words, ionic motions are
negligible. In this region, the Kerr coefficient behavior is that of an
uncharged particle suspended in a dielectric fluid.

IV The cutoff frequency is the minimum slope that the Kerr coefficient can be
defined. The cutoff frequency happens before the small platelets compared to
the large platelets.

The frequency domains are divided into two regions: electrokinetic regime (1
kHz <v < 1 MHz) and Maxwell-Wagner regime (1 MHz < v < 30 MHz).

In the electrokinetic regime, particles respond to the combination of both electric
and viscous components in the torque. The hydrodynamic torque cannot be neglected*
92 and the electric torque gets complicated in the presence of polarization. There are also
changes in ion densities and electric double layers that makes the measurement of
polarizability way too complicated and only limited amount of information is available
for this region. The Kerr coefficient is monotonically at the beginning and then it
decreases smoothly for low charge particles. The Kerr coefficient does not depend much
on the frequency for high charge particles®.

In the Maxwell-Wagner regime, the Kerr coefficient decreases sharply to an
asymptotic value 100 kHz to 30 MHz. This region changes depending on the size of the

particle. For small platelets, the asymptotic value happened at lower frequency. In this
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regime, it is easy to make observations because viscous forces and electric torque are not
affected by the polarization®® %3, From the relaxation region (100 kHz < v < 30 MHz), at
the lower frequency, the particle starts to accumulate charges on both sides due to the
conductivity mismatch between the surface and the solvent. At higher frequencies, the
particles move so fast that conduction charges do not have enough time to move around
and the remaining dipole coefficient from the particle is due to the permittivity mismatch
between the surface of the particle and the solvent.

In conclusion, the spectrum is the result of the Maxwell-Wagner-O’Konski

relaxation model.
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CHAPTER V
SUMMARY AND CONCLUSIONS
Summary
Isotropic colloidal suspensions are of potential use for electronic devices. The
Kerr coefficient of the system defines how good the system is for industrial applications.
For this study, zirconium phosphate platelets were used and the Kerr coefficient was
compared to other systems, such as graphene oxides, beidellite, and gibbsites to see their
potential applications. Liquid crystal is a state of matter that exhibits properties of both
solid and a liquid. One form of liquid crystal that was used for this study are lyotropic
discotic liquid crystals whose phase depends on the concentration. a-zirconium
phosphate has advantages over natural clays for its high ionic exchange and ease of
intercalation and exfoliation. Also, a-zirconium phosphate are monodisperse, easy to
control the size, and biodegradable. The a-zirconium phosphate platelets were
synthesized using the hydrothermal method and then the platelets were exfoliated to
break the plates into monolayers. Phase diagrams of the zirconium phosphate platelets
were created to determine the region where the suspension becomes isotropic, biphasic,
or nematic. The smaller platelets sediment faster than the larger platelets due to their
faster rotational and translation rates. Birefringence is an optical property of the liquid
crystal as they have refractive indexes that depends on the polarization of the incident
light. Isotropic suspensions do not show any form of birefringence, unless the
birefringence is induced. Isotropic suspension can show flow induced birefringence

when the suspension is shaken. It can also show birefringence when an electric field is
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applied. An application of electric field reorients the particles to have their director
perpendicular to the field; thus, inducing some birefringence. The measurement of
induced birefringence was both obtained by image analysis (not an accurate
measurement) and by using an electro-optical measurement technique, Electric
Birefringence Spectroscopy (EBS). The isotropic suspension was placed in a Kerr cell,
where a light beam transverses through a polarizer, to the sample, to a quarter-wave
plate, to an analyzer, and finally to a photodetector. All the measurements were extracted
from an oscilloscope and the data was then converted into induced birefringence. The
induced birefringence was then plotted as a function of the electric field squared where
the following information was obtained: specific birefringence, Kerr coefficient,
spinodal volume fraction, and the polarizability of the platelet. The spectrum of the
zirconium phosphate platelets resulted from the Maxwell-Wagner-O’Konski relaxation.
The induced-dipole moment decreased near the MHz region. The Kerr coefficient of
zirconium phosphate is lower than graphene oxide but it is higher than gibbsite,

beidellite, and montmorillonite particles.
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Conclusions

We studied the field induced birefringence in the isotropic phase of zirconium
phosphate particles with different aspect ratios of 901 and 290. There are no studies in
the electric field effect of zirconium phosphate platelets, and we plan to fill-up in the
literature missing information about their electro-optical properties. The samples were
observed under the isotropic phase to see that the induced birefringence is dependent in
volume fraction, size, and ionic strength. According to SAXS experiments, the particles
saturates to an induced order parameter, S5t = —0.5. This corresponds to a perfect
‘anti-nematic’ order of zirconium phosphate platelets. With the simple model of Electric
Birefringence Spectroscopy, we showed that the anisotropy of polarizability of
zirconium phosphate is in good agreement with the MWO polarization mechanism. We
also showed that surface conductivity, as well as aspect ratio, plays a major role in the
polarization. As the salt concentration increases in the suspension, the sensitivity of the
electric field decreases due to conductive electrolytes and interflake interactions. As the
inverse aspect ratio decreases, the polarizability also decreases. We concluded that our
system follows the MWO relaxation, and both the theoretical and experimental

polarizability were in good agreement to each other.
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