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Abstract

Magnetic fluids are a class of smart materials which alter their physical properties
such as optical, rheological, and thermal properties in the presence of an external magnetic
field. The magnetic field induced aggregation and de-aggregation process in magnetic
fluids can alter the propagating light pathways that can give rise to interesting optical
phenomena. Though field induced aggregation is rich with theoretical and simulation data,
systematic experimental studies on equilibrium and non-equilibrium structures in real
magnetic fluids are scarce. This was the motivation to undertake this work.

The main objectives of this thesis were to understand the parameters influencing
the field driven structures in magnetic fluids (both material and magnetic field), its
temporal evolution and dynamics. The fluidic parameters considered are the volume
fraction, size polydispersity, and the surfactant concentration, while the magnetic field
parameters examined are field ramp rate, field strength, field orientation, and switching
conditions. Magnetic emulsion with droplet hydrodynamic diameter ~ 200 nm, containing
superparamagnetic iron-oxide nanoparticles of diameter ~ 10 nm, is used in this study.
Also, three different magnetic nanofluids of same chemical composition and volume
fractions but with different size distributions were employed in this study.

In magnetic nanoemulsion, in the presence of slow magnetic field ramp rate, three
distinct critical magnetic fields are identified from the changes in the field dependent
transmitted forward scattering light intensity. The first critical field occurs at the
commencement of small aggregate formation, the second one on completion of linear
aggregation process before the commencement of lateral coalescence of individual chains,
and the third one occurs when the densely packed columnar solidlike structures are formed
through zippering of individual chains. As the surfactant concentration increases, the
electric double layer thickness decreases and the separation between the droplets decreases

in the dispersion. Therefore, the magnetic field required to induce field induced ordering
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and zippered structures decrease with increasing surfactant concentration. The aggregation
rate was found to increase linearly with increasing surfactant concentration.

The phase contrast microscopy results show very fast lateral movement of well
separated chains and interconnected frozen disordered structures at low and high magnetic
fields, respectively. When the average distance among chains is greater than the escape
distance, a fewer chains coalesce to form individual chains. At high field strength, more
chains and complex patterns are formed within the escape distance, while at low field
strengths, the average inter-chain spacing increased with time and followed a power law
scaling with time. The magneto-optical measurements in the emulsion confirm that the
observed field induced transparency in magnetic emulsions (® > 0.0021) is due to the
optical birefringence caused by the rod like nanostructures.

In a ferrofluid with high polydispersity indices (PDI), thin chains, thick chains, and
sheets are formed on increasing the in-plane magnetic field, whereas isotropic bubbles,
hexagonal and lamellar/stripe structures are formed on increasing an out-of-plane
magnetic field over the same range. On the contrary, no field-induced aggregates are seen
in a sample with low polydispersity under the above condition. The isotropic to hexagonal
columnar to lamellar/stripe patterns observed in sample with high PDI, indicate the
prominent role of larger sized particles and the applied magnetic field strength in structural
transitions in ferrofluids. The observed transmitted light intensity from random particles,
chains/columns, hexagonal closed pack and stripe like structures were single bright spot,
circular pattern, circular ring with six bright spots and straight line, respectively.

The findings of this thesis are useful for the design of light-controllable magnetic-
fluid-based devices such as light modulators and light switches. The reversible and fast
response of polydisperse sample will also be beneficial for microfluidics applications such

as ferrofluid-based robot and lab-on-chip devices.
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Chapter 1

Introduction

1.1. Soft matter
Soft matter plays an important role in nearly every aspect of our daily lives.

Everyday materials like food, medicines, cleaning agents, paints and polymers are highly
complex at the microscopic and molecular scale. These materials are often consist of tiny
particles, which are held together by weak intermolecular interactions (typically of the
order of thermal energy kgT, where kg is the Boltzmann's constant and T is the
temperature). Therefore, these materials can be easily deformed under stress, hence known
as 'soft matter' [1, 2]. Soft matter is highly multidisciplinary area, where physicists,
chemists, biologists and engineers involved.

In general, soft matter exhibit three characteristic features. First, the molecules
form a far more disordered structure than the atoms or molecules in the crystal lattice of a
true solid. Second, the structures of soft matter are both flexible and stable. Third, through
self assembly, soft matter can spontaneously form supramolecular structures. The typical
length scales of hard matter are in the scale of size of the atoms or molecules (i.e.,
Angstroms to nanometers) whereas, the typical length scales of soft materials are between
several nanometers to micrometers. The number density of particles that form a soft matter
structure is several orders (~12 orders) of magnitude smaller than that of a hard material
due to the broad structural length scale. In addition, the time scales of soft material
motions is much larger (ns to seconds) than atomistic time scales (Femto-seconds). Soft
matter shows a large response to an external perturbation as compared to solids/crystals.
Examples of soft materials include colloids, surfactants, liquid crystals, blood, milk, ink,

paints, gels, glue, detergents, certain biomaterials and polymer in the melt or the solution,
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etc. These materials flow under certain conditions because of their low molecular kinetic
energy (i.e., close to kzT).

The name colloid is derived from the word 'gluey' in Greek. Colloids consist of
microscopically small particles dispersed in another substance, the dispersion medium.
These systems are also known as complex fluids or colloidal systems as they are
inhomogeneous in structure at a resolution of 100 or even 1000 A. The dispersed particle
diameter varies between a few nanometers and tens of micrometers. Colloids have
enormous economic and technical importance because of their industrial application.

Emulsion is a biphasic system of two immiscible liquids. Depending on the nature
of the dispersed phase and dispersion medium, emulsion is divided into two types: oil-in-
water (O/W) and water-in-oil (W/O) [3-9]. Emulsions are metastable colloids that require
specific entities at the interface to remain stable. Emulsions are prepared by shearing two
immiscible liquids. It favors (O/W) emulsification if the main surfactant is water soluble
and, conversely, if the surfactant is oil soluble, it favors W/O emulsification. Surface
active molecules such as surfactants, polymers, proteins, etc., are used as a stabilizer to
reduce interfacial tension and prevent aggregation of droplets. In the oil-water interface,
stabilizers adsorb at the O/W interface and provide steric or electrostatic, or dual electro-
steric stabilization. Surface active species not only play an important role in emulsion size
and stability, but it often also determines its toxicity, pharmacokinetics, and
pharmacodynamics [10-12]. Some colloids that respond to external stimuli (i.e.,
temperature, light, voltage, stress, pH, electric field, magnetic field, etc.) and alter their

physical properties are called SMART colloids [13-17].

1.2.  Ferrofluids
Ferrofluid (magnetic fluid) is a stable colloidal dispersion containing

functionalized superparamagnetic nanoparticles dispersed in a carrier fluid. Three
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important components of a magnetic fluid are single-domain magnetic particles, carrier
liquid, and stabilizing molecule. In the presence of an external magnetic field, magnetic
fluids alter their physical properties such as optical, rheological, and thermal properties
and hence come under the category of smart colloids [18-21]. Magnetic fluids have been
finding applications in many fields due to field-tunable physical properties. In 1963, Steve
Papell developed ferrofluid at the National Aeronautics and Space Administration
(NASA) while doing space research programs for fluid control in space. Using oleic acid
surfactant and kerosene dispersant media, he prepared a stable concentrated magnetic fluid
suspension in 1965 [22]. Later, Rosensweig and other coworkers developed sub-200 A
particles for dispersion, using various solvents, including water, aliphatic and aromatic
hydrocarbons [23].

Bulk ferri- or ferro-magnetic material consists of domains, that are separated by
domain walls to minimize the net energy of the system. The magnetostatic energy
increases proportionally to the volume of the material, while the domain wall energy
increases with the surface area. Thus, because of the domain wall energy, below a critical
size domain formation become energetically unfavorable, and hence the particle become a
single uniformly magnetized domain and functions as a tiny permanent magnet. The size
of the single-domain particle depends on the material and contribution from different

anisotropy energy terms. The critical size below which a particle acts as a single domain

particle is given by [24-26] D, = 18—V::;Z;f, where A is the exchange constant, K, is the

anisotropy constant, u, is the vacuum permeability, and M, is the saturation
magnetization. Single domain magnetic particle diameter typically lies in the range of few
tens of nanometers and depends on the material. Typical values of D, for iron, cobalt, and
nickel are ~ 19, 96.4, and 53.6 nm, respectively [27]. The magnetic anisotropy energy per

particle, which is responsible for holding the magnetic moments along a certain direction,
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can be expressed as E(6,,) = KesrV,sin?6,,, where V, is the particle volume and 6, is
the angle between the magnetization and the easy axis. The energy barrier, K¢V,
separates two energetically equivalent easy directions of magnetization. As the thermal

energy exceeds the energy barrier for the sufficiently small particle of size Ds,, the

Sp»
particle’s magnetic moment shifts spontaneously and rapidly in the absence of a magnetic

field. Thus, the magnetization of the particles is easily flipped, which is known as Neel

relaxation [28]. The Neel relaxation time of the moment of a particle, z is given by

KerrVp

Ty = Tg€Xp <k1_7) (1.1)

The system is in a superparamagnetic state if the magnetic moment of the particle
reverses at times shorter than the experimental time scales. For superparamagnetic
particles, the timescale of the Neel relaxation process, Ty, is much smaller than the
timescale of the magnetic measurement. Therefore, due to the rapid rotation of the
magnetic moment of the particle, the net magnetization observed is zero in the absence of
an applied field. For kzT > K¢V}, the system acts like a paramagnet in the presence of
a magnetic field and within each particle, there is now a giant (super) moment, therefore it
is called superparamagnet. Such a system shows no hysteresis. When prepared as a liquid
suspension, single-domain nanoparticles (with size larger than Dg, but smaller than D)
can act effectively as superparamagnetic particles [29] where the rotation of the entire
particles can be achieved against the carrier fluid’s hydrodynamic resistance, known as the

Brownian relaxation given by [30]

_3nVy
" kgT

s (1.2)

where 1 is the viscosity of the carrier or base fluid, 1}, is the hydrodynamic volume

(volume of the particle along with the surfactant layer). Neel and Brownian relaxation are
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schematically shown in Fig. 1.1. For a non-uniform distribution of particle size, relaxation
occurs via a combination of the above two mechanisms and the effective relaxation time is

given as

1 1 1
_t, 1 (L3)
Teff Tp TN

For various applications, the relaxation mechanism is highly relevant. At most
frequencies used in non-biomedical applications, particles that relax through the Neel

mechanism will usually react in phase with the applied field.

Neel

>
Relaxation

>
Relaxation

@ = @
Figure 1.1 Schematic showing Neel and Brownian relaxation of magnetic
particle.

The origin of the magnetic response of a ferrofluid is depicted schematically in
Fig. 1.2. When applied magnetic field, H = 0, the nanoparticles (NPs) in the fluid have an

unstable magnetic moment due to Neel relaxation, which rotates freely in all directions. A

colloid containing a large number of such NPs has a net magnetic moment of zero. At low
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magnetic field strength, the moment of the nanoparticles fluctuates around the direction of
the external field. As a consequence, in the direction of the applied field, the fluid has a
net magnetization. The magnetic moments of the nanoparticles are fully aligned to the
applied external field under a strong magnetic field. In all these cases, the magnetic
response can be represented by a magnetic dipole associated with the external field, with

an amplitude that increases with the amplitude of applied magnetic field.

H=0 H =low H = high

Figure 1.2  Illustration of the nanoscopic origin of the magnetic behavior of
superparamagnetic colloid in the absence and the presence of a magnetic field.

As the particle size decreases, the surface-to-volume ratio increases as a consequence the
percentage of surface atoms increases, which means that surface and interface effects
become more significant. The particles in dispersions have a strong tendency to aggregate
due to van der Waals forces [31, 32]. By balancing different interparticle forces such as
the attractive dipole-dipole interactions, repulsive steric/ electrostatic/ electro-steric
interactions, and gravitational forces, the stability of ferrofluid is achieved [33]. The high
surface energy of magnetic nanoparticles, higher dipole-dipole interaction between the
larger particles, relatively low particle surface stabilizer and stabilizer-carrier liquid
chemical compatibility, cause the instability of ferrofluids [34]. The object of the use of
stabilizers are (1) to prevent oxidation of the magnetic nanoparticle surface, (2) to prevent

particle agglomeration by providing electrostatic or steric repulsion between the particles,
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(3) to improve the stability of the dispersion, and (4) to increase the possibilities for
surface functionalization and other molecular conjugation [35, 36].

To stabilize a colloidal dispersion there are three general methods, namely
electrostatic stabilization, steric and electro-steric stabilization, are used. Electrostatic
stabilization is based on the repulsive force occurring between electrical charges with an
equal sign. The stability of the particles is usually achieved by coating the surface of the
particle with charged groups, giving the particle a net surface charge and creating a
repulsive force between them, capable of overcoming the forces of van der Waals.
Particles can also acquire electric charge due to the presence of ions.

Steric stabilization is achieved by covering the particles with short or long chain
molecules (typically surfactant or polymers) to prevent aggregation of the particles. The
surfactant molecules in the medium interpenetrate as the particles move toward each other
and the particles are repelled from each other because of the increased osmotic pressure in
the region [37]. Electro-steric stabilization is the combination of both electrostatic and
steric stabilization. It occurs as a result of charged polymer (i.e., polyelectrolytes)
adsorption that ionizes like electrolytes but has one of their ions bound in the backbone
and one free in the solution. Owing to the dissociated charge molecules, electrostatic
interaction occurs, but steric interaction occurs due to the polymer chains. Polyelectrolyte
geometry depends heavily on the ionic strength of the environment. The behavior of
polyelectrolytes is regulated by long-range electrostatic interaction at low or zero salt
levels. However, short-range excluded volume interaction dominates over long-range
electrostatic force under the maximum screening of charge at high salt concentration. Fig.

1.3 displays a diagram describing electrostatic, steric, and electro-steric repulsion.
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Figure 1.3 Schematic showing electrostatic, steric, and electro-steric
stabilization of magnetic nanoparticles.

The carrier liquid in a ferrofluid can be either a polar (water, ethylene glycol) or
nonpolar solvent (kerosene, silicon oil, vegetable oils, mineral oil). The synthesis of high-
quality superparamagnetic nanoparticles can be done by using techniques such as co-
precipitation [38], solvothermal decomposition [39], hydrothermal synthesis [40],
microwave-assisted synthesis [41], sol-gel synthesis [42], etc.

Recently, owing to their interesting properties, such as melting point, density,
hydrophobicity, and viscosity, ionic liquids as base fluid have been attempted by adjusting
a combination of anion and cation to suit a specific requirement [43]. They are robust and
eco-friendly because of their negligible vapor pressure, non-flammability, and wide liquid
temperature range [44]. In ionic aqueous ferrofluids, the particles are charge stabilized and
the repulsive electrostatic interactions between them can be controlled by adding salt or

changing pH. The second class of aqueous ferrofluids is stabilized by a combination of

8
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steric and electrostatic effects, where the particles are surface-functionalized with
molecules containing ionizable groups and the electro-steric interaction is tuned by

varying solvent properties such as pH or ionic strength or temperature.

1.3. Ferrofluid emulsion

Ferrofluid emulsion, also known as magnetic nanoemulsion, where
ferrofluid oil, containing single domain ferro- or ferri-magnetic nanoparticles of typical
size < 10 nm, coated with a surfactant or polymer, is dispersed in water. The dispersed
phase possesses a zero net magnetic moment in the absence of a magnetic field, but in the
presence of a magnetic field, the induced magnetic moments are oriented in the direction
of the magnetic field thereby, experiencing an attractive force along the direction of the
magnetic field and a repulsive force normal to it. The field induced self-assembly of
nanoemulsions dramatically modify their physical properties leading to many applications
such as developing tunable photonic structures [45], optical limiters [46], optical filter
[47], artificial swimmers [48], colloidal gels [49], biomolecular recognization probe [50,

51], defect sensor [52], cation sensors [53], etc.

1.4. Stabilization mechanisms in magnetic nanofluid
The attractive van der Waals and dipole-dipole forces present in the dispersion

tend to destabilize the magnetic nanofluid. A net repulsive force is necessary in order to
keep them stable. Emulsions can be stabilized by electrostatic double-layer repulsion,
where the interaction between like charges is always repulsive. There are many
mechanisms that lead to the surface charging, such as direct surface groups ionization,
specific ion adsorption, differential solution of surface ions, surface ion substitution or
charges from specific crystal structures [54, 55]. In general, colloidal systems are
electrically neutral, which means that any surface charge on a particle is balanced by an

equal amount of opposite charge (counterions) in the surrounding phase. The charges on




Chapter 1 Stabilization mechanisms in magnetic nanofluid

the surface of the particle are attached physically or chemically and to stay there more or
less indefinitely. By comparison, the surrounding (balancing) charge is associated much
more loosely with the particle. This countercharge is dispersed in a diffuse layer due to the
thermal motions of the solvent molecules and ions, which spreads from the particle surface
up to a certain distance (order of nanometers). The oppositely charged ions appear to
congregate around the particle and due to the repulsion of the charges on the particle, very
few negatively charged co-ions can get close to the surface. A non-uniform distribution of
ions in the vicinity of the surface evokes potential across the interface, and the surface
charges along with counterions are known as electric double layers. The adsorbed charged
moieties give rise to an electric field that attracts the counterions balanced with the equal

number of surface co-ions, as shown in Fig. 1.4.

@ —> Counterion & —> Coion

O ©® 0 0 @
o © 0 @ o

Diffuse
layer

| Electric double layer l

Figure 1.4 Schematic representation of electric double layer.

1.4.1. The Poisson-Boltzmann theory of diffuse double layer
The electric potential y near a flat uniformly charged surface depends on the

distance x from that surface. The potential is constant in planes parallel to the surface due

10
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to the planar geometry of the surface under consideration. In general, the potential

distribution ¥ (x, y, z) in the solution is given by the Poisson equation

_ _Pe
VAY(x,y,z) = e (1.4)

where V2 denotes the Laplace operator, &, is the dielectric constant of vacuum, and
p. stands for the local electric charge density [C/m®], which is determined by the
distribution of ions within the electric double layer
Pe = ZieNy +Z_en_ (1.5)
The valency of ions (cations or anions) is denoted here by z, and z_, respectively, e is the
elementary charge and n is the concentration of ions per unit volume. For a spherical
particle, potential distribution is a function of the radial component r only i.e., = (7).

Using spherical polar coordinates Eqn. (1.4) can be written as

V2 (r) = li(rz ﬂ) _ _Pe

r2dr dr £0E

Since the ions are free to move, their local ion density can be estimated using the

(1.6)

Boltzmann distribution

E,

ng = ngoexp <_kB—T> (1.7)
E_

n_ =n_gyexp <_kB—T> (1.8)

where, n,(n_) is the bulk concentration of the salt and E, (E_) denotes the energy
of positive (negative) ion in the given position. In the Poisson-Boltzmann theory, it is
assumed that these energies are equal to the work required to bring an ion from an infinite

distance to the considered point.
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E,=z,eyp, E_=2z_ey (1.9
On substitution of Egn. (1.5), Egn. (1.7), Eqgn. (1.8) and Eqgn. (1.9) into Egn. (1.6) for a

spherical particle, one obtains

1d dy 1 z, ey z_ey
(2 )= — — 1.10
r2dr (r dr) g€ Z+en+,oexp< kgT ) T Z-en—oexp ( kgT )] (1.10)

The above equation is known as the Poisson-Boltzmann equation. For the condition,
(z+/_ezp/kBT < 1); for an equivalent electrolyte, the potential is smaller than 25 mV, and

the equation can be written as

1d dy e?
——|\r*—) = (22 2 = K2 1.11
r2dr (r dr) [(z+n+,0 +ain,) gockpT V=rty (L1)
where « is the inverse Debye length
2 e’ (1.12)
= 2 :
K (Z+n+,0 + Z_‘I’l_,o) eockyT

Taking into account the boundary conditions, i.e., Y(r = 0) =y, and Y(r - ) = 0, a

solution of the linearized Poisson-Boltzmann equation takes the following form
Y1) = o exp(—xr) (1.13)
From the above equation, it is clear that the potential decreases exponentially with

increasing distance r. The Debye length 1/K describes the range of electrostatic
interactions and the thickness of the electric double layer in the dispersed systems. The
more ions present in the solution, the charge screening is more effective. The ionic

strength I of a given solution is written as

1 2
I'=13 Z n;z (1.14)
i=+—

The inverse Debye length is expressed as
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2
I (1.15)
gockpT

Therefore, as the salt concentration increases, the Debye length decreases. For
example, the Debye length of 10 M NaCl solution is equal to 30.4 nm, while it decreases
t0 0.96 nm at 0.1 M and to 0.3 nm at 1 M solution [56, 57]. Coulomb's law determines the
repulsion in a vacuum, whereas the interactions are screened by the ionic atmosphere in a
polar liquid. The double layers begin to overlap and repulsion occurs when particles are at
distances smaller than twice the double layer extension. For two spherical particles of
radius a and condition ka < 3, the expression for the electric double layer repulsive

interaction is given by [58]

4me, eqa’ V¢ exp(—kh)
2a+h

Wi (h) = (1.16)

The interaction energy decreases exponentially with the distance. The higher is the

electrolyte concentration, the steeper is the decay.

1.4.2. Total interaction energy between two charged particles
The total interaction energy between two charged particles is the summation of the

interaction energy due to van der Waals attraction and electric double layer repulsion and

is given by

Wr(h) = Wy (h) + We(h) (1.17)
where Wy, (h) = —C‘}’% is the van der Waals interaction energy, C,4. is the coefficient of
dispersion interaction between the atoms of the colloidal particles. Minus sign is due to
attractive nature of van der Waals interaction. The Eqgn. (1.17) was developed by
Derjaguin, Landau, Verwey and Overbeek for stable colloidal dispersion and is now

referred to as the DLVO theory [59, 60]. Fig. 1.5 shows the variation of interaction energy

with the distance h between the charged particles in the conditions of low electrolyte
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concentration (strong electrostatic repulsion). The interaction energy of the electric double
layer decays exponentially with the distance (Wz— 0), while the van der Waals energy
decreases with the sixth power of the distance and does not disappear. At very short
distances, Wy, >»> Wy, the total interaction energy is negative, resulting in a deep primary
minimum of the energy. Particles on such a distance are subjects of the irreversible
aggregation. At large separation, Wy, > Wy, a shallow secondary minimum appears which
corresponds to a weak and reversible flocculation of the particles. At the intermediate
distance, W}, < Wy, resulting in energy maximum W,,,,. That is the electrostatic barrier,
which prevents the particles from aggregation. The height of W,,, depends on the value
of ¥y, as well as on the electrolyte concentration and the ion valency. In order to ensure
satisfying colloidal stability, W, ., has to be greater than 25kzT. The higher is the valency
and the electrolyte concentration, the lower is the energy maximum. A barrier of 25k5T is
reached when the electrolyte concentration is smaller than 10°M (monovalent electrolyte)

and the zeta potential is around +40 mV [58].
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Figure 1.5 Schematic representation of interaction energy between two charged
colloidal particles according to the DLVO theory. The top dotted line represents
electric double layer repulsion between charged particles, the bottom dotted line
represents van der Waals attraction and the solid line represents the total
interaction energy.

1.5. Magnetic interactions between particles

The magnetic property of a material and its response to an external magnetic field
is defined by the magnetic susceptibility (x). Magnetic susceptibility indicates whether a
substance is attracted into a magnetic field or repelled from it. The relationship between
volume magnetization and an applied magnetic field is given in the Eqgn. (1.18)

M, = x,H (1.18)
where yy is the volume susceptibility of the particle (y, < 0 for diamagnetic material,
X, > 0 for paramagnetic material and y,, >> 0 for ferro-, ferri- and superparamagnetic
materials). The materials with y, > 0 are attracted by the magnetic field, while
diamagnetic materials are repelled from the field. The typical value of y,, for FesO4 ~ 3.2

[61] The typical value of y, is 10™ for diamagnetic material, 10°-10 for paramagnetic
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material and 10°-10° for ferromagnetic materials [62]. Superparamagnetic nanoparticles
greatly respond to the external magnetic field with higher susceptibility values. Hence, the
superparamagnetic nanoparticle is a suitable candidate for the ferrofluid system. On
exposure to an external magnetic field, magnetic moments of superparamagnetic
nanoparticles align with the magnetic field direction. The magnetic moment of each

particle is given as

4 T

where a is the radius of the particle, d is the diameter of the particle, x.;r is the effective

volume susceptibility of the ferrofluid. The anisotropic interaction energy, U;;, between

two particles is given by

u 3(m;.ry; ) \m;.1y;
Uij(rij'gij)=4néj3 m;.m; — (m lrjjg ) (1.20)

where, 11 is the permeability of environment (for vacuum, p, = 4n X 107 H.m?), m; and
m; are the magnetic moments of i*" and j** particles, and separated by a distance r;; (see
Fig. 1.6). Assuming that the two magnetic particle are identical (m; = m; = m,). For

this case, the magnetic interaction energy and corresponding interaction force between two

particles can be written as [63]

2
_ HoMmy
Yo Anr

U 1 —3cos26;;] (1.21)
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Figure 1.6  Schematic showing the geometry of the interaction between two
magnetic particles in an external magnetic field direction.

3uom?
Fij = —VU;; = % [(1 - 3c0520ij)er + ZSinHl-jcosHijeg] (1.22)
ij

where 6;; is the angle between the vector r;; and external field vector, the direction of the
magnetic field, e, represents the coordinate variable along the linking line of the two
particles and eg in a cylindrical coordinate system. The magnetic force component along

e, has a negative value when 0° < 6;; < 54.73°, showing the interparticle interaction is

attractive. Inversely, the interparticle interaction is repulsive when 54.73° < 6;; < 90°.
1.6. Magnetic field induced aggregation in magnetic fluids

Magnetic field induced aggregation in a magnetic fluid has been an area of interest
due to the technological applications. Magnetic field induced aggregation depends on
multiple parameters such as particle magnetic response, the concentration of particles, and
the viscosity of carrier fluid or thermal energy. Field induced aggregation is due to the
energy decrease in the magnetic association and the loss of entropy in the solution
associated with the formation of structures of various sizes must be taken into account in a

colloidal dispersion. Faraudo et al. [64] introduced a dimensionless quantity, called
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aggregation parameter N*, that includes both the magnetic properties of the colloids and

thermodynamic variables such as volume fraction and temperature, is given by

N* = +/PeA-1 (1.23)

where A is the magnetic coupling parameter, which is the ratio between dipolar magnetic

interaction energy to the thermal energy is given by

3.2 2
__U@0) _muodXerrH (1.24)
kpT 72ksT

and @ is the volume fraction of magnetic nanoparticles in the solution, which gives the
information about the interparticle spacing in the dispersion. The interparticle spacing

(IPS) of a monodisperse colloidal dispersion for a given @ is given by

@, \ /3
(2m) " 1] w.25)

where @,, is the maximum particle packing fraction. ®,, ~ 0.63 for random dense

IPS = 2a

packing. As the volume fraction increases, the IPS decreases. According to Eqn. (1.23),
the actual condition determining the formation of structures (N* > 1) involves not only A
but also the volume fraction. If thermal agitation is stronger than magnetic interaction
(A<1)and N* <1 and no field induced self assembly will occur due to weak magnetic
interaction or the too large interparticle spacing. Values of A larger than 1 imply that the
magnetic interaction between particles in contact is stronger than thermal energy, but self-
assembly is not guaranteed in this case. The magnetic nanoparticles self assemble to form
linear aggregates in the direction of the magnetic field at A > 1 and N* > 1. In ferrofluid,
when the magnetic force overcomes the thermal force, the magnetic moment of the
particles align along the direction of the magnetic field. As a result, one dimensional (1D)
linear short and long chains formed in the direction of the magnetic field from the

Brownian fluids [65-67]. When the concentration of the particle increases, due to the
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sufficiently strong inter-chain repulsive forces, shifting of the neighboring chain by a
distance of half particle radius in the vertical direction occurs, then the chains start to
aggregate laterally and form zippered structures (magnetic sheets) which are two
dimensional (2D) in nature [68]. Zhang et al. showed that 1D to 2D transitions is mainly
due to minimizing the repulsive potential under the conditions of a strong magnetic field
gradient and high volume fraction of large particles [69]. When the particle concentration
is above a certain critical value, two chain assembly is more stable than the one chain [70].
This 2D structure is considered as the intermediate state between 1D and three
dimensional (3D) structures [71]. The 2D structures gradually developed into crystalline
3D structures as the concentration of particles and the interparticle potential increased
further. The schematic representation of the transformation from homogeneous dispersion

to one-, two-, and three-dimensional assemblies is shown in Fig. 1.7.
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-

Magnetic fluid 1D Chains 2D sheet 3D crystal

Figure 1.7 Illustration of magnetically induced phase transitions between
colloidal fluids, 1D particle chains, 2D sheets, and 3D structures.

Various theoretical simulation methods were used to understand the effect of
various parameters such as temperature, magnetic moment, field strength, particle
concentration, sample thickness, etc., on the assembling process of magnetic nanoparticles
and their assemblies' morphology. The transition from the one-dimensional particle chains
into two-dimensional sheets are observed in the presence of magnetic field with an
increasing number of particles in the system [72]. Hynninen and Dijkstra used the Monte

Carlo simulation for the equilibrium packing of well dispersed homogeneous dipolar
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spheres responsive to external fields (electric or magnetic field) [73]. Coupling constant
determines the extent of the external field on the formation of the anisotropic structures.
Coupling constant and the particle volume fraction were used as scaling parameters in
equilibrium phase diagram. The phase diagram for dipolar sphere shows fluid, face-
centered-cubic (FCC), hexagonal-close-packed (HCP), body-centered-tetragonal (BCT)
and body-centered-orthorhombic (BCO) phases. For A > 1, thermal diffusivity is
suppressed by dipolar interactions which govern the assembling process and stabilize the
structure. Swan, et al. later studied the kinetics of assembling of paramagnetic iron oxide
coated polystyrene latex particles in pulsed magnetic field with toggling frequencies 0.33-
10 Hz [74]. Assembled particle chains gradually merge laterally and gives rise to large,
regular, crystalline domains with an increasing the time. Asher et al. reported the
formation of FCC structures from highly-charged monodisperse superparamagnetic
particles due to the minimization of interparticle electrostatic repulsive potential [45, 75].
Studies show that the magnetic fluids undergo several interesting structural transitions
depending on the applied magnetic field strength, concentration of the particles, particle
size polydispersity [76-79]. It has been shown that for particle sizes in the range 5 nm-8
nm and with a narrow size distribution (< PDI = 0.017 ), the columns are isolated and well
defined with closely packed nanoparticles inside the columns [80], and no transition is
observed from columnar to a labyrinthine pattern. In contrast, for broader size
distributions (> PDI = 0.017) defects at the ends and the edges of the columns, resulting
from a cohesion of the nanoparticles inside the columns, favor the fusion of columns into
labyrinthine structures. Field induced structures in magnetic fluids also depend on the
ramp rate of the magnetic field. When they are subjected to an external magnetic field at a
slow ramp rate, three distinct critical magnetic fields are identified [66]. Bent wall or

lamellar and labyrinthine pattern is observed for a highly concentrated sample in the case
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of a high field ramp rate [81]. The formation of field induced structures (columns, bent-
wall or labyrinthine) is explained by minimization of free energy comprising magnetic,

interfacial, and entropic contributions [82-85].

1.7.  Application of magnetic fluids
The magnetic field induced structural transitions in magnetic fluids have been a

topic of interest from both fundamental and practical point of view [86-90]. The self
assembly of magnetic nanoparticles under an external magnetic field show interesting
optical properties that are exploited for application such as magneto-optical wavelength
filter [91], optical limiters [46], optical switches [92], optical grating [93], sensors [94,
95], optical fiber modulator [88, 89], magneto-optical waveguide [96], holographic optical
tweezers [97], tunable photonic devices [98, 99], etc. The self assembled dipolar
nanoparticles in base fluids are used in field induced heating [100], thermal transport [101,
102], magnetic fluid hyperthermia [103-105], magnetic resonance imaging [106], etc.
Magnetic nanofluids are also used in various mechanical and microfluidic applications

[107, 108]. Fig. 1.8 summarizes the most important applications of magnetic nanofluids.
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Applications of
magnetic fluids
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Figure 1.8 Schematic representation of various applications of magnetic fluids.

1.8. Probing internal structures in magnetic fluids

Various techniques have been used to understand the field induced structural
transitions and their kinetic in magnetic fluids [76, 109-111]. Among these, light scattering
techniques are widely used to investigate the aggregation Kkinetics of magnetic
nanoparticles in magnetic fluid. Small angle neutron scattering [112-115], small angle X-
ray scattering [116, 117], scattering dichroism [118], Raman spectroscopy [119], optical

microscopy [120, 121], etc., have also been used to characterize the magnetic fluids.
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Several robust theoretical and numerical formalisms have been developed to understand
the inter-particle interaction under an external magnetic field in magnetic nanofluids under
different conditions [122]. Followed by the pioneering numerical simulations work by Tao
et al. [123, 124] on field induced structural transitions in electro-rheological (ER) fluids,
several studies have been performed on structural formation in magnetic fluids using
Brownian dynamics [125], Monte Carlo simulation [126-129], molecular and stochastic
dynamic simulation [130-132], mutual dipole model based on thermodynamic theory
[133] and computer model [111]. Fig. 1.9 shows the various techniques used to probe the

internal structures in magnetic fluids.

» Small angle light scattering

» Small angle neutron scattering
» Small angle X-ray scattering

» Dynamic light scattering

Scattering

* Phase contrast optical microscope

\Y| iCI’OSCOpy « Cryo transmission electron microscope

+ Scanning electron microscope

» Raman spectroscopy
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Figure 1.9 Schematic representation of various techniques used to probe the
internal structures in magnetic fluids.

1.9. Light scattering studies in magnetic fluids
The field induced structural transitions in the ferrofluid, ferrofluid emulsion and

mixed magnetically tunable soft systems have been studied using light scattering

techniques [86, 109, 134-140]. The optical anisotropy caused by the magnetic field in
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magnetic fluids contributes to many exceptional magneto-optical properties such as
magnetic birefringence, linear dichroism, Faraday rotation, Faraday ellipticity, circular
dichroism, etc. [141-143]. Photonic Hall effect is also reported in magnetic nanofluid
[144].

Light scattering was also used to assess aggregation kinetics of magnetic fluids
[145]. From the variation of forward scattered light and the scattered pattern, aggregation
times at various external fields were probed [86]. Also, by measuring the transmitted light
intensity, the aggregation rate at various external magnetic fields was evaluated [146,
147]. Light scattering used to probe structural transitions in magnetic fluids under external
magnetic fields [144, 148, 149]. The phenomena of scattering and diffraction of light in
magnetic suspension and mixtures of magnetic and nonmagnetic scatterers were also
investigated in the past [76, 150]. Details of some important studies along with key
findings on magnetic field induced structures in water, oil based magnetic fluids and
ferroemulsions using light scattering techniques are given in Table 1.1, 1.2 and 1.3,

respectively.

Table 1.1 Key findings of a few selected works on magnetic field induced structures in
water-based ferrofluids using light scattering techniques.

Particle/Base | Size | Volume Key findings [Ref]
fluids fraction
nm
(nm) @)

were determined from the transmitted light
intensity.

Fes3O4/water 11.9 | 0.002 v' Particle size and the magnetic dipole moment | [151]

v' Found magnetic field induced anisotropic
structures as the origin of the dichroic effect.

Fes3O4/water 10 0.0309 |v* Optical dichroism in ferrofluid was studied. [152]

field induced aggregation

v After switching off the magnetic field, the
birefringence is reduced to zero with a
characteristic time proportional to the
solution's viscosity.

y-Fe;Os/water | 3-30 [ 0.0006 |v Found birefringence is due to the magnetic | [153]

v-Fe20g, 6- 0.0006- |v* The optical birefringence measured as a | [109]
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Mn FEQO4,
CoFe,O4/water

15.6

0.056

function of temperature showed the presence
of nematic-type order of magnetic particles in
the absence of a magnetic field.

Found anisotropic charge distribution in the
ferrofluid grains was responsible for the
nematic order.

The measured optical anisotropy was
explained in terms of shape anisotropy and
the classical light depolarizing factors.
Birefringence was proportional to the
concentration of the magnetic particles.

Fe,CoOu4/water

12

0.00025

v

Photonic Hall Effect (PHE) as a function of
concentration, magnetic field, and
polarization of the incident light was studied.
The PHE was due to the orientation of the
particle’s magnetic moments in the Faraday
effect.

[144]

y-FGzOg

10

0.015

Static magnetic birefringence (SMB) was
studied.

SMB was found to be proportional to the
square of the applied magnetic field at low
field limit and remained constant at high
magnetic field limit.

[154]

CdFe,Oq4/water
and vy-
Fe,Os/water

9.2
and
10.2

0.008 -
0.072

<X

Static magnetic birefringence was studied.
Transmissivity and birefringence of the
CdFe,O4 based sample was several times
greater than y-Fe,O3 based sample.

[134]

Fe;O4/water

13

0.001 -
0.003

Light transmission through a thin ferrofluid
film modulated by an applied magnetic field
is studied.

The behavior of transmission coefficient was
dependent on the particle chains forming,
lengthening, moving, and breaking in the
ferrofluid film.

[155]

Fes;O4/water

0.01

Time and magnetic field dependent optical
anisotropy was studied for two orthogonal
He-Ne laser beams propagating through
ferrofluid.

Forward scattering light showed a non-
monotonic time dependence, dropping off
sharply to virtually zero intensity at short
times then increased to values that strongly
field dependent at long times.

The characteristic time to zero forward
scattering was found to vary inversely with
the applied magnetic field strength.

[86]

Fes;O4/water

115

0.012

ENEN

Magneto-optical extinction was investigated.
Rayleigh to Mie transition was observed in
the presence of a magnetic field.

[156]
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Fe;O4/water

8.42

0.0017 -
0.0152

v

Transmitted intensity decreased to a
minimum value at a certain magnetic field
related to the onset of columns of chains
formed from isolated particle chains.

The critical magnetic field decreased with
increase in particle concentration and the
sample’s aging time.

[135]

Fe;O4/water

10

0.0075-
0.03

v

The effect of field strength, particle
concentration, and wavelength of incident
light on birefringence was studied.
Found magnetic field induced aggregation
was the origin of the birefringence.

[157]

Fe;O4/water

15

0.002

v

Time dependent dynamic behavior of
diffraction pattern in the presence of a
magnetic field was investigated.

When the magnetic field was parallel to the
light propagation direction, the size of the
diffraction ring varied with time due to the
variation of lattice like structures.

[158]

Fe;O4/water

15

0.001-
0.005

v

Time- and wavelength-dependent light
scattering under an external magnetic field
was probed.

Characteristic inversion time was found to
follow a power law with the wavelength of
the incident light.

[159]

Fe;O4/water

15

0.00816

v

Continuous evolution of backscattered
speckle pattern as a function of magnetic
field was studied.

The speckle contrast was found to increase
linearly with the external magnetic field due
to the evolution from highly dynamic to static
scatterers in the dispersion.

Backscattered light intensity completely
reversed after switching off the magnetic
field.

[99]

Fes;O4/water

15-46

0.00916

v

Effect of hydrodynamic size on field induced
transmission was investigated.
Critical magnetic fields followed a power law
decay with the applied magnetic field with
increasing hydrodynamic size.

[160]

Fes;O4/water

10

0.0079

v

Laser self induced birefringence of magnetic
fluid was investigated and a linear increase in
birefringence with the laser power was
observed.

[161]
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Table 1.2 Key findings of a few selected works on magnetic field induced structures in
oil-based ferrofluids using light scattering techniques.

Particle/Base
fluids

Size
(nm)

Volume
fraction

(@)

Key findings

[Ref]

Fe;04/Decalin

7.5

0.0014

Magneto-optical birefringence was studied.
Birefringence was found to be proportional
to the square of the applied magnetic field at
low fields.

[162]

Fe;O4/Kerosene

0.06

Time dependent transmission was observed.
The transmitted light intensity increased with
the power of the incident light.

The peak of transmitted power decreased
with an increase in the magnetic field.

[163]

FesO4/hydrocar
bon fluid

0.12

Field strength and time dependent linear
dichroism was studied in ferrofluid film.
Dichroism observed at low field indicated the
presence of small, ‘primary’ linear
aggregates.

Rapid disappearance of the diffraction
pattern upon removal of the field was
observed.

[164]

Fe;Oa/hexane

10

0.0046

'4

Dynamic thermally induced diffraction
patterns coupled with the effect of gravity
and an external magnetic field were
investigated.

The observation of diffraction patterns in
zero fields was correlated to the thermally
lensing effect.

[150]

Fe;04/Kerosene

6.7

0.0016-
0.0276

4

Magnetic field induced extinction of light
was observed.

Transmitted light intensity extinct at a certain
magnetic field, which followed a power law
decay with the volume fraction.

Light transmission was reversible.

[165]

Fe;04/Octane

6.5

0.00649

R

Several critical fields were observed based
on the variation of transmitted light intensity.
Critical fields observed at a regular interval
of 20 G.

The observed critical fields were attributed to
the zippering transitions of the chains.

[68]

Fe;04/Kerosene

6.5

0.00649

v

Influence of field ramp rate on the kinetics of
field induced chain like structure was
investigated.

The variation of transmitted light intensity at
different ramp rate was explained based on
initial aggregation time.

[138]
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Disappearance of the ring like pattern and the
reappearance of the original spot, upon
removal of the magnetic field, confirmed the
perfect reversibility of the linear aggregates.

Fe;O4/kerosene

6.5

0.00155

v

Influence of temperature and incident
wavelength on magnetic field induced light
transmission was investigated.

The rate of extinction of normalized
transmitted light intensity decreased linearly
with increasing sample temperature.

[166]

Fe;O4/Kerosene

6.7

0.01713

v

Path length dependent magnetic field induced
scattering pattern was investigated.

A single corona like light scattered ring was
observed for the longer path length (1 mm)
and a concentric diffraction ring pattern was
observed for a shorter path length (80 um).
2D hexagonal to 3D hexagonal structure is
seen when 10 um < path length < 80 um.

[167]

FesO4/hydrocar
bon carrier fluid

10

0.0106

v

Faraday rotation in the terahertz regime (0.2 -
0.9 THz) at room temperature was reported.

[168]

Table 1.3 Key findings of a few selected works on magnetic field induced structures in
ferrofluid emulsion using light scattering techniques.

Particle/Base
fluids

Size

(nm)

Volume
fraction

» (@)

Key findings

[Ref]

Ferrofluid
emulsion

500

0.0004

4

The field induced structures in a
monodisperse ferrofluid emulsion were
studied.

The equilibrium structure consists of equally
sized and locally ordered columns of
magnetic droplets.

Column spacing (p) followed a power law
rise with the cell thickness (ie., p =
1.33L°37) in the range of 3 < thickness <
800 um).

[76]

Ferrofluid
emulsion

466

0.00007

v

The structure formation and dynamics of
dilute, monodisperse ferrofluid emulsion
under an external magnetic field were
investigated.

Field induced chain formation was observed
for A > 1, and was found to be a diffusion
limited process.

[169]

Ferrofluid
emulsion

200

0.003-
0.1

v

Magnetic field induced structural transitions
were observed.

Gas to solid transitions observed with the
increase of the magnetic field.

[66]
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Three structural transitions were found.

NE

Ferrofluid 220 0.0033

emulsion presence of magnetic field.

v' By varying the magnetic field, the Fano
profile and the transmittance were turned.

Fano-like resonance was observed in | [170]

Ferrofluid 220 0.0014- |v* Magnetic field dependent near infrared | [171]

emulsion 0.0067 photon absorption was studied.
v The absorption was found to depend on the
volume fraction and applied magnetic field.

1.10. Motivation
When the size of particles or droplets of soft matter is in the nano range (d < 10

nm), due to limited experimental tools available, probing structural transitions and their
Kinetics in-situ under an external magnetic field is very challenging. Magnetically tunable
soft matter is an excellent model system to study scattering phenomenon in various
regimes because the size of the scatterers can be tuned from the Rayleigh regime (d << 1)
to the Mie regime (d~A) and eventually to the geometric regime (d >> A1) by simply
varying the strength of the external magnetic field. Magnetically tunable soft matter is also
ideal system for studying electromagnetic wave scattering and propagation through
ordered, weakly ordered media and order-disorder transition, which has been a topic of
interest for quite a long time.

Though field induced aggregation is rich with theoretical and simulation data,
systematic experimental studies on equilibrium and non-equilibrium structures in real
magnetic fluids are scarce. Insights into such field induced structures and order-disorder
transitions in magnetic fluids are very important for developing practical applications. The
purpose of this work were to understand the parameters influencing the field driven
structures in magnetic fluids (both material and magnetic field), its temporal evolution and
dynamics. The fluidic parameters considered are the volume fraction, size polydispersity,
and the surfactant concentration, while the magnetic field parameters examined are field

ramp rate, field strength, field orientation, and switching conditions.

29



Chapter 1 Objectives

1.11. Objectives
The objectives of the thesis are the following:

v" To investigate the surface charge screening on critical magnetic field associated
with field induced structural formation in a charged magnetic nanoemulsion.

v To study the temporal evolution of equilibrium and non-equilibrium magnetic field
driven microstructures in a magnetic nanoemulsion.

v' To study the magnetic field induced transparency and the magneto-optical
birefringence in magnetic nanoemulsion.

v' To study the effect of size polydispersity on magnetic field induced equilibrium

and non-equilibrium structures in ferrofluids.

1.12. Overview of thesis
The thesis consists of seven chapters. Chapter 1 gives a brief introduction to soft

matter, smart colloids, ferrofluids, ferrofluid emulsion, stabilization mechanisms, magnetic
interactions between particles in different environments, magnetic field induced
aggregation and the factors affecting magnetic field tunable physical properties of
magnetic fluids. A detailed literature survey on field induced structural transitions studies
in magnetic fluid and magnetic nanoemulsion by various techniques, motivation and
objectives of the present work, are also provided here.

Chapter 2 briefly discusses the details of various samples used for the
experimental studies. The details of characterization techniques such as powder X-ray
diffraction, small angle X-ray scattering, dynamic light scattering, vibrating sample
magnetometer, thermogravimetric analysis, and phase contrast optical microscope are
provided. Details of light scattering setup for probing the structural transition in magnetic
fluids (ferrofluids and ferrofluid emulsion) using transmitted light intensity and scattered

pattern are also discussed.
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Chapter 3 describes the field assisted structural transitions in magnetic
nanoemulsion of average droplet size of 200 nm containing superparamagnetic iron oxide
nanoparticles of diameter ~ 10 nm. The role of surface charge screening on critical
magnetic fields for various structural transitions in magnetic nanoemulsion of different
volume fractions is studied. Three distinct critical magnetic fields are identified, which
correspond to the commencement of small aggregate formation, complete formation of
linear aggregates before the commencement of lateral coalescence of individual chains,
and the formation of densely packed columnar solid-like structures through zippering of
individual chains. During the structural transitions, the transmitted light spot is
transformed into a ring, with distinct speckle characteristics, due to scattering from self-
assembled linear aggregates. The speckle pattern was fully reversible, and the aggregation
rate was found to increase linearly with increasing surfactant concentration.

Chapter 4 presents the temporal evolution of magnetic field driven
microstructures in a magnetic nanoemulsion under different experimental conditions such
as volume fraction, surfactant concentration, magnetic field strength, and ramp rate. For
low volume fractions and applied magnetic fields, transmitted light intensity showed a
rapid decrease, followed by an increase with elapsed time, while at high field strengths
transmitted light intensity was low and time independent. The critical magnetic field
followed a power law decay with the volume fraction. The phase contrast microscopy
results show very fast lateral movement of well separated chains and interconnected
frozen disordered non-equilibrium structures at low and high magnetic fields, respectively.
When the average distance among chains is greater than the escape distance, a fewer
chains coalesce to form individual chains. At high field strength, more chains and complex
patterns are formed within the escape distance, while at low field strengths, the average

inter-chain spacing increased with time and followed a power law scaling with time.
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Chapter 5 provides magnetic field induced optical transparency and its origin in
magnetic nanoemulsion. Beyond a certain volume fraction (& > 0.0021) of magnetic
nanoemulsion and a critical magnetic field (H,.,), the transmitted light intensity increases
drastically and reaches a maximum at another critical magnetic field (H,,), beyond which
the transmitted light intensity decreases and reaches a plateau. The transmitted light
intensity at H., is found to increase linearly with & and the critical magnetic fields (H,,
and H,,) follow a power law decay with volume fraction. The light intensity recovers to its
initial value when the magnetic field is switched off, indicating a perfect reversibility of
the field induced transparency process. The observed straight line scattered patterns above
H,,, on a screen placed perpendicular to the incident beam, confirms the formation of rod
like anisotropic nanostructures perpendicular to the direction of light propagation. The
magneto-optical measurements in the emulsion confirm that the observed field induced
transparency in magnetic emulsions (& > 0.0021) is due to optical birefringence caused by
rod like nanostructures.

Chapter 6 presents the effect of particle polydispersity on field induce aggregation
and structural transitions in ferrofluids. Three different ferrofluids, containing oleic acid
capped superparamagnetic nanoparticles of different polydispersity indices (PDI), namely
M1 (PDI = 0.22), M2 (PDI = 0.23) and, M3 (PDI = 0.79), are used in the present study.
Ferrofluid confined between two glass plates showed no field induced aggregates in a
ferrofluid with a PDI of 0.22, up to a magnetic field strength of 550 G. In the sample with
PDI ~ 0.79, single chains, thick chains and sheets are formed on increasing in-plane
magnetic field from 0 to 550 G, whereas isotropic bubbles, hexagonal and lamellar/stripe
structures are formed on increasing the magnetic field in out-of-plane. In M3, bubbles
were formed at a very low magnetic field strength of 30 G with an average inter-column

spacing of 3 pum, which is found to decrease with magnetic field and hexagonal close
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packed columnar structures were formed with an inter-column spacing of 0.6 ym at H =
170 G. The average inter-column spacing is found to vary inversely with the external
magnetic field up to a field strength of 170 G, beyond which the columns coalesce and
form a stripe patterns. At very high magnetic field strength, the undulation due to long
range magnetic coupling interaction between stripes caused a zig-zag pattern. The
isotropic to hexagonal columnar to lamellar/stripe patterns observed in sample M3,
indicate the prominent role of larger sized particles and the applied magnetic field strength
in structural transitions in ferrofluids. The inter-column spacing decreases with the volume
fraction of large particles (®;) and follows a power law dependence, and the magnetic
field required to form hexagonal and stripe like patterns is found to decrease with PDI and
®;. The observed transmitted light intensity from random particles, chains/columns,
hexagonal closed pack and stripe like structures were single bright spot, circular pattern,
circular ring with six bright spots and straight line, respectively, which further confirm the
microscopic results. Based on the observed microstructures, a phase diagram is
constructed with volume fraction of larger particle and the applied magnetic field strength.

Chapter 7 summarizes the overall results, conclusions, and the scope for future

work.
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Materials and methods

2.1. Materials
The chemicals used, ferric chloride hexahydrate (FeCls.6H,0), ferrous chloride

tetrahydrate (FeCl,.4H,0), 25% ammonium hydroxide, 35% hydrochloric acid, oleic acid,
acetone, and hexane, were purchased from E-Merck and GR grade with 99% purity. The
anionic surfactant, sodium dodecyl sulfate (Ci,H25SO4Na), was obtained from Sigma
Aldrich. All reagents were used as received without further purification. MilliQ water of

resistivity 15 MQcm was used to make solutions throughout the experiments.

2.2. Synthesis of ferrofluid
The magnetite nanoparticles were synthesized by co-precipitation method using

freshly prepared iron salts, 0.2 M FeCl,.4H,0 and 0.4 M FeCl;.6H,0, mixed in 1:1 ratio at
a constant stirring (i.e., 1000 rpm) [38, 172, 173]. The mixture was heated in a water bath
until it reached a temperature of 60 °C. The pH of the solution was increased rapidly to
10.5 by adding 25% aqueous ammonia. After the solution turned black, indicates the
formation of magnetic nanoparticles, 20 mL of oleic acid was added. The pH and the
temperature of the solution were adjusted to 9.5 and 70 °C, respectively. At the same pH,
temperature, and stirring speed, the solution was kept for 30 minutes to ensure surfactant
binding on the nanoparticle surface. The temperature was increased to 79 °C to remove the
excess ammonia and the protonation of adsorbed and unabsorbed ammonium oleate as
oleic acid. The surfactant coated particles were washed with triply distilled water at 60 °C
until the pH became 7 and removed the ionic impurities and later dispersed in water. The
hexane dispersion was treated with acetone to induce aggregation of particles. The
resulting mixture was centrifuged at 2500 rpm for about 30 minutes to separate aggregated

particles from the dispersion. The precipitate magnetite nanoparticles were again dispersed
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in hexane for further treatment. The hexane, acetone mixture washing procedure was
repeated a few times. The oleic acid coated Fe3O4 nanoparticles were dried at 35 °C for 48
hours in an inert atmosphere and the dried particles were dispersed in kerosene. Fig. 2.1

shows the schematic of ferrofluid sample.

(@) (b) ()

Figure 2.1 Schematic representation of ferrofluid: (a) On a macroscopic length
scale, ferrofluid resembles an ordinary liquid with a zero net magnetization, (b)
On a colloidal length scale, solid nanoparticles dispersed in a liquid, (c) Each
particle consists of a single domain magnetic core, e.g., iron oxide, and a surface
grafted with surfactant or polymer chains. Typically particle size ~ 10 nm.

2.3.  Preparation of magnetic nanoemulsion
The magnetic nanoemulsion was prepared by shearing non-aqueous ferrofluid

(octane containing oleic acid capped Fe3O4 nanoparticles) with surfactant (SDS) solution
at ~ 1500 rpm, using IKA homogenizer [174-176], results in the formation of a highly
polydisperse coarse emulsion (where droplet size varies between 0.05 and 1 pm).
Monodispersed emulsion of narrow size distribution is obtained from coarse emulsion
using fractionation technique, where excess surfactant solution is added into the
continuous medium to induce an attractive interaction between droplets (depletion
flocculation) and to phase separation between a dilute phase with smaller droplets and a
dense phase with larger droplet size [7]. The dilute phase is removed and the dense phase
is diluted with surfactant solution further. By repeating this process, a highly

monodisperse ferrofluid emulsion was obtained.
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The aqueous ferrofluid emulsion droplets were stabilized using an anionic
surfactant: SDS. In aqueous solutions, SDS is dissociated with a negatively charged DS
head group, which is hydrophilic in nature. At the emulsion interface, the hydrophobic
alkyl chain buried deep into the oil droplet and the DS" is exposed to water. The
dissociated Na* (counter-ion) and DS™ (surfactant head group) at the interface form an
electrical double layer and provide electrostatic stabilization. Fig. 2.2 shows the schematic

of the magnetic nanoemulsion sample.

H=0 Field ON

Figure 2.2 Schematic representation of magnetic nanoemulsion. Each
droplet contains single domain iron oxide nanoparticles of size ~10 nm. (a)
The magnetic moment of each nanoparticles are randomly oriented in the
absence of magnetic field. (b) In the presence of magnetic field, the
magnetic moment of magnetic nanoparticles align in the direction of the
magnetic field.

2.4. Characterization techniques
2.4.1. Powder X-ray diffraction
Powder X-ray diffraction is the most widely used diffraction method to determine

the structure of crystalline solids as the wavelength of the radiation is on the same scale as
the atom spacing in a crystal [177]. X-ray diffraction is based on constructive interference
of monochromatic X-rays scattered from the crystalline plane. The interaction of the
incident rays with the crystalline plane produces constructive interference when diffraction

conditions satisfy Bragg’s law:
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2dpiSing = nAy_rqy (2.1)
where, n,. is an order of Bragg reflection, Ay_,,, is the wavelength of X-ray, dy, is the
interplanar spacing of the crystal, and 6 is the Bragg angle. In a typical XRD pattern, the
diffracted intensities are plotted versus the detector angle 26. Each peak is then assigned a
label indicating the spacing of a crystal plane. The average crystalline size is calculated

using Debye-Scherrer equation,

KAX—ray

— 2.2
Brwrumcoso (@2)

crystal =

where K is a constant (~ 0.9 for spherical particle), Bryuy is the full width at half
maximum of the highest intensity peak measured in radians.
In the present study, powder XRD characterization was carried out using Rigaku

Ultima IV X-ray diffractometer with Cu-K, radiation, Ax_,,, of 1.5418 A and an applied

voltage and current of 40 kV and 30 mA, respectively. The scanned 26 range was 20 — 80°
with a step size of 0.02° and a scan rate of 2%minute, respectively. Data acquisition and
preliminary analyses were performed using PDXL software and the obtained diffraction
pattern was compared with the database of Joint Committee on Powder Diffraction

Standards (JCPDS).

2.4.2. Small angle X-ray scattering
Small angle X-ray scattering (SAXS) is a characterization technique to study the

size and shape of the inhomogeneities in the material at length scales much larger than the
X-ray wavelength. Primary experimental requirements of SAXS are a well collimated X-
ray beam with a small cross-sectional area and an extended sample-detector distance to
reduce X-ray background. Typical length scales probed with SAXS are in the 1-100 nm
range.

In SAXS, the scattered intensity can be written as [178]
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I(q) = N,S(@)P(q) (2.3)
where, N, is the total number of particles, S(q) is the structure factor which describes the
interparticle interference, P(q) is the particle form factor, and q = (47/Ax_qy)sind is
the wave vector. For a dilute solution, S(g)~1 (where there is no interaction between the
particles), the total intensity is proportional to P(qG). For a spherical magnetic particle of

radius a the scattering intensity is given in the following equation [178]

sin(gqa) — qacos (qa) 2
(qa)?

where Ap, is the electron density difference between the solute and the solvent. From the

(2.4)

1(q) = (8pe)?V,? |3

decay of scattered intensity (1(q)) at small g, size of the particles is estimated and the
region is called Guinier region. The I(q) at high g limit is called Porod region, which gives
the information about Fractal dimension. The distance distribution function is obtained by
the Fourier transform of the scattering curve and is given in Eqn. (2.5) [179], which gives
information about the shape of the particles.

o)

2
p(r) =—f I(q)qr sin (qr) exp(—B*q?) dq (2.5)
)

where B* is the damping factor to remove the termination effect of the Fourier transform.
In the present study, the small angle X-ray scattering studies were carried out using

a Rigaku Ultima IV instrument equipped with a Cu-K, source and scintillation detector.

SAXS measurements are performed in transmission geometry in the 26 range of 0-2.2° in

steps of 0.01°. Data analysis is performed using NANO-solver software.

2.4.3. Dynamic light scattering
Dynamic light scattering (DLS) is a non-invasive and non-destructive technique

used for measuring hydrodynamic size of dispersed particles that are in the submicron

range in dilute solution. This technique measures the time dependent fluctuations in the
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intensity of the scattered light at a constant angle that occurs because of the Brownian
motion of particles [180, 181]. This time varied intensity is studied through
autocorrelation function, which determines the translational diffusion coefficient of
particles. The correlation function depends on the size of the nanoparticles, i.e., for smaller
particles, the correlation function decays faster due to their rapid motion as compared to

the larger sized particles (see Fig. 2.3).
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Figure 2.3 (@) The scattered light intensity fluctuates faster for smaller particles
than for larger particles. The resulting correlation coefficient therefore decays
faster for smaller particles than for larger particles.

The intensity autocorrelation function is given by

@I+ D)
g9*(0) = oy

where, I(t) is the scattered intensity at an arbitrary time, t, and I(z+z) is the scattered

(2.6)

intensity after a delay time, z. The intensity autocorrelation function decays exponentially
with time since the particles in the suspension are in Brownian motion. The intensity
autocorrelation function, g2(z), is related to the electric field autocorrelation function,

g1(7) by Siegert’s relation, which is given by,

39



Chapter 2 Characterization techniques

g'(@) = [g*(x) — 1]°° (2.7)
For a suspension of monodisperse spherical particles, the autocorrelation function decays

exponentially with delay time z and is given as

g'(1) = Ap.e™PIT + B (2.8)
where A, is the amplitude of the correlation function, B is the baseline, D is the
translational diffusion coefficient. The electric field autocorrelation function is fitted with
the Eqgn. (2.8) to obtain the translational diffusion coefficient. The hydrodynamic size of
the droplet was obtained from translational diffusion coefficient using Stokes-Einstein

equation,

kT
N 67T77Rh

(2.9)

where R; is the hydrodynamic radius of the dispersed particle. In the present study,
hydrodynamic size is measured using Zetasizer Nano ZS (Malvern Instrument, UK). The
experiments were performed in the backscattering geometry (173° at an ambient

temperature of 25 °C for measuring hydrodynamic size.

2.4.4. Zeta potential measurement
The development of a net charge at the particle surface affects the distribution of

ions, resulting in an increased concentration of counter ions close to the surface. There are
two parts of the liquid layer covering the particle. First, the compact layer is also known as
the Stern layer, which comprises counter ions tightly bound to the surface and the outer
layer is called the diffuse layer, where they are attached less strongly. There is a notional
boundary within the diffuse layer under which the ions and particles form a stable entity.
This boundary is called the slipping plane; as a particle travels, ions within the boundary

move with it, but any ions outside the boundary do not migrate with the particle. The
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potential at the slipping plane is known as the zeta potential. The zeta potential was

obtained by using Henry’s equation,

_ 28f (k)

Uy 3

(2.10)

where ( is the zeta potential, Uy is the electrophoretic mobility, € is the dielectric constant
of the suspending medium, and f (kxa) is Henry’s function. f (xa) =~ 1.5 by Smoluchowski
approximation for particles larger than 0.2 um dispersed in an electrolyte containing more
than 10° M salt. For small particles in low dielectric constant media, f(xa) becomes 1 by
Huckel approximation for non-aqueous measurements. Particles with a zeta potential of
greater than = 30 mV are considered to be a stable dispersion.

The electrophoretic mobility of the particle is measured using a combination of
laser Doppler velocimetry and phase analysis light scattering (PALS), which allow one to
get the zeta potential for particle with lower mobility with high precision. Zetasizer Nano

ZS (Malvern Instrument, UK) is used for zeta potential measurement.

2.4.5. Vibrating sample magnetometer
Vibrating sample magnetometer (VSM) system is used to measure the magnetic

properties of materials such as magnetic moment, blocking temperature, susceptibility,
etc., as a function of the magnetic field, temperature, and time. VSM is based on Faraday’s
law of induction, which states that an electromagnetic force is generated in a coil when
there is a change in flux through the coil [182]. The magnetic sample to be studied is
placed between two electromagnetic pieces that produce a constant magnetic field, which
allows the magnetic moments or spins of the sample to align in the direction of the
magnetic field. Stationary pickup coils are mounted on the poles of the electromagnet. The
sample oscillated sinusoidal (up and down) perpendicular to the magnetic field produced
by the electromagnet induces a voltage in the coils proportional to the magnetic moment

of the sample. In the present study, the magnetic properties of the magnetic sample were

41



Chapter 2 Characterization techniques

obtained using a cryogen-free VSM (M/s Cryogenics, U.K.) and the measurement was

performed in the field range + 2 T.

2.4.6. Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a method of thermal analysis in which the

amount and the rate of change in the mass of a sample are monitored over time as a
function of temperature under a controlled atmospheric environment [183]. TGA gives
information concerning the mass and composition of the stabilizers (based on their melting
or evaporation temperature). TGA instrument consists of a sample pan supported by a
precision balance and resides in a furnace. The furnace is programmed for a linear rise of
temperature with time, which generates heat radially towards the center. In the present
study, TGA of ferrofluids was carried out using Mettler-Toledo TGA-DSC-1, 1100 LF
(Switzerland) under Argon atmosphere in the temperature range of 30 — 600 °C at a

heating rate of 10 °C/minute.

2.4.7. Phase contrast optical microscope
Phase contrast optical microscope uses contrast-enhancing optical technique to

produce high contrast images of transparent specimens [184]. Fig. 2.4 shows the
schematic representation of phase contrast microscopy. Light from the white light source
(i.e., halogen lamp) passes up through the condenser lens (located above the annular ring)
and is then focused onto the specimen. Then undeviated and diffracted light was collected
by the objective lens. The objective lens contains a phase plate in order to maximize
differences in intensity (or contrast) between the specimen and the background in the
image plane. Depending upon the different refractive indices, the object to be studied
shows a different degree of contrast in the microscope.

In the present study, the microstructures of magnetic nanofluids at different
magnetic field strengths were obtained using a Leica inverted phase contrast optical

microscope equipped with a digital camera (ORCA-Flash4.0LT, Model - C11440-42U,
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Hamamatsu, Japan). The obtained images are processed using HCImageLive software. A
stepper motor control stage (DPM, motor part number: DPM57SH51-1A.000) with two
arms fixed with permanent magnets are brought closer at different speeds to attain the
desired ramp rate and magnetic field strength. The variation in the magnetic field within
the sample was + 5%. However, the variation within the area of interest of microscope was

less than 1%.

To the eyepiece

& l:i‘l / ——> Phase ring

@ —> Objective lens

e / —> Sample

Light source

Figure 2.4 Schematic representing phase contrast technique.

2.5. Light scattering setup for probing structural transition in
magnetic fluids (ferrofluids and ferrofluid emulsion) using transmitted
light intensity

2.5.1. Light scattering experimental setup (parallel mode)
Figure 2.5 (a) show the schematic of the experimental setup used to probe

the structural transition in the magnetic fluids using the transmitted light intensity as a
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function of magnetic field and time. The photograph of the experimental setup is shown in

Fig. 2.5 (b).
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(a) Power
Solenoid Sample cuvette supply
He-Ne laser Pel' _ Current
E_ _ /i amplifier

Read out

II 6bit ADC

( 1} i

Programmable power supply

(b)

|

Data acquisition system

o o o o o b suANE

Figure 2.5 (@) Schematic representation of the light scattering experimental
setup. The applied magnetic field is parallel to the light propagation direction. (b)
Photograph of the experimental setup; (1) He-Ne laser, (2) solenoid, (3) sample
cuvette, (4) photomultiplier tube (PMT), (5) white screen, (6) CCD camera, (7)
analog-digital converter (ADC), (8) PMT power supply, (9) PMT readout, (10)
pre-amplifier, (11) software, (12) programmable power supply.

45



Chapter 2 Light scattering setup for probing structural transition in magnetic fluids
(ferrofluids and ferrofluid emulsion) using transmitted light intensity

The sample is taken in a quartz cuvette having optical path length of 1 mm. An
amplitude and frequency stabilized He-Ne laser (Spectra-physics, USA, model- 117 A),
with a wavelength of 632.8 nm and an output power 1 mW was used as a light source. The
light beam first goes through a polarizer and then through the sample placed inside the
solenoid. The magnetic field strength was controlled by changing the current using a
programmable DC power supply (Makarla Electronics, Bangalore, India). The software
offer to change the magnetic field in different ways, i.e., the magnetic field can be
increased or decreased between two magnetic field strength with different ramp rates,
different paths, etc., and also magnetic field can keep constant as a function of time. The
direction of the applied magnetic field was parallel to the light propagation direction. The
variation in the magnetic field within the sample was 5% and the variation within the
laser spot diameter was less than 1%.

The forward transmitted light intensity was measured by using a photomultiplier
tube (PMT) (Oriel Newport, model-77265). A power supply (model: 70705, Oriel
instruments) supplies highly regulated voltage to the PMT. This power supply has LED
displays and two high voltage BNC outputs for the photomultiplier tube (voltage range: -
200 to 2000 Volts). The output of PMT was fed to a readout (model: 70701, Oriel

instruments) through a current amplifier (model: 70710, Oriel instruments) with variable
gain. The 70701 readout has a 3 1/2 digit LED display for calibrated output signal. There

were two types of input/output connectors. The input voltage can be varied from £ 0.1 to
10 times and offset from 0 to 100%. The 70710 current amplifier is designed for use with
current source as photomultiplier tube and was a low noise current-to-voltage amplifier. It
converts the low current output from PMT to a voltage signal for the 70701 readout. It has
six switchable amplifier selections: 10%, 10, 10°, 10’, 10°, and 10° volts per ampere. The

analog output from the readout was connected to a 16 bit analog to digital converter
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(ADC, 200 kS/s, 16 bit, 16-ch Multifunction USB Module, model: 4716, Advantech) that
was interfaced with a computer through a USB port. The transmitted intensity data were
acquired and saved by the software with which the ramp rate of external magnetic field
was also changed using the programmable power supply. For recording transmitted
intensity patterns, the light scattered from the sample was projected on a screen and were
recorded using a charge coupled device (CCD) camera (digital video camera recorder,

DCR SR 45 E, Sony Corporation, Japan).

2.5.2. Light scattering experimental setup (perpendicular mode)
Figure 2.6 (a) show the schematic of the experimental setup where magnetic field

was applied perpendicular to the light propagation direction to probe the optical anisotropy
(birefringence) in magnetic fluids by measuring the transmitted light intensity as a
function of magnetic field and time. The axes of the polarizer and analyzer were set
perpendicular to each other for the birefringence measurement. The photograph of the

experimental setup is shown in Fig. 2.6 (b).
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Ferrofluids used and their properties
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Figure 2.6 (a) Schematic representation of the light scattering experimental
setup for measuring optical anisotropy in magnetic fluid. (b) Photograph of the
experimental setup; (1) He-Ne laser, (2) polarizer, (3) sample cuvette, (4)
electromagnet, (5) analyzer, (6) photomultiplier tube, (7) white screen, (8) CCD
camera. Data acquisition system used was the same as shown in Fig. 2.4 (b)

Ferrofluids used and their properties

Three different ferrofluids are used in our study, which contains oleic acid capped

magnetic nanoparticles (Fe3O4) of the same volume fraction (® = 0.037). In all cases, the

particles are dispersed in kerosene. These samples are indicated as M1, M2, and M3,

respectively. Table 2.1 shows the compiled results of the physical properties of the three

samples obtained from XRD, DLS, VSM, and TGA.
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Table 2.1 Sample code, crystallite size, hydrodynamic size, polydispersity index,
magnetization, and surfactant loss in samples M1, M2, and M3.

Sample | Crystallite | Hydrodynamic | Polydispersity | Magnetization | Surfactant | Estimated
name | size [nm] size [nm] index [emu/g] weight
loss [%] surfactant
wt%
required
for a
monolayer
M1 9.6+£0.7 10+ 0.6 0.22 69 £ 0.6 24 19
M2 8.3+0.8 11.7+0.9 0.23 66 + 0.7 21 21.4
M3 1051 2091 0.79 71+0.7 19 17.7
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Figure 2.7 (@) X-ray diffraction pattern, (b) distance distribution function, (c)
correlation coefficient as a function of time of scattered light obtained from
dynamic light scattering, and (d) hydrodynamic size distribution of M1, M2, and
M3.

Figure 2.7 (a) shows the XRD pattern of oleic acid coated iron oxide
nanoparticles. The Bragg's diffraction peaks corresponding to (220), (311), (400), (511),
and (440) planes of Fe;04 (JCPDS file no. 19-0629) are observed. Fe3O4 has an inverse
spinel structure where tetrahedral sites are occupied by Fe** ions, whereas octahedral sites
are shared between Fe** and Fe®* ions. From the highest peak, corresponding to (311)

plane, the average crystallite size was calculated using Debye-Scherrer equation (Eqgn.
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2.2) and the estimated values are found to be 9.6 £0.7, 8.3 £0.8, and 10.5 £ 1 nm for M1,
M2, and M3, respectively. Fig. 2.7 (b) shows the distance distribution function obtained
from small angle X-ray scattering. The most probable size was found to be 10.2 + 1, 12.8
+ 1, and 13.4 + 1 nm for M1, M2, and M3, respectively, which shows slightly bigger in
size than the size obtained from XRD values due to the presence of a dead layer of oleic
acid on the surface of the nanoparticle. The correlogram of M1, M2, and M3, as a function
of time, were obtained from the DLS technique, are shown in Fig. 2.7 (c). The correlation
coefficient of M1 decaying faster than M2 and M3 indicates the presence of a larger
number of smaller particles than M2 and M3. In M3, the decay follows various steps,
indicating the presence of larger sized particles or larger aggregates. Fig. 2.7 (d) shows the
number distribution curve of M1, M2, and M3. The average hydrodynamic size of M1,

M2, and M3 were found to be 10 + 0.6, 11.7 £ 0.9, and 20.9 = 1 nm, respectively. The
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polydispersity index (PDI = Pl where s is the standard deviation and zp is the mean
D

average size) values were found to be 0.22, 0.23, and 0.79 for M1, M2, and M3,
respectively. The polydispersity of M3 was high due to the presence of larger aggregates,
which was evident in the correlogram profile. In comparison with the corresponding
crystallite sizes, the hydrodynamic size of M3 (20.9 nm) was much larger than its
crystallite size, 10.5 nm, which indicated that there was aggregation in this system.
Moreover, the number distribution indicates M3 has significant amount of larger sized

particles and M1 has the least.
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Figure 2.8 (a) M —H curve of M1, M2, and M3. The saturation magnetization

values are found to be 69, 66, and 71 emu/g, respectively. (b) Thermogravimetric

weight loss curves of the dried surfactant coated magnetite nanoparticles of M1,
M2, and M3.

Figure 2.8 (a) shows the M — H curve of the samples M1, M2, and M3. The
saturation magnetization values were found to be 69 + 0.6, 66 £ 0.7, and 71 + 0.7 emu/g
for M1, M2, and M3, respectively. Since the average size of the magnetite nanoparticles of
the three samples was similar, there was not much difference in the saturation
magnetization values. However, the presence of a significant amount of larger particles in
M3 lead to a higher initial value of susceptibility. The M — H curve did not show any
hysteresis at room temperature, which indicates that all three samples are
superparamagnetic in nature. Fig. 2.8 (b) shows the thermogravimetric weight loss curves
of the dried surfactant coated magnetite nanoparticles of M1, M2, and M3. The weight
loss percentages were approximately 24, 21, and 19% for M1, M2, and M3, respectively.

The weight loss percentage of surfactant adsorbed on the surface of nanoparticles can be
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2
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calculated using the formula,
<%nd3rystalpMNP+<%m>x_Z>

, Where a, is the head area of a

single surfactant (oleic acid) molecule, pynp IS the density of magnetite nanoparticles, Na
is the Avogadro number, and M,, is the molecular weight of oleic acid [185]. Using the
above equation, the calculated weight loss percentage were 19, 21.4, and 17.7% for M1,
M2, and M3, respectively. In comparison, M1 showed slightly higher surfactant content
than that required for a monolayer, whereas M3 seems to have a little less than that was
required for a monolayer. The non-uniform coating could lead to formation of larger
aggregates in the absence of magnetic field. This could lead to higher polydispersity and
was the reason why the hydrodynamic size of M3 (20.9 nm) was larger than the crystallite
size (10.5 nm). For M2, an adequate amount of surfactant was present to have a

monolayer.

2.7. Characterization of ferrofluid emulsion

The ferrofluid emulsion used in this study is a dispersion of octane oil droplets in
water of average size ~ 200 nm, containing oleic acid capped Fe3O, magnetic

nanoparticles of average size ~ 10 nm.
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Figure 2.9 (@) Electric field autocorrelation function as a function of time, (b)
the hydrodynamic size distribution of droplets and (c) zeta potential of SDS
stabilized magnetic nanoemulsion.

Figure 2.9 (a) and (b) shows the electric field autocorrelation function as a
function of time and the hydrodynamic size distribution of droplets. Fig. 2.9 (c) shows the
zeta potential distribution of magnetic nanoemulsion.The average hydrodynamic diameter
and zeta potential are found to be ~ 200 nm and -50 mV, respectively. The polydispersity
index of 0.05 (PDI) indicates that the emulsion is fairly monodispersed.

2.8. Conclusion

The details of various samples, preparation of ferrofluid and ferrofluid emulsion
are discussed briefly. The details of characterization techniques such as powder X-ray
diffraction, small angle X-ray scattering, dynamic light scattering, vibrating sample

magnetometer, thermo-gravimetric analysis, and phase contrast optical microscope are
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presented. The physico-chemical properties of iron oxide nanoparticles are presented.
Details of light scattering setup and procedure to measure transmitted light intensity and

scattered pattern are also discussed.
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Role of surface charge screening on field induced structural

transitions in magnetic nanoemulsion

3.1. Introduction
Magnetic fluids have attracted much interest during the last few decades due to

their interesting magnetic stimulus responsive optical properties and engineering
applications [18, 21]. Magnetic fluids undergo several interesting structural transitions
depending on the applied magnetic field strength [66, 76-79]. Being thermodynamically
unstable colloid, the stability and phase behavior of magnetic fluids are strongly dependent
on surface adsorbed moieties. The charged particles in a magnetic colloid create
electrostatic repulsive interaction, which can be varied by changing the surfactant
concentration, salt concentration, pH, etc. [186, 187]. As water-based systems are
preferred for many applications, including biomedical fields, we choose a water-based
system for our study, where surface charge density is varied with surfactant concentration
to control the stability. Although the understanding of field induced structural transitions
in magnetic fluids has steadily progressed, the role of surface charge on the critical
magnetic field has not yet been studied. Owing to the wide range of applications on water-
based magnetic fluids, an understanding of the phase behavior of such systems, especially
the surface charge screening on critical magnetic fields associated with field induced
structural transitions, is very important.

Here, we study field assisted structural transitions in magnetic nanoemulsion. The
emulsion used here is stabilized with an anionic surfactant of different concentrations. The
role of surfactant concentrations on the field induced structural transitions is studied
systematically. We use forward light scattering, transmitted scattered patterns, speckle

pattern analysis, and phase contrast optical microscopy to study the structural transitions.
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The field and time dependent light transmitted intensity are measured to obtain the critical
magnetic field strength. Three critical magnetic fields have been identified, and the scaling

of critical fields with volume fraction is compared with existing theoretical models.

3.2. Materials and methods

The magnetic nanoemulsion was prepared by shearing non-aqueous ferrofluid
(octane containing oleic acid capped Fe3;O4 nanoparticles) with surfactant (SDS) solution
at ~ 1500 rpm, using a IKA homogenizer. The synthesis procedure to produce ferrofluid
emulsion and monodispersed emulsion from coarse emulsion with wider size distribution
was achieved by fractionation technique, which is detailed in section 2.3 of chapter 2.
Magnetic emulsion with droplet hydrodynamic diameter ~ 200 nm, containing
superparamagnetic iron-oxide nanoparticles of diameter ~ 10 nm, is used in this study. The
light scattering experimental set-up is shown in Fig. 2.5. In this case, the magnetic field
was ramped slowly at 0.3 G/s, and the direction of the applied magnetic field was parallel
to the light propagation direction. The detailed procedure of acquiring the transmitted light
intensity through the sample and the scattered pattern as a function of external magnetic

field is explained in section 2.5.1 of chapter 2.

3.3.  Results and discussion
3.3.1. Concentration dependence on structural transitions
The normalized transmitted light intensity as a function of applied magnetic field

for magnetically polarizable nanoemulsion of ® = 0.0105, 0.0117, 0.0131, 0.0149, 0.0174,

0.0189, 0.0208, 0.0218, and 0.0230 is shown in Fig. 3.1.
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Figure 3.1 Normalized transmitted intensity as a function of applied magnetic
field for magnetically polarizable nanoemulsion of different volume fractions from
0.0105 to 0.0230.

The ratio of transmitted light intensity with and without magnetic field is taken as
the normalized transmitted intensity. The first critical magnetic field (H.,) is defined as
the field above which the transmitted intensity decreases rapidly. The second critical
magnetic field (H.,) corresponds to the next minimum intensity, and the subsequent
intensity maximum is defined as the third critical magnetic field (H.3), beyond which light

intensity drops a little and saturate.

3.3.2. Magnetic field induced structural transitions
When magnetic energy exceeds thermal energy, the magnetic moments align along

the applied magnetic field direction, and the induced magnetic moment of the droplet is
given by

I

mo =
where d, is the diameter of droplet. The effective magnetic interaction between two

droplets can be expressed in terms of coupling constant (A1)
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U(dy,0) Mpods x5 H?

_ (3.2)
ksT 72ksT

A1=_

The magnetic field directed self-assembly of magnetic droplets occurs at A; > 1. The
inter-droplet spacing is inversely proportional to the volume fraction (given in Egn. 1.25).
Owing to the inverse dependence of magnetic attractive force F,, (F, « 1/r*, where r is
the inter-droplet separation), it is stronger at a smaller inter-droplet distance. As the larger
particles have a large magnetic moment for a polydisperse system compared to the smaller
ones, larger particles quickly form a chain at the lower magnetic field.

Table 3.1 Details of critical magnetic fields Hc;, He,, and Hgs obtained from transmitted

intensity profiles corresponding to different volume fraction, IPS, and the coupling
constants A, Ac, and Ag calculated using Eqgn. (3.2).

o IPS (hm) | Hey (G) | Hez (G) | Hes (G) Acq Aca Acs
0.0105 | 572.36 23.6 58.56 173.4 1.53 9.43 82.7
0.0117 | 545.26 21.8 57.92 170.6 131 9.23 80.1
0.0131 | 517.98 21.4 59 169.3 1.25 9.59 78.9
0.0149 |488.11 20.7 56.6 169 1.18 8.83 78.6
0.0174 | 453.77 20 53.9 170.7 1.1 8 80.2
0.0189 | 436.18 18.2 52.8 177 0.91 7.67 86.3
0.0208 | 416.38 18 51.4 188.2 0.88 7.26 97.5
0.0218 | 406.90 17.6 49.4 193.6 0.85 6.72 103
0.023 396.26 16.5 48.3 190.2 0.75 6.42 99.5

Table 3.1 shows the values of critical fields H.,, H.,, and H.; obtained from the
experiments and the values of A, A.,, and A.; obtained using Egn. (3.2). The first
coupling constant varies from 1.1 to 1.53, as the volume fraction is varied from 0.0174 to
0.0105. As the volume fraction is increased from 0.0189 to 0.023, the coupling constant
decreases from 0.91 to 0.75. This implies that even when the coupling constant is slightly
lower than unity, the attractive interaction is significant at higher volume fractions due to

contributions of larger droplets. With increasing ®, the inter-droplets spacing becomes
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smaller, and hence chain formation occurs at lower H. A.; indicates the first coupling
constant where the individual droplets start to form small chains in the magnetic field
direction. When A.; << 1, the droplets are under random motion and behave as a
disordered system, but as 4., ~ 1, the light intensity slowly decreased up to H.,. Droplets
form small aggregates at 4., = 1, and the aggregate size continues to grow with the
magnetic field strength. After H., the scatterer dimension and hence the mean free path
become comparable to the incident wavelength of incident light (corresponds to a region
of weak localization), where the dipole resonances within the scatterers and the subsequent
delay in the light propagation are considered to cause the extinction of light at H,, [165].
The length of the chains continues to increase with the magnetic field until they form
space filling chains by attaining the path length of the cell along the field direction. Once
such space filling long chains are developed, it will attract the nearest neighbor to form
columns where the long chains act as a nucleation site. The magnetic field around an

infinite chain (center chain or nucleation chain) of magnetic dipoles is given by

1/2

H'(p,2) = ~@n)? (5o (ﬁ)

—an/
d 2mz (3.3)
dmpop?d, ) \p)  © ' COS( / dl)

where z is the position along the chain in the field direction. According to Halsey-Toor
model, Landau-Peierls fluctuations created by dipolar single chains suspended in a three
dimensional fluid result in a long range attraction with a power law decay [188]. The total

free energy for the chains and the mean-squared field around the fluctuating chain is given
by

—11.11kTAd?

o (3.4)

F.(p) =
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m2kyT  kyTd,
usp*die  pop*

(H*?)~ (3.5)

Therefore, the lateral interaction is independent of H”. The interaction energy per unit

length d; is given by [189]

H(ugk T)l/zdl/2
1/2~Xeff HUoKp 1 (3.6)

U~(my/d,)(H"?) P

It can be either attractive or repulsive and strongly dependent on H as well as the
separation between the chains (p). When the chains are of different lengths or shifted with
respect to one another (off registry), zippering of chains can take place due to attractive
energy well [190, 191]. Hence, the gap between columns increases with the external
magnetic field, resulting in an increase in light transmission after reaching a minimum. At
H_3, the transmitted intensity reaches a maximum, beyond which it slowly decreases and
becomes saturated. The column formation occurs between H., and H.; regions where
columns are loosely bound (with hexagonal structure) because of thermal energy [66].
Completely rigid columns are formed at H.;. Above H.;, columns become more rigid
solid kind of structures, similar to the body-centered-tetragonal structure where the
spacing between the columns remains constant [192]. As a result, not much variation in
transmitted intensity was observed above H.;. When light is incident on such kind of
cylindrical structures, it scatters light in a conical direction, resulting in the formation of a
ring like pattern where the total intensity (spot intensity) is distributed in the
circumference of this ring. As the photomultiplier tube measures only the spot intensity
and not the whole intensity of the ring pattern, the intensity decreases slowly after
becoming a maximum. It then saturates due to the formation of more rigid and ordered

structures.
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Figure 3.2 The critical magnetic fields as a function of droplet volume fraction.

The variation of H.,, H.,, and H.5 as a function of ® is shown in Fig. 3.2. With increasing
@ from 0.0105 to 0.0230, H., decreases from 23.58 to 16.5 G whereas H,, decreases from
58.56 to 48.32 G. The H.; decreases from 173.4 to 169 G as the volume fraction is
increased from 0.0105 to 0.0149 and then from 170.72 to 193.64 G, as the volume fraction
is increased from 0.0174 to 0.0218. For @ = 0.023, the critical field was 190.2 G. The
theory behind these three critical fields and their variation with different volume fractions
is elegantly derived by Ivey et al. [66] is briefly presented below.

At the first critical magnetic field, random Brownian nanodroplets start to interact

2
with each other and form small aggregates. The favorable condition for H., is ’:‘7’:;’ >

nd3

kgT. The relationship between the first critical magnetic field and @ (= e

), is [66]
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1

24kgT 2

H. ~ <Z—BdB> o /2 (3.7)
HoXerr@q

Therefore, according to theory, H., follows power law decay with the volume

fraction (CD""), where x' equals 0.5. Interestingly, the experimentally observed H., also
follows a power law decay with an exponent of 0.4, which is very close to the predicted
value of 0.5.

At the second critical magnetic field, long chains are formed. They act as
nucleation centers for the column-like structures. The long chains attract the nearest
neighboring short chains and single droplets to form columns, resulting in a weak local
ordering in the perpendicular direction to the magnetic field [193]. As the field increases,

the local ordering in the column increases due to repulsive Coulomb interaction
2
energy (U, = qu) between the effective charges q,, at the end of the neighboring

columns. U, favors the ordering of the long chains, whereas the thermal energy tends to
destroy the local ordering, and the competition between these two energy results in the
H.,. For large volume fractions, the chains become closer (smaller IPS), and hence the
field required to form columns is lower. The condition for the second critical magnetic

Th

field is given by **=~ kyT, where qmz%df)(effH. For this state, ® can be

n2di Xt pHE,

2
approximated as & o« (%) . Therefore, o kgT,
36ksT \ 72 4
H, ~ <ﬁ> O /4 (3.8)
T XerfP

Therefore, theoretically, H., scales as ®* where x’ = 0.25. The experimentally
observed value of x’ = 0.27 was in excellent agreement with the predicted value.
At the third critical magnetic field, loosely bound columns with liquid-like

structures are transformed into densely packed columnar solid-like structures [188]. The
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thermal fluctuation of a long chain or thin column produces a long range field given in
Eqgn. (3.5). So, the long chains act as a nucleation center to attract nearby short chains or
single droplets. The magnetic field around an infinite chain given by Eqn. (3.3) creates

interaction energy, which is responsible for binding the columns into rigid ones [123, 194]

Py (. (d_>
% (2m) <47Tllo,02d1 p

The fluctuation energy, which is induced by Peierls-Landau instability, has the opposite

Yy o
, 2P, cos (ZﬂZ/dl) (3.9)

effect [193]

1 2 1,
U~ me (27T 2 (diksT (3.10)
r = \128 pS

So the third critical magnetic field results from the competition between these two

energies, i.e., U; = Ug,and is given by

; (277thT>1/2< 3 ) 1 (dl)z amp 011
~ | — — ] e 1 .
3 32d3 212 Xorf |(cos (ZnZ/dl))| p

It is assumed that, below H_.;, hexagonal structures are formed, and above H.; body-

2
centered-tetragonal solid-like structures are formed, i.e., (%) ~ 4 ;)2

(for hexagonal

2 0
structure) and (%) ~—t_x D)

~ a7z (173)2 (for body-centered-tetragonal structure).

The generalized form at H_5 is
2 4
(ﬁ) _ (3.12)
p G?
where y reflects the sensitivity of ® and depends on p. The value of y lies between 0 and
1. G is the geometric factor that originates from the column structures.

Using Eqgns. (3.12) and (3.11),
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; (27nkBT)1/2< 3 ) 1 [cpy <—27TG>] 013)
c =~ —ex _— .
L e e G| o

1

The best fit using Eqn. (3.13) on the experimental H_; value is shown by the solid line in
Fig. 3.2. The values of y and G obtained from the best fit are found to be 0.68 and 0.15,
respectively, which were within the range of theoretical predictions. When interaction
energy is sufficient to overcome the energy barrier, lateral coalesce occurs, which causes
an increase in the column width that necessitates a higher magnetic field to make the

columns rigid explains the reasons for the rise in H,.; at higher volume fractions.

3.3.3. Effect of surface charge screening on critical magnetic fields for structural
transitions

The normalized transmitted light intensity as a function of H for magnetically
polarizable nanoemulsion with @ = 0.0105 of different surfactant concentrations 0.2, 2, 4,
8, and 16 mM is shown in Fig. 3.3. The transmitted light intensity curves follow the same

trend as before, where H.,, H.,, and H.; were observed for all SDS concentrations.
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Figure 3.3 (@) Normalized transmitted intensity as a function of the applied
magnetic field. (b) The magnified view of transmitted intensity at lower H (0 — 250
G), for @ = 0.0105, with different surfactant concentrations.

Without the magnetic field, Van der Waal’s attraction and electrostatic repulsion are the

dominant interaction between the droplets. The attractive Van der Waal’s forces for

spherical particles of diameter 2a, is given by

Apay
Foaw(r) = 52 ——-=3 o —2a.)° (3.14)
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where Ay is the Hamaker constant. The value of Ay, computed for octane-water dispersion
is 10%° J. Van der Waal’s force for a; ~ 100 nm is negligible at r > 10 nm. Here, the

electrostatic repulsion force for a thin double layer (ka,; < 5), is given by

k 1
F.(r) = 4ney§ai [; + r_z] exp[—k(r — 2a,)] (3.15)
The range of repulsion is reduced significantly at high surfactant concentration due to the
screening effect. When the double layer is largely extended (xa; > 5), the repulsive force

is given by

expl—x(r — 2a,)]
1+ exp[—k(r — 2a,)]

E.(r) = 2meyia K (3.16)

The critical magnetic fields as a function of surfactant concentration are shown in Fig. 3.4.
As concentration increases from 0.8 to 16 mM, H,, decreases from 36 to 19.7 G, whereas
H., drops from 88 to 55 G and H,.; decreases from 245.4 to 148.2 G, respectively. The
critical fields follow a power law decay with the surfactant concentration (C;x'), where

the x’ values are 0.19, 0.15, and 0.15 for H,,, H,,, and H,, respectively.
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Figure 3.4 Critical magnetic fields (Hc1, Hc2, and Hcg) as a function of surfactant
concentration. The solid line represents the best fit of the experimental data.

For the surfactant concentration of 0.8, 2, 4, 8, and 16 mM, the Debye length was
found to be 10.74, 6.79, 4.806, 3.398, and 2.403 nm, respectively. As the surfactant
concentration increases, the electric double layer thickness decreases, and the separation
between the droplets decreases in the dispersion. Therefore, the magnetic field required to
induce field induced ordering and zippered structures decrease with increasing surfactant
concentration. The interdroplet distance in a chain was calculated from the force-distance
measurement [195]. The force measurement was performed for a magnetic nanoemulsion

with @ = 0.0105 by varying the surfactant concentration from 0.8 to 8 mM.

68



Results and discussion

Chapter 3

Table 3.2 The experimental H.;, Hc,, and Hcz obtained from light scattering study and
the corresponding extrapolated interdroplet separation (d.;, de,, and dc3) from force-
distance curve for a ferrofluid emulsion of @

concentration of 0.8, 2, 4, and 8 mM.

0.0105 with different surfactant

Surfactar_lt H., H., H.3 deq de, des
concentration ©) ©) G) (nm) (nm) (nm)
(mM)
0.8 36.32 88.16 245.44 298.18 275.3 251.07
2 30.52 74.88 207.72 260.66 246.9 232.3
4 28.48 72.16 201.76 249.2 240.16 230.48
22.08 59.68 169.3 225.5 221.15 216.58

Table 3.2 shows the experimental H.,, H.,, and H.3 values and d,, d.,, and d.; for a

ferrofluid emulsion of ® = 0.0105 with different surfactant concentrations of 0.8, 2, 4, and

8 mM. The first critical interdroplet separation varies from 298.18 to 225.5 nm. The

second critical interdroplet separation varies from 275.3 to 221.15 nm, and the third

critical interdroplet separation varies from 251.07 to 216.58 nm as the surfactant

concentration is increased from 0.8 to 8 mM.
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Figure 3.5 (@) Critical magnetic fields as a function of interdroplet separation,
(b) interdroplet separations as a function of surfactant concentration for different
critical fields, and (c) critical magnetic field as a function of surfactant
concentration for @ = 0.0105.

Figure 3.5 (a) and (b) show the variation of critical magnetic fields with the inter-
droplet separation and the interdroplet spacing as a function of surfactant concentration,
respectively, corresponding to a different critical magnetic field. Fig. 3.5 (c) shows the
critical magnetic field variation with surfactant concentration for ferrofluid emulsion of ®

= 0.0105. The solid line corresponds to the best fit with a power law equation (i.e.,
Y = pr', where p is the multiplication factor and y’ is the exponent), and in each case,
R? was found to vary between 0.97 to 0.99. The scaling exponent with respect to the field,
concentration of surfactant and interdroplet spacing are found to be H., ~ dl°;

1.68. 2.77 . —-0.13- —0.10- —0.06- —-0.2.
ch ~ dcz ) Hc3 ~ dc3 ’ dcl ~ Cs ’ dcz ~ Cs ’ dc3 ~ Cs ’ Hcl ~ Cs ’

-0.17 . -0.17
HCZ ~ Cs ) Hc3 ~ Cs .
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Figure 3.6 (@) Lateral aggregation rate and (b) transmitted intensity at He and
Debye length, as a function of SDS concentration with @ = 0.0105.

The lateral aggregation rate, which was obtained from the slope of the linear region

between H., and H_s, as a function of surfactant concentration, is shown in Fig. 3.6 (a).

The aggregation rate increases from 0.0025 to 0.0127, with an increase in concentration

from 0.8 to 16 mM. The lateral aggregation rate is found to vary linearly with surfactant

concentration, where the slope was 6.41 x 10~%, with a R? value of 0.99. Fig. 3.6 (b)

shows the Debye length and transmitted intensity at H.; as a function of SDS

concentration. The light intensity increases from 0.282 to 0.748, as the concentration is

increased from 0.8 to 16 mM. The aggregation is found to occur quickly in dispersion with

higher SDS concentration than the lower one due to lower interdroplet spacing. With

increasing thickness of the column, the inter-columnar spacing increases, and the intensity

at H.5 increases for dispersion with higher SDS concentration.
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Figure 3.7 Phase contrast microscope images of magnetic nanoemulsion at H =
0, 30, 45, 50, 100, and 200 G. The direction of H is shown by the arrow.

Figures 3.7 (a)-(f) show the phase contrast microscope images of the magnetic
nanoemulsion at H = 0, 30, 45, 50, 100, and 200 G. The direction of H is shown by an
arrow in Fig. 3.7 (d). At zero magnetic field, the system behaves as a gas like structure,
where the magnetic coupling constant was less than one, as shown in Fig. 3.7 (a). Fig. 3.7
(b) shows the phase contrast microscopy images taken at H = 30 G, where the single
droplets combine to form dimers, trimers, and small chains. As the magnetic field strength
increases, the aspect ratio of the chain increases. Once the chains reach the maximum
length, the lateral interaction between the chains takes place under certain conditions, as
shown in Fig. 3.7 (e) and (f). When the magnetic field is weak, the assembled chains are
usually short and flexible due to the fluctuation of the induced moments. The flexibility of
chains depends on the magnetic field strength, volume fraction, thermal fluctuations in a
chain, number of particles in a chain, etc. According to the Halsey and Toor model [194],

one-dimensional structures suspended in a three dimensional fluid dipolar chain exhibit
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strong Landau-Peierls fluctuation. The magnitude of the fluctuation decreases as the
magnetic field strength increases, indicating the stiffening of the chains due to strong

inter-particle interaction.

3.3.4. Scattering pattern and speckle profile

Figures 3.8 (a - i) show the forward scattered pattern from nanoemulsion of ® =
0.0174 at H =0, 20.8, 35.2, 53.9, 105.6, 175.2, 256, 380.8, and 448 G and Figs. 3.8 (j - r)
show the corresponding surface plot of the scattered patterns under the same H. The
diffused spot at zero field is transformed into a ring like pattern at higher fields. There was
no change in spot intensity up to 20.8 G, which corresponds to the H., for a volume
fraction of 0.0174. After H.,, the spot intensity decreases drastically and becomes
minimum at 53.9 G, which corresponds to H.,. The spot intensity reaches a maximum at
170.7 G, at the H.3, where the spot is fully converted into the ring like pattern, beyond
which the ring becomes sharper without any change, indicating the formation of well-
ordered solid like structures. The formation of ring like scattered patterns can be explained
by considering the scattering of light by cylindrical surfaces [196]. These scattered fields
are derived for an infinite right circular cylinder of diameter ‘d,” when it is illuminated by
a plane homogeneous wave E; = Eyexp (iqé;.x), propagating in the direction é; =
sin{, é, —cos (. é, where, . is the angle between the incident light wave and the
cylindrical axis.

The shape dependence of the conic section, on the incident angle with respect to
the cylinder axis, is explained by deriving the expression of scattered electromagnetic field

from the cylindrical surface [154, 197]. Therefore the wave fronts are cones of half-angle

{. with their apexes at z,. = —CL The propagation of the scattered waves can be

os{c

visualized as a cone that is sliding down the cylinder. The direction of propagation at any

point on the cone or wave normal é is é; = Vf =sin{.é, — cos{.é,. The pointing
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vector is therefore, in the direction of é,. From the above equation it is evident that on
placing a screen at some distance from the cylinder (perpendicular to the incident light),
the scattered pattern forms a conic section. When the ¢, = 0°, the scattered pattern will be
a circle, while for ¢, < 45° ellipse is formed on the screen that becomes hyperbola for 45°
< ¢, <90° When the incident light is normal to the cylinder axis, a straight line pattern is

formed [134]. This explains the reason for the observed ring like pattern.
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256G 380.8G 448 G

Figure 3.8 () - (i) Scattered patterns from magnetic nanoemulsion for @ =
0.0174 at field strengths 0, 20.8, 35.2, 53.9, 105.6, 175.2, 256, 380.8, and 448 G.
(i) - (r) The corresponding surface plots.

The transmitted scattered intensity pattern at H = 380.8 G for ® = 0.0174 is shown
in Fig. 3.9 (a). Fig. 3.9 (b) shows the expanded view of the lobe part. Figs. 3.9 (c) - (9)
show the images of the lobe part at H = 53.9, 105.6, 175.2, 256, 448 G and Figs. 3.9 (h) -

(1) show the corresponding 3-D surface plots.
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Figure 3.9 (a) Image of the transmitted scattered pattern at H = 380.8 G. (b)

The magnified view of the speckle pattern shown in the box. (c) - (g) The speckle

pattern of the same lobe part at H = 53.9, 105.6, 175.2, 256, 448 G and (h) - (I)
the corresponding 3-D surface plots.

The lobe speckle intensity increases with the applied magnetic field only after H,,.
The scattering from single chains and columnar structures enhances the scattering intensity
as well as the speckle contrast. The formation of ring like scattered pattern is due to the
scattering of light by the chain like structures [196]. The anisotropic structure formation,

under the influence of magnetic field, is evident from the ring like pattern observed here.

3.4. Conclusions

The role of surface charge on the critical magnetic field for various structural
transitions in magnetic nanoemulsion of different volume fractions is studied for the first
time. Three distinct critical magnetic fields are identified from the changes in the field
dependent transmitted forward scattering light intensity, which correspond to the
commencement of small aggregate formation, complete formation of linear aggregates

before the commencement of lateral coalescence of individual chains, and the formation of
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densely packed columnar solid like structures through zippering of individual chains. The
field induced anisotropic structure formation in the emulsion was evident from the ring
like pattern observed. With decreasing Debye screening length, the aggregation rate was
found to increase linearly. The experimentally observed critical fields were in good
agreement with theoretical predictions at lower surfactant concentrations. These results
provide better insights into the field induced structure formation and are useful in

designing magnetic fluidic based optical devices.
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Effect of field ramp rate on temporal evolution of equilibrium
and non-equilibrium magnetic field driven microstructures in

magnetic nanoemulsion

4.1. Introduction

Owing to the magnetic stimulus responsive nature, magnetic fluids (ferrofluid and
ferrofluid emulsion) are ideal colloids to probe order-disorder transitions [18]. Such
magnetic field induced structural transitions in magnetic fluids have been a topic of
interest from both fundamental and practical point of view [86-89, 96]. Owing to their
practical applications, magnetic fluids and their analogues have been studied extensively
in recent years [41-46]. Magnetic colloids undergo different structural transition from
gaseous phase (randomly dispersed nanoparticles) to ID, 2D, and 3D structures of
aggregated nanoparticles (well separated chains, columns, bent walls or labyrinthine
patterns or colloidal crystals) in the presence of magnetic field [66, 67, 77, 81, 84, 198].
Magnetic interaction energy between the chains depends on the applied magnetic field
strength and the separation between the chains [199]. Lateral aggregation occurs when the
magnetic interaction energy overcomes the potential energy barrier for the lateral
aggregation. Parameters like thermal fluctuations, polydispersity, defects of chains, ramp
rate, viscosity of carrier fluid, particle surface roughness, surface active moieties, lateral
diffusion coefficient of chains, sample thickness, etc., determine the lateral aggregation
[111, 199-201]. Though this field is rich with theoretical and simulation data, systematic
experimental studies on equilibrium and non-equilibrium structures in real magnetic fluids
are scarce.

This study is aimed at bridging this gap, to understand the field induced structural

transitions, particularly their temporal evolution, dynamics, volume fraction, and the
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surfactant concentration on field driven structures. Here, we investigate the temporal
evolution of field induced equilibrium and non-equilibrium microstructures under different
surfactant concentrations in the presence of a magnetic field. The transmitted light
intensity from the emulsions and optical phase contrast microscopy under different
magnetic field strengths, zeta potential and hydrodynamic size distribution, are used to

study the temporal evolution of structures under different conditions.

4.2. Materials and methods
The preparation of magnetically polarizable nanoemulsion used in this study is

discussed in chapter 2. The experimental set-up is shown in Fig. 2.5. In this case, the
magnetic field was switched on at a time, t = 100 s and kept constant up to t = 1000 s and,
again switched off. Here, the direction of the applied magnetic field was parallel to the
light propagation direction. The transmitted light intensity through the sample as a
function of time is recorded through the photomultiplier tube, and the detailed procedure is

explained in section 2.5.1 of chapter 2.

4.3. Results and discussion
4.3.1. Effect of SDS concentration on hydrodynamic size and zeta potential
The hydrodynamic size and the zeta potential distributions of ferrofluid emulsion

for different SDS concentrations are shown in Fig. 4.1 (a) and (b), respectively.
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Figure 4.1 (a) Hydrodynamic size distribution of emulsion droplets and (b) zeta
potential distribution of ferrofluid emulsion at different SDS concentrations of 0.8,
8, 40, and 80 mM.

The zeta potential of emulsion with 0.8 mM SDS was -56 mV, which was found to
increase with surfactant concentrations. The average size of the droplets was unaffected by
the surfactant concentrations. The lowest concentration of surfactant used here was

sufficient to form a monolayer of surfactant molecules.

4.3.2. Effect of volume fractions and magnetic field strengths on field induced
structures

The variation of the normalized transmitted intensity as a function of time, at
different magnetic field strengths, for ferrofluid emulsion of different ® with the same

SDS concentration of 80 mM is shown in Fig. 4.2.
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Figure 4.2 Normalized transmitted intensity as a function of time at different
magnetic field strengths for magnetically polarizable nanoemulsion of different @
(a-b)0.008, (c - d)0.011, (e - f) 0.018 and (g — h) 0.035, where the SDS
concentration in the emulsion was kept constant at 80 mM. Figures in the left
panel are for lower magnetic fields, and the right panel is for higher field

strengths.

The transmitted light intensity remains constant during the initial time interval (t = 0 - 100

s), when the magnetic field was zero. As the size of the droplet is less than the wavelength

of the incident light, i.e., d; < A (4= 632.8 nm), the scattering is essentially due to Mie
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scattering. On switching the field ON, for low volume fraction (® = 0.008) of droplets, the
transmitted intensity showed a rapid decrease in intensity for a certain time interval (~ 2 s
at H = 435 G for @ = 0.008). After being in a low transmittance state (called Imin) for a
short time duration of ~ 60 s, the transmitted intensity increases again and gets stabilized
after 1000 s (called Imax). The magnitude of Imin was maximum (i.e., nearly zero intensity)
at an optimum applied magnetic field strength of 32 G (at ® = 0.008) as observed in Fig.
4.2 (a) and (b). Above 32 G, the difference in Imax and Imin value (i.e., Al = Inax - Imin) Starts
to decrease. A similar trend in the temporal variation of transmitted intensity is observed
for all volume fractions, as shown in Figs. 4.2 (c — h). The most interesting observation is
that the AI was close to zero at a sufficiently high magnetic field strength. The variation in
the temporal evolution of transmitted intensity is explained as follows:

In the absence of any magnetic field, the emulsion behaves like a gas, where the
droplets are under Brownian motion due to thermal agitation. When subjected to a
magnetic field, linear aggregation of droplets takes place, followed by lateral aggregation
at high magnetic field strength. However, under the application of a constant magnetic
field, the time required for the aggregation of droplets depends on the interplay of two
competing forces: the viscous drag and the magnetic force. The time required to form a

doublet of droplets in the presence of magnetic field is defined as [138, 202]

6ma? 5
t, = il (L) ~1 @.1)
S5Fax |\2a4

where Frax is the maximum magnetic force between two droplets, which is given

2
by Foox = %%. The interdroplet spacing is considered as the average inter-particle

spacing for a given ®. The typical aggregation time to form doublets, triplets and chains of
aggregating droplets of 200 nm size is ~ a few seconds. E.g. the aggregation times for ® =

0.008, 0.011, 0.018, and 0.035 are 103, 50, 16, and 3 msec (assuming
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n = 0.00089 Pa.s,a; = 100 nm, x.rr = 1.09), respectively for an external magnetic
field H = 50 G. This is because the aggregating droplets experience a much lower viscous
force (F; = 6mna,v, where v is the flow velocity relative to droplet) as compared to the
dipolar magnetic force in an extremely low viscous carrier liquid like water.

For a ferrofluid emulsion containing dispersed random scatterers, the transmitted

light intensity (1;) is given by [170]

Iy = IOexp(_aextL) = IOexp(_nsCextL) = Ioexp(_nsQextna%L) (4.2)
where L, Iy, ng, ®exr, Qexe aNd Coy are the path length, incident light intensity, scatterer
number density, extinction coefficient, scattering extinction efficiency, and extinction

cross section, respectively. Here,

21 O
Coxt = pr Z(Zn + 1)Re{a, + b, } (4.3)
n=1

where a,, and b,, are the Mie scattering coefficients. The extinction efficiency
(Quxt) is very less for emulsion droplet radius (a; ~ 100 nm) and size parameter
(qa; ~ 1). Doublets are formed when size parameter increases from qa,; ~ 1 to qa; ~ 2,
corresponding to a sudden increase in scattering extinction efficiency from Q,,; ~ 0.7 to
Qext ~ 5.7. Therefore, the formation of doublets and triplets or short chains under applied
field increases the scattering size parameter, which results in a sudden increase in the
scattering extinction efficiency, leading to a steep decrease in transmitted intensity on the
application of an external magnetic field, as observed in Fig. 4.2 [165]. The steady and
slow increase in the transmitted light intensity observed at lower applied magnetic fields is
due to the longer time required for the aggregation process to attain equilibrium structure
[138]. The magnetic droplets self-assemble to form a linear structure when A; > 1. The

lateral coalescence of chains depends on lateral diffusion coefficient of droplets and
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chains, depending on the magnetic field strength, volume fraction, polydispersity and
viscosity of carrier fluids [201, 203, 204].
The diffusion coefficient of a single emulsion droplet, containing

superparamagnetic particle dispersed in water in the presence of magnetic field is

determined by Fick's law of diffusion given by [205] j, = —p 2 a f@) . Here, j, is the

diffusion flow, p is the chemical potential of droplets, f(®) = 6mna, (1 + k@) is the
friction coefficient, x, is the coefficient of hydrodynamic interaction ~ 6.55 (for hard
sphere) [206]. The chemical potential for droplet is 4 = u(H = 0) + uy, where, u (H =
0) is the chemical potential of the solution at zero magnetic field. Magnetic contribution
to the chemical potential uy is given by uy = —kgTIn(sinhé,/¢,). In ferrofluid
emulsion, magnetic droplets are assumed to be superparamagnetic in nature and in

presence of magnetic field, and magnetization is given by the Langevin law, M =

uo MSVH

dPML(E), where, & = is the Langevin parameter and L(§) = coth(§) — &1 is the

Langevin function. The magnetic interdroplet interactions under the applied magnetic field
can be estimated by using mean field approximation and an effective field model, where

the equation for magnetization can be expressed as M = @M L(&,). Here, &, is given by

the self-consistent equation &, = & + A"y L(§), where, A" = HOMSZV% is the reduced
B

parameter of dipolar interaction, y, is the effective field constant. If y, = 0, the
interdroplet interaction is absent. The classical Lorentz value of y, = 0.33 [205]. The
diffusion coefficient (D,) of emulsion droplets perpendicular to the magnetic field

direction is equal to

! ——a, (®,H) (4.4)

kg
D, = Dy(®) — (@)
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Y ALA(E,)

—<—, where L’(f ) is the first derivative of the Langevin
1-y AL (E) €

Here, ay, (®,H) =

function L(&,). Assuming a magnetic droplet of the diameter of 200 nm dispersed in water
with a ® = 0.035, the D, is found to be 3.26 x 1072m?2s~1 in the absence of a magnetic
field. For H = 400 G, the D, is found to be 2.9 x 1073m?2s~?1 clearly shows that the
lateral diffusion coefficient (D ) of droplet decreases on increasing the magnetic field
strength.

The lateral diffusion coefficient of a straight chain containing N, number of droplets is

given by [201]

D chain A
P)chain . A1 0 vyga, + £ ) @3

Do A,

Substituting A; on Eqgn. (4.5)

(DJ_)chain 9kBT (A1>
~ —)g(N)ga, + f(N) (4.6)

Here, A, is a constant (~ 3.0 + 0.2), g(N) is a function of N (= N=%7, for N > 5),

f(N) = [3In(2N) + 1.254]/4N. Since, coupling constant, A; is proportional to H?, the
lateral diffusion coefficient (D) , . of a chain is inversely proportional to the magnetic
field strength as per Eqgn. (4.6).

The lateral diffusion coefficient of a chain containing different number of droplets
(N), computed as a function of the magnetic field, is shown in Fig. 4.3 (a). It is observed
that (D)), . is maximum for the lowest applied field and decreases on increasing the
magnetic field. Fig. 4.3 (b) shows the lateral diffusion coefficient as a function of number

of aggregating droplets in the chains, at different magnetic field strengths.
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Figure 4.3 (a) Lateral diffusion coefficient of magnetic chain, containing
different number of droplets, N, as a function of magnetic field, (b) lateral
diffusion coefficient of chains as a function of N, during the chain formation at
different magnetic field strengths (H = 50, 100, 150, 200, and 300 G).

It is observed that (D,)_, . decreases as the number of droplets in the chain (i.e.,
the chain length) increases, on increasing the applied magnetic field strength. When
zippering aggregation is less favored, the system contains more linearly aggregated chains
(i.e., more scatterers), which causes the transmitted light intensity to decrease. Therefore,
due to the presence of larger number of scatterers and slow lateral diffusive motion of
linear aggregates, the transmitted light intensity decreases at higher magnetic field
strength, as shown in Fig. 4.2. According to Halsey and Toor model [194], linear particle
chain structures acting as dipolar chains, suspended in a fluid exhibit strong Landau-
Peierls fluctuation, which induces long range attractive interaction among the dipolar
chains. The longitudinal and transverse fluctuations of wave vector g in a dipolar chain
can generate a local gradient in the concentration of dipoles and fluctuation in the lateral
field. The total interaction energy is the sum of the interaction energy between the
fluctuations of the chains and the energy of deformation required for the fluctuation mode.
The strong peak at gp = 1 indicates that only fluctuation with wavelength comparable to
the separation distance can interact strongly. The lateral interaction is independent of the

applied field strength and decays as a power law. Martin and co-worker modified Halsey
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and Toor model to show that the lateral coalescence depends on both the applied magnetic
field strength as well as thermal fluctuations of a dipolar chain [149]. A large amplitude
fluctuation draws two chains together to initiate the aggregation. When the coalescence
time scale 7. is much shorter than the characteristic relaxation time of the fluctuation ,
the fluctuation persists long enough to drive the coarsening process. For a dipolar chain
that is surrounded by neighboring particles and chains, by using local-mode model

developed by Krall and Weitz [207], the fluctuation amplitude is given by [199]

1/2 2
Sc(:) - (3((5§NA1) (dﬁl) @)

where ¢(5) = X% ,(1/n%) ~ 1.037 is the zeta function. The Eqn. (4.7) shows

that the fluctuation amplitude varies with interaction energy as &(p) ~ A7*2. As

magnetic field strength increases, the fluctuation amplitude decreases; hence the chains
behave as a rigid system that restricts the lateral movement of chains towards each other
[120, 208]. The saturation value of transmitted intensity at high magnetic field strength
(Fig. 4.2) decreases as the volume fraction of the droplet increases. The nonlinear
behavior of light transmission through ferrofluid emulsion depends on the aggregation
kinetics and the diffusion coefficient of magnetic droplets and chains. In each transmitted
intensity variation curve (Fig. 4.2), there is a minimum intensity point (i.e., Inin) and a
maximum intensity point (i.e., Imax). The difference between these two intensity values is a

measure of the effective transparency of ferrofluid emulsion.
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Figure 4.4 (a) 417 as a function of an applied magnetic field, for different volume
fractions, (b) the critical magnetic field (H.1) and Al (41 at Hc,) as a function of
droplet volume fraction.

Figure 4.4 (a) shows the difference in transmitted light intensity (AI, obtained
from Fig. 4.2), as a function of the external applied magnetic field, for different volume
fractions of the emulsion. Al decreases above a critical magnetic field (H.;) and reaches a
minimum at another magnetic field strength, beyond which AI remains constant at a
minimum value. Due to excessive heating of the solenoid, application of a sufficiently
large magnetic field was not attempted. Therefore, the variation of the transmitted light
intensity (with the volume fraction of droplets and SDS concentration) is studied only at
the first critical magnetic field. Fig. 4.4 (b) shows critical magnetic field and Al at H.; as a
function of ®. The H,, is defined as the field at which effective transparency of ferrofluid

emulsion becomes maximum. H., follows a power law decay with the volume fraction

(CD‘X'), where the exponent x’ is found to be 0.4, with a R? value of 0.94. On the other
hand, Alnax increases linearly with the volume fraction with a slope of 575 (R* ~ 0.96),
due to the increase of inter-chain spacing with the volume fraction [140]. To obtain further
insight into the internal microstructures, phase contrast microscopy images were obtained

at different magnetic fields.
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4.3.3. Temporal evolution of microstructures at low and high magnetic field
strengths

The temporal evolution of microstructure is studied at two magnetic field strengths
(50 and 300 G), at a fixed volume fraction of 0.035 and a C, of 80 mM. The phase contrast
optical microscopic images of the ferrofluid emulsion (® = 0.035) at different time

intervals, for a constant magnetic field of 50 G is shown in Fig. 4.5.

PN T R A

-

Figure 4.5 Temporal evolution of field-induced microstructures of ferrofluid
emulsion of @ =0.035 at H = 50 G, observed under a phase contrast optical
microscope. The arrow in Fig. 4.5 (c) shows the direction of the magnetic field.
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It was observed that the lateral movement of chains is very fast at H = 50 G. As
time progresses, both the thickness of chains and the spacing between the columns
increase. This increased inter-column spacing results in an increase in the transmitted light
intensity as observed in Fig. 4.2. The flexibility of chains in the present case is attributed
to the fluctuation of the induced moments [199, 200].

The phase contrast optical microscopic images of ferrofluid emulsion (® = 0.035)
at different time intervals after applying a magnetic field strength of H = 300 G, is shown
in Fig. 4.6. Here, we observed that longer chains are formed almost immediately along the
field direction within a fraction of seconds (since for ® = 0.035, the aggregation time to
from doublets was found to be 7.6 x 10~5s, for an external magnetic field H = 300 G)
that spanned almost the entire length of the sample area. More rigid chains are formed at a
high magnetic field (H = 300 G, Fig. 4.6), which were not seen at low magnetic field
strength (H = 50 G, Fig. 4.5). At high magnetic field, the magnetic chains were
interconnected to each other, which prevents structural rearrangement at H = 300 G. The
chain thickness at H = 300 G was less than the thickness of chains observed at H = 50 G.
Moreover, the chains at the higher field were more disordered compared to the chains at
lower magnetic field, due to the rapid quenching to high magnetic field [78, 209]. The
observed temporal evolution of field induced structures manifests the equilibrium and non-

equilibrium structures formed under different magnetic fields.
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Figure 4.6 Temporal evolution of field-induced microstructures of ferrofluid
emulsion of @ = 0.035 at H = 300 G, observed under a phase contrast optical
microscope. The arrow in Fig. 4.6 (c) shows the direction of the magnetic field.
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Figure 4.7 (@) The interaction energy (Uy) between two magnetic chains, each
containing 50 magnetic droplets of different diameters, d; = 100, 150, 200 and
250 nm, as a function of lateral separation (p), (b) Escape distance, r. as a
function of number of droplets (d; ~ 200 nm) present in a chain at an external
magnetic field of 50 G.

Figure 4.7 (a) shows the interaction energy between two parallel chains, each
containing 50 magnetic droplets of different diameters, d, = 100, 150, 200 and 250 nm, as
a function of lateral separation, P, using equation [199]

o mi.mj—B(f.mi) (fm])

Am r3

. The vertical shift in this case is

Uror = %1 Zj>1 Ujj" =%iZjo1
constant at one droplet radius, corresponding to an off-registry position. The interaction
energy curve consists of two parts: an attractive part and a repulsive one. The magnitude
of the energy barrier increased from 1.2 x 10722 to 1.9 x 10~21] as the droplet diameter
increases from 100 to 250 nm for a fixed chain length (N = 50) at an external magnetic
field of ~ 50 G. For the lateral aggregation of two chains, applied energy needs to
overcome the energy barrier [191]. In the off-registry position, where the two chains are
attracted at close range, there is a distance beyond which the interaction force becomes
repulsive, called the escape distance. Fig. 4.7 (b) shows the escape distance as a function
of chain length. The escape distance increases from 285 to 340 nm as the number of
droplets in a chain is increased from 10 to 50. If the average distance among the chains is
greater than the escape distance, a fewer chains coalesce. On increasing the droplet

concentration, if the chain separation decreases to within the escape distance, more chains
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attract each other, resulting in the formation of columns by lateral aggregation of chains
[111].

In a system with a large distribution of chains of random length, position, and
relative vertical shift, the total potential energy can have a large number of local minima
and maxima. At certain ramp rates, the system may get trapped in one of the local minima
in the potential energy curve, which is deep enough to overcome by thermal energy of the
droplets. As chains approach each other from the random position and orient at high
magnetic field, they stick to one another, as a result of trapping in a local potential energy
minima. For high ®, the longer chains are formed very quickly due to the shorter
aggregation time. Moreover, as there are more chains within the escape distance attracting
each other, more possible pathways exist for the chains to approach the aggregation center
resulting in a more complex pattern at a high field strength of 300 G, as shown in Fig. 4.6.

The average inter-chain spacing determined using 'IMAGE J' software from
microscopic images shown in Figs. 4.5 and 4.6, as a function of time for ferrofluid

emulsion of ® = 0.035 at H = 50 and 300 G, respectively, are shown in Fig. 4.8 (a) and

(b).
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Figure 4.8 The average inter chain spacing as a function of time for ferrofluid
emulsion of @ = 0.035 at (a) 50 G and (b) 300 G.
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For low magnetic field strength of 50 G, the average inter-chain spacing (dspacing)

increases and follows a power law rise dependence with time, i.e., dspacing ~ t*', where

the exponent x’ was found to be 0.67 (R? = 0.97). Interestingly, the measured power law
exponent (x" = 0.67) is found to be between the values (0.5 to 0.75) reported earlier [199].
For high magnetic field strength of 300 G, the average inter-chain spacing remains
independent of time (i.e., dspqcing ~ 2.7 pm), as observed in Fig. 4.8 (b). The temporal
variation observed in inter-chain spacing is due to the slow lateral movement of magnetic
chains, which arises from the weak fluctuating thermal force [78]. Our experimental
results are consistent with the previous findings, where the spacing between the chains and
the thickness of the chains in a ferrofluid was inversely proportional to the magnetic field

strength [78, 210].

4.3.4. Effect of surface charge screening on transmitted light intensity
The difference in the transmitted light intensity, as a function of external applied

magnetic field for ferrofluid emulsion of ® = 0.011, at different surfactant concentrations

is shown in Fig. 4.9.
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Figure 4.9 (a) 41 as a function of applied magnetic field at different SDS
concentration, Cs = 0.8, 8, 40, and 80 mM. (b) critical magnetic field, Hc; and 47
at He; as a function of C. The emulsion volume fraction was 0.011.
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As C; increases from 0.8 to 80 mM, H_, decreases from 65 to 25 G, and Al at H_,

increases from 0.5 to 1.55. The H., follows a power law decay with the surfactant

concentration (C;x'), where the exponent x’ is found to be 0.2 ( R* ~ 0.94). For the
surfactant concentration of 0.8, 8, 40, and 80 mM, the Debye screening length was
obtained to be 10.75, 3.40, 1.52, and 1.10 nm, respectively, and the corresponding zeta
potentials were found to be -56, -63, -73, and -79 mV, respectively. The electric double
layer of droplets containing magnetic nanoparticles can be imagined as a core-shell
spherical system, where the core is magnetic, and the shell is electrically charged. As the
surfactant concentration increases, the surface charge is sufficiently screened, and hence,
the electric double layer thickness of the droplets decreases where the magnetic interaction
is dominant over the electrostatic repulsion [211]. To form a stable field induced chain, the
magnetic dipolar interaction energy under an applied magnetic field must be greater than
the sum of electric repulsive interaction energy and Brownian thermal energy. On
increasing the SDS concentration, the interdroplets spacing becomes smaller. The onset of
field induced ordering and zippered structures are formed at a lower magnetic field
strength, as observed in Fig. 4.9. This stronger effective interaction (magnetic interaction
over electric repulsive interaction and Brownian thermal energy) among the droplets at
higher SDS concentration results in the formation of thicker columns through lateral
aggregation, leads to increased inter-column spacing. This explains the observed increase
in the AI with the surfactant concentration. The potential applications of these magnetic
fluids are in tunable light attenuators or light switches where the magnetic field can be
used to control those properties. This work demonstrates that the light transmission
through magnetic emulsion can be controlled with the different parameters like volume
fraction of droplet, surfactant concentration, magnetic field strength, magnetic field ramp

rate. The reversible and fast response of emulsion has interesting practical applications.

95



Chapter 4 Conclusions

4.4. Conclusions
The effect of volume fraction of magnetic droplets, magnetic field strength, and

surfactant concentration on the temporal evolution of magnetic field induced structures, is
studied using time dependent transmitted intensity measurement and phase contrast optical
microscopy. The transmitted light intensity through ferrofluid emulsion is found to
decrease after a certain critical field (H.,;) and reaches a minimum at a higher magnetic
field. At low magnetic field strength (H = 50 G), the long chains and zippered structures
are formed by lateral chain aggregation where the spacing among the chains is found to
increase with time. At higher magnetic field strength (H = 300 G), the chains are
interconnected to each other and the spacing between the chains remains constant with
time, which was consistent with the observed time independent transmitted light intensity.
With increased volume fraction of droplet and surfactant concentration, a larger number of
individual non-zippered chains are observed at higher magnetic field strength due to the
reduction of lateral diffusion of magnetic chains in the dispersion. These results confirm
that the lateral diffusion of chains is hindered at high magnetic field strength due to

reduced thermal fluctuation.
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Chapter 5
Magnetic field induced optical transparency and magneto-

optical birefringence in magnetic nanoemulsion

5.1. Introduction

Magnetic nanofluids are very interesting stimulus responsive materials whose
optical properties can be controlled by an external magnetic field [18]. The magnetic field
assisted assembly of magnetic nanoparticles show interesting optical phenomena, which is
dictated by the competition between hydrodynamic and magnetic forces [87, 156, 198,
212]. Magneto optical properties like dichroism and birefringence in pure ferrofluids and
ferroemulsions have been studied in the past [86, 141, 153, 213-219]. A birefringence
phenomenon, in general, is widely exploited in optical devices such as light modulator,
quarter wave plate, half wave plate, etc [220, 221]. The initial thinking about the origin
of birefringence in ferrofluid was due to the magnetization of the particles caused by Neel
rotation [217]. Subsequent studies considered nanosized linear aggregates [141, 222],
spatial anisotropy [215] and shape anisotropy [217] as the cause for magnetic
birefringence in ferrofluids. Pan et al.[223] considered the combined effects of field-
induced orientation of shape-anisotropic scatterers and the chain-like aggregation of
magnetic particles in an external magnetic field as the cause for the magnetic field-induced
optical anisotropy and used the Monte-Carlo technique to simulate the field dependence of
magneto-birefringence. Di et al. [157] studied magnetic birefringence in magnetic fluids as
a function of volume fraction and wavelength and showed that the birefringence increases
with the concentration of particles. It was also reported that the magnetic permeability of
magnetic nanoemulsion increases with magnetic field due to droplet elongation in the
direction of magnetic field [224]. Shape anisotropy due to elongation of droplet in the

presence of a small field is considered to be one of the reasons for field induced
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birefringence. In the earlier studies, though field induced transparency in magnetic fluids
[134, 225] was observed in some cases, the conditions for the formation of such field
induced transparency and reasons for such changes in the transmitted light intensity was
not fully understood.

In this chapter, we study the field induced optical transparency and magneto-
optical birefringence in magnetic nanoemulsions as a function of volume fraction. We
observed that such field induced transparency is seen only above a certain volume fraction
and magnetic birefringence is the cause of the observed transparency, which was further
confirmed from the fact that the transmitted intensity (reduced birefringence), is

proportional to the square of the magnetic field in the low field region.

5.2. Materials and methods

The preparation magnetic nanoemulsion used in this study is discussed in chapter
2. The experimental set-up is shown in Fig. 2.6. In this case, the direction of the applied
magnetic field was perpendicular to the light propagation direction. The axes of polarizer
and analyzer were set perpendicular to each other for the birefringence measurement
whereas they were parallel for during the transmitted scattered pattern measurement. The
detailed procedure of acquiring the transmitted light intensity through the sample and the
scattered pattern as a function of external magnetic field is explained in section 2.5.1 of

chapter 2.
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5.3. Results and discussion
5.3.1. Transmitted light intensity through magnetic nanoemulsions
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Figure 5.1 Normalized transmitted intensity as a function of applied magnetic
field. Inset shows the enlarged view of variation of light intensity at lower applied
magnetic field values (0-120 G), for magnetically polarizable nanoemulsion of
different volume fractions.

Figure 5.1 shows the transmitted light intensity measured as a function of applied
magnetic field for magnetic nanoemulsion of different volume fractions 0.0021, 0.0053,
0.0105, 0.0117, 0.0174, 0.0208, and 0.0339. There was no significant increase in
transmitted light intensity for the lower volume fractions (® < 0.0053). But, above volume
fraction of 0.0053, the transmitted light intensity increased with increase in magnetic field
strength. The field above which the intensity starts increasing is defined as the first critical
field (H.,). The transmitted intensity reaches a maximum at another critical field called
second critical field (H.,), beyond which the transmitted light intensity decreases with
magnetic field strength and reaches a plateau at a higher magnetic field strength. This

behavior was observed for all volume fractions of nanoemulsion except for ® < 0.0053.
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Here, we analyze why the transmittance increased above certain volume fractions and
critical field. The IPS (given in Eqgn. 1.25) for volume fractions 0.0021, 0.0053, 0.0105,
0.0117, 0.0174, 0.0208, and 0.0339 was estimated as 1100, 767.8, 572.3, 545.2, 453.7,

416.3, and 324.6 nm, respectively.
Table 5.1 The volume fraction, the corresponding IPS (calculated using Eqgn. 1.25),

experimental critical magnetic fields (Hc, He) and the corresponding theoretical
coupling constants (Ac, Ac).

Volume IPS (nm) H., (G) H,, (G) A¢q (theory) Ay (theory)
fraction (®) | Theory Expt. Expt.

0.0021 1100 56 110.5 8.63 33.6
0.0053 767.8 42 90.23 4.85 22.4
0.0105 572.3 31.9 66.08 2.80 12
0.0117 545.2 25.9 64.9 1.85 11.6
0.0174 453.7 23.6 59 1.53 9.58
0.0208 416.3 20.3 54.28 1.13 8.11
0.0339 324.6 18.8 49.56 0.97 6.76

Table 5.1 shows the volume fraction, experimentally observed critical magnetic
fields (H.,, H.,) and the corresponding theoretical IPS and coupling constants (A, A.).
The experimentally observed values of H., and H., are taken from the Fig. 5.1. The

magnetic attraction force between two identical droplet having m; = m, = m, with a

. . 6m32 . .. .
separation r is expressed as F,,, = —%. As the attractive force is inversely proportional

to the fourth power of separation between the droplets, the smaller the separation between
the droplets, the larger is the attractive force. As @ increases, the distance between the
droplets becomes smaller (i.e., IPS), therefore a smaller magnetic field is required to form

linear chains. When A.; < 1, the droplets are under random motion and hence there are no
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large linear scatterers in the fluid and hence no variation in light intensity was observed up
to H.;. When A, > 1 droplets begin to form dimers, trimers, short chains, etc. The aspect
ratio of the chains increases with the applied magnetic field. The chains are oriented
parallel to the magnetic field direction but are in random positions mimicking a ‘nematic
liquid like structure’. Due to this increase in the anisotropy, the intensity of transmitted
light increases sharply. The second coupling constant, corresponds to the formation of
long chains that serves as the nucleation centers for thicker columns that are formed by
lateral coarsening of individual chains. When the applied magnetic field exceeds H,,, the
number of columns increase and they become more rigid. The gap between the columns
increases and become saturated at higher magnetic field strength. Fig. 5.1 shows that the
sample with highest volume fraction of droplets have the highest optical transparency at
H.,, as compared to the lower volume fraction. Since the IPS at low concentration is large,
interaction force between the droplets is weak. The number of chains per unit area increase
as the concentration of magnetic droplets increases, which contributes to a high degree of
structure anisotropy while the critical magnetic fields were found to decrease with increase

in volume fraction.
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Figure 5.2 (@) The critical magnetic fields as a function of droplet volume
fraction. (b) The transmitted light intensity at He, as a function of droplet volume
fraction.

101



Chapter 5 Results and discussion

Figure 5.2 (a) shows the critical magnetic fields as a function of droplet volume
fraction. As @ increases from 0.0021 to 0.0339, H., decreases from 56.4 to 18.8 G and

corresponding H., drops from 110.5 to 49.56 G, respectively. Interestingly, H.; and H,

follow a power law decay with the volume fraction (~ CD‘X'), where the exponents were
found to be 0.48 and 0.27, respectively. Fig. 5.2 (b) shows the transmitted light intensity at
H., as a function of ®@. The light intensity increases from 1.04 to 1.67 as @ increases from
0.0021 to 0.0339, respectively. The intensity data is fitted with a linear equation, where
slope is found to be 19.9 with a best fit (R?) of 0.99. To obtain further insight into the
internal microstructure at different magnetic fields, the light scattered from the samples is
projected onto a screen placed perpendicular to the direction of incident light. The

scattered patterns were recorded using a charge-coupled device (CCD) camera.
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Figure 5.3 (a - h) Scattered light intensity patterns from ferroemulsion and their
corresponding surface plots for @ = 0.0339 at different magnetic fields (0, 37.4,
50.2, 62.5, 88.1, 176, 266.5, and 372.8 G). The magnetic field strength values are
indicated in each image. (i - p) Surface plots of transmitted intensity patterns at
different magnetic field strengths.

Figure 5.3 (a - h) shows the forward scattered pattern at different magnetic field strengths
(0, 37.4, 50.2, 62.5, 88.1, 176, 266.5, and 372.8 G) and (i - p) shows the corresponding
surface plot from ferroemulsion of ® = 0.0339. In the absence of magnetic field, only a
diffused spot was observed. As the field increases, the spot is transformed into a straight
line. H.; occurs at 18.8 G for ® = 0.0339. Fig. 5.3 (b) shows the intensity pattern taken at
37.4 G, where more speckles are observed around the spot as compared to Fig. 5.3 (a)

where field was zero. It was seen that the randomness of the media decreases with
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application of magnetic field. As the Brownian particles assembled to an ordered state, the
scattered wavelets from media will be in phase rather than de-phased, which increases the
probability of constructive interference of the scattered wave. The diffused speckles are
oriented in a straight line after H., and become sharp with no further change with
increasing magnetic fields, which indicates the formation of well ordered structures.

In the absence of magnetic field, the droplets are in Brownian motion due to
thermal energy, and are in a disordered state, where speckles are formed around the spot
[226-228]. The droplets start to interact with each other after the H,, and form small
aggregates like doublet, triplet and small chains in the direction of magnetic field [66]. As
the field increases, small aggregates are transformed into long chains and then form
column like structures due to lateral aggregation [68]. The scattering pattern arises due to
interaction between electromagnetic wave and infinite long cylinder, which was studied
for both normal and oblique incidences [229, 230]. The reason for the formation of
straight line scattered pattern is explained in chapter 3. These experiments confirm the

anisotropic structures formed under magnetic field.

5.3.2. Magnetic birefringence
To study the magnetic birefringence in nanoemulsion, a linearly polarized light

was passed through a sample of thickness, 1 mm, placed between the poles of an
electromagnet. The transmitted ray is divided into two rays with different velocities of
propagation and with their direction of vibration perpendicular to each other. The polarizer
and analyzer were crossed and the vibration components of transmitted light are

perpendicular to each other as shown in Fig. 5.4.
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v

Figure 5.4 Schematic representation of the vibration components transmitted by
polarizer and analyzer. P - polarizer, A - analyzer, D" and D "represent the two
mutually orthogonal direction of vibrations of the transmitted light in the sample.
OP and OA are the direction of vibrations of polarizer and analyzer, respectively.

In Fig. 5.4, ¢ is the angle that OP makes with D" and a is the angle between OP
and OA. The amplitude of the light incident on the sample is represented by the vector OE
and its component in the directions of D" and D" are OB = E cos ¢ and OC = E sin ¢,
respectively. The analyzer transmits only the components parallel to OA axis i.e., OF and
OG lies on the axis of analyzer which is given by OF = E cos ¢ cos(¢ — a) and 0G =
E sin ¢ sin(¢ — a), respectively. The two components differ in phase (&,) defined as

__2n(An)L

)

» , Where An is the birefringence. The resultant intensity arises from the

interference of two monochromatic waves with phase difference &, and it is given by
IR = 11 + 12 + 2 11]2 COS 6p (51)

where I, and I, are the intensities of two waves corresponding to OF and OG,

respectively. By using the above expression in Eqn. (5.1), we have
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Iz = E? |cos? a — sin 2¢ sin 2(¢ — a) sin? 7'] (5.2)

There are two special cases depending on the orientation of polarizer and analyzer:

Case-l: The analyzer and polarizer are parallel (i.e., « = 0). Here, Eqgn. (5.2)

reduces to

)
(Ig)y = E? [1 — sin?2¢ sin? 7” (5.3)

Case-11: The analyzer and polarizer are mutually perpendicular (i.e., @ = %). Now
Eqn. (5.2) reduces to

o)
(Iz), = E?sin?2¢ sinz?p (5.4)

The resultant intensity (Ig) is proportional to sin®s,/2 where the phase difference

depends on the magnetic birefringence.

o)
Iz « sin? 7” (5.5)

The magnetic birefringence is expressed as [213]
An = A, P (5.6)
where, A, is the anisotropy constant, 8 is the proportionality constant which depends on

the shape of the droplet as well as the electric polarizability of both droplets and carrier

liquids and @ is the volume fraction.  given by [154]

3L d 1
ﬁ = [1 - TI [dO’a In R(O'a) - § (57)

where o, = ’f—“T; E, is the anisotropic energy. The coefficient A, is given as A, =
B

%(}(" — x1); ne is the refractive index of the carrier liquid, y; and y, are the effective

dielectric susceptibility of the nanoemulsion along a direction which is parallel and
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perpendicular to its anisotropy axis, respectively. (x; — x.) is optical anisotropy factor

due to the oscillating dipole-interaction anisotropy [141].

In the weak-field region, i.e., & << 1, Eqn. (5.6) can be written as

EZ
An = Any® (5.8)

15

In the high field region i.e. £ >> 1, Eqn. (5.6) can be written as

An = Anodb(

where, An, is the maximum birefringence.
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Figure 5.5 Reduced magnetic birefringence (4n/4ny) as a function of (a) applied

magnetic field and (b) square of the magnetic field, at £ < 0 for different volume
fractions @ = 0.0021, 0.0053, 0.0105, 0.0117, 0.0174, 0.0208, and 0.0339.

Figure 5.5 shows the reduced magnetic birefringence as a function of applied magnetic

field and the square of magnetic field at different volume fractions of 0.0021, 0.0053,

0.0105, 0.0117, 0.0174, 0.0208, and 0.0339. The reduced magnetic birefringence (4n/

An,) is defined as the ratio between birefringence at a certain magnetic field to its

saturation value. It can be seen that the reduced birefringence increases linearly with

magnetic field strength at lower values. In the lower field strength region, An/An, scales

with H?.
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Figure 5.6 (a - c) Transmitted light intensity as a function of magnetic field and
(d - f) sin®8/2 as a function of applied magnetic field for ® = 0.0117, 0.0174 and
0.0339.

Figure 5.6 (a - c¢) shows the variation of transmitted light intensity (experimental

results) with the magnetic field and Fig. 5.6 (d - f) the intensity sin®6,/2 corresponding

to crossed orientation of polarizer and analyzer as a function of magnetic field for ® =

0.0117, 0.0174 and 0.0339, respectively. For @ = 0.0117, the intensity remains constant

up to 25.9 G, above which it increases rapidly, reaching a maximum at 64.9 G. After H,,,

it starts to decrease and becomes minimum at 173.46 G and then slowly increases with
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further increase in magnetic field strength. Similarly for ® = 0.0174, the intensity remains
constant up to 23.6 G, above which it increases rapidly reaching a maximum at 59 G.
After H.,, it starts to decrease and becomes minimum at 128.62 G. For the volume
fraction 0.0339 the intensity remains constant up to 18.8 G, above which it increases
rapidly, reaching a maximum at 49.56 G. After H_,, the transmitted light intensity starts to
decrease and becomes a minimum at 80 G and then slowly increases at higher magnetic
field. The same behavior was observed in the experimental intensity profile with magnetic
field where H_; and H., were found to be 25.9 and 64.9 G for ® =0.0117,23.6 and 59 G
for ® =0.0174 and 18.8 and 49.56 G for @ = 0.0339, respectively. The trend observed in
both the experimental and theoretical curves remains similar and the values of H., and H,,
observed in the two cases showed remarkable agreement. This unambiguously confirm
that the observed field induced transparency at lower magnetic field strength are indeed
due to magnetic birefringence, which can be manifested only above a critical volume
fraction of the droplets or critical inter-particle spacing. Our findings are consistent with
the earlier study showing that magnetic birefringence in magnetic fluids can arise due to
orientation of the particles, anisotropic spatial ordering and due to small aggregates [217]
and the prediction that magnetic birefringence may occur at high volume fractions and in
large sample thickness by Bukuzis et al.[134]. The perfectly reversible field induced
transparency at very low magnetic field strength offer several new possibilities in tunable

optical devices.

5.4. Conclusions

The field induced optical transparency and its origin in magnetic nanoemulsion
containing droplets of average size ~200 nm is studied for the first time. The effect of
volume fraction on critical magnetic fields and the transmitted light intensity were studied

systematically. Beyond a volume fraction, the nanoemulsions showed a field induced
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transparency and the critical magnetic fields at which transparency was observed increased
drastically, following a power law decay with ® with distinct exponents. The field induced
transparency in magnetic fluid was perfectly reversible. The observed field induced
transparency in magnetic emulsions for ® > 0.0021 is attributed to the optical
birefringence caused by the rod like nanostructures, which was further confirmed from the
straight line scattering pattern observed on a screen placed perpendicular to the incident
beam. The reduced birefringence is found to be proportional to the square of the applied
magnetic field. The observed reversible field induced transparency in nanofluid may find

potential applications in tunable optical devices.
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Influence of size polydispersity on magnetic field tunable

structures in ferrofluids

6.1. Introduction
Colloidal suspensions of superparamagnetic particles (ferrofluids) exhibit

fascinating physical properties with numerous applications, and they are wonderful model
systems to probe microscopic phenomena such as order-disorder structural transitions,
self-assembly, aggregation, and complex dynamics [18]. The field-induced aggregation
and structural phase transitions in ferrofluids depend on the magnetic interaction strength
between the particles, the magnetic field strength, the orientation of the field with respect
to the sample, the rate of change of the field, the sample thickness, polydispersity, and
volume fraction, the temperature, etc. [81, 231-236]. Particle-size polydispersity is
inevitable in any ferrofluid, and it plays an important role in field-induced structure
formation. A polydisperse fluid can be considered as a mixture of a large number of
components, where the particle size, shape, or interaction strength may vary. This not only
affects the equation of state for the system, but also the phase transitions. The initial
susceptibility of a polydisperse ferrofluid is found to be larger than that of a monodisperse
ferrofluid [237], and in general, the magnetic properties show a very strong dependence on
the volume fraction of large particles. With an increase in the volume fraction of large
particles, the magnetization increases much faster at weak fields due to the strong particle-
field interaction, which leads to a larger initial susceptibility. Large particles act as
nucleation sites and attract nearby particles to form chains via the dipolar head-tail
interaction. Zippering of different chains is also more significant in polydisperse samples,

and it occurs at lower field strengths as compared to more monodisperse samples.
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Despite the vast number of studies on the field-dependent properties of ferrofluids,
most of the research until now has been confined to equilibrium or steady-state properties.
In many technological applications, ferrofluids are subjected to magnetic-field but the
behavior of ferrofluids depends on the properties of suspended nanoparticles. However,
the exact conditions at which different structures such as thin chains, thick chains, sheets,
isotropic bubbles, hexagonal and lamellar/stripe structures are largely unknown. To the
best of our knowledge, no systematic experimental study has been reported on the effect of
particle-size polydispersity on field induced structures and structural transitions.

In this chapter, we detail the field-induced microstructures in ferrofluids with
different polydispersity indices (PDIs), with either in-plane or out-of-plane fields with
respect to the confining cell. Phase contrast optical microscopy, light scattering
experiments are used to characterize the structures formed in three ferrofluids with various
PDIs, and the experimental results for a high-PDI case are complemented by Brownian-

dynamics simulations.

6.2. Materials and methods

6.2.1. Experimental
The magnetite nanoparticles were synthesized by co-precipitation technique which

is detailed in section 2.2 of chapter 2. Three different magnetic nanofluids, M1, M2, and
M3 were employed in this study. The volume fraction of all three ferrofluids was fixed at
0.037 (corresponding to 20 wt %). Table 6.1 summarizes the obtained results of ferrofluid

characterization, details of which can be found in section 2.6 of chapter 2.
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Table 6.1 Sample name, crystallite size, hydrodynamic size, polydispersity index,
magnetization, surfactant loss in samples M1, M2 and M3.

Sample | Crystallite | Hydrodynamic | Polydispersity | Magnetization | Surfactant
name | size [nm] size [nm] index [emu/g] weight
loss [%]
M1 9.6+£0.7 10+ 0.6 0.22 69 £ 0.6 24
M2 8.3+£0.8 11.7+£0.9 0.23 66 £ 0.7 21
M3 105+1 2091 0.79 71+£0.7 19

6.2.2. Simulation
To complement the experimental study, and to gain additional insights on field-

induced structure formation, Brownian dynamics simulations of sample M3 were carried
out. This sample was selected because, as is shown in section 6.3, it shows the greatest
diversity of structures. The simulations were carried out with N, =12 X 36 X 36 =
15,552 particles in a cuboidal cell with periodic boundary conditions, a constant z
dimension (in the field direction) equal to 671 nm, and x and y cell dimensions set equal
and to a value which gives the required volume fraction. A discretized particle-size
distribution N(d) was chosen to mimic the DLS results reported in section 6.3; more
details are given in section 6.3.4. The short-range interactions between two particles i and |

were given by the Weeks-Chandler-Andersen (WCA) potential [238], given by
ul{A(r) = ul!“j](r) - ul!“j] (o), Where ul!“jl(r) = 4¢, [(dij/r)lz - (dij/r)6] is the Lennard-
Jones (LJ) potential, d;; = (d; + d,)/2 is the mean particle diameter, r, = /2d;; is the
position of the minimum of the LJ potential, and &, = kgT is an energy parameter,
assumed to be the same for all pairs of particles, and equal to the thermal energy. The
WCA potential is therefore a soft, purely repulsive potential which models the short-range,
non-magnetic interactions between sterically stabilized nanoparticles. The magnetic

interactions were computed using the particle-particle particle-mesh Ewald summation

method [239] with conducting boundary conditions, to avoid any finite-size artifacts
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arising from demagnetization fields within the (small) simulation cell. The BD simulations
were carried out at 300 K with a time step (in LJ units) of §t* = 0.00025 (this being
small to take account of the dynamics of the small-particles), and for at least 10°
timesteps, chosen so that the system reached a steady state. All simulations were
performed using LAMMPS [240]. Details of computed observables are given in section

6.3.4.

6.3. Results and discussion

6.3.1. Effect of polydispersity on field-induced structural transformations in
ferrofluids

The field-induced microstructures formed at different magnetic field strengths in
samples M1, M2, and M3 were studied using a phase contrast optical microscope. The
phase contrast optical microscopic images of samples M1, M2, and M3 at different
magnetic field strengths of 0 G, 30 G, 80 G, 170 G, 280 G, and 550 G are shown in Fig.
6.1. The direction of the applied magnetic field H is shown by an arrow in Fig. 6.1 (m). In
sample M1, no aggregates are observed even at the highest field strength of 550 G,
indicating that any aggregates are nano-sized (smaller than the 100 nm resolution limit of
the microscope). In sample M2, above a field strength of 280 G, submicron-sized
aggregates are seen. At 280 G, the microscopy images of sample M2 show several short
and thin chains with an average length and width around 12 pm to 0.9 um, which increase
to 37 and 1.6 pum, respectively as the magnetic field strength is increased to 550 G. In
sample M3, very thick and long chains are observed at a field strength of 170 G, where the
average length and width of the chains are 306 um and 3.5 um, respectively. As the field is
increased to 280 G, adjacent chains coalesce to form thick sheets, which span the entire

area being imaged.
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M1 M2 M3

30G

10 pm
80G

10 um
i .
) .
) -

Figure 6.1 Phase contrast optical microscope images showing field-induced
aggregation of magnetic nanoparticles in samples M1 (a —f), M2 (g — 1), and M3
(m —r), at different in-plane magnetic field strengths of 0 G, 30 G, 80 G, 170 G,
280 G, and 550 G. The volume fraction is @ = 0.037 in all three samples, and the

direction of the magnetic field H is shown by an arrow in Fig. 6.1 (m).
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Cross-sectional views of magnetic field-induced microstructures in samples M1,
M2, and M3 at different magnetic field strengths of 0 G, 30 G, 80 G, 170 G, 280 G, and
550 G are shown in Fig. 6.2. Here, the external magnetic field was applied perpendicular
to the sample plane (out-of-plane). Cross-sectional views of columns and sheets appear as
bubbles and stripes, respectively. Similar to Fig. 6.1, no such bubbles are observed in
sample M1 at any magnetic field strength up to 550 G, which indicates that any aggregates
are less than 100 nm in size. In sample M2, only a few bubbles are seen at the highest field
strengths of 280 G and 550 G. Although the polydispersity is very high in sample M3, in
zero field, all particles are well dispersed in the sample, and even if there are aggregates of
larger particles, their size is much less than the 100 nm resolution limit of the microscope.
Hence, no structures are observed in the absence of a magnetic field, but bubbles appear
even at the very low magnetic field strength of 30 G. In this case, the bubbles are
randomly positioned in the plane, with an average intercolumn spacing of 3 um. There are
more columns at a field strength of 80 G, with a smaller intercolumn spacing of 1.5 pm.
Hexagonal close packed columnar structures are apparent above a magnetic field strength
of H = 170 G, with an even smaller intercolumn spacing of 0.6 um. Overall, the average
intercolumn spacing is found to vary inversely with the external magnetic field strength
(< H™1 with R? ~ 0.99) up to a field strength of 170 G, beyond which the columns
coalesce and form stripe patterns. This is in agreement with an earlier report by Horng et
al. [241]. At a field strength of 280 G, columns coalesce through lateral interactions to
form stripe patterns (lamellar structures), with the stripes being extended perpendicular to
the direction of the external magnetic field. The average width of a stripe at 280 G is 1.6
um. As the field is increased further to 550 G, the number of stripes increases, the
thickness of the stripes decreases, and the distance between the stripes decreases to 0.7

um. At 280 G, the stripes are parallel to each other without significant bending. At 550 G,
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however, the stripes show a zig-zag modulation. This instability or undulation at 550 G
can be understood as follows. As the field is increased, the width of the stripes decreases,
while the length of the stripes increases (Fig. 6.2). In addition, since the ferrofluid is a
paramagnetic substance, the local concentration of magnetic material in the cell volume
should increase with increasing field strength, with particles being supplied by the
surrounding ferrofluid reservoir. Since the stripe structures are confined in the field
direction (the cell thickness was approximately 21 pum), the simplest way to increase the
length is through undulation. The zig-zag pattern gives rise to a larger area of interaction
between the stripes, which leads to stabilization through the long-range magnetic

interaction between stripes [242].
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0G

306G

80G

170G

280G

550G

Figure 6.2 Phase contrast optical microscopy images showing cross-sectional
views (top views) of field-induced microstructures in samples M1 (a —f), M2 (g —
), and M3 (m —r), at different out-of-plane magnetic field strengths of 0 G, 30 G,
80 G, 170 G, 280 G, and 550 G. The volume fraction is @ = 0.037 in all three
samples, and the direction of the magnetic field H is perpendicular to the plane,
as shown by an arrow in Fig. 6.2 (m).
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To sum up, in sample M3, three different structural arrangements of columns occurred in
the presence of an out-of-plane field, these being isotropic, hexagonal, and stripe/lamellar
structures with increasing magnetic field. These structures are shown in more detail in Fig.

6.3.

() (h) (i)

Figure 6.3 (a — c) Phase contrast optical microscopy images of sample M3
showing the isotropic, hexagonal, and stripe/lamellar phases with out-of-plane
magnetic field strengths of 80 G, 170 G, and 280 G, respectively. (d —f) Enlarged
views of the images in (a —c). (g — i) FFT images of selected areas from (d —f).

Figure 6.3 (a — c) shows the structural progression between isotropic, hexagonal,
and stripe patterns in sample M3 with magnetic field strengths of 80 G, 170 G, and 280 G.
Fig. 6.3 (d — f) shows enlarged views, and Fig. 6.3 (g — i) shows corresponding fast
Fourier transform (FFT) images of the isotropic columnar distribution, hexagonal

arrangement of columns, and stripe patterns. At H = 80 G, all columns are distributed
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randomly, and hence the FFT gives a circular pattern as shown in Fig. 6.3 (g). At H =
170 G, the columns are closer to one another, and adopt local 2D hexagonal coordination
but without long-range order. Close inspection of the FFT patterns reveals that the
enlarged image [Fig. 6.3 (e)] contains both five-fold and seven-fold coordination sites,
along with the expected six-fold coordination sites. Five-fold and seven-fold coordination
sites coincide with the positions of bubbles that are, respectively, smaller and larger than
the bubbles that surround the six-fold coordination sites. It is known that size
polydispersity creates dislocations and bubble-area mismatches, leading to size adjustment
of the five-fold and seven-fold coordinated bubbles [243]. Due to the misorientation of
columns, a hexagonal pattern is seen in Fig. 6.3 (h), instead of the six diffraction spots
expected for a perfect hexagonal structure [244]. Similar hexagonal patterns have also
been seen in other systems such as a charged superparamagnetic colloid of Fe3O4
nanoparticles coated with silica [245], and a ferrofluid with magnetic holes (nonmagnetic
particles dispersed in a magnetized ferrofluid solution) [246]. The stripe pattern [Fig. 6.3
()] indicates periodic ordering of the domains along the longitudinal direction of the
pattern, and the angular distribution indicates the directionality of the stripe pattern. When
stripes are parallel to each other, two spots are seen in Fig. 6.3 (i). The increased magnetic
moment and decreased column separation at 280 G cause a stronger repulsion between the
columns, which results in the aggregation of columns into lamellar structures in order to
minimize the free energy.

To help us to understand the effect of polydispersity on the field-induced structural
transformations in magnetic colloids, a bidisperse approximation can be used [247]. In a
bidisperse system, two additional parameters are introduced: the particle-size ratio, and the
volume fraction of the larger particles. From the size distribution curve obtained by DLS,

as given in the chapter 2, it was found that samples M1, M2, and M3 contained particles
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with diameters in the ranges of 7 nm-21 nm, 7 nm-28 nm, and 15 nm-44 nm,
respectively. Here we consider a bidisperse system composed of small particles with
diameter og, and large particles with diameter o, defined as shown in Fig. 4. The

magnetic moments of the two types of particles are referred to as mg and m,.

Mean number (%)

Os O
Particle size (nm)
Figure 6.4 The particle-size distribution curve and the full width at half of the

maximum intersect at two points, which define the hydrodynamic diameters of the
small particles (oz) and the large particles (o).

In such a bidisperse system, three different coupling constants can be defined: large-large
(LL), large-small (LS), and small-small (SS). The magnetic field induced microstructures
in such a system should somehow correspond to different values of the coupling constants

TTpoos x2H?

A = THoor Y2 H? _ mpgoios x?H?
L = —Lt— —T0TLESA 7
72kgT

= and Ags =
72kgT ! LS 9kBT(0'L+0'5)3, SS

[248]. These constants

describe the strengths of the magnetic dipole interactions between the various components,

and some illustrative values are provided in Table 6.2.
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Table 6.2 The three coupling constants A, A.s, and Ass calculated at different
magnetic field strengths and at temperature T = 300 K. The diameters of the small and
large particles in each of the three samples M1, M2, and M3 are taken from the particle
size distributions obtained from DLS, as presented in the chapter 2. The experimental
values of the initial susceptibility for the three samples are also given.

Sample name g (Nm) o (nm) X H (G) A A Agg
30 0.009 0.004 0.002

80 0.07 0.03 0.01

M1 9 16 5.6 120 0.2 0.06 0.03
170 0.3 0.1 0.06

280 0.85 0.3 0.15

550 33 1.2 0.58

30 0.03 0.007 0.003

80 0.17 0.05 0.02

M2 10 20 6.4 120 0.4 0.1 0.05
170 0.8 0.2 0.1

280 2.18 0.6 0.3

550 8.4 2.49 1.05

30 0.2 0.07 0.03

80 1.17 0.48 0.24

M3 20 34 7.4 120 2.6 1.07 0.5
170 5.3 2.1 1.1

280 14.3 5.82 291

550 55.2 22.4 11.2

In sample M1, since the number of the large-sized particles is relatively small, the
average separation between large-sized particles is much larger than the diameter of the
small ones. The large number of small particles provides a magnetic background for the
large ones. If the large-small particle interactions are neglected, this background field can
be assumed as a continuous magnetic medium with an effective magnetic permeability
Uersr- The dipolar interaction energy between two large particles in such a magnetic
medium is therefore u.¢ times smaller than that in a nonmagnetic medium [249]. This
weakening of the interaction energy will effectively reduce the aggregation probability of

the large particles. At H = 550 G, Ay, and A;g are greater than one, while Agg is less
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than one, indicating favorable conditions for the formation of aggregates through large-
large and large-small particle interactions. Since Ags < 1, the small particles may attach to
chains formed by large particles due to their dipole-dipole interaction in two possible
ways: by approaching from a direction perpendicular to the chain axis, and getting trapped
in a triangular arrangement by two large particles at contact; or by attaching to the ends of
the chains.

The chains made by larger particles are assumed to be linear with all the dipole
moments well aligned. The optimum attractive energy is attained when the dipole
moments of the small particles are oriented parallel to the chain axis. However, this energy
is not stronger than kgT in the case of transversely attaching particles. Hence, the small
particles tend to attach at the ends of the chains of large particles due to relatively strong
attraction. The attractive energy is not very sensitive to the chain length, due to the =3
decay of the dipolar potential energy. If the number of small particles is high, then there is
a high probability for them to be attached to the ends of the chains. When two short chains
with small particles at their ends approach each other, and combine into a longer chain, the
smaller ones in the middle make the composite chain less stable as compared to a chain
formed only by large particles, and as a result of thermal fluctuations, the composite chain
may break at the location of the small particles [249]. This restricts the further growth of
the chains, and also prevents lateral coalescence of chains or columns, which can lead to a
decrease in chain length with an increase in the volume fraction of small particles
(poisoning effect) [249, 250]. The field-induced aggregation in sample M1 is very slow
and any chains would have to be nanosized, because they are not discernible in the phase
contrast optical microscopy images, even at a magnetic field strength of 550 G (Fig. 6.1

and Fig. 6.2).
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In sample M2, the number of large-sized particles is higher than in sample ML1.
Only above H = 280 G is Ay, > 1, where larger sized particles should form aggregates
in the direction of magnetic field, and hence a few small chains appear as shown in Fig.
6.1 (k) and Fig. 6.2 (k). At H = 550 G, all three coupling constants are greater than or
equal to one, and hence the number of chains is larger, and they are randomly distributed
throughout the sample.

Sample M3 contains significantly more large-sized particles than samples M1 and
M2.  Larger particles have larger dipolar strength in the dispersion. The initial
susceptibility and the magnetization curve of this system show a strong dependence on the
number of larger particles. With an increase in the number of larger particles, the
magnetization of the system increases faster at weak fields, and this leads to a larger initial
susceptibility. At H = 280 G, all three interaction parameters are much larger than one.
The potential energy of a dipole moment in an external magnetic field is given by
Uy = —uym- H, and the gradient of the magnetic field induces a magnetic packing force
Fy = —VUy, which drives magnetic particles towards regions with the maximum local
magnetic field strength. It has been reported that larger particles play an important role as
condensation centers for the formation of nuclei [251]. Once the chain length is above a
critical length, it attracts the nearest small cluster (containing both large and small
particles) towards it, and forms a thicker column. Hence, this can be viewed as a kind of
heterogeneous nucleation, where clusters of large particles act as nucleation points, and
the rate is fast as compared to homogeneous nucleation. This mechanism enhances the
degree of particle-size polydispersity within the columns. The introduction of small
magnetic nanoparticles in a column induces a local magnetic field gradient, similar to the
introduction of non-magnetic particles in a magnetic dispersion [71]. The magnetic

moments of the large particles, and consequently those of the small particles in a column,
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increase under a strong magnetic field, which further increases the concentration of small
particles in regions with a high local magnetic field strength. Due to the increased
magnetic moment, small-small particle interactions lead to the formation of chains with
smaller intercolumn separation. So, the increased magnetic moments and decreased chain
separation cause stronger repulsion (i.e., due to steric hinderance) between the chains,
which eventually results in the aggregation of chains into lamellar structures to minimize
the free energy [71]. This occurs by shifting a neighboring chain by a distance a

corresponding to the radius of the nanoparticles.

6.3.2. Effect of volume fraction of large particles on field-induced microstructures
To study the effect of volume fraction of large particles (®;) on field-induced

microstructures in ferrofluids, we prepared binary mixtures of samples M1 and M3 with
various compositions. In total, five different samples named M1, A, B, C, and M3 were
prepared. The volume fractions of small and large particles in the samples (based on the
bidisperse model presented in Table 6.2), and the polydispersity indices, are given in
Table 6.3.

Table 6.3 The volume fractions of small particles (&) and large particles (@), and the

polydispersity indices (PDIs) of samples M1, A, B, C, and M3, based on the bidisperse
model presented in Table 6.2.

Sample name (OB 0N Polydispersity index (PDI)
M1 0.017 Nil 0.22
A 0.008 0.008 0.47
B 0.004 0.012 0.60
C 0.00198 0.0148 0.71
M3 Nil 0.017 0.79

The field-induced microstructures in all five samples were studied at different
magnetic field strengths using a phase contrast optical microscope. The resulting images at

magnetic field strengths of 80 G (a, e, i, m, q), 170 G (b, f, j, n, r), 280 G (c, g, k, 0, s), and
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550 G (d, h, I, p, t) are shown in Fig. 6.5. The direction of H is shown by an arrow in Fig.
6.5 (d). Similar to Fig. 6.1, no visible aggregates or chains are seen in sample M1 at any
magnetic field strength. In sample A, with half of the total volume fraction containing
large particles (i.e., ®; = 0.008), chains are formed in the direction of magnetic field
even at a small field strength of 80 G, where the larger sized particles act as nucleation
centers. The average length of the chains increases from 20 pm to 225 pm as the magnetic
field strength increases from 80 G to 550 G. Zippering of chains is seen above a field
strength of 170 G, and progressive growth of small chains, through long chains, to
zippered columns is seen on increasing the magnetic field from 80 G to 550 G. In sample
B, the average length of the chains increases from 32 pm to 305 um, as the magnetic field
strength is increased from 80 G to 550 G. Similarly, in samples C and M3, with ®; =
0.0148 and 0.017, respectively, short chains, longs chains, zippered columns, and finally

magnetic sheets are formed when the field strength is increased from 80 G to 550 G.
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Figure 6.5 Phase contrast optical microscopy images (side view) of magnetic
field induced microstructures in samples M1, A, B, C, and M3 at different
magnetic field strengths of 80 G (a, e, i, m, g), 170G (b, f, j, n, r), 280 G (c, g, k,
0, s), and 550 G (d, h, I, p, t). The direction of the magnetic field H is shown in
Fig. 6.5 (d).

The cross-sectional (top) view of field induced structures in samples M1, A, B, C,
and M3 at magnetic field strengths of 80 G (a, e, i, m, ), 170 G (b, f, j, n, r), 280 G (c, g,

k, 0,s),and 550 G (d, h, I, p, t) are shown in Fig. 6.6.
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Figure 6.6 Phase contrast optical microscopy images (top view) of magnetic
field induced microstructures in samples M1, A, B, C, and M3 at different
magnetic field strengths of 80 G (a, e, i, m, @), 170 G (b, f, j, n, r), 280 G (c, g, k,
0, 8), and 550 G (d, h, I, p, t). The direction of the magnetic field H is shown in
Fig. 6.6 (d).

Here, the orientation of the magnetic field is normal to the sample plane. In sample
A, a large number of bubbles are seen at 80 G. The number of bubbles increases within the
field of view, and the interbubble spacing decreases, with increasing magnetic field. The
bubbles are distributed randomly in the dispersions even at 550 G. However, in samples B,

C, and M3, above a certain magnetic field strengths, hexagonal close packed structures
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and finally lamellar structures (formed by lateral aggregation of columns) are observed.
The isotropic, hexagonal columnar, and lamellar/stripe patterns observed in samples B, C,
and M3 indicate the prominent roles of the larger sized particles and the applied magnetic
field strength in structural transitions in ferrofluids. The lamellar structures are formed
only at high volume fraction and high magnetic field strength.

The average intercolumn spacing, determined from the microscopy images using
IMAGE J software, as a function of both the volume fraction of large particles and the
applied magnetic field strength, are shown in Fig. 6.7. The magnetic field strengths
considered are below that at which stripe patterns start to form. Fig. 6.7 (a) shows that the
intercolumn spacing decreases with increasing ®;, and follows a power-law dependence
(i.e., ~0.*) where the exponent x’ has values of 1.17 (R? = 0.98), 0.95 (R? = 0.99),
1.08 (R? = 0.98), and 1.006 (R? = 0.80) at magnetic field strengths of 50 G, 80 G, 120
G, and 170 G, respectively. Fig. 6.7 (b) shows that the intercolumn spacing decreases and
follows a power-law dependence with magnetic field strength (~H‘y') where the
exponent y’ is found to be 0.99 (R? = 0.97), 0.88 (R? = 0.96), 0.81 (R? = 0.98), and
0.94 (R? = 0.97) for samples A, B, C, and M3, respectively. Fig. 6.7 (c) and (d) shows
the dependence of the intercolumn spacing on ®;* and H~1, respectively, confirming the

roughly inverse dependence of the spacing on volume fraction and field strength.
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Figure 6.7 Average intercolumn spacing as functions of (a) and (c) the volume
fraction of large particles, and (b) and (d) the external magnetic field strength, in
ferrofluid samples A, B, C, and M3. All results are with out-of-plane magnetic
fields with strengths 50 G, 80 G, 120 G, and 170 G.

From the microscopy results, a phase diagram is constructed on the basis of the
volume fraction of the larger particles, and the applied magnetic field strength. The phase
diagram showing the regions of isotropic (I), hexagonal (H), and stripe (S) phases is
shown in Fig. 6.8. In the blue region of the graph, short chains and columns are randomly
positioned throughout the sample, and this is called the isotropic phase. In the green and
red regions, respectively, hexagonal close packed columnar structures and stripe patterns
are formed. Under a high magnetic field, and with a high volume fraction of large
particles, a stripe/lamellar pattern is observed. At intermediate magnetic fields, and a

moderate volume fraction of large particles, hexagonal structures are formed. When the
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concentration of large particles is low, no hexagonal or stripe structures are observed, even

under a strong magnetic field.
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Figure 6.8 Phase diagram of magnetic nanofluids with large-particle volume
fraction @_ and magnetic field strength H, showing the structural boundaries
between isotropic (1), hexagonal (H), and stripe (S) phases.

6.3.3. Scattered pattern and the light transmission through magnetic nanofluids
The scattered light intensity pattern from samples M1, M2, and M3 at magnetic

field strengths of 0 G, 80 G, 170 G, and 550 G are shown in Fig. 6.9. The magnetic field

direction is parallel to the direction of light propagation.
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Figure 6.9 Scattered light intensity pattern from samples M1, M2, and M3 at
magnetic field strengths of 0 G (a, ¢, i), 80 G (b, f, j), 170 G (c, g, k), and 550 G
(d, h, I). The inset of Fig. 6.9 (d) shows the schematic representation of light
scattering measurement.

In the absence of a magnetic field, there is no clustering of the magnetic
nanoparticles, and since the particles are smaller than the wavelength of incident light
(d « 1), Rayleigh scattering gives rise to one central spot on the screen. When the size of
the scatterers is comparable to the wavelength of incident light, the scattering changes
from the Rayleigh to the Mie regime. In case of sample M1, the spot intensity remains
unchanged with an increase of the magnetic field strength, indicating that the scatterer size
remains within the Rayleigh regime. Fig. 6.1 shows that no micron-sized chains are visible
in sample M1, even at the highest magnetic field strength of 550 G. Due to the presence of
only smaller aggregates such as pairs, triplets, and other small chains, no changes in the

intensity of the transmitted light spot are observed. In sample M2, there is a slight decrease
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in light intensity at 80 G. At 170 G, intense speckles of white spots and dark spots appear
around the central spot. The scattered waves from ordered media remain in phase rather
than be dephased, which increases the probability of constructive interference of scattered
wave. As the field increases, the number of single chains increases in the direction of the
magnetic field. At 550 G, the system contains isolated particles, pairs, triplets, small
chains, and large chains, as shown in Fig. 6.1. The number of speckles and the speckle
contrast both increase, and the speckles are arranged in a circle indicating that linear
aggregates are formed along the light-propagation direction. The increase in speckle
contrast indicates a decrease in the mobility of the growing aggregates on increasing the
magnetic field strength [160]. In sample M3, the transmitted light spot at zero field is
transformed into a circular pattern at 80 G, where the speckles are distributed on the
circumference of circle, indicating the formation of long chains and zippered columns that
are distributed randomly in the sample, as shown in Fig. 6.1 and Fig. 6.2. The reason for
the formation of a circular pattern can be explained on the basis of light scattered by
cylindrical surfaces which is discussed in chapter 3. For . = 0°, the scattered pattern will
be a circle as shown for sample M3 at 80 G in Fig. 6.9 (j). In sample M3 at 170 G, six
bright spots with some speckles are observed at the circumference of the circular pattern,
indicating the presence of a short-range ordered hexagonal pattern. At 550 G, a straight-
line pattern is observed due to the scattering of light from stripe-like structures, which is
analogous to the scattering pattern form a straight line when the incident-light direction is

normal to the cylinder axis.
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Figure 6.10 Normalized transmitted light intensity as a function of time for
samples M1, M2, and M3 at magnetic field strengths of (a) 100 G and (b) 300 G.

Figure 6.10 shows the normalized transmitted light intensity as a function of time
for samples M1, M2, and M3 at magnetic field strengths of 100 G and 300 G. The
magnetic field was switched on at time t = 0's, and kept constant up to t = 600 s. The
transmitted light intensity through samples M1 and M2 in the presence of a magnetic field
remains invariant with time. However, sample M3 shows drastic changes in the
transmitted intensity in the presence of a magnetic field. At 100 G, the transmitted
intensity remains constant during the initial time interval (t = 0 s — 75 s), and after that it
increases linearly with time with a slope of about 0.02 s~ (R? = 0.99). At 300 G, the

transmitted light intensity starts to increase after 35 s, and ultimately follows a power-law

increase with time (~tx'), where the exponent x’ is found to be 1.5 (R? = 0.98). Similar
trends in the temporal variation of the transmitted light intensity were observed for a
ferrofluid emulsion. Sample M3 contains larger sized particles that act as nucleation
centers, which initiate chain formation even at low magnetic field strength. With a further
increase in the magnetic field strength, the aspect ratio of the chains increases. Once the
chains reach the maximum length, the lateral interaction between chains leads to
zippering. As the number density of chains decreases, and the spacing between the chains

increases, more light is transmitted. This explains the growth in transmitted light intensity
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in sample M3 with a strong magnetic field. Due to the presence of nanosized aggregates
with high diffusion coefficients, no changes in the transmitted light intensity as a function
of time are observed in samples M1 and M2.

Figure 6.11 (a — c) shows the variation of the normalized transmitted light
intensity as a function of magnetic field strength at a ramp rate of 2 G s™1, during both the

increase and decrease, for samples M1, M2, and M3.
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Figure 6.11 (a —c) Transmitted light intensity as a function of external magnetic
field during increase and decrease at a ramp rate of 2 G s™. (d — f) Transmitted
light intensity as a function of the external magnetic field strength at ramp rates of
1,2, 4,10, and 20 G s™. (a) and (b) are for sample M1, (c) and (d) are for sample
M2, and (e) and (f) are for sample M3.

For sample M3, a large hysteresis in the transmitted light intensity curve is
observed during the increase and decrease of magnetic field. However, for samples M1

and M2, no hysteresis is observed during the increase and decrease of the field, which
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indicates rapid aggregation and disaggregation processes. The significant hysteresis area
observed with sample M3 indicates slow field-induced aggregation arising from the higher
polydispersity. This observation shows that the polydispersity plays an important role in
the aggregation and disaggregation processes. The transmitted light intensity returns to its
initial value after switching off the magnetic field, indicating that the particles are
redispersed after removing the applied magnetic field. Fig. 6.11 (d — f) shows the variation
of the transmitted light intensity as a function of magnetic field at different ramp rates of
1,2,4,10 and 20 G s for samples M1, M2, and M3. For all ramp rates, the transmitted
light intensity through samples M1 and M2 is found to decrease with increasing magnetic
field, and reach a plateau at high magnetic field strength. The transmitted light intensity
through sample M3 increases after reached at a minimum in the presence of the magnetic
field strength for all ramp rates, except 20 G s™1, indicating the formation of long chains
and columns in the direction of the magnetic field, which scatter more light in the forward

direction.

6.3.4. Insights on chain and sheet formation from Brownian dynamics simulations
Brownian dynamics simulations are used to gain further insight on the crossover

between columnar and stripe patterns in sample M3. Fig. 6.12 (a) shows the particle-size
distribution from the DLS study, along with a discretized version containing 11 fractions
for use in the simulations. As explained in section 6.3.1, the ferrofluid is a paramagnetic
substance, and hence it is attracted to a region with high magnetic field intensity. As a
result, the exact volume fraction of particles within the experimental observation region is
not known, and neither is the local particle-size distribution. So for the purposes of
illustration, it is assumed that the particle size distribution in the observation region is the
same as that for the bulk sample, and the volume fraction is scanned between 1 and 6

times the stock value, meaning ® = 0.037 — 0.222. The third moment of the particle-size
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distribution is (¢3) = 1.23 x 10* nm?, and so with N,, = 15552 particles, and a fixed z

dimension of 671 nm, the x and y dimensions of the cell ranged from 2014 nm at the

lowest volume fraction to 822 nm at the highest volume fraction. Since the average

particle diameter is 22 nm, the box dimensions are at least 30 times bigger in all cases.

4000 L I L I L I L I L
i A |
0004 @ ]Z &‘ |
= 2000 — —
1000 - 2
0 3 T I T I T
0 10 20 30 40 50
6/ nm
500 L I i i I L I L I L I L I L I L
1 — ®-0037] |
400 () — ®=0074| [
. ®=0111|
@300— — ®=0.148
| ®=0185| |
N’
- g— — ®=0222
100 - =
\ i

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
-1
g / nm

T T rrrr

T Illll

T 1T 71T T 1T
0 100 200 300 400 500 600

r/ nm

sof—L—1 1111
400 o o F
504 (d) § A a & F

- I_] -
. 304 K . =
g 250 - g ! O H=415Ger) |F
~ 200 mo' |
— o~ 150 a O H=550G (2rmin) -

00 H=415G 2ng_)| F

] A H=550G n
50 _- ( qmax) :-_

0 T T T T 1
0.000 0.037 0.074 0.111 0.148 0.185 0.222 0.259
b

Figure 6.12 (@) The particle-size distribution mimicking sample M3. (b) The two-
dimensional radial distribution function g(r) of particle positions projected onto
the xy plane (perpendicular to the field direction). (c) The static structure factor
S(q) corresponding to the radial distribution function in (b). (d) Characteristic

length scales extracted from the minima in the radial distribution function, and the
maxima in the static structure factor. The points in (b) and (c) indicate the first

minima and primary maxima, respectively.

Figure 6.13 shows top-down views of systems corresponding to H = 280 G, and

® = 0.037 and 0.222. For each system, an orthographic view and a perspective view are

shown, so that the presence of chains in the field direction can be discerned. In the case of

the orthographic view, four periodic replicas are shown in the xy plane, so that any clusters
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cut by the box edge can be distinguished. At ® = 0.037, it is clear that long chains of
large particles have formed in the field direction, but many of the small particles are not
part of any cluster. Some chains are one-particle thick, and others are zippered. The
orthographic view — where the particle positions are projected on the plane — shows some
clustering, but the distinction between clusters and free particles is not very clear.
Increasing the volume fraction does not produce any interesting structure. As shown in

Fig. 6.13, at ® = 0.222, no distinct clusters can be identified clearly from either view.

&0

(@) H = 280 G, ® = 0.037 © (b)H=280G,® = 0222
Figure 6.13 Snapshots from simulations with H = 280 G and (a) @ = 0.037, and

(b) @=0.222. In each case, an orthographic view (with 4 periodic replicas) and a
perspective view are shown.

Higher field strengths are required to produce more distinct clusters. Fig. 6.14
shows snapshots from simulations at a field of 415 G (halfway between the experimental
values of 280 G and 550 G), and at six volume fractions in the range ® = 0.037 — 0.222.
The results are dramatically different from those at the lower magnetic field strength.
Firstly, a much greater proportion of particles are now associated with columns, meaning
that the clusters are much more distinct in the snapshots. At the three lowest volume
fractions (® = 0.037, 0.074, and 0.111) the columns mostly have cylindrical symmetry,
and are evenly spaced in the xy plane, but without long-range ordering. At higher volume
fractions (® > 0.148) the columns have coalesced to form structures that are more
extended in the direction perpendicular to the field, and as the volume fraction is

increased, they begin to connect up further to form something resembling a continuous,
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labyrinthine structure. The perspective views clearly show the sheet-like structures formed

by the coalescence of the columns.
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Figure 6.14 Snapshots from simulations with H = 415 G and (a) @ = 0.037, (b)
@=0.074, (c) ®=10.111, (d) @=0.148, (¢) @=0.185, and () @=0.222. In
each case, an orthographic view (with 4 periodic replicas) and a perspective view
are shown.

Figure 6.15 shows similar results but for a field strength of 550 G. The qualitative
picture is very similar to that at 415 G. At low volume fractions, the particles are clustered
into columns. There are fewer free, small particles at this field strength because of the
increased magnetization and hence coupling constants of the particles. As the volume
fraction is increased, the columns start to coalesce in the lateral dimension, forming sheet-
like structures. At the highest volume fraction, these sheets connect up to form a

labyrinthine structure; the snapshots very clearly show the two-dimensional nature of the

sheets.
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Figure 6.15 Snapshots from simulations with H = 550 G and (a) @ = 0.037, (b)
@=0.074, (c) ®=10.111, (d) @=0.148, (¢) @=0.185, and () @=0.222. In
each case, an orthographic view (with 4 periodic replicas) and a perspective view
are shown.

To estimate the length scales of the various structures being formed, the two-
dimensional radial distribution function g(r) was computed by projecting all particle

positions onto the xy plane. This is given by

90 = 1 n(r,r + 6r)

_ 6.1
5150 27N orér ©D

where n(r,r 4+ 8r) is the number of pairs of particles separated by a distance
between r and r + &r, the denominator is the number of such pairs expected for a
completely random array of positions, and o is the total number of particles per unit area.
As defined, g(r) —» 1 as r — o if there is no long-range order. The results for systems at
415 G and 550 G are shown in Fig. 6.12 (b). The first minimum in g(r) should occur at a

distance (r,;,) roughly half-way between different clusters [highlighted by points in Fig.
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6.12 (b)], and hence one estimate of the characteristic length scale in the system is
[ = 210 Another estimate of this length scale can be obtained by finding the primary
peak in the static structure factor

0

5@ =1+0 [[90) — exp(—ig-rar =1+ 270 [ Hfo(anlg) - 1lar  (62)
0

where q is a wave vector, g = |q|, and J,(qr) is a Bessel function of the first kind. In the
absence of any order, S(q) = 1, while the presence of large-scale structures are indicated
by peaks at low values of q. The results are shown in Fig. 6.12 (c), and the primary peaks
(gmax) are highlighted by points. The characteristic length scale corresponds to [ =
270/ Gmax-

Figure 6.12 (d) shows the characteristic length scales obtained from both g(r) and
S(q), as functions of the volume fraction, and for the field strengths H = 415 G and 550 G
(no structure being discernible at 280 G). Firstly, the two routes give broadly similar
results. Secondly, as the volume fraction increases (corresponding to the ingress of
magnetic nanoparticles), the characteristic length scales approach values in the range 300
nm — 400 nm, irrespective of the field strength. This suggests that the natural length scale
of the stripe-like patterns should be in the region of 0.4 um. In Section 6.3.1, it was
observed that the distance between stripes at the highest field strength was about 0.7 pm.
There are several unknown factors at play here (local size distribution, volume fraction,
and magnetic field strength and gradient). Moreover, the simulations can only capture a
very small volume, and over much shorter timescales than in experiments (on the
timescale of minutes). Nonetheless, the simulations show how columns coalesce to form
sheets, and that the spacing between sheets is at least of the right order of magnitude as

compared to experiment.
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6.4. Conclusions
The effect of size polydispersity on field-induced equilibrium and non-equilibrium

structures in ferrofluids was probed systematically. Three different ferrofluids — labelled
M1, M2, and M3 — containing magnetic nanoparticles with average crystallite diameters
9.6 nm, 8.3 nm, and 10.5 nm, and with different polydispersities, respectively, were
studied. Phase contrast optical microscopy images revealed that sample M3 showed
structural transitions from isotropic columnar, through hexagonal close packed, to striped
patterns on increasing the magnetic field between 0 G and 500 G. In contrast, samples M1
and M2 showed no such structural transitions. The formation of stripe/lamellar structures
was completely reversible upon switching on and off the external magnetic field. The
lamellar structures obtained in strong fields were dynamic, and disappeared upon the
removal of the external magnetic field. In sample M3, bubbles were formed at a very low
magnetic field strength of 30 G, with an average intercolumn spacing of 3 um, which was
found to decrease with increasing magnetic field. Hexagonal close packed columnar
structures were formed with an intercolumn spacing of 0.6 um at 170 G. The average
intercolumn spacing was found to vary inversely with the external magnetic field up to
170 G, beyond which the columns coalesced and formed striped patterns. At very high
magnetic field strength, an undulation due to the long-range magnetic coupling interaction
between stripes gave rise to a zig-zag pattern. The isotropic, hexagonal columnar, and
lamellar/stripe patterns observed in sample M3 indicate the prominent roles of larger sized
particles and the applied magnetic field strength in structural transitions in ferrofluids. The
lamellar structures were formed only at high volume fraction of large particles and with
strong magnetic fields. The intercolumn spacing decreased with @, and followed a power-
law dependence. The intercolumn spacing varied inversely with the magnetic field

strength. A phase diagram was constructed containing the different structures seen with
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different volume fractions and field strengths. The structural transitions observed with
microscopy were also confirmed using light-scattering techniques, with each structure
giving rise to characteristic features in the scattering pattern. In addition, time-resolved
experiments showed that the aggregation and disaggregation kinetics are slow, but that the
processes are essentially reversible. Finally, Brownian dynamics simulations were used to
gain some insights on the formation of the magnetic sheets which give rise to the stripe-
like patterns in the high-polydispersity sample (M3) seen with very strong magnetic fields.
It was shown how thin chains coalesce to form sheets with increasing magnetic field, and
although the ultimate equilibrium structures cannot be obtained on the simulation
timescale, the emerging characteristic length scales were in approximate agreement with
those seen in the microscopy experiments. Our work not only provide new insights into
the role of PDI on structural transitions but also opens up new opportunities to develop
optical devices and accessing diverse structures by tuning size polydispersity. The
obtained results are useful for the design of light-controllable magnetic-fluid-based
devices such as light modulators and light switches, where the light transmission through
magnetic fluid can be controlled by an external magnetic field, size polydispersity and
volume fraction of larger sized particles. The reversible and fast response of polydisperse
sample will also be beneficial for microfluidics applications such as ferrofluid-based

robots and lab-on-chip devices.
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Conclusions and recommendations for future work

7.1. Summary and conclusions
The parameters such as volume fraction, size polydispersity, surfactant

concentration, magnetic field strength, field ramp rate, field orientation, and switching
conditions, etc., influencing the field driven structures in magnetic fluids (ferrofluids and
ferrofluid emulsions), its temporal evolution and dynamics were studied systematically.
The important results are summarized below.

The role of surface charge on the critical magnetic field for various structural
transitions in magnetic nanoemulsion of different volume fractions is studied for the first
time. Three distinct critical magnetic fields are identified from the changes in the field
dependent transmitted forward scattering light intensity, which correspond to the
commencement of small aggregate formation, complete formation of linear aggregates
before the commencement of lateral coalescence of individual chains, and the formation of
densely packed columnar solid like structures through zippering of individual chains. The
field induced anisotropic structure formation in the emulsion was evident from the ring
like pattern observed. With decreasing Debye screening length, the aggregation rate was
found to increase linearly. The experimentally observed critical fields were in good
agreement with theoretical predictions at lower surfactant concentrations.

The effect of volume fraction of magnetic droplets, magnetic field strength, and
surfactant concentration on the temporal evolution of magnetic field induced structures, is
studied using time dependent transmitted intensity measurement and phase contrast optical
microscopy. The transmitted light intensity through ferrofluid emulsion is found to
decrease after a certain critical field (H.,) and reaches a minimum at a higher magnetic

field. At low magnetic field strength (H = 50 G), the long chains and zippered structures
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are formed by lateral chain aggregation where the spacing among the chains is found to
increase with time. At higher magnetic field strength (H = 300 G), the chains are
interconnected to each other and the spacing between the chains remains constant with
time, which was consistent with the observed time independent transmitted light intensity.
With increased volume fraction of droplet and surfactant concentration, a larger number of
individual non-zippered chains are observed at higher magnetic field strength due to the
reduction of lateral diffusion of magnetic chains in the dispersion. These results confirm
that the lateral diffusion of chains is hindered at high magnetic field strength due to
reduced thermal fluctuation.

The field induced optical transparency and its origin in magnetic nanoemulsion
containing droplets of average size ~200 nm is studied for the first time. The effect of
volume fraction on critical magnetic fields and the transmitted light intensity were studied
systematically. Beyond a volume fraction, the nanoemulsions showed a field induced
transparency and the critical magnetic fields at which transparency was observed increased
drastically, following a power law decay with ® with distinct exponents. The field induced
transparency in magnetic fluid was perfectly reversible. The observed field induced
transparency in magnetic emulsions for ® > 0.0021 is attributed to the optical
birefringence caused by the rod like nanostructures, which was further confirmed from the
straight line scattering pattern observed on a screen placed perpendicular to the incident
beam. The reduced birefringence is found to be proportional to the square of the applied
magnetic field.

The effect of size polydispersity on field-induced equilibrium and non-equilibrium
structures in ferrofluids was probed systematically. Phase contrast optical microscopy
images revealed that sample with high polydispersity (M3) showed structural transitions

from isotropic columnar, through hexagonal close packed, to striped patterns on increasing
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the magnetic field between 0 G and 500 G. In contrast, samples with low polydispersity
showed no such structural transitions. The formation of stripe/lamellar structures was
completely reversible upon switching on and off the external magnetic field. The lamellar
structures obtained in strong fields were dynamic, and disappeared upon the removal of
the external magnetic field. In sample with high polydispersity, bubbles were formed at a
very low magnetic field strength of 30 G, with an average intercolumn spacing of 3 um,
which was found to decrease with increasing magnetic field. Hexagonal close packed
columnar structures were formed with an intercolumn spacing of 0.6 pm at 170 G. The
average intercolumn spacing was found to vary inversely with the external magnetic field
up to 170 G, beyond which the columns coalesced and formed striped patterns.

At very high magnetic field strength, an undulation due to the long-range magnetic
coupling interaction between stripes gave rise to a zig-zag pattern. The isotropic,
hexagonal columnar, and lamellar/stripe patterns observed in sample M3 indicate the
prominent roles of larger sized particles and the applied magnetic field strength in
structural transitions in ferrofluids. The lamellar structures were formed only at high
volume fraction of large particles and with strong magnetic fields. The intercolumn
spacing decreased with &; and followed a power-law dependence. The intercolumn
spacing varied inversely with the magnetic field strength. The structural transitions
observed with microscopy were also confirmed using light-scattering techniques, with
each structure giving rise to characteristic features in the scattering pattern. In addition,
time-resolved experiments showed that the aggregation and disaggregation kinetics are
slow, but that the processes are essentially reversible. Finally, Brownian dynamics
simulations were used to gain some insights on the formation of the magnetic sheets which
give rise to the stripe-like patterns in the high-polydispersity sample seen with very strong

magnetic fields. It was shown how thin chains coalesce to form sheets with increasing
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magnetic field, and although the ultimate equilibrium structures cannot be obtained on the
simulation timescale, the emerging characteristic length scales were in approximate
agreement with those seen in the microscopy experiments. Our work not only provide new
insights into the role of PDI on structural transitions but also opens up new opportunities
to develop optical devices and accessing diverse structures by tuning size polydispersity.
The results of this study provide better insights into the field induced structure
formation and are useful for the design of light-controllable magnetic-fluid-based devices
such as light modulators, light switches, ferrofluid-based robots and lab-on-chip devices.
7.2.  Major contributions
e The role of surface charge on the critical magnetic field for various structural
transitions in magnetic nanoemulsion of different volume fractions is studied for the
first time. Three distinct critical magnetic fields are identified from the changes in
the field dependent transmitted light intensity, corresponding to the commencement
of small aggregate formation, complete formation of linear aggregates and the
formation of densely packed columnar solid like structures through zippering of
individual chains.
e The field induced anisotropic structure formation in the emulsion is demonstrated
from the ring like pattern.
e Obtained a relationship between Debye screening length and the aggregation rate.
e The dependence of transmitted light intensity in ferrofluid emulsion on critical field
and volume fraction is established.
e The field induced optical transparency and its origin in magnetic nanoemulsion is
demonstrated for the first time. Correlation between the field induced transparency,

magnetic fields and @ is established.
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e New insights into the size polydispersity on field-induced equilibrium and non-
equilibrium structures in ferrofluids are obtained.

e Structural transitions from isotropic columnar, through hexagonal close packed, to
striped patterns on increasing the magnetic field is demonstrated in the sample with
high polydispersity.

e The results from this study are useful for the design of light-controllable magnetic-
fluid-based devices such as light modulators, light switches, ferrofluid-based robots

and lab-on-chip devices.

7.3. Recommendations for future work
Recommendations for future work include:

v Probing the effect of temperature on field induced structural transitions in magnetic
fluids (ferrofluids and magnetic nanoemulsions).

v Probing the role of viscosity of carrier liquid on the aggregation kinetics and
magneto-optical properties in magnetic fluids.

v Probing the role of non-magnetic particles in magnetic fluids on magnetic field
induced structural transitions and associated magneto-optical properties.

v' Development of optical modulator, switches, field sensors, etc., using magnetic

fluids
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