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Abstract

This research is aimed to determine the viscosity of liquid crystals by observing
the motions of ferrofluid droplets in liquid crystal hosts under external magnetic
fields. The ferrofluid droplets of size 20~30 um were suspended in two plates
covering the host liquid, and their motions under the magnetic field were
observed with using a polarizing microscope. As the first step, three types of
isotropic liquids, such as water, glycerin, and silicone oil, were employed as the
host liquid. The speed of the moving droplet was much slower than the
theoretical value calculated by the equilibrium between the magnetic force and
the viscous force. This fact led us to one assumption, which the droplets involve
the boundary layers under the magnetic field, and all results of isotropic liquids
supported this fact. The main experiments of this research, using 4-cyano-4’-
penthylbiphenyl (5CB), were conducted, and the result also supported the
assumption above mentioned, which the new method to determine the 5CB
viscosity was established. The experiments were conducted with several
conditions, and unique anistropic properties of 5CB were observed with this new
method. This research showed that that the new method enables us to observe

anisotopic properties with the quantitate aspects.
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1 Introduction

Liquid Crystals (LCs) are well known as intermediate states of matter between
the liquid state and the solid state [1]. Since they were discovered in 1888 by
Friedrich Reinitzer [2], who was an Austrian Botanical physiologist, they have
been studied in academic and industrial fields. One of their most striking
applications is liquid crystal displays, which can be seen widely in modern
devices, such as television displays, smartphones, and watches [3]. LCs have a
wide range of applications in a variety of fields, such as the lasing, the painting,
and the fibres [4][5][6]. The reason why LCs have attracted a lot of interest and
had such various applications is their unique properties caused by their
anisotropy. Since they have some degrees of the molecular ordering
orientationally or/and positionally, they show anisotropy features in their fluid-
dynamic, elastic and electromagnetic properties [7]. Ferrofluids are colloidal
liquids which consist of magnetic nanoparticles suspended in a liquid carrier. In
comparison with Liquid Crystals, Ferrofluids has a shorter history. Steve Papell
succeeded in forming ferrofluids for NASA in 1963 [8]. Regarding their
applications, they are used as seals in hard disk drive, the active damper of

suspension, and a thermal conductor in loudspeaker [9].
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The aim of this research was to determine the viscous properties of liquid
crystals by observing the motions of ferrofluids in liquid crystal hosts under
magnetic fields applied. This study is based on a paper written in 1997 by
Philippe Poulin which is entitled ‘ Novel Colloidal Interactions in Anisotropic
Fluids ‘[10]. In this paper, Poulin succeeded in forming stable water droplets in
the nematic liquid crystal 4-cyano-4’-penthylbiphenyl, which is usually called as
5CB. Moreover, he discovered that water droplets self-assembled to form linear

chains and showed defects, as shown in Figure 1.

Figure 1: (A) Image of a nematic multiple emulsion taken under crossed polarizers. (B) A
chain of water droplets under high magnification [10].
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Figure 1-(A) shows that water droplets (1 to 5 um in a diameter) were put in the
larger nematic drops (~50 um in a diameter) which were suspended in a
continuous water host. We can see that the nematic parts are mainly coloured in
red, while the isotropic parts including the small droplets and the host liquids
appear black in this figure. He showed that the orientational elastic energy of
5CB based on the boundary condition in the director field at the nematic drop
surface causes such colloidal interaction. This elastic energy has a long-range
dipolar attraction and a short-range repulsion which cause the chain and the
droplet spacing. Figure 1-(B) shows that the droplets were prevented from being

close to each other[10].

Poulin reported that ferrofluids droplets were formed in a nematic liquid crystal
in his paper, ‘Direct Measurement of Colloidal Forces in an Anisotropic Solvent,
which is published in collaboration with V. Caubuil and D.A. Weitz in 1997 [11].
Poulin showed that a pair of droplets linked together by topological defects
appeared. When a magnetic field was applied to the system, large magnetic
dipoles were induced within the droplets which forced the droplets apart from

each other, as shown in Figure 2(a)-(c).
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Figure 2: (a)-(b):Ferrofluid droplets being pushed apart by dipole-dipole repulsion by an
external magnetic field. (c): External magnetic field removed. (d)-(e): Particles being
pulled back together by elastic forces after the magnetic field was removed [11].

After the magnetic field was removed, an attractive force making the droplets
closer to each other occurred between the droplets, which it was caused by the
elastic properties of the liquid crystal(Figure 2 (d),(e)). Their system was viscously
damped, and the attractive elastic force between droplets, F,, could be

determined by using the particles velocity and the effective viscosity of the liquid

crystal, Nesr ;

mi* = 2F,(r) — 6mmn,srar, (1)
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where a is the droplet radius, m is their mass, 1 is the velocity of the droplet [11].

In terms of the viscosity of liquid crystal, Miesowicz showed that the nematic
liquid crystals have the anisotropy of the viscosity as well as the other properties
in 1936 [12][13]. There are some papers which support this fact with the
experimental result [14][15]. In particular, Chmielewski succeeded in measuring
the viscosity of 5CB and observing its anisotropy and temperature dependency

by using the slot viscometer [14].

Employing these previous studies, this research has been aimed to establish a
new microscopic method to determine the viscosities of the liquid crystals. We
have expected that the viscosities of the liquid crystals would be determined by
observing the motion of the ferrofluid droplets under a magnetic field in the
liquid crystal host and taking the balance between the magnetic force and the
viscous force into consideration. The results of this research have been roughly
categorized into two sections. The first one is to observe the motion of the
ferrofluid droplets under a magnetic field within isotropic liquids. This part is
aimed to establish the methods of preparing the droplets in the host liquid and
determining the viscosities. The second part is to observe the motion in

anisotropic liquids and determine the viscous properties of the liquid crystals.

15



In the following parts of this paper, some of the background theory behind
ferrofluids and liquid crystals will be described. Then, this paper will explain the
experimental techniques which are used for preparing samples and observing
the motion of the droplets. The results and discussion will also be shown after

that section.
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1 -1 Liquid Crystals

The molecules in the crystal state are ordered orientationally and positionally
whereas the molecules in the liquid state are not ordered and diffuse randomly.
Liquid Crystals refer to an intermediate state of matter between the liquid state
and the solid state because the molecules in liquid crystals show some degrees
of orientational and/or positional orders while they diffuse like the molecules in

the liquid state [6] (Figure 3).

/ |
Figure 3: Schematics of the molecular ordering in isotropic liquid (a) and in a nematic
liquid crystal (b)
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Liquid crystals are categorized into two types; thermotropic liquid crystals and
lyotropic liquid crystals. Thermotropic means that the transition of liquid crystal
phases depends on the temperature and the phases exist within a certain
temperature range. On the other hand, lyotropic liquid crystals are often formed
by dissolving amphiphilic molecules in a suitable solvent. The liquid crystal phase
exists in a certain range of concentration. We will focus on thermotropic liquid

crystals because only thermotropic liquid crystals are employed in this research.

There are numerous phases in thermotropic liquid crystals, such as nematic,
smectic A, smectic C, etc. Figure 4 shows a schematic of the molecular ordering

in main phases of thermotropic liquid crystals.

—— | e——

Figure 4: A schematic of the molecular ordering in (a) Nematics, (b) Smectic
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In the nematic phase, the molecules have the only orientational order and no
positional order, which the name is based on the Greek word [6]. The smectic
phases, on the other hand, have one orientational order and the positional order
due to the arrangement of molecules in layers. They usually appear at the lower
temperature than the nematic phase. In this research, the only 5CB, which is a
nematic liquid crystal, was used. The orientational order of a nematic liquid

crystal can be defined by the order parameter, P;
P, = % < 3c0s%0;, — 1> (2)

Where i is the number of molecules and 8; is the angle between the long axis of
molecules in a nematic liquid crystal and the preferred direction [16]. Figure 5

shows this angle.

6i

Director

Figure 5: Diagram of 6;.
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The preferred direction of the molecules is written as the director, i [17]. The
value of an order parameter of the nematic liquid crystal is in a range from 0.3 to
0.8 [6]. The molecules in a nematic liquid crystal have the only orientational
order and can freely flow as long as they maintain the director. When the system
is heated, the molecules will lose their orientational order, and the fluid will be

isotropic.

When the polarized light incomes into the nematic liquid crystal, it is well known
that birefringence occurs. Because of their anisotropy, liquid crystals have
different reflective indexes for different directions of the polarized light. The
polarized light can be split into two components. The first one is the ordinary
component, which the plane of polarization is perpendicular to the direction of
propagation, and the second one is the extraordinary component, which the
plane is parallel to the direction of propagation [17]. In anisotropic materials, the
speed of propagation is determined by the orientation of the plane of
polarization in terms of the optic axis of the material. Two refractive indexes
exist corresponding to the ordinary and extraordinary components, ng is the
index of the ordinary component while n, is the index of the extraordinary

component. The level of birefringence is given by,
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An = n, — n,. (3)

The value of An of a typical nematic liquid crystal is around 0.2 [6][18].

The boundary conditions of the nematic liquid crystal should be noted. In this
research, the liquid crystal was placed between two glass surfaces. In this case,
the preferred alignment of the molecules occurs. There are two basic forms of
alignment for liquid crystalline compounds, homeotropic and homogeneous
(planar). Homeotropic alignment is that the molecules in the nematic liquid
crystal are oriented perpendicular to the surface. Thus, when the sample is
observed by a polarizing microscope, polarized light is not affected by material
and light could not be seen by an observer through the analyser. This alignment
is obtained by coating a surface with a surfactant molecule. In planar alignment,
the molecules in the nematic liquid crystal are oriented parallel to the surface.
The planar alighment is obtained by coating a surface with a thin film and
unidirectionally rubbing it to create grooves on the surface [19]. Figure 6 shows

these alignments.
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Figure 6: Models of two types of the alignhments, planar (a), homeotropic (b).

Through the liquid crystalline material is confined under boundary conditions
and the molecules are arranged in a particular order, the liquid crystals response
to these forces as a distortion of the director. In particular, in nematic phases,
three types of the distortion are common; splay, twist and bend. Figure 7 shows

the models of these types of the distortion.
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Splay Twist Bend

I

Figure 7: lllustrations of three types of the distortion.

Relating to the distortion, we should consider the free energy of varying spatial
distortion of the director 7i. The energy is determined by the Frank free energy,
which describes the increase in the free energy density of a liquid crystal caused

by distortions from its uniformly aligned configuration [20];
F= %Kl(ﬁ(Vﬁ))z + %Kz(ﬁ(v X 7))? + §K3(ﬁ X (V x 7) )2 (4)

where K, K,, K5 represent the splay, twist and bend coefficients respectively.
While the elastic modules of solids are written by the relationship between the
distortion and stress, the elastic modules of nematic liquid crystals are described
with the frank free energy coefficients, K;, K5, K3, corresponding to the type of

the distortion.
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1-2 Defects

In the liquid crystal, defects arise from foreign inclusions or by themselves, which
break the symmetry structure of the surrounding director fields. Topological
defects are caused by the phase transition and produce the break of the
symmetry structure [21]. Since the thermotropic liquid crystals are regularly
made by cooling or heating the material, defects often occur in the liquid crystal
phases. These topological defects are often used to identify liquid crystal phases
because such defects cause unique texture corresponding to the orientation of
the molecules. The defects are regions where the director cannot be uniquely
defined. Figure 8 shows some examples for the orientation of the director
around a defect. The defects in liquid crystals have an effect on not only the

local area nearby the defects but also the behaviour of a sample as a whole [22].
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a

< Y

S=+1/2 S=-1/2
s=-1 -

Figure 8: Diagrams of the orientations of the directors around the defect
corresponding to each value of S.

Disclinations, which are line defects in the liquid crystals, are determined by their
strength and charge. S represents the index for the strength and charge of
defects. We can obtain the strength of the defect by determining to form a
closed loop around the defect [23], which the value of S is determined by the
number of times the director rotates through 2rn. For example, if S=+1/2, then
the director rotates by mnt for one full loop around the disclination. If S=+1, then
the director rotates by 2m. We can also obtain the charge of defect, which shows
that desclinations are able to cancel each other out or not, by seeing the sign of
S. If Sis positive, then the director rotates counter-clockwise in traversing a
counter-clockwise path around disclination. If S is negative, the director rotates

clockwise in traversing a counter-clockwise path around disclination.
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Regarding the nematic liquid crystals, when cooling down from the isotropic
liquid, the defects appear in the nematic liquid crystals. In addition, they exhibit
the unique texture, which is that disclinations connected by black brushes, if the
sample is thick enough and observed between crossed polarisers. This pattern is
known as the Schlieren texture [6] and is shown in Figure 9. The Schlieren
brushes appear black because of optical extinction caused by the crossed
polarisers. To cause the optical extinction, the molecules have to be aligned in

the direction of the either of the two crossed polarisers.

Figure 9: Image of Shlieren texture of 5CB [24].

As mentioned above, the strength S of a defect is given by determining a closed
loop which forms around the defect. On the other hand, the strength S of a
defect is determined by measuring the dark brushes seen in Figure 9. If there are

four brushes connected with a defect, the defect has the strength S=1, and if
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there are two brushes connected with a defect, the defect has the strength
S=1/2. Asthe respect to the charge of S, if the brushes rotate in the same
direction as the direction in which the crossed polarisers are rotated, the defect
is positive. If the brushes rotate in the opposite direction, it means the defect is
negative. Moreover, Defects of opposite charge and equal strength will attract
each other and eventually annihilate, and it causes the same unique texture

since the formation of defects will be changed by such interactions.

The defects are also created by putting the isotropic liquid droplets or the
dispersion of colloids in the liquid crystal host. These methods have attracted
interest since they show interesting properties, especially their unique textures
when we observe them by a polarising microscope. In the previous studies, there
are some representative examples of such textures; a point-like defect called
Hedgehog [25], Saturn ring that surrounds a droplet as the name suggests [26],

as shown in Figure 10.
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(a)

(d) )

__/\

Figure 10: Pictures and lllustrations of Headhog defect and Saturn ring defect. A silica
microsphere was treated so as to align the LC molecules perpendicular to its surface. Pictures
of (a) and (d) were taken without polarizers while (b) and (e) were taken with crossed
polarizers. (c) and (f) are schematics of the director configuration. (a-c) show the hedgehog
defect, a black point shown in (a). (d-f) show the Saturn ring defect, a ring around the sphere
shown in (d) and (e) [27].
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1-3 Ferrofluid

Ferrofluids are liquid to be magnetized under magnetic fields, which consist of
nano-sized magnetic particles held in a stable colloidal suspension in a liquid
carrier, often water or oil [29]. Ferrofluids are composed of nanoscale particles,
which its diameter usually ranges between 6 and 20um, and magnetite, hematite
or iron are often used to form ferrofluids[9]. They are polymer coated or charged
in order to prevent coagulation [9]. The composition of a typical ferrofluid is
approximately 5vol% of particles, 10vol% of surfactant and 85vol% of the carrier.
Ferrofluids are well known for their unique pattern formation under the
magnetic field, one of them is called Spike Effect, shown in Figure 11. While they
can be influenced by magnetic fields, they are not ferromagnetic in the strict
sense, which means they show a magnetization only when magnetic fields are
applied to them. Since they have the high magnetic susceptibility, they can be
easily manipulated and controlled by magnetic fields. When the magnetic field is

applied to ferrofluids, the magnetic force, Fy, is given by Kelvin’s Law([30],

Fo = o [ MVH dv (5)
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Where p, is the magnetic permeability of a vacuum, M is the internal

magnetization of the ferrofluids, and VH is the magnetic fields gradient across

the ferrofluids. Figure 12 shows the typical magnetization curve for the ferrofluid

as a function of H.

Figure 11: A picture of spike effects of ferrofluid [31].
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Figure 12: Magnetization curve of the ferrofluid (EMG807, Ferrotech, USA, at 300 K) [32].
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2 Experimental Methods

2-1 Isotropic Liquid

These experiments, which employed the isotropic liquids and ferrofluids, were
aimed to establish the methods of preparing the dispersion of the liquids and
ferrofluids in which the droplets of ferrofluids were expected to be formed and
the methods of determining the viscosities of liquids by observing the motions of
the droplets under magnetic fields. The isotropic liquids employed in this
research are water, glycerin, and silicone oil. Water is one of the simplest liquids
and expected to be suitable for the first step to establish the methods of
preparing the droplets in the liquid. Glycerin was employed in this experiment
because it has been expected that the droplets of ferrofluids could be formed
easily. The reason why silicone oil was employed is that silicone oil has a similar

value of viscosity with 5CB, and is not water-soluble which is same as 5CB.

For these experiments, the two types of ferrofluids were used corresponding to
solubility in water of each isotropic liquid. For water and glycerine, which are
water-soluble liquid, the oil-based ferrofluid (EFH1, Ferrotech, USA) was used.

The water-based ferrofluid (WHKS1S12, Liquid Research Ltd, UK) was used for
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silicone oil. These isotropic liquids were used to form mixtures with each type of
ferrofluids. Through several times of preparing samples, it was discovered that
0.1 vol% of ferrofluids is appropriate to form the droplets in host liquids. In terms
of the methods of preparing mixtures, the mixtures were formed by putting
ferrofluids in host liquids to make the concentration 0.1 vol% with the
micropipettes, and then, the ultrasonic was applied to the mixture for 2 or 3 min
by the sonicator(S0375 SONOMATIC, JENCONS, UK) in order to prepare the

dispersion. The frequency of the ultrasonic was 40-50 Hz.

The cells containing the mixtures were created by the following steps. First, the
glass was cut into small plates measuring 2.5x1.8 cm. Then, In order to clean the
plates, the plates were placed in containers with distilled water and given
ultrasonic by the sonicator for 15 min. The sonicator uses ultrasonic to displace
contaminating particles from the surface. This step was repeated with the same
plates in acetone and isopropyl alcohol. The next step was to create the
sandwich cell. Two pieces of the spacer, which were cut into the appropriate size
measuring 0.3x2.0 cm and its thickness was 100 um, were sealed on the surface
of one plate with UV glue as shown in Figure 13 (a). The UV glue used in this
process is Norland Optical Adhesive 68 (NOA68, Norland Product Inc, USA). After

the plate was exposed to ultraviolet light for 10 min in order to fix the spacer by
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UV glue, the mixture was placed in the space between two pieces of the spacer
by a pipette (Figure 13 (b)), which the amount of the mixture was around 80ml.
Next, the other glass plate was placed on the plate on which the spacer and
mixture were placed as shown in Figure 13 (c). The final step of cell preparation
was that the cell was exposed to ultraviolet light for 10 min again after UV glue
was used to coat the two other sides in order to seal the two plates together and

the four sides around the mixture.

mixture

T 77 //ﬂ//

(c)

L
77

Figure 13: Diagram of sandwich cell preparation.

33



The experiment was conducted with following steps. The cells were placed on
the microscope and applied with external the magnetic field by a permanent
cylinder magnet, which the detail of magnets employed in this experiment will
be shown in the following section. The two microscopes were used in this
experiment; Nikon Optiphot Pol was used for water and glycerine, and Leica
DMLP was for silicone oil. It was necessary to change the microscopes from
Nikon one to Leica one because the Nikon one was in trouble. It was observed
that the droplets in host liquids were moved by the magnetic field and the movie
of such behaviour was taken with an imaging system (uEye CP) at a pixel
resolution of 2048 x 1088 at a time resolution 0.1s. Snapshots were taken from
the movie by intervals of a second. The data of the motion of the droplets was
obtained by analyzing the position for each snapshot with using Image J (image
processing software developed at the National Institutes of Health)[33][34]. All

experiments in this section were conducted at room temperature, 25 °C.
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2-2 Liquid Crystal

The liquid crystal employed in this research was 4-cyano-4’-penthylbiphenyl,
which commonly is called as 5CB. 5CB is a standard liquid crystal material
consisting of a single component and shows the nematic phase at room-

temperature [6]:

CsH1 CN

The phase transition temperatures are given by Cryst 22 N 34 Iso [14]. The
water-based ferrofluid was used in this experiment (WHKS1S512, Liquid Research
Ltd, UK). The concentration of the mixture of 5CB and water-based ferrofluid was
0.1 vol% of the ferrofluid which is same as the concentration of the isotropic one.
The dispersion of 5CB and the ferrofluid was formed by applying the ultrasonic

(40-50 Hz) to the mixture with a sonicator for 3 min.

The method of cell preparation for 5CB — ferrofluid dispersion was same as the
isotropic one without the step of the glass coating. The plates divided from the

glass were spin-coated with polyvinyl alcohol. The plates were heated to 100 °C
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for 15 min, and then spin-coated with PVA. After spin-coating, the plates were

heated again to 100 °C for 15min. The plates were rubbed unidirectionally with a
velvet cloth. These steps were conducted for aligning molecules in 5CB when 5CB
is placed between two glass plates. The sandwich cells for 5CB were created with

such spin-coated glass by the same methods as the isotropic one.

The cells were placed between crossed polarizers in a microscope (Leica DMLP)
and external magnetic fields were applied to the cells. The experiments were
conducted with several conditions, such as different sizes of droplets, directions
of a magnetic field, strengths of magnetic fields, cell gaps, and temperature. The

data was collected with same methods as the isotropic one.

36



2-3 Magnets

As the preparation for the above experiments, the magnetic fields caused by
magnets used in the experiments were measured with a gauss meter (GMO0S,
HIRST Magnetic Instruments Ltd) with an accuracy of +0.1 %. Figure 14 shows
the magnetic flux density of the magnets versus distance from the magnets. In
the experiments, the two types of the magnet were used and were named

magnet A and magnet B individually.
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Figure 14: A graph of magnetic flux density B of two magnets as a function of
distance from the magnets.
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In this graph, the fitting curves were determined by using graph software
(KaleidaGraph, HULINKS Inc., Japan), and the function of the fitting curves is

given by,

B=a-exp(—b-x)+c (6)

Where a, b, and c are coefficients, and x is the distance from the magnet. In the
experiments, five different values of distances from the magnets to the cell were
used: 3.0, 2.5, 2.0, 1.5, 1.0 cm. The values of VB were determined by calculating
the gradients of the equation (6) with the data, shown in Table 1. In the following

sections, these values will be used for analysis.
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Table 1: The values of the strength of magnetic fields for each value of distance.

Magnet A Magnet B
0.199*exp(-96.6*x)-0.0111 0.557*exp(-97.3*x)-0.0000100

[cm] VB [T/m] VB [T/m]
1 7.30 20.5
1.5 4.53 12.6
2 2.81 7.74
2.5 1.74 4.46
3 1.08 2.92
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2-4 Error

Since the experiments were analysed by Imagel, there are some possibilities that
errors occurred in the step of measuring the values of diameter and position of
the droplets in host liquids. The errors on such values, o, , were judged to be
+5pixels. In terms of the experiments with the Nikon microscope, which mean
the experiments of glycerine and water, the width of the image in pixels was
2048 pixels and the width in pum was 572 pm. Thus, the error was determined to
be 1.4 um. On the other hand, in the experiments with the Leica microscope,
which means the experiments of silicone oil and 5CB, the width of the image in
pixels was 2048 pixels, and the width in pum was 1575 um. The error was
determined to be £3.8 um. The movie of the droplet motions was taken for 8
seconds for the all experiments and there was no error on the value of time. To
be simple, the errors on speed, o,,, can be determined by o, = o0,/8. The

values are shown in Table 2.
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Table 2: The values of 6, , 6,, for each experiment.

Glycerine, Water

Silicone oil, 5CB

Oy [um]

+3.8

oy [ pm /s]

+0.48
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3 Isotropic Liquid Results and Discussion

Before the results are shown, it should be noted how the viscosity of a liquid is
determined by observing the motion of ferrofluid droplets. Under application of
a magnetic field, a droplet in a host liquid reaches an equilibrium speed, v,,. In
such case, the magnetic force F,, should be equal to the viscous force F;. The

equation is given by:
VoM, VH = bmyrv,, (7)

where V is the volume of the droplet, p is the magnetic vacuum susceptibility
and equal to 4m x 10”7 N/A?, M,,, is the mass magnetization, y is the viscosity,
and r is the droplet radius. VB can be approximated as VuyH for the non-
ferromagnetic environment[30][35]. The viscosity can be obtained with the
equation, pM,,, = M,,,;, where p is the density and M, is the volume

magnetization:

_ 2r’M,,, VB
eq

(8)
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This is the simplest way to determine the viscosity by the motion of a droplet,
and it had been expected that the droplets would show behaviour following the

equation (8) before the experiments were conducted.

In the following sections, the results of glycerin—ferrofluid dispersion will be

described first. After that, the results of water and silicone oil will be shown.

43



3-1 Glycerine

Figure 15 shows the droplets formed in glycerine and their motions under
magnetic fields. Magnet B was used in this experiment and the distance between
Magnet B and the centre of the cell was 1.0 cm. From Figure 15, it can be seen
that ferrofluid droplets in glycerine were moving under magnetic fields. Figure 16
shows the motions of 3 sizes droplets under magnetic fields as a function of

time.

<—>

Figure 15: Photos of ferrofluid droplets in glycerine host: (b) 5 seconds after the
moment of (a), (c) 10 seconds after.
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Figure 16: A graph of droplet motions in glycerine as a function of time, VB=20.5[T/m].

The diameter of the largest droplet was 20.6 o,, um, while the second one is 15.3
pum and the smallest one is 14.1 um. In Figure 16, the larger droplets showed the
faster speed. According to the theory mentioned above, the relationship

between diameter and speed can be obtained by changing the formation of the

equation (8):

2r?My,;VB
Veq = 9—vyo (9)
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In order to compare the results with the theory, the values of speed for each
diameter were calculated by using the literature values, such as y = 0.90 Pa-s
[36], M,,, = 7.0 T/kg [32], p = 1350 kg/L which is based on the product data. In
terms of M,,,, p, these values will be employed in all the following parts. Figure
17 shows the differences of speed between the experimental results and the

theory.
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Figure 17: A graph of the speed of the droplets in glycerine as a function
of diameter, VB=20.5 [T/m].
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It can be seen from this graph that the experimental values is quite small in
comparison with the theoretical values, which are less than half of the
theoretical values. This result was not satisfied with the theory absolutely. This
fact means that the equation (8) was not suitable for this system and there is a
necessity to establish the new method. Then, one assumption was considered,
which there would be boundary layer in droplets and it influenced in the motion
of droplets. To go into the detail, Figure 18 shows the schematic of the magnetic

moments of molecules in a ferrofluid droplet.

Boundary Layer
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o
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\ .
e ]
L
H
Magnetic
Mormant

Figure 18: Schematic of the magnetic moments of molecules in a ferrofluid
droplet.
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In the core part of the droplets, the directions of the molecular magnetic
moments are aligned to be parallel to the direction of the external magnetic
fields. In the boundary layer, the directions of the molecular magnetic moments
are not aligned and form the shape to negate the magnetic moments mutually.
In this figure, the circle shape was employed for convenience sake. However, it
should be noted that there are other possibilities. Since such a formation, the
molecules in the boundary layer are not contributed to the magnetic force, F,.
To take this assumption into consideration, the magnetic force, F,,, is rewritten

as the following:
Fn1 = VerroMp, VH (10)

where V¢ is the volume of a droplet excluding the boundary layer. F;;,; should

be equal to F;:

VerroMy VH = 611Y13 0 (11)

2ref 3 My VB
— eff vol (12)

9MoVeq
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where 1.5 is the radius of a droplet excluding the thickness of the boundary
layer, 1y is the radius of a whole droplet. The value of 1}, is expected to be
constant for any size of droplets because of the size dependency of the speed

shown in Figure 17.

By analyzing the data of glycerin, it can be confirmed whether this assumption is
reasonable or not. As the steps to confirm the above assumption, the value of
refs should be determined by the calculation of the equation (12) with the
literature value of the viscosity. The literature values for the involved quantities
are as follows: y = 0.90 Pa-s (25°C) [36], M,,, = 7.0 T/kg [32], p = 1350 kg/L
which is based on the product data. In terms of M,,,, p, these values will be

employed in all the following parts.

Table 3 shows the values of the speed for each size droplet, the values of res ¢,

and the values of r;, which mean the thickness of the boundary layer.
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Table 3: The values of Speed, r;, 1, for each size of the droplets in glycerine.

A B C
Diameter [pm] 20.6 15.3 14.1
Speed [um /s] 2.69 1.27 0.95
Tefs [um] 8.34 5.89 5.20
rp [um] 1.97 1.74 1.84

According to Table 3, the three values of the thickness of the boundary layer for
three sizes are similar to each other, and it is reasonable that the thickness of the
boundary layer is 1.8 um, which the values are included approximately in the

range of +10% from 1.8um.

On the other hand, the viscosity also can be determined by using that value,
r, =1.8 um. Table 4 shows the values of the viscosity for each sizes droplets

calculated with the equation(12).
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Table 4: The values of viscosity for each size of the droplets in glycerine, r, = 1. 8pum.

A B C Literature Value
Diameter [um] 20.6 15.3 14.1
Speed [um /s] 2.69 1.27 0.95
Viscosity [Pa-s] 0.957 0.876 0.923 0.90

In comparison with the literature value, All droplets show quite similar values
whose errors are approximately 5 %. From these results, the assumption above
mentioned could be reasonable, and this method to determine the viscosity by

observing the motion of the droplets is appropriate.



3-2 Water

In this experiment, Magnet A was used in this experiment and the distance
between Magnet A and the centre of the cell was 2.5 cm. It is same as the

experiment of glycerine that Oil-based ferrofluid was employed. Figure 19 shows

the motions of the droplets under external magnetic field.
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Figure 19: A graph of droplet motions in water as a function of time, VB=1.74 [T/m].

Since it was quite difficult to form the droplets of ferrofluid in water in

comparison with glycerine, the data for only two sizes of the droplets was
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obtained. According to this graph, the speed of droplet A was reduced fromt=5
s. Thus, the value of the speed of droplet A was determined by the fitting curve
except for the last two points. The values of the speed, r.sf, and r;, can be
acquired by using the literature value of the viscosity,0.890 mPa-s (at 25°C)

[371[38]. The results are shown in Table 5.

Table 5: The values of Speed, Teff, Tp for each size of the droplets in water.

A B
Diameter [um] 134 10.9
Speed [um /s] 31.8 17.7
Tefr [um] 3.76 2.89
rp [um] 2.93 2.56

The values of rj, are 2.93 um and 2.56pum for droplet A and droplet B
respectively, while the value in glycerine is approximately 1.8 pm. Table 6 shows

the viscosity determined by using 2.7 pm as the value of ry,.

53



Table 6: The values of viscosity for each size of the droplets in water, r, = 2. 7um.

A B Literature Value
Diameter [um] 134 10.9
Speed [um /s] 31.8 17.7
Visocity [um a-s] 1.06 0.77 0.89

The differences between the literature value and the experimental values are

over 10% of the literature value. These errors could be caused by the error of the

diameter measurement. According to the theory, the value of viscosity is

intensely depending on the diameter size and proportional to the third power of

the diameter. The measurement error was +1.4 um, which is over 10 % of the

values of the diameter. To take this fact into consideration, there are some

possibilities that the differences were caused by such measurement error, and it

could be said that the assumption is reasonable.
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3-3 Silicone Oil

In this experiment, Magnet B was used and the distance between Magnet B and

the centre of the cell was 1.5 cm. It should be noted that water-based ferrofluid

was employed in this section. The viscosity of silicone oil employed in this
experiment is 50 cSt in CGS system of units, which is 48.6 mPa-s in Sl system of
units. The motions of the droplets under external magnetic field are shown in

Figure 20. The values of the speed, r.sf, and r;, were calculated by taking the

same steps as the above one, as shown in Table 7.
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Figure 20: A graph of droplet motions in silicone oil as a function of time, VB=12.6
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Table 7: The values of Speed, Teff, Tp for each size of the droplets in silicone oil.

A B C
Diameter [um] 26.1 24.8 17.4
Speed [um/s] 22.4 22.3 5.96
Teff [um] 8.13 7.98 4.57
rp, [um] 4.93 4.42 4.13

The values of r;, are quite different from the values for glycerine and water. From
this result, r;, could be set as 4.5 um. Using this value, the viscosity was

determined in the same way, which is shown in Table 8.

Table 8: The values of viscosity for each size of the droplets in silicone oil, r;, = 4.5 pm.

A B c Literature Value
Diameter [um] 26.1 24.8 17.4
Speed [um/s] 22.4 22.3 5.96
Viscosity [mPa-s] 56.6 47.1 37.8 48.6
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The differences between the literature value and the experimental values are
approximately 20 % of the literature value. In this experiment, the measurement
error was +3.8 um, which is much larger than the measurement error in the
experiments of water. It could be said that this fact was caused by the
measurement errors of the diameter and this experiment requires the accurate

measurements.
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4 Liquid Crystal Results and Discussion

4-1 Size Dependency

As the first experiment of 5CB-ferrofluid dispersion, the size dependency of the
speed of the droplets was researched because the thickness of the boundary
layer is required to research the other properties. The steps of this experiment
are same as the isotropic experiments, which the motions of three sizes droplets
were observed under external magnetic fields and the thickness of the boundary
layer was determined by using the equation (12) with literature values of the
viscosity and other quantities. In this experiment, Magnet A was used and the
distance between Magnet A and the centre of the cell was 2.5 cm. The direction
of the applied magnetic field was parallel to the director. The cell gap was at 100
um and the temperature was 25 °C. The viscosity for parallel direction to the
director was named as yj in this paper, while the viscosity for perpendicular
direction to the director was named as vy, . The literature value of y; at 25 °Cis

approximately 40 mPa-s [14].
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The texture of the dispersion is shown in Figure 21. Figure 21 (a) is an entire
photo of the dispersion and Figure 21 (b) is an enlarged photo of (a) focusing on
one droplet. It can be seen in the photo (b) that the area around the droplets is
blurred. This photo shows that the droplet play the role as a defect in the liquid
crystal and the director around the droplet cannot be determined. As a result of
the experiment, the speed for different sizes of the droplets is shown in Figure

22.

Figure 21: Photos of 5CB-ferrofluid dispersion, (a): an entire phot (b): an
enlarged photo

59



—e— A 26.9um
-8— B 23.4um

5CB Size Dependency ®— C21.1um
iy T T T ! ) T
—y = 10866 + 4.6304x R3 0.9941 | ’ T
30 Moy T 0527 € 25599 RE 09868 1
: E : E : = 7 :
© — —y=027235+18849x R%099209 ;
25" [rsssonates A e brsonecam PR e e 1
G I N G W N W - !
® : : : 3 > :
Q /
§ A
Ll S e o iwuens, JEREEN =
a /
Y
NN | S| . L D/ 05| R 2
* ]
| J i L
0 1 2 3 4 5 6 # 8
Time [s]

Figure 22: A graph of droplet motions for several sizes in 5CB as a function of time,
VB=1.74[T/m].

According to Figure 22, the size dependency which was shown in the section of
isotropic liquids can be seen; the larger droplet is moving the faster. The values
of the speed, r.sf, and r, were determined by using above mentioned literature

values, as shown in Table 9.
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Table 9: The values of Speed, rqss, I, for each size of the droplets in 5CB.

C
Diameter [um] 26.9 234 21.1
Speed [um/s] 4.63 2.90 2.24
Tefr [Um] 8.79 7.19 6.37
rp [um] 4.64 4.50 4.15

According to Table 8, the values of r;, for each size droplet are quite similar to

each other. It is reasonable that the thickness of boundary layer is set as 4.5 pum

since the error for each dropletis & 10 % at most. By using the value, 1), =

4.5 um, the viscosity was determined by the equation (12), which is shown in

Table 10.

Table 10: The values of viscosity for each size of the droplets in 5CB, r;, = 4. 5um.

A B C Literature Value
Diameter [um] 26.9 23.4 21.1
Speed [um/s] 4.63 2.90 2.24
Y, [mPa-s] 41.9 40.0 33.8 40

61




The values of the viscosity for droplet A, B are quite similar with the literature
value, while the difference between the literature value and the value for C is
around 20 % of the literature value. There is a high possibility that this error was
caused by the measurement error of the diameter. Otherwise, it is a little
possible that the droplet C touched to the glass surface and this changed the

speed.

In terms of reliability of the value of boundary layer, it was found that the small
size droplets did not move under the magnetic fields. Figure 23 shows such
behaviour. In Figure 23, the small droplets of size 8 um did not move while the

large droplet of size 26.9 pm moved.

Figure 23: Photos of the motions of the ferrofluid droplets under the magnetic fields, (b)
is 5 seconds after the moment of (a).
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This fact strongly supports the assumption that there are the boundary layers in
the ferrofluid droplets under magnetic fields and its thickness is constant for any
size droplets, at 4.5 um. In the following sections, the value of r;, will be

considered as 4.5 um in order to analyze the several sorts of 5CB properties.
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4-2 Anisotropy

In this section, the anisotropy of 5CB will be shown by determining y, and vy,
with such method. To go into the detail of the experimental steps, the external
magnetic field whose direction was parallel to the orientation of the director was
applied to the cell, after that, the direction of the magnetic field was changed to
be perpendicular to the orientation of the director and repeat the same way.
While these steps were taken, the same droplet was focused on and its motion
was observed. In this experiment, Magnet A was used and the distance between
Magnet A and the centre of the cell was 2.5 cm. The cell gap was at 100 um and
the temperature was 25 °C. The motions corresponding to each direction is

shown in Figure 24.
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Figure 24: A graph of droplet motions corresponding to each direction of the
magnetic field in 5CB as a function of time, VB=1.74 [T/m].
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It is obvious from Figure 24 that the speed of Parallel is much faster than the
speed of Perpendicular, which means y; is much smaller than y, as the theory.
This graph performed the anisotropy of 5CB. The result of the calculation is

shown in Table 9.

Table 11: The values of viscosity for each direction, r;, = 4.5 pm.

Parallel Perpendicular
Diameter [um] 26.9 26.9
Speed [um/s] 4.63 1.50
Yy [mPa-s] 41.8 129

The literature values of y; and y, at 25 °C are 40 mPa-s and 120 mPa-s [14],
shown in Figure 25. In Figure 25, the viscosity data was collected with the
viscometer by Chmielewski. Three factors, 14,12, and n3, were based on
Miesowicz’s work, which they could be independently measured experimentally
by considering the orientation of the director in relation to the flow velocity [12].
If the viscometer is used, where LCs are covered by two surface and applied with
distortion on the one surface while the other one is fixed, the flow is occurred in

LCs and its velocity direction should be parallel to the distortion direction and its
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acceleration should be perpendicular to the two surface. n1; means the viscosity

when the director is parallel to the direction of the flow velocity, while 1, is the

viscosity when the director is parallel to the direction of the gradient of the flow

velocity, and 13 is the viscosity when the director is perpendicular to both of

them[35]. In this experiment, n; and 13 are corresponding to y, and vy,

respectively if it is assumed that the flow direction is same as the droplet motion

direction . In comparison with the literature values, it could be said that the

experimental values are reasonable. This result also supports the reliability of

this method and the equation (12).
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Figure 25: A graph of temperature dependence of the viscosity coefficients for 5CB [14]
(adding red coloured letters for visibility).
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4-3 Different Strength of Magnetic Field

This experiment was aimed to observe the behaviour of the droplets for the
different strength of magnetic fields. In this experiment, Magnet A was used and
the distance between Magnet A and the centre of the cell was changed from 3.0
cm to 1.5 cm by intervals of 0.5 cm. These several strengths of the magnetic
fields were applied to one droplet and its motion was observed. The direction of
the applied magnetic field was parallel to the director. The cell gap was at

100 pm and the temperature was 25 °C. Figure 26 shows the speed of the

droplets versus the strength of the magnetic field.
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Figure 26: A graph of speed of the droplet in 5CB as a function of VB .
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It can be observed from Figure 26 that the shape of this graph is quite similar to
the linear shape, which means that the results are following the relationship
between v,, and VB in the equation (12) as expected. At the same time, this
result provides the fact that the droplet motions in 5CB are not depending on the
strength of the magnetic fields. The viscosity determined with this date is shown

in Table 12.

Table 12: The values of viscosity for each strength of magnetic field, r, = 4.5 pm.

A B C D
Diameter [um] 26.9 26.9 26.9 26.9
VBI[T] 1.08 1.74 2.81 4.53
Speed [um /s] 3.85 4.63 7.32 16.9
Y [mPa-s] 39.8 41.9 42.8 36.0

We obtained the results which are similar to the literature value, y; = 40 mPa -
s. From this result, it can be said that the thickness of the boundary layer is

independent of the strength of the magnetic field.
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4-4 Gap Dependency

This experiment was aimed to observe the behaviour of the droplets for different

sizes of the cell gap. In this experiment, three sizes of the cell gap were prepared:

55 um, 100 um, 220 pm. In terms of the diameter, since three types of cells were

prepared, the different droplets which have similar values of the diameter with
each other were focused on. Magnet A was used and the distance between

Magnet A and the centre of the cell was 2.5 cm. The direction of the applied

magnetic field was parallel to the director. The temperature was 25 °C. Table 13

shows the values of all kinds of notable quantities and the viscosity.

Table 13: The values of viscosity for each cell gap, r, = 4.5 pm.

A B C
Gap [um] 55 100 220
Diameter [um] 26.9 26.9 26.6
Speed [um /s] 5.18 4.63 4.13
Y, [mPa-s] 37.7 41.8 451
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There are relatively small differences between the values. The trends which the
larger cell gap shows the higher viscosity can be found. It can be assumed that
this trend is caused by the relationship between the cell gap and anisotropy of
the sample. In the case of preparing the cell which has the larger cell gap, it is
more difficult to obtain the perfect alignment of molecules in liquid crystal
between two glass plates than in the case of the smaller gap. Because of this, in
the less ordered cell, there are larger components in y; than in the well-ordered
cell. Hence, the larger cell gap shows the higher viscosity. This result describes

obviously that liquid crystals become less ordered as the cell gap is increased.
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4-5 Temperature Dependency

In this section, it was aimed to observe the thermotropic behaviour of 5CB
concerning anisotropy and determine the values of y, and y, at several
temperatures in a certain range. As an additional equipment, the hot stage
(FP90, Mettler Toledo, UK) was used to heat or cool the cell. After the cell
temperature reached to the certain value, the magnetic field was attached to the
iron exterior wall of the hot stage and applied to the cell. In terms of the magnet,
Magnet B was used and the distance between Magnet B and the centre of the
cell was 3.0 cm. Five different values of temperature were used in this
experiment, such as 26, 29, 32, 34, 36 °C. The same droplet had been employed

for each temperature and the cell gap was 100 um.

Figure 27 shows the texture of the dispersion at several values of temperature.
These photos were taken under cross polarized light. It is clear that 5CB showed
the nematic phase until 34 °C in Figure 27 (a-d). At 36 °C, 5CB changed to
isotropic liquid and its texture was changed into the dark under the cross-

polarized light as shown in Figure 27 (e).

Figure 28 shows the motions of the droplet as a function of time at several

temperatures. As the temperature is increasing, the slope of the linear fitting for
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the perpendicular direction is approaching to the slop for the parallel direction.
This behaviour indicates that the molecules in 5CB were losing their order as the

temperature was increasing. This fact corresponds with the previous studies [14].

Figure 27: Photos of 5CB-ferrofluid dispersion under cross polarized light at
several temperatures.
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Figure 28: Graphs of droplet motions at several temperatures in 5CB as a function of

time, VB=2.92 [T/m].
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As a result, the data is shown in Table 14. And Figure 29 shows the viscosity

versus temperature based on the data of Table 14.

Table 14: The values of viscosity for each temprature, r, = 4.5 pm.

Temp [°C] 26 29 32 34 36
Diameter [um] 26.9 26.9 26.9 26.9 26.9
Parallel Speed [um /s] 8.91 9.02 11.3 10.9 10.7
Y [mPa-s] 36.3 36.1 28.7 29.9 30.5
Perpendicular Speed [um /s] | 4.99 6.85 8.05 9.37 10.2
v, [mPa-s] 64.7 47.5 40.4 34.7 32.0
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Figure 29: A graph of the viscosity of 5CB as a function of temperature

Temperature [C]
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This graph shows the thermotropic behaviour of the viscosity well, and we can
see that the anisotropy was decreasing as the temperature was increased. At 36
°C, the value of y, became to be quite similar with the value of y,, which means
5CB became the isotropic liquid as the previous study showed [14]. In
comparison with the literature values which are shown in Figure 25, the
experimental values of y, are lower than the literature values at 26-34 °C, while
the experimental values of y, are similar with the literature values. There is a
high possibility that the way to apply the magnetic fields causes such error. The
magnetic field was applied to the cell in the situation that the magnet was
attached to the iron exterior wall of the hot stage. This step made the exterior
wall magnetized and changed the direction of the magnetic field since the hot
stage was surrounded by the four side exterior wall. It means that some of the
parallel components of the magnetic field to the director of 5CB were applied to
the cell when the perpendicular direction was measured. This parallel
component possibly had influences on y,, while the perpendicular component
had less influence on y| since y, <y,. Itis quite difficult to relate it to the
temperature effect on the ferrofluids because Section 4.2 showed the

experimental values which is quite similar with the literature value at 25 °C.
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5 Conclusion and Outlook

To conclude the isotropic liquids — ferrofluids dispersion, the method to
determine the viscosity of liquids by observing the motions of the droplets under
the magnetic fields was established with the assumption that the droplets
involve the boundary layers. It could be said from the results that the assumption
is reasonable. The values of the viscosity are intensely depending on the

diameter of the droplets, thus, the accurate measurement is required.

Through the experiment of 5CB — ferrofluids dispersion, it was found that the
method used for the isotropic is useful for 5CB as well and leads us to obtain the
anisotropy behaviour of the viscosity of 5CB. The values of the anisotropy
experiments are quite similar with the values of the previous study which was
measured by the viscometer, and the method is possible to be reliable. The
behaviour of the ferrofluids forming the boundary layers was observed by the
picture, the droplet which had a smaller diameter than the thickness of the
boundary layers did not move under the magnetic field while the larger droplet
moved. This result is the evidence for the assumption. The fact that boundary
layer is independent of the strength of the magnetic fields was discovered by

observing the droplet motions under different strengths of the magnetic fields.
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Regarding to the cell gap dependency, the behaviour that 5CB is losing its
anisotropy as the cell gap is increased was observed with quantitate data.
Although the results of temperature dependency included the error which is
expected to be caused by the measurement step, the behaviour that 5CB is

losing its anisotropy as the temperature is increased was observed.

In summary, this new method to determine the viscosity was established and
works well for 5CB. This methods will leads us to observe the various kinds of

anisotropy properties of the nematic liquid crystals with the quantitate aspects.

For further studies, the accuracy of the measurement will be required to be
increased. In this method, there is a high possibility to cause the error because
measuring the motions of the droplets is conducted by a hand with the imaging
software although the scale is micro-sized. Then, this method is expected to be
applied to the other liquid crystal system and to be a new method to determine
the liquid crystal phase and properties with the quantitate aspects eventually. In
particular, some of the liquid crystal phases are quite hard to be distinguished
from the others with observing the microscope texture and this method is

possible to be a new way to distinguish it.
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