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Synopsis

Correlating microstructural details of an aging colloidal clay suspension with its
rheological response is a challenging problem. The many-body interactions in soft
systems such as clay suspensions are responsible for their structural and dynamical
complexity. It is not fully clear how suspension structures grow with time (age),
nor are the effects of such microstructural evolutions on the sample’s rheological
properties completely understood. We have employed falling ball viscometer and
optical tweezers to study interparticle interactions at microscopic lengthscales. Fur-
thermore, the fascinating dynamical properties of dense and jammed systems are
not well studied. In this thesis, we have employed simple microscopy techniques to
observe the dynamics of dense systems (colloidal and granular) at particle length
scales.

Chapter 1 discusses the relevant information required to understand the the-
sis work. This chapter includes a brief introduction to colloidal systems, and the
structure and dynamics of charged clay suspensions and externally vibrated granu-
lar systems. The rheological properties of aging Laponite suspensions are discussed
in detail. This is followed by a discussion on the dynamics of dense suspensions,
with a focus on hydrogel systems.

Chapter 2 explains the experiment techniques and synthesis methods that were
used in this thesis. The following experimental setups are discussed — a custom-made
falling ball viscometer, a rheometer, an optical tweezer setup, high speed camera
used for fast data acquisition, a confocal microscope used in our studies of dense

suspensions, an electrodynamics shaker used in the study of the dynamics of vibrated
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granular media, and an electron microscope used for studying microstructural details
of the colloidal samples used in this thesis. Methods of data analysis employed to
understand our experimental data will also be discussed.

Chapter 3 describes the settling dynamics of falling spheres inside a Laponite
suspension. Millimetre sized steel balls are used to probe aging Laponite clay sus-
pensions. The motion of the ball is tracked using a high speed camera. The data
is analysed to understand the destructuring of aqueous Laponite suspensions due
to the passage of the falling ball. A simple toy model is formulated to explain the
experimental data.

Chapter 4 describes microrheological studies using optical tweezers (OT). A
micron sized bead is used to probe aqueous Laponite suspensions. Oscillatory micro-
rheology is performed using the OT. Elastic and viscous moduli for different aging
times and concentrations are measured at several applied oscillatory frequencies.
The microrheological results are compared with bulk rheology data. The evolution
of structures in Laponite suspensions can be inferred from these experiments. Our
conclusions about suspension microstructures are also verified with cryo-SEM imag-
ing. We note that the sizes of the pores of the suspension structures are related to
the microrheological measurements of mechanical moduli.

Chapter 5 explains micro rheology experiments with a Laponite suspension in
the presence of an electric field. Since Laponite particles are charged in aqueous
suspension, the structures of Laponite are sensitive to electric fields. The effect of
electric field on the aging of aqueous Laponite suspensions is systematically inves-
tigated using the OT. We see that the electric field can be varied to tune the aging
property of the sample.

In Chapter 6, the dynamics of dense suspensions are explored using confocal mi-
croscopy. Understanding the dynamics of dense suspensions is extremely important
for different applications. In this work, PNIPAM hydrogel particles are synthe-
sised with different size polydispersities. Mean square displacements are calculated

to quantify the average dynamics. The two point self-correlation of positions is



measured, while dynamical heterogeneities in the system are characterised from the
variance of the two point correlation functions. The experimental results are com-
pared with simulation results by calculating the number of correlated particles using
molecular dynamics simulations considering hard sphere inter-particle interactions.
Chapter 7 reports the study of granular particles vibrated between two plates
coupled to an electrodynamic shaker. We use a digital camera to study the particle
dynamics by varying the acceleration and frequency of the vibrated platform, the
control parameters in our experiment. The effects of these control parameters on
the granular dynamics for different shapes and sizes of the granular particles are
recorded. Analysis of the observed dynamics includes estimations of the translational
and orientational mean square displacements, the auto-correlations of displacements,
dynamical heterogeneities and the number fluctuations in the vibrated system.

Chapter 8 summarizes this thesis work and suggests future directions of re-

search.
Prof. Ranjini Bandyopadhyay Rajkumar Biswas
(Thesis Supervisor) (Student’s name)

Soft Condensed Matter Group
Raman Research Institute

Bangalore 560080 INDIA
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Chapter 1

Introduction

1.1 Colloidal suspension

A colloidal suspension is a heterogeneous system having two components, a dispersed
phase and a dispersion medium. Such systems can be composed of liquid or solid
particles dispersed in a continuous liquid, gas or solid medium as well as gaseous
particles dispersed in liquid or solid medium [1-5]. The particles in the dispersed
phase have diameter lying between 10 nm to 1 um and their motion is influenced
by thermal forces [6]. The range of colloidal sizes is set by a balance between the
gravitational and diffusive fluxes of colloidal particles in suspension [6, 7]. A colloidal
particle can, therefore, be more than a hundred times larger compared to an atom.
A solution is a homogeneous mixture of solutes (atoms or molecules) dissolved in a
solvent. Unlike in a solution, particles in a colloidal suspension are large enough to
scatter or reflect light [8]. The scattering of blueish light from colloidal suspensions
is known as Tyndall effect [9] and this effect can be used to distinguish between a
solution and a colloidal suspension. The size ranges of colloids when compared to
other systems are shown from the molecular lengthscale to the length of a living
insect in Fig.1.1. Colloidal systems can be classified into different categories such
as aerosol (solid or liquid particles dispersed in gaseous medium), emulsion (liquid

particles in liquid medium), suspension (solid particles in liquid medium), etc. Fog is
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an example of aerosol which consists of dispersed liquid particles in a gaseous phase.
Smoke is also an aerosol composed of solid particles dispersed in air. Emulsions are
a unique type of colloidal suspension in which two immiscible liquids coexist. Milk,

paint, and mayonnaise are some common examples of emulsions.
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Figure 1.1: Different systems from a molecule to a living insect are shown based on
their length scales. This diagram is inspired by [10].

1.2 Colloidal interactions

Colloidal particles in aqueous suspensions have been used in various experiments
in this thesis. The interactions among these particles play an important role in
the emergent suspension properties. Suspension rheological characteristics, local
particle dynamics and the impact of external perturbations are intricately linked to
the interactions between particles. The subsequent subsections delve into distinct
categories of interactions, establishing connections with the work presented in this

thesis.

1.2.1 wvan der Waals Forces

van der Waals forces are attractive in nature and act between all atoms and molecules.
The van der Waals attraction originates from three distinct sources: dispersion (Lon-

don), induction (Debye), and orientation (Keesom) interactions [11]. The dispersion
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energy can be understood as a correlation of electron motions in neighbouring non-
overlapping molecular systems. The induction energy arises from the polarization of
one molecule by the permanent dipole moments of neighbouring molecules, while the
orientation energy results from a correlation of the motions of rotating permanent
dipole moments of neighbouring molecules. These short-range forces depend on the
distance between the atoms or molecules. In the case of two atoms or molecules
having permanent dipole moments, an attractive force exists between them aris-
ing from dipole-dipole interactions [12]. In neutral atoms or molecules, short-lived
dipoles are formed due to the fast-moving electrons around the nucleus. London dis-
persion interaction appears between these dipoles when they begin to pair with each
other to reduce the interaction energy [13, 14]. As colloidal particles are composed
of several molecules, pairwise London interactions are added to get the total van
der Waals interaction between two non-polar particles. van der Waals interaction

energy between two parallel plates having separation of [ is given as [15],

Vwp(r) = —1];[2 (1.1)

where, H is the Hamaker constant with typical order of ~ 1072%.J.

1.2.2 Electrostatic repulsion

If colloidal particles having surface charges are added to an electrolyte solution,
the counterions from the solution get attracted towards the surface of the colloidal
particles for achieving neutrality. These counterions form a fixed layer around the
particle, known as the Stern layer [14, 16]. However, these counterions cannot
neutralise the surface charges completely. To achieve neutrality, a second layer
of charges accumulates around the colloidal particle. Due to thermal motion, the
counterions of this layer tend to diffuse around the particle. The surface charges of
the colloidal particle along with the Stern and diffuse layers form the electric double

layer, shown in Fig.1.2(a).
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When two colloidal particles come close to each other and overlap, the electric
double layers of each of these particles distort which leads to electrostatic repulsion.
This phenomenon is known as electric double-layer repulsion. The range over which
this repulsion is experienced is known as Debye screening length (1/x) [15]. The

expression for this length scale is given below,

1 [ eo& kBT 05
S )

where, €, is the relative permittivity of the medium, ¢, is the permittivity of free
space, kp is the Boltzmann constant, T is the temperature of the suspension, z; is
the valency of the i-th species of counterions of concentration n; and e is the charge
of an electron.

The counterions in the Stern layer remain closely attached to the colloidal parti-
cle, whereas the diffuse layer is comparatively more mobile. A layer of the adjacent
fluid adheres to a colloidal particle as it moves in the dispersion medium. The
boundary of this layer is known as the slipping plane. The potential at this slipping
plane is called the zeta potential [17]. When two charged plates are separated by a
distance 2d, the energy per unit area of their double layer interaction (Vgpr) can

be calculated by considering a slight overlap in the two layers [14],

64n°kgT o’
K

Vo) ) canl-2ea (13)

where n° is the ionic concentration of the counterions and o = tanh(ze¢p/4kgT),
z is the valency of the counterions and ¢ = 1y — 1y, where 1), is the surface electric

potential of the particle, 1y is the constant potential in the bulk solution.

1.2.3 DLVO interaction

Derjaguin and Landau proposed a theory for the stability of colloidal suspensions
in 1941 [18], which suggested strong but short-range van der Waals attractions,

which were balanced by the stabilising influence of electrostatic repulsions. Verwey
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Figure 1.2: (a) Electric double layer is shown for a negatively charged particle sur-
rounded by different counterions. (b) Schematic plot of van der Waals attraction (Eqn.1.1),
electrostatic repulsion (Eqn.1.3), DLVO (Eqn.1.4) and Lennard-Jones (Eqn.1.5) interac-
tions in colloidal systems.

and Overbeek independently arrived at the same conclusion seven years later [19].
The attractive potential energy from van der Waals interaction and the repulsive
potential energy from electrical double layers at the surface of the colloidal particle
contribute to the overall potential energy of a colloidal system. This is known as

the DLVO theory and is given by,

Vorvo = Vvp + VepL (1.4)

Here, Viyp denotes the van der Waals attraction from Eqn.1.1, which results
from the pair interactions between all atoms or molecules in colloidal particles.
The repulsive electrostatic interaction between two screened colloidal particles is
denoted by Vgpr (Eqn.1.3). Fig.1.2(b) depicts a schematic plot of Vi p, Vepr, and
Vbrvo as a function of the separation between two colloids. At a critical distance
between colloidal particles, the DLVO potential reaches its peak. If the height of the

energy barrier in the DLVO theory is greater than thermal energy (kgT"), flocculation
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between two colloidal particles can be prevented. The addition of salt (contains
co-ions and counterions) decreases the repulsion between colloidal particles and,
consequently, the height of the DLVO peak. At a particular threshold concentration
of salt, colloidal particle surfaces are completely screened and the peak in DLVO
interaction disappears. The further addition of counterions results in the irreversible

aggregation or flocculation of colloidal particles.

1.2.4 Lennard-Jones potential

When two atoms or molecules come close to each other, there exist attractive and
repulsive forces between them. The attractive force arises due to the dipole-dipole
interaction. The repulsive force arises from the repulsion of electron clouds of the
two molecules when they come too close to each other. This repulsive force is a direct
consequence of Pauli’s exclusion principle, which forbids two or more electrons to
share a single state. The mathematical form of the Lennard Jones potential is given

below [20-22],

Vi (r) = de [(Z)m - (Zﬂ (1.5)

Here, r is the distance between two particles. ¢ is the depth of the potential
and o is the distance at which the potential between two particles is zero. The
inverse sixth power term is the attractive part of the potential which describes the
long-range dipole-dipole interaction. The inverse twelfth power term is primarily
introduced as a square of the attractive term for mathematical simplicity. This term
can model the short-range Pauli repulsion efficiently. The Lennard Jones potential
is the simplest model to approximate the van der Waals attraction and repulsion

due to overlapping shown in Fig.1.2(b).
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1.3 Glass transition

Colloidal and molecular glasses both comprise densely packed constituents that are
kinetically constrained. This results in ubiquitous glassy features such as aging
and slow dynamics. The much larger sizes of colloidal particles when compared to
their molecular counterparts make suspensions of the former a useful model sys-
tem [23]. Near the glass transition point, the viscosity of glass forming systems
becomes incredibly high, and their dynamics freeze. Structure-wise, however, these
systems stay in liquid form below the glass transition point [24]. Glassy systems
are characterised by metastable states that are out of equilibrium and exhibit aging
behaviour [25, 26]. Both colloidal and molecular glasses exhibit dynamical hetero-
geneity around the glass transition point with the length scale associated with this

heterogeneity growing as the glass transition is approached [27].
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Figure 1.3: The glass transition temperatures 7T, are used to scale the data in the
Angell plot of viscosity vs. inverse temperature. The straight lines in the Angell plot
illustrate the Arrhenius dependence of viscosity on temperature for strong glass formers
(SiO2, GeOq, etc.). For brittle glass formers (toluene, m,o - xylene, etc.), viscosity exhibits
non-Arrhenius behaviour. This plot is adapted with permission from [28].
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Molecular glass formers (SiO5, GeO,, m,o - xylene, etc.) can be quenched rapidly
by decreasing the temperature to form glasses. A supercooled state in a liquid can
be achieved by cooling the material below its freezing point rapidly enough to pre-
vent crystallisation. Supercooled liquids and associated glass transitions exhibit a
number of fascinating characteristics like non-exponential relaxation process includ-
ing a sharp increase in viscosity and heat capacity at glass transition temperature
T, [29, 30]. Crystalline order can be prevented if the liquid is cooled below its
melting point 7;, at a rate larger than the crystal nucleation rate. The molecules’
structural relaxation or a-relaxation timescale becomes larger than the laboratory
timescale below the glass transition temperature 7, [31]. In the available literature,
the temperature where structural relaxation becomes 100 seconds is known as the
glass transition point T, [31]. Similarly, viscosity also increases with decrease in
temperature as discussed earlier for relaxation time scales. It has a value of around
10'2 Pa.s at the transition point.

For some materials where the activation energy is independent of temperature,
viscosity increases according to the Arrhenius relation as shown in Fig.1.3. In some
other glass formers, the temperature dependent viscosity deviates from the Arrhe-
nius form, and this deviation defines the fragility of the material. In these materi-
als, the a-relaxation timescale 7, and viscosity n follow the Vogel-Fulcher-Tammann

(VEFT) equation shown below [32, 33],

DTy
= 1.
1 = 1o eXp [T_TJ (1.6)
DT
To = Tp €XP [T—;o] (1.7)

D is the material dependent fragility index. Here Tj is called the Vogel temper-
ature at which 7 diverges [31]. Strong glass formers have a large value of D. For
fragile glasses, viscosity and relaxation time changes rapidly near 7.

Colloidal suspensions are mixtures of tiny (10 nm - 1 um radius) solid particles

in a suspending liquid [2]. Their glass transition is determined by particle con-
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Figure 1.4: The volume fraction-dependent phase diagram of monodisperse hard spheres.
The solid arrows represent equilibrium states, whereas the dashed arrows represent non-
equilibrium states. This diagram is adapted from [2].

centration rather than temperature. Particles exhibit Brownian motion and readily
diffuse across the sample at low concentrations. With increasing concentrations, the
particles randomly pack together, and the sample viscosity increases considerably
as a function of concentration. Brownian motion allows the sample to equilibrate
below the glass transition concentration, yet the sample is structurally still a lig-
uid. Equilibration on experimental time scales is no longer possible above the glass
transition concentration, and the sample develops yield stress like a conventional
elastic material. A phase diagram is shown for hard monodisperse (size polydisper-
sity <5%) spheres as a function of volume fraction in Fig.1.4. The liquid like nature
of the suspension remains up to a volume fraction ¢ of 0.494. By further increasing
the volume fraction, the suspension enters into a supercooled region which persists
between ¢ = 0.494 - 0.58. The glassy state is observed between 0.58 to 0.64, which
corresponds to the random loose and close packing fractions for monodisperse spher-
ical particles [2, 34]. In the supercooled regime, below the glass transition point,

particle dynamics exhibit heterogeneity. This heterogeneity is significantly influ-
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enced by size polydispersity of the particles, which is very common in nature. A
subsequent chapter in this thesis investigates the effect of size polydispersity on the

dynamics of supercooled particles.

1.4 Optical forces on colloids

Kepler hypothesised radiation pressure by observing the deflection of a comet’s tail
due to the effect of sunlight. Later, a similar theory was also proposed by Maxwell
in his theory of electromagnetism [35]. Light consists of fundamental particles called
photons. A photon carries momentum depending on the wavelength of light, and

the momentum is determined using the formula [36],

p= 2\ (1.8)

where p is the linear momentum of each photon pointing in the direction of light
propagation, \ is the wavelength and h is the Planck’s constant, h = 6.626 X 10734 Js.

In the 1970s, Arthur Ashkin used a laser to manipulate a micron-sized bead by
using the force exerted by a laser [37, 38]. The technique involves focusing a laser
light very tightly to a diffraction limited spot by using an objective lens having a high
numerical aperture. Generally, a Gaussian laser beam is used for optical trapping. A
dielectric bead with a refractive index higher than that of the medium experiences a
force towards the laser’s high intensity region, which is the focus point [39]. There are
two kinds of forces which act on the dielectric bead, namely, the scattering force and
the gradient force. Scattering force acts on the particle in the direction of the laser.
The force acting due to a change in the intensity of the laser is known as gradient
force and acts towards the direction of highest laser intensity. In Fig.1.5(a), a bead
in a sample cell is trapped in the medium using light. For a stable trapping process,
the gradient force pulling the particle towards the focus must be higher than the
scattering force which pushes the particle away from the focus point. To satisfy this,

an objective lens with high numerical aperture is required. To explain the gradient
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Figure 1.5: (a) A bead is shown trapped in a medium using a focused laser. (b) The
net force acting on a bead is due to a focused laser when the position of a bead is slightly
above the focus point. (c) The net force acting on a bead when the bead position (dashed
red line) is horizontally away from the trap centre (dashed green line) is shown. p1, po,
P}, ph are the momenta carried by light and dp; and dps are the changes in the momenta
in (b) and (c).

force we considered two situations where the particle is above the trap in Fig.1.5(b)
and away from the focus point (maximum intensity) in Fig.1.5(c). The momentum
of photons are denoted by p. The net force shown in these figures is always towards
the centre of the trap. If the displacement of the trapped bead is small, the gradient
force experienced by the particle is proportional to the displacement from the trap
centre. The proportionality constant is known as the spring constant and the force
is Hookean or spring like in nature. The particle confined within the optical trap
serves as a valuable tool for measuring the local mechanical properties of the sample.

Depending on the size (D) of the trapped bead compared to the wavelength (\)
of the laser, the theory of optical trapping can have two different regimes: Rayleigh
and Mie [40]. In the Rayleigh regime (D << \), the particle size is significantly less
than the wavelength of the laser. In this regime, the particles are considered point
dipoles. The Mie theory (D ~ ) is for a particle of size similar to the wavelength

of light. In this regime, general ray optics can be applied to calculate the change in
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momentum transfer which is related to gradient and scattering forces.

1.5 Rheology

Rheology is the study of the viscous (flow) and elastic (deformation) responses of
matter. The complex shear modulus of a generic material can be used to express its
linear viscoelastic (LVE) properties [41], G*(w) = G'(w) + iG"(w), w is the angular
frequency. G* is a complex number whose real and imaginary parts provide infor-
mation regarding the elasticity and viscosity of the investigated material. Typically,
these are denoted as the storage (G’) and loss (G”) moduli, respectively. The usual
method for determining the LVE characteristics of a material involves the applica-
tion of an oscillating shear strain, v(w,t) = 7y exp(iwt) and the measurement of the

resultant oscillatory shear stress, which can be written as [6],

o(w,t) = ope’@Hew) (1.9)

where ¢ is the phase difference, oy and 7, are respectively the stress and strain
amplitudes. The relationship between complex shear modulus and the two experi-

mental functions defining stress (o) and strain (v) are as follows,

G*(w) =0/y (1.10)

G (w) = z((jcos(¢(w)) + iig:sin(gb(w)) (1.11)

Equation 1.11 denotes the real and imaginary parts of the complex shear modulus
(G*), where the elastic modulus, G = 22 cos(¢(w)) and viscous modulus, G" =
22 sin(¢(w)). In order to obtain a complete picture of the structure and dynamics of
a material, it is crucial to have an understanding of the viscoelastic properties over
a wide range of frequencies. The frequency dependent behaviour of bulk viscoelastic

moduli has been correlated to the material’s molecular interaction and topological
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structure at different lengthscales [42].

Microrheology refers to the study of rheology at microscopic lengthscales [43].
Typically, passive and active microrheology are used to investigate the rheological
properties of a medium [44-47]. For these methods, a micron-sized bead is utilised
as a tracer particle to investigate the properties of the medium. Thermal energy
(kgT) is responsible for the motion of the tracer particle in passive microrheology.
Trajectories of the tracer particle are measured optically using either microscopy
or light scattering techniques. By measuring the mean-square displacement of the
tracer particle, the viscoelastic moduli of the medium can be determined from the
generalised Stokes-Einstein relation [48]. In active microrheology, the tracer particle
experiences an external force which can be generated using a magnetic or electric

field, light or a chemical reaction [49].
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Figure 1.6: (a) Amplitude sweep measurement, where solid symbols indicate storage
modulus G’ and hollow symbols represent viscous modulus G”, for a Laponite suspension
having concentration 3.00% w/v at aging time 90 mins. (b) Frequency sweep measurement
is shown for a Laponite suspension having concentration 3.00% w/v at aging time 90 mins.
The peak in G” in (a) and the frequency independence of G’ and G” with G’ > G” in (b)
signify soft glassy rheology.

1.5.1 Viscoelastic material

Viscoelasticity is a material property wherein the material simultaneously displays

viscous and elastic responses when subjected to deformation [41]. Generally, the
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relation between stress and strain is studied to understand the mechanical charac-
teristics of different materials. In the case of a viscoelastic material, the relationship
between stress and strain is a function of time. The deformation rate also affects
their mechanical properties, which means the stress-strain behaviour of a viscoelas-
tic material changes at different strain rates. Representative data for oscillatory
measurements using a rheometer is shown in Fig.1.6. During an amplitude or strain
sweep, the frequency of the perturbation is fixed to a constant value while the de-
formation increases. For a frequency sweep measurement, the deformation (strain)
remains constant as the frequency increases. Creep and stress relaxation are the key
features exhibited by viscoelastic materials [41]. Under constant stress, a viscoelas-
tic material deforms slowly and gradually; this characteristic is known as creep. The
gradual reduction of stress when a viscoelastic material is kept under constant strain
is defined as stress relaxation. All complex viscoelastic materials can be modelled
as a combination of an ideal spring (perfectly elastic element) and a dashpot (com-
pletely dissipative element). Two of the most fundamental models of viscoelasticity
are Maxwell and Kelvin models [41, 50, 51]. The Maxwell model comprises a spring

and a dashpot in series while a Kelvin model connects the two elements is parallel.

1.6 Laponite® suspension

Laponite® is a synthetic sodium lithium magnesium silicate clay having a structure
similar to that seen in hectorite clay minerals [52]. Laponite particles are disk-shaped
with a diameter of 25-30 nm and a thickness of approximately 1 nm [53] as shown
in Fig.1.7. Two varieties of Laponite clay are typically available: Laponite XLG
and Laponite RD, with the former containing less heavy metals. Laponite XLG is
used for the experiments presented in this thesis. A single Laponite particle consists
of an octahedral magnesia layer sandwiched between two tetrahedral silica layers.
Laponite particles form one dimensional stacks called tactoids in dry powder form by

sharing sodium atoms in the interparticle gallery. When Laponite powder is added
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to water, water molecules enter the inter gallery area of the tactoids, and sodium
ions dissociate in water. The majority of the particle’s periphery is composed of
MgOH groups, which undergo protonation depending on the pH of the solvent [54].
The rims acquire a positive charge in deionised Milli-Q water, and the particle’s
surface acquires a negative charge due to the detachment of sodium ions [55]. The
electrical double layer surrounding each Laponite particle exhibits a gradual and
continuous evolution over timescales up to a few hours due to the exfoliation of
Laponite platelets from the tactoids and the simultaneous leaching of Na™ ions
from the particle faces. An increase in the number of counterions participating in
the electric double layer reduces the electrostatic repulsive forces between particles.
The positive edge of a Laponite particle interacts with the negatively charged face of
another Laponite particle to initiate the formation of suspension microstructures via
overlapping coins (OC) and house of cards (HoC) arrangements [56]. As time passes,
Laponite particles self-assemble to form system-wide fragile microstructures as a re-

sult of a physical aging process. The phase diagram of Laponite suspensions depends

on its concentration and salt content. Ruzicka and Zaccarelli [57] summarised the
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Figure 1.7: (a) Empirical formula for Laponite. (b) Figure illustrating the 2:1 crystalline
structure of a Laponite platelet. (c) A Laponite platelet. The illustrations are adapted
from [57].

phase diagram observed by several groups during the past two decades. The in-

terparticle interaction can be both attractive and repulsive due to the asymmetric
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charge distributions on the surfaces of the Laponite particles. Face-to-edge contacts
between Laponite particles in suspension for a particular added salt concentration
range give rise to complex microstructures over time. Aging is defined as the spon-
taneous evolution of material properties in metastable Laponite suspensions, which
occurs due to the evolution of electrostatic interactions in the suspension [58]. In
general, for Laponite concentrations of more than 2%, the viscosity and elasticity of
the suspension increase as a function of time and concentration [59]. This increase
in relaxation time scales due to an increase in viscosity, observed via dynamical light
scattering, demonstrates that Laponite suspensions undergo a physical aging pro-
cess [60]. In soft matter physics, the formation of Laponite microstructures and the
study of their rheological properties has been a fascinating topic, and Laponite sus-
pensions have been often used to model the glass transition dynamics of kinetically
constrained systems such as molecular glasses [61-63]. Subsequent chapters delve
into the examination of both microstructural evolution and mechanical changes of

the samples resulting from the aging process.

1.7 Thermoresponsive particles

Thermoresponsive poly(N-isopropylacrylamide) or PNIPAM microgel particles are
studied in this thesis and are composed of PNIPAM polymer chains that are crosslinked
[64]. Swollen PNIPAM microgel particles in an aqueous medium below the lower con-
sulate solution temperature (LCST) are composed of around 2% to 3% crosslinked
polymer chains, while the rest is water [65]. PNIPAM particles in such an aqueous
medium remain in a swollen state, such that the water inside the PNIPAM particles
can be in two different configurations. Due to hydrogen bonding interactions be-
tween water molecules and amide groups of PNIPAM, the water molecules associated
with polymer chains are immobilised [66]. However, the water molecules that are
not associated with polymer chains remain free. By increasing temperature beyond

the LCST, PNIPAM particles go from a swollen to a collapsed state. This reversible
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transition occurs due to switching of particles interaction between hydrophilic (at
low temperature) to hydrophobic (at high temperature) and can be observed as a
function of temperature. The diameters of the swollen PNIPAM particle decrease

very sharply near 32° C. This transition temperature is the lower consolute solution
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Figure 1.8: Heat flow measured in DSC after applying a temperature ramp to PNIPAM
suspensions. The sudden change in heat flow indicates a transition (LCST) at 32° C.
(b) The average hydrodynamic diameter of PNIPAM particles are measured using DLS
at different temperatures in dilute suspension. We see that particles deswell rapidly at
LCST =32° C.

temperature (LCST) that was briefly mentioned before. The enthalpy of hydrogen
bond formation between a water molecule and the amide groups of PNIPAM poly-
mer chains determines the LCST of PNIPAM particles. As the temperature rises,
these hydrogen bonds begin to break down and water molecules are released from
the polymer chains, causing microgels to collapse or deswell. This thermoresponsive
nature is studied using differential scanning calorimetry (DSC) and dynamic light
scattering (DLS) techniques [67, 68]. In differential scanning calorimetry, the heat
change is measured, which is associated with the enthalpy of the medium. The
hydrodynamic radius of PNIPAM particles is calculated for a dilute suspension at
different temperatures using dynamic light scattering. The experimental results

from DSC and DLS measurements are shown in Figs.1.8(a) and (b) respectively.
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1.8 Dry granular systems

Granular systems are ubiquitous in our daily lives [69]. They are observed almost
everywhere. Examples of dry granular systems include nuts, coal, sand, cereals, rice,
ball bearings, medicinal powders, etc. Due to their macroscopic sizes, these systems
are athermal [70]. The minimum particle size for granular systems is generally
around 10 microns [71]. Granular materials are not affected by Brownian motion.
They exhibit jamming [72-74], which is a transition from a fluid-like to a disordered
solid-like state that occurs out of thermal equilibrium as a result of compression or
shear. The absence of cohesion in dry granular materials means granular solids only
exist in the presence of externally imposed stresses, such as gravity, compression, or
shear. So the interaction between these dry particles is almost cohesionless and they
only interact via repulsive contact forces [75]. Thermodynamically, granular systems
are far from equilibrium [76]. Jammed granular systems are generally trapped in a
local energy well, but it is possible to find a lower energy minimum by perturbing
the system. The metastable state of granular packings is similar to glassy materials

observed in molecular glasses and dense colloidal or polymeric suspensions.

1.9 Thesis organisation

Chapter 1 offers a brief overview of colloidal systems and their interparticle in-
teractions. In addition, it addresses the fundamentals of rheology, optical forces on
colloids and the phases that emerge in soft matter systems. The samples, i.e. suspen-
sions constituted by Laponite clay, thermoresponsive particles and non-Brownian
grains (mm-sized Teflon balls in our case), are briefly discussed in this chapter.
Protocols for sample preparations and the instruments used are described in Chap-
ter 2. Experiments in Chapter 3 demonstrate the absence of terminal velocity for
balls falling through aging Laponite clay suspensions. A simple model is proposed

to comprehend the motion of the falling ball within this complex fluid. Chapter
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4 correlates the microstructure of a Laponite suspension with its microrheological
features. Active microrheology based on optical tweezers is employed to investigate
the viscoelastic properties, and cryo-FESEM is used to image the microstructures
constituted by self-assembling Laponite particles. Using an AC electric field, the
evolution of these microstructures formed by Laponite particles in aqueous suspen-
sion can be controlled. In chapter 5, such controlled aging in the presence of AC
fields is measured using both a rheometer and an optical tweezer. The effect of size
polydispersity on the dynamics of dense PNIPAM particles is next studied. The
heterogeneous nature of the suspension dynamics is reported and compared to our
molecular dynamics simulation results in Chapter 6. A shaker is used to agitate a
dry granular system comprising size polydisperse Teflon balls in Chapter 7. The
growth of dynamical heterogeneity is investigated with increasing area fractions.
The eighth chapter summarises the findings reported in this thesis and proposes

future research directions.
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Chapter 2

Materials and Methods

2.1 Sample preparation

2.1.1 Preparation of Laponite suspension

Laponite® is a hygroscopic clay that exists in powder form. We conduct all the
experiments reported in chapters 3-5 using Laponite XLG [1]. Laponite powder is
heated in an oven for 16 to 20 hours at 120° C to remove moisture. To prepare
Laponite suspension [2, 3], dried Laponite powder is gradually added to Milli-Q
water under stirring conditions. In powder form, Laponite exists in one dimensional
stacks called tactoids [4]. By slowly mixing the Laponite powder with Milli-Q water,
we ensure that there are no lumps in the suspension. The suspension becomes
turbid after mixing Laponite powder. As swelling of the Laponite tactoids takes
place [5], the suspension slowly becomes clear within 10-15 min. The suspension
is stirred for 45 min. After that, the suspension is loaded into different sample
cells. In this thesis work, we have performed falling ball, rheological and optical
tweezer measurements to probe Laponite suspensions. For rheometer- and OT-
based experiments, a 0.45 micron Millipore sheet is used to filter the suspension.
Due to the high sample volume (700 ml) required in the falling ball viscometer, we

omit the filtering process for falling ball experiments. The physical aging of the

28
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Laponite suspension is parametrised in terms of its aging time t,,, the time elapsed
since suspension preparation. The onset of the aging process (t,, = 0) is defined as

the moment when suspension loading in the sample cell is completed.

2.1.2 Sample cell for microscopy

All microscopy experiments have been performed using conventional sample cells.
In order to prepare these sample cells, glass slides and cover slips are required. We
make a solution of Hellmanex® III and water to clean the glass slides and coverslips.
Using a microwave, the solution is heated until bubbles appear. The glass slide
and cover slips are then dipped into the solution and sonicated for five minutes.
Following the initial round of sonication, Milli-( water is used to clean the slide and

coverslips and another round of sonication is performed. This procedure is repeated

y
Top View | . = Glass Slide
z
l \ #1 glass

Sample #0 glass coverslip coverslip
z
> Glass Slide

Side View X \
#0 glass
Y coverslip

Sample #1 glass
coverslip

Figure 2.1: Schematic diagram of sample cell using glass slide and glass coverslips.

multiple times. Finally, an oven set to 80° C is used to dry the glass slides and
cover slips. Using UV glue, we adhere two #0 coverslips to the glass slide while
leaving a 5 mm gap to load the sample. The same glue is used to sandwich these
#0 coverslips with a #1 coverslip. We next leave the sample cell exposed to UV
light for 5 minutes to allow for solidification. The schematic diagram of the sample

cell is shown in Fig.2.1.
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Figure 2.2: A simple illustration of semi-batch process for synthesising PNIPAM parti-
cles.

2.1.3 Functionalisation of dye and synthesis of PNIPAM

particles

To functionalise fluorescein dye (Sigma-Aldrich), we add 3 g of fluorescein with 80
ml of dry tetrahydrofuran in a 250 ml round bottom flask. After mixing it for 5 min
under nitrogen purging, 28 ml of triethyleamine is added. This mixture is stirred
for 15 min in a nitrogen environment. The round bottom flask is kept in an ice
bath and slowly 2 ml of acryloyl chloride is added while stirring. The mixture is
kept overnight to equilibrate and eventually filtered to remove the triethylammonium
chloride salt. The filtered sample is treated with nitrogen gas for 5 min and then kept
in a desiccator equipped with rotor pump to dry the sample. The dried fluorescent
crosslinker is stored at 4°C in a refrigerator and used during further synthesis of
PNIPAM particles.

For PNIPAM particle synthesis, we add 2 g N-isopropylacrylamide (NIPAM
> 99% ), 0.05 g N, N — methylenbisacrylamide (MBA), 0.0083 g of 2-aminoethyl
methacylate hydrochloride (AEMA) and 0.1 g of functionalised fluorescein in 50 mL
of Milli-Q water in a three-necked round bottom flask (RB) [6, 7]. The middle neck
of the RB flask is connected to a reflux condenser. The RB flask is kept inside an oil
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bath to maintain uniform temperature as shown in Fig.2.2. The other two necks of
the round bottom flask are used as N, inlet and outlet. The ingredients in the RB
flask are stirred at 500 rpm for 20 minutes under N, purging. After that, 30 mL of
the sample is taken out using a syringe for later use. The temperature of the oil bath
is increased to 80°C and 0.0114 g ammonium persulfate (APS) dissolved in 2 mL of
water is added to initiate the polymerisation reaction via free radical precipitation.
Nucleation sites start to form within 5 mins. The previously extracted 30 mL sample
is injected using a syringe pump at a flow rate that is varied between 0.5 ml/min
and 0.8 ml/min. After the process is completed, the PNIPAM latexes are cooled
down rapidly in an ice bath. To remove unwanted compounds and impurities, the

purified fluorescent PNIPAM particles are obtained by repeated centrifugation.

2.2 Instruments and Techniques

2.2.1 Rheometer

Rheometers are used to characterise materials based on their mechanical proper-
ties. Viscoelasticity describes the property of materials wherein they simultaneously
exhibit flows like fluids and deformations like elastic materials in response to me-
chanical perturbations. The field of study that focuses on flow and deformation
of these materials is called rheology [8]. Depending on the control parameter, a
rheometer can either be stress-controlled or strain-controlled. All of the rheolog-
ical tests in this thesis are performed using a stress-controlled Anton Paar MCR
501 rheometer [9], a compact and modular device. MCR 501 is a stress-controlled
rheometer in which a known torque is applied and the resultant strain is measured.
This rheometer features a synchronous motor supported by air bearings. The motor
inside the rheometer has permanent magnets. These magnets are positioned on a
tiny rotor disc and generate a continuous magnetic field, allowing for a response
that is free from delay. The rotor rotates in synchrony with the field generated by

a set of coils. The existence of air bearings enables the motor to move with mini-
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Figure 2.3: (a) Photograph of Anton Paar MCR 501 rheometer. (b) Important compo-
nents of a rheometer shown in this illustration.

mal friction and a series of filters keeps the compressed air dust and moisture free.
The MCR 501 rheometer includes a high-resolution optical encoder to detect strain.
This optical encoder offers precise angular deflection measurements with a precision
of less than 1 urad. A photograph of the MCR 501 rheometer used by us and a
schematic illustration of the different components are shown in Figs.2.3(a) and (b)
respectively.

We use the parallel plate and double gap (DG) measuring heads for this thesis
work. For parallel plate geometry, the schematic diagram of which is displayed on
the left panel of Fig.2.4, a relatively small sample volume is necessary. Due to the
adjustable gap, various measuring conditions like application of an external uniform
electric field can be simultaneously achieved. Highly viscous samples, dispersions,
gels, pastes and soft solids can be examined using this geometry. Another bene-
fit is the simple and efficient cleaning process for this geometry due to its shape.
DG geometry (Fig.2.4, right panel) consists of a cylindrical hollow measuring head
and a cylindrical base with the sample filled in between. DG geometries allow for
a large contact area between the sample and the surface measuring head. With

these geometries, one can test liquids with low viscosity (water) with a high torque
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Figure 2.4: The schematic diagrams of parallel plate and double gap geometries are
shown along with calculations of important parameters. These figures are adapted from [9].

resolution. Advantages of such a system include its large exposed surface area and

thermal stability. Also, turbulence occurs only at extremely high shear rates.

2.2.2 Falling ball viscometer

The falling ball viscometer is a well-established and widely used technique for mea-
suring the viscosity of Newtonian fluids. The schematic diagram of our falling ball
viscometer is shown in Fig.2.5(a). The viscometer is inserted in a water bath whose
temperature is maintained at 25°C by using a temperature controller (Polyscience
Digital, Inc.). The sample (= 700 ml) is loaded into the cylindrical viscometer
shown in Fig.2.5(b). An electro-magnet shown in Fig.2.5(c) is used to drop steel
balls along the vertical axis of the tube and is positioned at a fixed height of 1.5 cm
above the surface of the sample. The path followed by the ball is recorded with an
IDT Motion Pro Y4-S2 high-speed camera [Fig.2.5(d)] at 100 fps for all balls. The
position of the falling ball is tracked from the recorded images by using a video spot
tracker software (Computer Integrated Systems for Microscopy and Manipulation).

Samples are filled in the falling ball viscometer up to a height of 56 cm-57 cm.
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According to the work of Tanner [10], end effects are insignificant if the ball is away
from the bottom of the container by a distance that is more than the viscometer
radius. Following this, and since the radius of our viscometer is 2 cm, we track the
falling balls for a maximum of 54 cm from the top of the container (or 2 cm from
the bottom). The yellow line in Fig.2.5(e) is a representative ball trajectory and is
constructed from the position of the ball centroid in each frame. The velocity of the
falling ball is calculated by time-differentiating the positions of the ball centroids

using a central differential formula.

@ Electro-magnet b. C.
= +
® Steel ball
\
Water
<—1
Outlet e.

Water bath

Laponite suspension

(

Figure 2.5: (a) Schematic diagram of the experimental setup for ball-drop experiments.
(b) A cylindrical tube (length 65 ¢cm and diameter 4 cm) filled with sample is placed
inside a water bath at 25°C. (c) The electro-magnet used to drop steel balls. (d) High-
speed camera—IDT Motion Pro Y4-S2. (e) Trajectory of a falling ball in the viscometer
displayed in (b), tracked using a video spot tracker (CISMM), is shown by a yellow line.
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Figure 2.6: (a) Viscosities of three glycerol-water mixtures having different proportions
of glycerol and water are measured in a rheometer at 25° C. Time dependents velocities
of balls having diameters 3 — 6 mm falling in Newtonian fluids (glycerol water mixtures
displayed in (a) having viscosities 0.065, 0.039 and 0.016 Pa.s) are shown in (b), (c¢) and
(d) respectively. The hollow symbols represent the experimental data (error represented
using vertical bars) and solid black lines are the fits to V' = Vi + (Vo — Vier) exp(t/7),
where Vp, Vier and 7 are fitting parameters. (e) The ratio of viscosities measured using
the falling ball viscometer and rheometer. The correction factors computed according to
the Schiller and Naumann criterion are plotted versus Reynolds number.
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Calibration of falling ball viscometer

To calibrate the falling ball viscometer, we use Newtonian fluids of different viscosi-
ties. We prepare standard Newtonian fluid samples by mixing water and glycerol
of different volumes. The viscosities of these mixtures are first measured using a
rheometer as shown in Fig.2.6(a). Falling ball viscometry is then used to track
the motion of a ball falling through the mixture. The viscosity of the mixture is
computed from the terminal velocity of the ball. The time dependent velocities of
the balls of different sizes falling through glycerol-water mixtures are displayed in
Figs.2.6(b,c,d). We find that the flow regime for these experiments falls in the in-
termediate Reynolds number regime. Reynolds number of the flow surrounding the
falling ball is calculated using the following formula, Re = Vi..Dps/n, where Vi,
represents the terminal velocity achieved by the ball, D is the diameter of the ball,
py stands for the density of the fluid, and 1 denotes the dynamic viscosity of the
fluid. So the viscosities measured using the rheometer and falling ball viscometry
for the same mixture do not match and a correction factor is required to calibrate
the falling ball viscometer. The correction factor for drag are computed for vari-
ous Reynolds numbers and are plotted in Fig.2.6(e). All calculated parameters are
shown in Table 2.1. The viscosity in the 2nd column of the table is reported from
the articles based on Cheng’s work [11, 12]. The correction factor for computing
viscosity due to non-laminar flow at the intermediate Reynolds numbers studied
here is given by the Schiller and Naumann criterion [13, 14]. We also calculate the

wall effect [15] and it is found to be negligible for our experimental set-up.

Drag correction:

Drag coefficient, Cy for very small Reynolds number where the flow remains laminar
is given by,

Re <1:Cy=24/Re (2.1)
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Viscosity Viscosity | Diameter of the | Terminal Reynolds Drag Corrected viscosity | Ratio of
measured using from ball {(m) velocity number coefficient fromterminal |ball and| factor
rheometer literatures (m/s) o velocity(Pa. s)

(Pa.s) (Pa.s)

0.006 0.482 54172 1.474 0.995
T 0.005 0.393 36.860 1.815 0.081 0125 0995
0.004 0311 23.361 2.370 0.079 01 0999
0.003 0.219 12.347 3.583 0.079 0.075  0.899
0.006 0.623 115307 1.022 0.042 015  0.999
0.041 0.005 0.505 78.024 1.228 0.044 0125 0.899
0.004 0.412 50.831 1.524 0.043 01 0999
0.003 0.305 28.597 2.099 0.041 0.075 0.999
0.006 0.808 355.514 0.640 0.016 015  0.999
0.015 0.005 0.711 260.668 0.723 0.016 0125 0.899
0.004 0.614 180.078 0.841 0.014 01 0999
0.003 0.494 108.739 1.050 0.013 0.075 0.999

Table 2.1: Viscous drag and wall effect corrections for Newtonian glycerol-water mix-
tures, fluids computed according to the protocols specified in this section.

Drag coefficient for low and intermediate Reynolds number (Re) as given by Schiller

and Naumann criterion [13, 14],
1 < Re < 1000 : Cyq = 24/Re * (1 + 0.15Re"%7) (2.2)

‘Wall correction

The wall factor given by Kehlenbeck and De Felice is [15],

fwall = (1 - lp)/(l + (l/lo)p) (23)

where [ = D/D,, D is diameter of the ball, D; = diameter of the tube and both

l, and p are functions of Re as follows,

(I, —0.283)/(1.2 — I,) = 0.041 Re5* (2.4)
Re < 35:p = 1.44 4 0.5466 Re"*** (2.5)
Re > 35 : p = 2.3 + 37.3Re(70:8686) (2.6)

We see from Table.2.1 and Fig.2.6(e) that the Schiller-Naumann correction pro-
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duces an excellent match between viscosity data obtained in a rheometer and in a
falling ball viscometer. Furthermore, we see that the wall effect is less than 1% in

all the experiments.

2.2.3 High speed imaging

For high speed imaging, a Nikon AF-S NIKKOR 12-24mm lens is attached to an
IDT MotionPro Y4-S2 CMOS camera [16]. A photograph of the camera is shown
in Fig.2.5(d). For high speed imaging of an object falling through a medium, we
use an intense light source with a white sheet. This is required to diffuse the light
uniformly. The camera has maximum resolution of 1024 x1024 and maximum frame

rate of 4500 frames per second. Minimum exposure time for this device is 1 us. The

sensor is CMOS-Polaris II of size 13.9 x 13.9 mm.

2.2.4 Optical tweezer

We use a Thorlabs optical tweezer (OT) module [17] for our experiments. The
schematic of the OT setup is shown in Fig.2.7. A continuous wave solid-state fibre
laser (YLR-5-1064-LP, IPG Photonics USA) generates a Gaussian beam profile at
a wavelength of 1064 nm. The beam is expanded by lenses L1 and L2 to fill the
back aperture of an objective lens. The expanded beam is then passed into a high
numerical aperture (NA =1.3) objective lens (Oil immersion, UPLFLN100X02) of
magnification 100X using dichroic and M2 mirrors. The objective focuses the beam
to a diffraction-limited spot inside a sample cell. The highly focused beam can
trap an object in three dimensions. The light scattered by the trapped particle is
collected by a condenser lens (Nikon 10x) and then imaged on a position sensing
quadrant photodiode (QPD - PDQ80A, Fig.2.7) to measure the nanometer-scale
displacements of the trapped probe particle and the forces exerted on it. The voltage
signals from the QPD are recorded at a sampling frequency of 1000 Hz using a data
acquisition card (National Instruments, USA) and custom software (LabView 2021).

A sample cell containing a sample is mounted on the piezoelectric sample stage
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Figure 2.7: Schematic diagram of the optical tweezer set-up. The infrared laser beam is
indicated in red.

(TBB1515/M, Thorlabs), which is oscillated at the desired amplitude and frequency
using a 3-axis XYZ translational stage (NanoMax-TS, Thorlabs), three piezoelectric
actuators (TPZ001, Thorlabs) and two strain gauges (T'SGO001, Thorlabs). The
sample cell is constructed using one glass slide and one #1 coverslip (thickness =~
150 pm, Blue Star, India) and #0 coverslips (thickness &~ 100 pm) as the spacers,
as shown in Fig.2.1(a). All the experiments were performed at room temperature

~ 22°C.

Calibration of optical tweezer

The sample stage consists of a slide holder with a 3-axis XYZ translational stage,

piezoelectric actuators and strain gauges. We apply a voltage to the piezoelectric
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actuators which results in the movement of the sample stage in the desired direction.
The strain gauges measure the accurate position of the sample stage for feedback
controlled spatial movement. The conversion factor for calibrating the voltage ap-
plied to the piezoelectric actuators to the net distance travelled by the sample stage
is next computed. We prepare a glass microchannel containing a tiny amount of
polystyrene beads suspended in 0.5 mM NaCl aqueous solution. The beads get at-
tached to the glass coverslip in a high salt environment which allows us to acquire
the bead position using a CMOS camera as we apply a voltage to the piezoelectric
actuators. The slope of the plot of stage displacement versus voltage applied to
the piezoelectric actuators gives a voltage to displacement conversion factor of 0.25

pm/V as seen from Fig.2.8(a).

QPD Calibration, X axis

24
2 | Conversion Factor = 0.251 42

Ly
L
2 &
0.10
2
0.05 4
1.8

: (@) <= (b)

B s 16 7 8 0.0 0.5 1.0 15 2.0 2.5 3.0 35
Voltage applied to piezoclectric actuators (V) Position(micrometer)
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Normalised Voltage
o
o
5]

nce moved by

Figure 2.8: (a) Distance travelled by the sample stage is measured as a function of
the voltage applied to the piezo actuator. The calibration factor, computed from the
slope of the curve, is 0.251 pum/V. (b) Position calibration of the QPD is performed by
shifting a bead attached to a glass coverslip along the x-axis of the sample cell (shown in
Section 2.1.2) by a predetermined distance from the laser’s beam centre. The QPD signal
is acquired during this movement and plotted against the motion of the trapped bead. We
determine the sensitivity of the QPD, 1.51 nm/QPD unit, by fitting the linear region of
the curve with a straight line.

High-frequency position measurement of an optically trapped bead using a quad-
rant photodiode requires a relation between QPD output voltage and bead position
data. To determine this relation, also called QPD sensitivity, we moved a bead
attached to the glass coverslip along the x and y axes such that the bead passes
through the centre of the laser spot while the QPD output voltages are simultane-
ously measured. The QPD output voltage is linearly related to the bead position in

a narrow trap region between the two parallel red lines as displayed in Fig. 2.8(b).
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Figure 2.9: (a) Power spectrum of a trapped bead is plotted at two different laser powers
and fitted (blue lines) with Lorentzian function. (b) Trap stiffness is plotted as a function
of laser power for 1 um polystyrene bead trapped in water along both x and y axes.

The slope of the linear region yields a QPD sensitivity of 1.51 nm/QPD unit.

The trap stiffness depends on applied laser power [18]. We trap a polystyrene
bead (1 pm) suspended in water and measure its movement at a sampling frequency
of 50 kHz. The Fourier transform of the bead position is fitted to the Lorentzian
function, PSD = A/(f?+ f.?) shown in 2.9(a), where A depends on the surrounding
temperature, f is the frequency, f. = k/277y is the corner frequency and + is the
coefficient of viscosity of the medium [18]. The trap stiffness x increases with laser

power. The data is plotted in Fig.2.9(b).

2.2.5 Cryo-FESEM

We use a field emission scanning electron microscope from Carl Zeiss [19] with an
electron beam strength of 5 kV. This instrument is used in this thesis to image
microstructures in Laponite suspensions. For imaging purposes, a freshly prepared
Laponite suspension is loaded in a capillary tube (Capillary Tube Supplies Ltd,

UK) with a diameter of 1 mm using capillary flow. The capillary tube is next
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sealed and kept undisturbed at room temperature for the desired aging time. The
tubes loaded with the sample were then vitrified quickly in liquid nitrogen slush
at —207°C and transferred into a vacuum chamber at —150°C (PP3000T Quorum
technology). Next the tubes filled with the frozen sample were cryo-fractured using
an in-built knife. The sample is next sublimated at a temperature of —90°C for
20 minutes to remove the water content at the upper surface. Finally, a layer of
platinum is coated on the sample surface for enhanced contrast during scanning
electron microscopy. The surface images of the Laponite suspension were produced
by capturing back-scattered secondary electrons. All the cryo-FESEM images were
analysed using ImageJ software (developed by Wayne Rasband, NIH, US).

2.2.6 Confocal microscope

A confocal microscope can acquire high resolution images using an optical sectioning
method. In a traditional fluorescent microscope, the whole sample is illuminated
using light. As a result, out of focus light from the sample contributes to forming
blurry images. The confocal microscope was developed to overcome this problem [20,
21]. The general idea is to introduce a pinhole aperture to block the light contributed
by the background. This is implemented by keeping a pinhole at the conjugate
plane of the specimen plane. This is followed by a second pinhole which is placed in
front of a photo-multiplier tube (PMT) detector, so that it can only detect signals
originating from a small region. To scan the whole specimen along x and y directions,
a galvo-mirror is used. In confocal microscopy, a three-dimensional image of a
sample can also be reconstructed from a series of two-dimensional images captured
at different depths within the sample [22]. Upon acquiring images from several small
sections, the data is merged to generate a complete three dimensional image of the
sample. Confocal microscopy images of aqueous suspensions of PNIPAM particles
are acquired for this thesis using a Leica TCS SP8 confocal microscope system with
a 100x Nikon plan oil immersion objective having numerical aperture NA = 1.40.

A general schematic illustration of the confocal setup is shown in Fig.2.10. Since
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Figure 2.10: Schematic illustration of a confocal microscope setup is shown. The blue
beam is the excitation laser and the green beam is the fluorescent signal coming from the
sample.

swollen PNIPAM particles in an aqueous solvent have a refractive index that is
similar to water, it is not possible to distinguish them in brightfield microscopy. A
fluorescein dye is attached to the PNIPAM particles and excited using a 488 nm
argon laser in the confocal microscope setup. A photo-multiplier sensor is used as a

detector for the output signals having longer wavelengths.

2.2.7 Electrodynamic shaker

An electrodynamic vibration shaker is a common instrument to test the effect of
vibration on granular materials. For our experiments, we employed the DEV-005
shaker from DESPL. It is made up of two major components: the power supply
and the shaker. There are two coils within the shaker. The shaker is simply an

electrodynamic assembly that consists of a double-fold magnetic circuit with a sta-
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tionary and moving coil. A field coil is a stationary coil. The moving coil is linked
to the upper level, where tests are carried out. The force F' on the vibrating plate

is calculated using the following formula,

F=IxBxL (2.7)

where [ is the current in the drive coil, B is the magnetic flux density generated by

the field coil and L is the length of the drive coil.

' Nikon DSLR camera
Motion Pro high
Teflon balls (b) speed camera

(a)

Sample stage

Electrodynamic Red spot
shaker

7

Adjustable legs
]

Figure 2.11: (a) The schematic illustration of our set-up is shown while recording a
video of the granular particles during stage vibration. (b) This configuration is used to
calibrate the vibration amplitude and frequency by capturing the movement of the red
spot using a high speed camera.

By varying the current, amplitude A and frequency f of the shaker stage can
be varied and adjusted to the desired value. Generally, the vibration of a shaker is
quantified using a non-dimensional acceleration, I' and it can be calculated using
the following relation [23],

A2 f)?
I'= M (2. 8)
g

To calibrate the vertical vibration of the shaker, we utilise a high-speed camera
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(Motion PRO Y4-S2) aligned perpendicularly with the direction of the vibrations
or oscillations of the shaker and record images at a frame rate of 300 per second. A
schematic illustration of the set-up is shown in Fig.2.11(a). We mark a red spot on
the vibrating plate (Fig.2.11(b)). This red spot is tracked using a video spot tracker
(Computer Integrated Systems for Microscopy and Manipulation) and displacements
of the stage are obtained with time. The predetermined calibration factor of the
high-speed camera (pixel to micrometre) enables us to determine the vertical stage
displacement amplitude with micrometre accuracy. The obtained displacements of
the red spot with time is then Fourier transformed to find the vibration frequency
(f) shown in Fig.2.12. For all our experiments, we keep stage oscillation amplitude
A = 47 pm and frequency f = 78 Hz, resulting in a non-dimensional acceleration

(T' = 1.15 calculated using Eqn.2.8) greater than one.

105 o

Displacement (u m)

FFT of stage position (arb. unit)

101 Frequency = 78 Hz

T T T T T

40 50 60 70 80 90 100 110 120
Frequency (Hz)

Figure 2.12: Fourier transform of the vertical stage oscillation, as obtained by tracking
a red spot in the side of the shaker. Red dashed line indicates the peak of the signal. The
displacement of the red spot due to vertical vibrations of the shaker plate is plotted vs.
time in the inset.



Bibliography

Barbara Ruzicka and Emanuela Zaccarelli. A fresh look at the laponite phase

diagram. Soft Matter, 7(4):1268-1286, 2011.

Rajkumar Biswas, Debasish Saha, and Ranjini Bandyopadhyay. Quantifying
the destructuring of a thixotropic colloidal suspension using falling ball viscom-

etry. Physics of Fluids, 33(1):013103, 2021.

Debasish Saha, Yogesh M Joshi, and Ranjini Bandyopadhyay. Kinetics of the
glass transition of fragile soft colloidal suspensions. The Journal of Chemical

Physics, 143(21), 2015.

Samim Ali and Ranjini Bandyopadhyay. Use of ultrasound attenuation spec-
troscopy to determine the size distribution of clay tactoids in aqueous suspen-

sions. Langmuir, 29(41):12663-12669, 2013.

Samim Ali and Ranjini Bandyopadhyay. Evaluation of the exfoliation and
stability of na-montmorillonite in aqueous dispersions. Applied Clay Science,

114:85-92, 2015.

Tim Still, Ke Chen, Ahmed M Alsayed, Kevin B Aptowicz, and AG Yodh.
Synthesis of micrometer-size poly (n-isopropylacrylamide) microgel particles
with homogeneous crosslinker density and diameter control. Journal of Colloid

and Interface Science, 405:96-102, 2013.

Sanjay Kumar Behera, Debasish Saha, Paramesh Gadige, and Ranjini Bandy-

opadhyay. Effects of polydispersity on the glass transition dynamics of aqueous

46



Bibliography 47

[10]

[11]

[12]

[13]

[14]

[15]

[17]

[18]

suspensions of soft spherical colloidal particles. Physical Review Materials,

1(5):055603, 2017.

Christopher W Macosko. Rheology: Principles, Measurements, and Applica-
tions. Wiley, 1994.

Anton paar mcr 501 rheometer users manual.

https://www.isis.stfc.ac.uk/Pages/sans-rheometer-user-information9814. pdf.

RI Tanner. End effects in falling-ball viscometry. Journal of Fluid Mechanics,
17(2):161-170, 1963.

Nian-Sheng Cheng. Formula for the viscosity of a glycerol- water mixture.

Industrial & Engineering Chemistry Research, 47(9):3285-3288, 2008.

Andreas Volk and Christian J Kéahler. Density model for aqueous glycerol
solutions. Experiments in Fluids, 59(5):75, 2018.

Walter RA Goossens. Review of the empirical correlations for the drag coeffi-

cient of rigid spheres. Powder Technology, 352:350-359, 2019.

L Schiller. Uber die grundlegenden berechnungen bei der schwerkraftaufbere-

itung. Z. Vereines Deutscher Inge., 77:318-321, 1933.

RP Chhabra, S Agarwal, and K Chaudhary. A note on wall effect on the
terminal falling velocity of a sphere in quiescent newtonian media in cylindrical

tubes. Powder Technology, 129(1-3):53-58, 2003.

Idt cameras specification manual, integrated design tools, inc., 2010.

https:/ /idtvision.com/products/cameras/y-series-cameras/?cn-reloaded=1.
Modular optical tweezers - thorlabs, inc. https://www.thorlabs.com.

Jan Gieseler, Juan Ruben Gomez-Solano, Alessandro Magazzu, Isaac Pérez

Castillo, Laura Pérez Garcia, Marta Gironella-Torrent, Xavier Viader-Godoy,



48

Bibliography

[19]

[20]

[21]

[22]

[23]

Felix Ritort, Giuseppe Pesce, Alejandro V Arzola, et al. Optical tweezers—
from calibration to applications: a tutorial. Advances in Optics and Photonics,

13(1):74-241, 2021.
User’s guide: Ultra-plus fesem, carl zeiss , 2013. www. zeiss. com.

JG White, WB Amos, and M Fordham. An evaluation of confocal versus
conventional imaging of biological structures by fluorescence light microscopy.

The Journal of Cell Biology, 105(1):41-48, 1987.

W Brad Amos, JG White, and Michael Fordham. Use of confocal imaging in
the study of biological structures. Applied Optics, 26(16):3239-3243, 1987.

Stephen W Paddock. Confocal Microscopy: Methods and Protocols. Humana
Totowa, NJ, 1999.

Prakhyat Hejmady, Ranjini Bandyopadhyay, Sanjib Sabhapandit, and Ab-
hishek Dhar. Scaling behavior in the convection-driven brazil nut effect. Phys-

ical Review E, 86(5):050301, 2012.



Chapter 3

Quantifying the destructuring of a
thixotropic colloidal suspension

using falling ball viscometry

3.1 Introduction

The settling dynamics of objects in a non-Newtonian aging suspension leads to very
interesting modifications of Stokesian flows. It is well known that for an object falling
through a Newtonian medium under gravity, a terminal velocity, V.., arises due to
a balance between the surface drag on the object and its buoyant weight. For low
Reynolds numbers, the flow around the surface of the object remains laminar. In this
regime, the drag force is linearly proportional to the velocity. The relation between
terminal velocity and drag coefficient of an object falling through a viscous medium
at low Reynolds numbers (Re < 1) was first determined by Stokes in 1851 [1]. The
differential equation for a falling ball inside a Newtonian fluid can be written as,
mV = —kV + Fy, where V' = time derivative of the instantancous velocity V' of the

ball, kK = drag coefficient, m = mass of the ball, F;, = buoyant force. Solving this

49



50 3.1. Introduction

equation, we can write the expression for velocity, V:

V= V;fer + (% - VteT) eXp<_t/T) (31)

where Vy = initial velocity and V., = (ps — p)gD?/18n, 7 = m/k, where k =
3mnD, n = viscosity of the fluid, D = diameter of the ball, p;, = density of the
ball, p = density of the fluid, g = acceleration due to gravity. For high Reynolds
numbers (10 — 500), the flow does not remain laminar around the ball even though
it attains a steady state. Eqn.3.1 can be used for a range of Reynolds numbers by
including the appropriate correction factor for drag [2]. The dependence of the drag
coefficient on the Reynolds number has been investigated extensively for Newtonian
fluids [3-6]. For intermediate Reynolds number, an empirical form of correction
factor was proposed by Schiller and Naumann [2, 4]. It has also been reported
that fluid motion around a ball remains symmetric in Newtonian fluids, while the
symmetry is broken when the ball falls through an aging viscoelastic fluid with a
finite yield stress [7, §].

Novel dynamical behaviours emerge in viscoelastic materials such as polymers,
gels and particulate suspensions due to shear thinning, shear thickening, non-zero
normal stresses and yield stresses [9-11]. The bulk rheological response of a non-
Newtonian complex structured fluid can be correlated with its structural details at
microscopic length scales. Bio-materials like human blood [12], collagen [13], silk
fibre [14] exhibit thixotropic behaviour. These complex bio-materials are used in
disease detection and treatment, cell carrier therapy, bio-printing etc. The quality
of common everyday materials such as toothpaste, cosmetics, paint, mayonnaise,
clays etc., can also be improved by understanding their non-Newtonian flow [15].
The recovery of oil from soil, which consists of different clay compounds, sand,
organic matter, oil and water in varying proportions, can be enhanced with the
knowledge of the flow of particles in non-Newtonian fluids [16].

Recently, flow patterns around objects falling through Xanthan gum suspensions

have been studied [17]. Falling ball viscometry is a simple but elegant technique to
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study non-Newtonian fluids. In this method, the motion of a ball falling through a
medium is tracked to obtain information about the properties of the latter. Such
experiments can effectively probe the complex flow properties of fluids whose struc-
tures continually evolve with time [18]. In a worm-like micellar solution, the motion
of a falling ball can lead to instabilities [19, 20], with larger balls seen to oscillate
in the direction of their fall due to shear induced structural deformation of the un-
derlying medium during their passage. Oscillatory motion was also observed for
rising bubbles in a worm-like micellar solution [21]. The velocity of a spherical ball
in Bentonite clay suspensions was found to increase continuously over a period of
time [22]. For non-Newtonian fluids in general, observations like shear dependent
viscosity, fore-aft asymmetry, negative wake and change in yielding behaviour with
aging time make the motion of the falling object more complicated [7].

In this work, the motion of a ball falling through aging Laponite suspensions is
studied. A detailed discussion on the aging of Laponite suspension can be found
in section 1.6 of Chapter 1. The rheological behaviour of aging Laponite suspen-
sions has a strong dependence on the preparation protocol. It can vary noticeably
between a freshly prepared sample and one that has been rejuvenated (where aging
has been reinitialized by shearing a spontaneously evolving suspension). A partial
irreversibility in aging behaviour upon rejuvenation is also observed [23] and under-
stood by considering that the structural build-up in Laponite suspensions for long
aging times cannot be destroyed even by applying very large shear deformations. A
dichotomic aging behaviour, indicating different aging dynamics in freshly prepared
and rejuvenated Laponite suspensions, was observed using X-ray photon correlation
spectroscopy and dynamic light scattering [24]. It has been reported that a ball
dropped in a rejuvenated Laponite suspension gets stuck inside the fluid [18] or os-
cillates during its fall [25]. The critical stress value that has to be exerted by the
ball to exhibit these contrasting behaviours depends on the ball size and density,
and the aging time, t,,, defined as the time since preparation of the Laponite sus-

pension [26]. It is observed that the medium in the immediate neighbourhood of
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the surface of the ball fluidizes due to the shear-induced viscous thinning that arises
from the disruption of the micro-structure due to the passage of the ball. Regions
far from the ball are less fluid-like in comparison [27]. Most falling ball experiments
performed in Laponite suspensions have used rejuvenated samples [18, 25]. Since
falling ball viscometry has not been performed in spontaneously aging Laponite
suspensions to the best of our knowledge, we have conducted a systematic study
to probe the evolution of the underlying microscopic structures in freshly prepared
Laponite suspensions.

In this chapter, balls of different sizes are dropped into freshly prepared Laponite
suspensions having different initial states of structure that depend on the suspension
age quantified by the waiting time, t,,, since sample preparation. The motion of the
ball falling in Laponite suspensions is captured using a high speed camera and
is observed to differ qualitatively from the trajectory of a ball falling through a
Newtonian fluid. We note that while a ball falling through a Newtonian liquid of
comparable viscosities reaches a steady state within the experimental time window,
the velocity of a ball dropped in the Laponite suspension continues to increase, with
the increase being more dramatic for the larger balls used in this study. Interestingly,
the larger balls used in this study, when dropped in the Laponite suspensions of
ages 1-3 hrs explored here, do not reach a steady state over the entire duration of
the experiment. We modify an existing rheological model [28] for time-dependent
changes in the structure of an aging non-Newtonian fluid to explain our experimental
observations. We show here that when the time of fall of the ball is much faster than
the aging time of the medium, fits of our experimental ball-drop data to the model
can be used to successfully extract the destructuring time scales of aging Laponite

suspensions.
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3.2 Experimental Methods

Sample preparation protocols and basics of our falling ball viscometery are discussed
in section 2.1.1 and 2.2.2 of Chapter 2. After filtration, a freshly prepared Laponite
suspension (= 700 ml) is loaded into the cylindrical viscometer. Once sample load-
ing is complete, the top of the cylindrical tube is covered with parafilm to isolate
the Laponite suspension from the atmosphere. The suspension is left to age, and
its micro-structure is allowed to develop spontaneously due to the physical aging
process. The aging time of the Laponite suspension is assigned the value ¢, = 0 as
soon as sample loading is completed. Aging time is measured from the moment the
viscometer is loaded until the time the ball is dropped in the viscometer. The sam-
ple age is monitored continuously using a stopwatch for the entire duration of the
experiment. The parafilm that is used to cover the Laponite suspension immediately
after loading is removed just before the ball is dropped. An electro-magnet is used to
drop steel balls along the vertical axis of the tube and is positioned at a fixed height
of 1.5 cm above the surface of the Laponite suspension. This method of ball-drop is
adopted since Laponite suspensions, particularly of higher ages, were seen to stick to
the surface of the ball when the latter is immersed entirely in the suspension. The in-
stant at which the falling ball enters the Laponite medium is recorded as time ¢t = 0.
The corresponding ball velocity is designated as initial velocity, Vj. Experiments
are performed at several aging times corresponding to different structural states of
the Laponite suspensions. After predetermined aging times t,,, the parafilm cover
is removed and steel balls (density 7815 & 50 kg/m?) of different sizes are dropped
with minimal ball rotation by switching off the electro-magnet. The velocity of the
falling ball is calculated from the position vs. time data by time-differentiating the
positions of the ball centroids using a central differential formula [29]. The error
in velocity is estimated using the formula [30], 0V = \/m /At where j is
the frame number and the uncertainty in position (6r = /022 + dy?) is the fitting

error in estimating the mean of the intensity profile of the ball along the y and x
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directions (direction of the fall of the ball and the direction perpendicular to it, i.e.,
parallel to the plane of the camera, respectively) using the Gaussian function. The
time interval, At, is calculated from the frame rate of the camera. The data is fitted
to a mathematical model using Jupyter notebook (Python v3.7). Experiments are
performed using Newtonian fluids of viscosities comparable to those of the Laponite
suspensions used here. The effects of the viscometer wall [31, 32] and Reynolds num-
ber on the motion of the falling ball have been estimated from these experiments
(calibrations for drag and wall effects are also discussed in section 2.2.2). The effects
of the wall are found to be negligible in these measurements.

For rheological measurements [33, 34], a stress controlled Anton Paar MCR-
501 rheometer is used. The temperature is fixed at 25°C using a water circulation
system. A double gap geometry (DG - 26.7, outer diameter = 13.796 mm, inner
diameter = 11.915 mm, cell height = 42 mm, sample volume = 3.8 ml) is used for
our experiments as discussed in section 2.2.1 of Chapter 2. Aqueous suspensions of
dried Laponite of concentration 2.8 % w/v are stirred for 1 hr at 400 rpm to break
up big particle clusters. For each experimental run, the sample is loaded slowly into
the annular region of the geometry using a syringe. Silicone oil of viscosity 5 ¢St is
used as solvent trap oil to minimize sample evaporation. A shear rate of 500 sec™?
is applied for 5 minutes to break any remaining particle clusters. This procedure
ensures an identical initial state and is essential for the acquisition of reproducible
data. A low shear (1 sec™!) is applied for subsequent data acquisition and a freshly
prepared sample is allowed to age spontaneously in the rheometer geometry upto a

predetermined t,, before the start of each measurement.

3.3 Results

3.3.1 Time dependence of viscosity

As discussed earlier, the time-dependent evolution of inter-particle screened repul-

sive forces in Laponite suspensions gives rise to a gradual and continuous micro-
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Figure 3.1: The time evolution of viscosity of a Laponite suspension (concentration 2.8%

w/v). In the inset, viscosity is plotted with shear rate for 2.8% w/v Laponite suspensions

at different aging times (t,, = 1, 2, 3 hrs). While the time-evolution of viscosity in the
main figure was acquired for a single sample, the data in the inset was acquired on fresh
samples aged to 1 hr, 2 hrs and 3 hrs respectively.
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Figure 3.3: Time dependent viscosity of 2.8% w/v Laponite suspensions, of aging times
tw = 1 hr and 3 hr, subjected to constant shear rates of 100 and 180 sec™! at 25°C.

structural build-up. Consequently, Laponite suspensions show physical aging which
manifests in experiments as a spontaneous evolution of the viscoelastic moduli. In
Fig.3.1, the viscosity of a 2.8% w/v freshly prepared Laponite suspension, recorded
with time under a low shear rate (1 sec™') for 3 hr, is displayed. The viscosity
is seen to spontaneously increase with time, signalling the progress of the physical
aging phenomenon. To study the relation between shear stress and shear rate, a
fresh sample is used in each experiment and a low shear rate is applied continuously
during the aging process. After reaching the desired duration of aging i.e. 1, 2 or 3
hrs, a ramp of shear rate is applied to the aged sample. The shear rate dependent
viscosities of Laponite suspensions of aging times t,, = 1,2,3 hours are plotted in
the inset of Fig.3.1.As expected [35], the viscosity decreases with shear rate for all
sample aging times explored here. The shear stress vs. shear rate plots for Laponite
suspensions at ages t,, = 1,2,3 hrs are shown in Fig.3.2. Time-dependent changes in
the viscosity of Laponite suspensions are measured for two different shear rates 100
and 180 sec™! and are plotted in Fig.3.3. It is seen from this figure that the imposi-

tion of constant shear rates results in a decrease in the suspension viscosity at earlier
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Figure 3.4: (a) Displacement vs. time of the steel balls (diameter = 2, 3, 4, 5, 6 mm)
falling through Laponite suspensions of concentration 2.8% w/v at 1 hr aging time ().
(b) Velocity vs. time is calculated from the displacement data in (a). The error bars are
calculated using the protocol specified for balls falling in a medium [30].

times. This observation can be attributed to the breakup of sample microstructures
by the high shear rates that are imposed in these experiments. At longer times, the
viscosity shows an increase due to the increased rate of structural recovery. These
competing effects give rise to a non-monotonic viscosity profile that is sensitive to

sample age and the imposed shear rate.

3.3.2 Falling ball experiments

The experiments reported here track millimeter-sized steel balls falling through spon-
taneously evolving Laponite suspensions. Freshly prepared Laponite suspensions
that are allowed to age for t,, =1,2,3 hrs are used. The viscosity of the suspension
increases gradually due to the physical aging mechanism discussed earlier. A ball
that is dropped through an aging viscoelastic suspension is expected to induce shear
thinning of the medium due to break up of the fragile structures present in its path.
For all the experiments reported here, Laponite suspension concentration is kept
fixed at 2.8% w/v.

The extent of shear thinning of the surrounding medium due to passage of the
ball can be evaluated approximately by relating it to the data plotted in Fig.3.3.
The shear rate imposed by the ball is estimated using the relation ¥ = V/D, where
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V and D are, respectively, the instantaneous velocity and the diameter of the falling
ball. For the velocities of the falling balls, V, measured here and the diameters, D,
of all the balls used, the shear rates imposed by the balls always lie within the range
100-200 sec™! in our experiments. A comparison with Fig.3.3 shows that the aging
Laponite samples lie in the shear-thinning regime within this range of shear rates.
A ball falling through a Laponite suspension would therefore disintegrate the local
structures in its path.

Fig.3.4 shows representative data when balls are dropped in a Laponite suspen-
sion that has been aged for 1 hr. In Fig.3.4(a), the displacements of balls having
different diameters (2mm, 3mm, 4mm, 5mm and 6mm ) are plotted. The overall
slopes of the displacement curves tend to decrease with decreasing ball diameters.
The velocities are plotted vs. time for different ball sizes in Fig.3.4(b). As expected,
the larger balls with higher inertia travel with greater velocities through the Laponite
suspension medium. The ball of diameter 2mm, released at a high non-zero initial
velocity, eventually reaches a lower terminal velocity. In contrast, the velocities of
the balls of diameters 3-6 mm increase continuously with time throughout our ex-
perimental time window, with the increase becoming more prominent for the larger
balls. Error in velocity due to tracking is calculated [30] and plotted with vertical
bars.

Data for all the ball-drop experiments, acquired for balls of sizes between 2 mm
and 6 mm falling through Laponite suspensions of different ages, are plotted in
Fig.3.5. We observe from Fig.3.5(a) that the velocity of the 2 mm ball decays
with time and attains a steady state terminal velocity during the experimental
time window for all Laponite suspensions at aging times, t,= 1 hr, 1.5 hr, 2.5
hr. For all the Laponite aging times investigated here, the velocities of the balls of
larger diameters (3mm, 5mm and 6mm) continue to increase during the experimental
time window, with the increase being maximum for the largest ball (Figs.3.5(b-d)).
Such continuous increase in velocity without attainment of terminal velocity in the

experimental time window accessible in our experiments indicates the prevalence
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Figure 3.5: In (a), (b), (c) and (d), velocities of the ball centroids for balls of diameters
2mm , 3mm , 5bmm and 6mm respectively, falling through Laponite suspensions of different
aging times (t,,), are plotted. Coloured symbols represent experimental data, coloured

vertical bars are the corresponding error bars [30] and continuous black lines are the fits
to Eqn.3.7.

of medium destructuring over structural recovery under these conditions. As the
sample age increases, the ball velocity decreases in all the experiments. Vertical

bars with lighter shades of the symbol colours are plotted to represent the errors in

Fig.3.5.

3.3.3 Mathematical model

Moore (1959) [28] proposed a mathematical model to explain the micro-structural
evolution of thixotropic materials. In this model, the time-dependent structure
of an aging fluid is represented by a dimensionless structural parameter, A. This
model incorporates A with the following physical interpretation: A = 0 for a fully
broken or destructured state of the fluid (or when the structure is yet to form at
the microscopic level), while A = 1 for a fully structured fluid state, i.e., when the
structure is not broken at all.

In an aging Laponite suspension that is locally destructured by a ball falling
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through it, the time evolution of the structural parameter, A, has to be governed
by restructuring/structural recovery and destructuring/structural breakdown of the

suspension,

Cj;\ =F(\) — G\ %) (3.2)

In the above equation, F'(\) and G(\,*) are associated with the rates of the
restructuring and destructuring processes that progress simultaneously in a Laponite
suspension having an instantaneous state A\. Eqn.3.2 can be simplified by considering
a constant restructuring rate F' = 1/6 and a destructuring function G = a\¥y that
varies linearly with local shear rate [36, 37|, i.e., d\/dt = 1/6 — a)\y. Here, ¥ is the
shear rate imposed by the falling ball and 1/6 and « are parameters related to the
restructuring and destructuring rates of the medium respectively.

The restructuring rate of the Laponite suspension is decided by its physical prop-
erties such as aging time, concentration and instantaneous state. As the Laponite
suspension ages with time, the structure evolves identically throughout the medium.
In the present scenario, since the structural length scales of interest are much larger
than the size of a single Laponite particle, the viscosity can be assumed to be equal
at all points in the undisturbed sample. The high shear rates of approximately 100-
200 sec™! experienced by the regions in the immediate neighbourhood of the falling
ball are expected to result in shear thinning of the surrounding Laponite medium
due to the breakdown of the fragile microscopic structures. This can be seen in
Fig.3.3 where we note that structural recovery takes over only after 1000 seconds
when suspensions are subjected to these high shear rates. The time of fall of the
ball is less than 1 second and therefore smaller than the time scale over which the
structural parameter is expected to change due to the physical aging process. The
destructuring due to the passage of the ball is expected to dominate over the restruc-
turing process and F'(\) in Eqn.3.2 can be neglected. To model the destructuring
of the medium in our falling ball experiments, we make the following assumptions:

i) The ball falls inside the sample while shearing only the immediate vicinity of



Chapter 3. Quantifying the destructuring of a thixotropic colloidal suspension
using falling ball viscometry 61

its surface. During the passage of the ball, it interacts with each point in the medium
that lies in its path. Therefore the time evolution of the structural parameter of the
medium, dA/dt, should be proportional to the time taken by the ball to travel its
diameter, D/V'.

ii) As higher ball velocity causes increased disruption in the structure of the
medium surrounding the ball, the time evolution of the structural parameter is as-

sumed proportional to the instantaneous ball velocity, V', during the fall.

We can therefore simplify Eqn.3.2 and propose the following modified kinetic
equation for the time-dependent structural evolution in Laponite suspensions,
dXy D
e BV /gt 3.3
dt V (3:3)
In Eqn.3.3, the time dependent structural parameter of the aging Laponite sus-
pension for falling ball experiments is denoted by As. The negative sign is incor-
porated to account for shear-thinning due to disruption of the fragile suspension

structures by the falling ball. Eqn.3.3 reduces to:

d\y
ke —eD (3.4)
— Ar = Ao(1— Bi) (3.5)

where € is a proportionality constant of dimension (length x time)™, A; = Ay at
time ¢ = 0 and the rate of destructuring is § = eD/)o. The viscoelastic, structured
nature of the suspension can be incorporated in the expression for terminal velocity,
Vier obtained from Eqn.3.1, by considering the functional form [38] for viscosity
n = noA} where 1 is the zero-shear viscosity and n = 1 for a Laponite suspension
[36]. Viscosity of the suspension at each point changes with its structural parameter.

The expression for the structure dependent terminal velocity, Vy, of the ball falling
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through a thixotropic Laponite suspension can therefore be written as:

(0 = P
18n(t)
_ (ps—p)gD?

VA(t) =

(3.6)

Here, we have used Eqn.3.5 and the expression for viscosity of Laponite suspensions
[38] to obtain the expression for instantaneous viscosity, 7(t) = noAo(1 — 8t). Using
Eqns.3.1 and 3.6, we rewrite the equation of motion of a ball falling through a

thixotropic suspension with an initial velocity Vj:

V =Vi+ (Vo — V) exp(—t/7)

|44

(1 _ Bt) ) eXp(—t/T) (37>

L
(1 - pt)

where W = (ps — p)gD?/18n9No, 8, Vo, T are the fitting parameters. Here, 7 =
m/3n Ao D where m = mass of the ball, g = zero-shear viscosity of the sample, D
= diameter of the ball.

The constant breakdown of the micro-structure as the ball falls through the
suspension leads to shear thinning at a rate parametrized by § in Eqn.3.5. Natu-
rally, for a Newtonian sample, we expect the value of S to be zero. The data for
balls of different sizes falling through Laponite suspensions of different aging times
(Figs.3.5(a-d)) are fitted to Eqn.3.7 (solid lines in Fig.3.5) and the destructuring
rate, (3, is obtained as one of the fitting parameters. All the fitting parameters
are tabulated in Table 3.1. In Fig.3.6, § is plotted for ball sizes between 2 mm
- 6 mm for different aging times. This suggests that balls with larger diameters
exhibit faster dynamics leading to enhanced shear thinning of the sample. Only
the fitting errors are considered in this plot. It is clear from the figure that [ de-
creases with ball size and is approximately zero for the smallest ball of diameter 2
mm studied here. When larger balls are dropped through Laponite suspensions, the

destructuring rates increase with ball size and stay nearly unchanged over the entire
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range of sample ages. The approximate insensitivity of 8 to changes in sample age
t,, arises from the predominance of destructuring processes over structural recov-
ery in the freshly prepared Laponite suspensions used here. Our assumption that
shear thinning of the medium dominates over structural recovery in our falling ball
experiments is therefore adequate to accurately compute the ball trajectories. Fur-
thermore, Eqn.3.7 explains our experimental data irrespective of the instantaneous
state of the suspension.

We note here that the toy model used here is oversimplified and needs to be
improved to include details of the system more effectively. For example, 3 is consid-
ered to be completely independent of the system properties. Unfortunately, it is not
possible to measure all the parameters contributing to S separately and precisely.
Neither is it possible to accurately estimate Ay for real experimental system. Our
model also considers that the viscosity of water approaches zero when the suspen-
sion is completely destructured. Since we observe that viscosity increases with aging
time, surpassing that of water significantly at larger aging times (3.1), we have ne-
glected the viscosity of water since it is 2 orders of magnitude smaller than that of
the Laponite medium. Additionally, we would like to point out other limitations of
this model. The model only holds for the narrow regime that is explored experi-
mentally. The dimension of 3 is system dependent and measures the rate of change
of structure parameter with time. The exact details of the initial state could not
be incorporated in the model due to computational constraints. Furthermore, the
asymptotic behaviour of the ball cannot be predicted due to the several simplified

assumptions that are inherent in our toy model.

3.4 Conclusions

The destructuring of a Laponite suspension due to a ball falling through it is studied
in this work. We show that the motion of solid steel balls through spontaneously

evolving colloidal suspensions of Laponite is very different from the motion of a solid
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Table 3.1: Parameters measured by fitting Eqn.3.7 to the data in Fig.3.5.
D (mm) ty (hr) Vo (m/s) W (m/s) /7 (s71) B (s

2 1 0.653 £+ 0.433 £+ 26.077 = 1.07e-17 £
0.010 0.004 2.255 0.031

2 1.5 0.570 £+ 0.392 + 33.232 + 1.64e-19 +
0.019 0.005 5.245 0.037

2 2.5 0.439 + 0.238 £+ 45.801 + 7.79e-16 £+
0.024 0.003 6.843 0.026

3 1 0.655 £+ 0.747 £ 16.033 £+ 1.11e-15 £
0.011 0.006 3.814 0.011

3 3 0.436 £+ 0.543 £+ 6.819 £+ 0.017 +
0.010 0.013 2.001 0.030

4 1 0.661 + 0.876 £+ 10.882 + 0.066 £+
0.009 0.013 1.499 0.029

5) 1 0.736 £+ 0.982 £+ 9.374 £+ 0.105 £+
0.007 0.016 1.130 0.031

) 2 0.713 £+ 0.947 £+ 8.208 £+ 0.103 +
0.009 0.029 1.719 0.053

D 3 0.664 £+ 0.793 £ 11.757 £+ 0.119 £+
0.014 0.015 3.456 0.034

6 1 0.691 + 1.001 + 16.261 + 0.218 +
0.010 0.008 1.206 0.018

6 3 0.627 £+ 0.802 £+ 15.872 + 0.232 +
0.006 0.004 1.242 0.010
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Figure 3.6: Destructuring rate, 3, vs. ball diameter, D, is plotted for different aging
times (t,,) of Laponite suspensions.

object in a Newtonian fluid.

Falling ball experiments are performed by dropping millimeter-sized balls in
Laponite suspensions of different ages. In contrast to a ball falling through a New-
tonian fluid, we find that the larger balls do not attain a steady state while falling
through Laponite suspensions during the experimental time window. By modify-
ing a mathematical model proposed by Moore [28] to account for balls falling over
time scales much faster than the suspension aging times, we successfully extract the
destructuring rates of Laponite suspensions of different ages for different ball sizes.
Interestingly, the gradual increase of velocity within the experimental time window
accessible in these measurements can also be explained using this model. Eventu-
ally at later times and for longer viscometer heights, the ball would have certainly
reached a steady state. The restructuring contribution in Eqn.3.2 that we have ne-
glected for the present measurements would then be non-negligible. However, trying
to observe the motion of the ball till it reaches a steady state would require us to
perform experiments with much longer cylinders and enormous sample volumes. We

have therefore restricted our study by exploring the motion of the falling ball in a
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regime that can be described by the simplest mathematical model that quantifies the
gradual increase of ball velocity due to shear thinning of the Lapaonite suspensions.
Further, the initial velocity of the ball when it enters the medium is non-zero as
the ball is released from a fixed height above the fluid surface. Further experiments
need to be performed to determine the effect of initial velocity on the destructuring
rate of the suspension.

Our results are fairly general and are applicable in the study of the settling dy-
namics of macroscopic objects in a wide variety of thixotropic suspensions. Balls of
different materials can be used to explore microscopic viscosities and destructuring
rates of complex fluids over a large range of shear rates. We note here that while the
viscosity measured by a rheometer reflects the response of the entire sample, falling
ball viscometry explores the viscosity of the medium only in the neighbourhood of
the falling ball. We have parametrized the destructuring rate of the Laponite sus-
pension medium in terms of a parameter 5. Rheometry and falling ball viscometry
probe the system differently, involve very different shear profiles, and are comple-
mentary to each other. A quantitative relation between [ and bulk viscosity of a
non-Newtonian fluid obtained in rheological measurements is therefore well outside
the scope of this discussion.

To conclude, falling ball viscometry, which involves the macroscopic measure-
ment of the velocity of a ball falling through a medium, can be employed to suc-
cessfully estimate the microscopic dynamics of fragile structures in shear thinning
suspensions. The experiments reported in this chapter provide important insights
into the physical aging process in the presence of externally-imposed forces and
contribute to our understanding of the motion of macroscopic objects through non-

Newtonian fluids.
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Chapter 4

Correlating microscopic
viscoelasticity and structure of an
aging colloidal gel using active

microrheology and cryo-FESEM

4.1 Introduction

As a result of the pioneering work of Arthur Ashkin and coworkers [1], optical
tweezers (OTs) have become an invaluable tool for studying various processes in
physical and biological systems [2-7]. An OT utilizes the forces exerted by a focused
laser beam to confine a micron-sized dielectric particle suspended in a medium [8].
It can operate as a non-invasive force transducer, which can accurately produce and
measure pico-Newton (pN) range forces and nanometer (nm) range displacements
with high temporal resolution (down to a few us) [9, 10]. Their utility as a single
molecule manipulation technique makes OTs an important resource for investigating
various processes, such as in quantifying the kinetics of kinesin motors walking on
microtubules [2], in unzipping of DNA [3], in cell sorting [4], and in measuring

the mechanical responses of soft materials, such as colloidal suspensions [11, 12],
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polymer networks [5, 6] and bio-samples [7].

The study of the flow and deformation of materials and the determination of
their mechanical properties is known as rheology [13]. Conventional viscometers
and rheometers can measure mechanical properties of a material even with sam-
ple volumes less than a milliliter [14]. Passive microrheology requires a much
smaller sample volume and can measure linear viscoelastic responses in a broad
frequency domain by tracking the thermal motion of a probe particle suspended in
the medium [15]. This technique uses the generalized Stokes-Einstein relation to con-
nect the mean square displacement (MSD) of the probe particle with the viscoelastic
properties of the medium [16, 17]. Video particle tracking microrheology [18], dy-
namic light scattering [19], magnetic tweezers [20] and optical tweezers [21] have
been used successfully to study the viscoelastic properties of a range of materials.
Passive microrheology provides useful information on local micro-structures of the
material and has been used to probe spatial heterogeneities and non-ergodicity in
the suspending medium [22].

The measured microrheological properties of viscoelastic materials depend on
the size of the trapped probe particle [23-25]. The surface chemistry of the probe
particle and its interaction with the medium also influence the measurement [24, 25].
Valentine et al. [24] showed that in the absence of interactions between the probe
and viscoelastic medium, a probe size larger than the characteristic lengthscale rel-
evant to the viscoelastic medium is necessary to interpret the results accurately.
Interestingly, the authors also noted that elasticity of the viscoelastic matrix, which
arises due to the presence of suspension microstructures, can be measured using
a relatively smaller probe particle in the presence of significant probe-medium in-
teractions. Owing to the smaller sizes of the probe particles in this last case, the
measurements are not sensitive to the spatial heterogeneity present in the viscoelas-
tic medium.

He et al. [25] showed that surface adsorption on a probe particle embedded

in a network of actin filaments results in an enhanced estimate for the stiffness of



74 4.1. Introduction

the biopolymer network. An earlier work had proposed a scheme to study colloidal
forces, structure, dynamics and rheology of attractive colloidal gels by combining
microscopy, OT and rheology [26]. Passive microrheology becomes less effective
with highly viscous or gel-like samples due to reduced motion of the probe particle,
and a simultaneous reduction in the signal-to-noise ratio [27]. In such cases, active
microrheology can be used, wherein an external force is applied to the probe parti-
cle and its resultant motion is measured to determine the viscoelastic properties of
the surrounding matrix. Optical tweezers [21], magnetic tweezers [28] and atomic
force microscopy [29] are the most commonly used active microrheology techniques.
Active microrheology with optical tweezers can be implemented using two methods,
viz., oscillatory measurements and creep measurements [5]. In oscillatory measure-
ments, the sample stage is moved in an oscillatory fashion, and the resultant force
experienced by the trapped probe particle is computed. The amplitudes of the two
signals and the phase difference between them are analyzed to determine the vis-
coelastic properties of the medium [5]. On the other hand, in creep measurements, a
constant stress is applied to the medium by displacing the probe particle, following
which the response of the material is measured. The oscillatory active microrheology
technique is more closely related to conventional bulk rheology as its output is in the
form of the frequency-dependent storage and loss moduli, G’ and G” respectively,
of the sample [5].

Aqueous suspensions of Laponite have been widely used as model systems to
probe the properties of non-ergodic states such as gels and glasses [30]. As men-
tioned in previous chapters, Laponite particles exist in a stacked powder form and
undergo exfoliation upon adding it to water. This exfoliation process results in
the release of Na™ ions. These ions serve to electrostatically shield the negatively
charged Laponite particles. However, when the concentration of counterions in-
creases, the Debye length decreases [31]. This reduction in Debye length leads to
an enhancement in the rate of formation of house of cards suspension structures.

We have shown in the last chapter that falling ball viscometry can be used success-
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fully to quantify the shear thinning property of a freshly prepared Laponite sample
in terms of the destructuring rate of the suspension [32]. The time-dependent ag-
ing behaviour of soft colloidal glasses and their dependence on the physicochemical
properties of the suspension have been studied extensively using macroscopic rheol-
ogy and passive microrheology [11, 12, 23, 33, 34]. There are a few reports on the
passive microrheology of soft glassy clay suspensions that validate the fluctuation-
dissipation theorem in non-equilibrium systems [11, 12, 33]. Another passive mi-
crorheology study of Laponite suspensions reported that microscopic mechanical
properties approach those extracted from bulk rheology measurements as the size of
the embedded probe is increased [23], with the viscoelastic liquid to soft solid transi-
tion occurring earlier at the bulk scale than at the microscopic scale [34]. However,
to the best of our knowledge, oscillatory active microrheology has never been per-
formed to study the length-scale dependent mechanical response of aging aqueous
Laponite clay suspensions. The falling ball experiments in Chapter 3 reported the
destructuring of Laponite structures as a ball falls through Laponite suspension. A
limitation of this experiment is that the ball can probe a specific region in the system
for a very short time while disrupting the suspension structures that it encounters
in its path. This chapter reports OT-based microrheology experiments, wherein we
trap colloidal particles in a shear cell loaded with an aging Laponite suspension.
Since the forces exerted on the suspension by the trapped bead are many orders of
magnitude smaller when compared to the forces exerted by the ball in Chapter 3,
OT-based microrheology results such as those presented in the present chapter give
complementary results related to the suspension mechanical properties without de-
structing the system. In these OT experiments therefore, it is much easier to probe
the material for a longer time with better statistics.

In this chapter, we employ oscillatory active microrheology to investigate the
mechanical properties of aqueous Laponite suspensions at various aging times t,,
and concentrations C,. We apply sinusoidal oscillations to the sample cell and mea-

sure the force experienced by an optically trapped probe particle that is physically
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attached to the suspension microstructure network. The piezo-controlled stage is
oscillated over a range of frequencies to determine the frequency-dependence of the
elastic (G’) and viscous (G”) moduli of Laponite suspensions of different C, and at
various t,,. We observe that G” dominates over G’ at smaller stage oscillation fre-
quencies, w, while G’ exceeds G” when w is increased beyond a crossover frequency,
weo- The characteristic relaxation time 7 of the suspension varies as the inverse of
the crossover frequency, 7 = 27/we. The crossover modulus G, is the modulus
value where G’ = G”. We report a systematic increase in G, as the concentra-
tion of the suspension, (', is increased, thereby signaling the onset of a jamming
transition. Furthermore, at a fixed Cf, we see that G, increases with aging time
t,, for the range of aging times explored here. We also investigate the length-scale
dependence of G, by varying the size of the probe particle. Cryogenic field emis-
sion scanning electron microscopy (cryo-FESEM) images of Laponite suspensions at
various t,, and Cp reveal that the average pore diameters (D,) of the underlying
fragile suspension microstructures do not change significantly with t,, but decrease
with increasing Cp, for the ranges of C'; and t, explored here. Finally, we show
that the crossover modulus G, of the suspension is inversely related to the average
diameter of the microscopic pores of the fragile suspension structures that evolve
spontaneously and gradually due to the physical aging process for different Laponite

concentrations and probe diameters.

4.2 Materials and Methods

The principle and calibration of optical tweezers are discussed in sections 1.4 and
2.2.4 of Chapters 1 and 2, respectively. The preparation of Laponite suspension is
covered in section 2.1.1 of Chapter 2. Section 2.2.5 in Chapter 2 also contains a

brief overview of cryo-FESEM.
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4.3 Results and Discussion
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Figure 4.1: (a) Isotherm curve (relative heat released, H) for Laponite suspensions
having polystyrene particles, when compared with pure Laponite suspension at 25°C tem-
perature for two different particle sizes vs. measurement time. Polystyrene (PS) particles
attached to the branches of the Laponite suspension networks (white connected regions)
for particles of diameter (b) 1 pym (c) 1.5 pm and (d) 3.34 pm.

An aqueous Laponite suspension shows physical aging [35, 36], with the sus-
pension viscoelasticity spontaneously increasing due to the gradual formation of
medium-spanning self-assembled microstructures [37]. The microstructures can rup-
ture or destructure under shear forces. When the shear is removed, these structures
heal or restructure spontaneously. For our OT-based active microrheology exper-
iments, we study the dynamics of polystyrene particles trapped in the Laponite
medium. Information about interaction between the probe and Laponite suspen-
sion microstructures is necessary for interpretation of microrheology measurements
[24, 25]. We perform isothermal calorimetry and cryogenic scanning electron mi-
croscopy images to visualize the extent of probe-Laponite attachment.

For the calorimetry experiments, freshly prepared Laponite suspensions with and
without PS particles were loaded into two different measuring cells of the calorimeter.
The peak observed in the figure represents the heat release in the suspension with

PS particles when compared to the suspension without PS particles. The heat

release results from bond formation between Laponite and PS particles. The energy
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associated with this interaction is calculated by integrating the area under the peak
(between the dashed lines in Fig.4.1(a)), and indicates an attractive force between
the negatively charged PS particles and the positive rims of the Laponite particles.
Isothermal calorimetry indicates an exothermic reaction (=~ 350 and 560 mJ/g)
which we attribute to the attachment of PS to Laponite network strands shown
in Fig.4.1(a). This energy release is much higher than that estimated between
Laponite particles due to attractive interactions (= 200 mJ/g [23]) and confirms
probe particle attachment to Laponite networks. Probe-Laponite attachment is
further supported by the cryo-FESEM images in Fig.4.1(b-d) and can be explained
by considering attachment of the positive rim of a Laponite particle to the negatively
charged surface of a probe particle as schematically illustrated in Fig.4.2. Since
the attachment of the probe particle with suspension microstructure obstructs its
thermal motion, we choose to implement active microrheology to probe the Laponite
system by applying an external force larger than the thermally induced fluctuations
of the probe particle.

We perform active oscillatory microrheology [38] using optical tweezers (OT) to
extract the elastic and viscous moduli, G’ and G” respectively, of an aging Laponite
clay suspension in the presence of a very low volume fraction (107¢ % v/v) of probe
particles. The combination of high-accuracy position sensing of the probe using a
quadrant photodiode (QPD) and highly sensitive measurements of displacements
of the sample stage using piezoelectric actuators allow us to acquire data with mi-
crometer precision. While the probe particle is optically trapped in the Laponite
suspension, we oscillate the sample cell sinusoidally (Fig.4.3 top panel) along the
x-axis with a maximum amplitude of 1 um for a range of stage oscillation frequencies
w. The oscillatory movement of the sample stage results in a net oscillatory force
experienced by the optically trapped probe, which is calculated by measuring its
nanometer-scale oscillatory displacement. The displacement of the probe from the
trap center, caused by the sinusoidal motion of the piezoelectric stage, is converted

to the corresponding spring force using the trap stiffness calculated as discussed in
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Figure 4.2: Schematic illustration showing the temporal evolution of Laponite mi-
crostructure in the presence of a polystyrene probe particle. Top panel: The probe par-
ticle attaches to the Laponite microstructure, with the number of contacts depending on
particle size. Bottom panel: Individual Laponite particles self-assemble at higher aging
times to form network structures through house of cards and overlapping coin assemblies.

section 2.2.4 of Chapter 2. The microscopic elastic and viscous moduli, G’ and G”
respectively, of the underlying suspension are then calculated using the relations

[38]:

Fmax
T SR, (A9 (4.1)
Fmam .
G” = W SIH<A¢) (42)

where F,., is the maximum force acting on the trapped particle, R is the radius of
the trapped particle, X4, is the maximum amplitude of stage oscillation, and A¢
is the phase difference between the displacement of the sample stage and the force
experienced by the trapped particle as shown in Fig.4.3.

We oscillate the sample stage at various frequencies ranging from ~ 3 rad/s to
24 rad/s (0.47 - 3.81 s7!), with the maximum oscillation frequency limited by the
speed of data transfer during a given time interval. Simultaneously, the minimum

oscillation frequency is set by the relative contributions of the viscous drag and
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Figure 4.3: Sinusoidal displacement of the sample stage vs. time; Bottom: Force expe-
rienced by the trapped probe particle.

thermal forces acting on the trapped probe particle. The force experienced by
the probe at a very small stage oscillation frequency produces very low signal to
noise ratios. Therefore, below a certain frequency, acquisition of meaningful data
acquisition is not possible. The data presented here is only for frequencies that
are higher than this threshold value which depends on Laponite concentration Cf,
and aging time t,. We oscillate the stage with a fixed amplitude and measure
the oscillatory drag force and phase difference at a fixed frequency. We estimate the
elastic and viscous moduli, G’ and G”, of the Laponite suspension by repeating stage
oscillations at each frequency for 12 cycles to ensure adequate statistics. We note
here that since all the measurements were performed for Laponite ages ¢, ranging
from 90 to 150 minutes, the evolution of the viscoelastic moduli during the data
acquisition interval of 5 minutes is expected to be minimal. The above range of aging
times is chosen to ensure that the viscosity contribution of the underlying medium
causes a measurable displacement of the trapped bead, while still localizing it within
the optical trap. We present below the key results of our active microrheology
experiments and a discussion on error calculation.

Error calculation: For each measurement, 12 sinusoidal oscillations have been
implemented and the force on the trapped bead has been measured. We have ex-
cluded the initial and the final oscillations to avoid any artefact driven by transient

signals. To compute error bars in measuring G’ and G”, we have therefore used
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the ten intermediate oscillations. The computed values of G’ and G” are seen to be
reasonably consistent and the deviations for these ten different cycles are presented

as error bars.

Angular frequency of stage oscillation— 9.92 rad/s
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Figure 4.4: The blue curve with solid circles indicates the stage position with time. The
peaks in the signal are detected using scipy module in Python. The peaks in the stage
oscillation signals are indicated using yellow squares. The force on the trapped particle is
shown by the red curve with red triangles. The black squares indicate the peaks of the
force signal.

The ten intermediate peaks, obtained after excluding the first and last oscilla-
tions as discussed in the previous paragraph, are used to calculate the time difference
between the peaks of the applied stage displacement and the corresponding force
measurement in Fig.4.4. This results in 10 estimates of time differences which are
used to compute the mean and standard deviation in the phase angles measured

using the protocol below,

taiss = mean(ti,t2, ., t1o) (4.3)
terror = standard deviation(ty, ta, ., t1p) (4.4)

Phase angles in degree are estimated computing, ¢gir = 360° * f *taqirf, Gerror =
360°* f xterror where f = stage oscillation frequency (in Hz). The mean and standard
deviation of the phase angles calculated according to the method as described above
are used to calculate the mean and standard deviation values of the elastic and

viscous moduli using Eqns.4.1 and 4.2,
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Fmax 7r¢diff Fmax . 7T¢diff
"= A "= error 1 4.
GWRXmaxCOS( 150 ) AC 67rRXmax8m< 180 ) (™@error/180) (4.5
" _ A "= error 1 4.
67rRXmafm( R0 ) B¢ 67rRXmafOS( 180 ) (" @error/180)  (4.6)

where A¢ = ﬂ?‘é’gf . G" and G” with error bars are plotted in transparent col-

ors in the Fig.4.5. The maximum error propagation while computing G., and
We, 18 estimated by considering the maximum ranges of errors of these two vari-
ables, marked using the dashed lines for both horizontal and vertical directions.
To calculate the errors in crossover modulus G., and relaxation time 7,, the fol-
lowing relations have been used: G = (Geo2 + Geo1)/2, AGep = (Geoz — Geor)/2,
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Figure 4.5: G’ (solid blue symbols) and G” (hollow orange symbols) and the corre-
sponding error bars are shown by the shaded regions of the same colour. The maximum
possible ranges of the crossover values of the moduli and angular frequencies are marked
using the dashed horizontal and vertical lines.

Strengthening of Laponite networks with increasing Laponite concentra-
tion at a fixed aging time: Fig.4.6(a) shows the elastic modulus, G’, and the
viscous modulus, G”, as a function of stage oscillation frequency w at a predeter-

mined aging time t,, = 90 minutes for various Laponite suspension concentrations
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Figure 4.6: (a) Elastic moduli G’ (solid symbols) and viscous moduli G” (hollow sym-
bols) obtained in microrheological measurements using a probe particle of diameter D = 1
pm and plotted vs. angular frequencies of the sample stage for different Laponite suspen-
sion concentrations Cf, at an aging time t¢,, = 90 min. The vertical dashed lines represent
the crossover frequencies where G’ = G” for data acquired at different C. In the in-
set, the frequency-dependent complex viscosities n* = VG2 + G"2 /w are plotted for the
same Laponite concentrations. (b) Crossover modulus G, (black) and relaxation time 7
(red) of the underlying Laponite suspensions are plotted for different Laponite suspension
concentrations Cf,.

Cp. All the active microrheology measurements are performed using an optically
trapped probe particle of diameter D = 1 ym. At small w, we note that the G” dom-
inates over GG’ for all Laponite concentrations C}, indicating viscoelastic liquid-like
response of the suspension at small frequencies even 90 minutes after preparation.
We see that G’ increases with increasing w and becomes numerically equal to
G" at a crossover frequency w,,, with a corresponding crossover modulus G.,. The
suspension starts showing viscoelastic solid like behaviour when the stage oscilla-
tion frequency exceeds w.,. We also calculate the frequency-dependent complex
viscosities, n* = /(G + G"?) /w, for Laponite suspensions of various C, at an ag-
ing time t,, of 90 minutes (inset of Fig.4.6(a)). The complex viscosity at low C},
remains almost unchanged with increasing w, implying that the suspension structure
remains invariant under the applied external perturbations. The shear exerted by
the probe polystyrene particle is therefore too weak to destructure the underlying

Laponite microstructures under these conditions. We note that n* increases with in-

T (sec)
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creasing C'p, which is in agreement with a previous report on passive microrheology
experiments with Laponite suspensions [39]. The characteristic relaxation time 7
corresponding to each (', is obtained from the reciprocal of the crossover frequency
T = 27 /weo. Fig.4.6(b) shows that the crossover modulus G, and 7 increase mono-
tonically with increasing C';, thereby indicating the strengthening of the underlying
Laponite suspension networks with increasing suspension concentration at a fixed

Laponite age.
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Figure 4.7: (a) Elastic and viscous moduli, G" and G” respectively, are estimated using
oscillatory active microrheology for a 2.75% w/v Laponite suspension at different aging
times t,,. (b) Crossover modulus G, (black) and relaxation time 7 (red) of the underlying
Laponite suspensions are plotted for different Laponite suspension aging times t,,.

Strengthening of Laponite network structures with increasing suspension
age at a fixed suspension concentration: To understand the temporal evolu-
tion of the mechanical moduli of a Laponite suspension of fixed concentration C',
= 2.75% w /v, we perform active microrheology experiments at various suspension
aging times, t,,, ranging from 90 to 150 minutes using a probe particle of diameter D
=1 pm. We observe that G’ and G” follow similar trends with varying t,, (plotted in
Fig.4.7(a)) as observed in the earlier experiments in which C, was varied at a fixed
t, (plotted in Fig.4.6(a)). The crossover modulus G, and characteristic relaxation
time 7 for Laponite suspensions at different ¢,, are shown in Fig.4.7(b). G, increases

with aging time ¢, and suggests the strengthening of the suspension networks with
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time due to enhancement in the inter-particle electrostatic interactions. Interest-
ingly, we observe that 7 does not change significantly over the range of t,, explored
here. As the probe particle is attached to the Laponite networks, the relaxation
process during stage oscillation depends on both the probe particle and morphology
of the Laponite networks. The interaction between the probe particle connected to
the network and the solvent is important for understanding the relaxation process
observed in experiments. The approximately constant values of 7 in Fig.4.7(b) in-
dicate minimal changes in the suspension dynamics within the explored ¢, range.
We note that all the measurements are performed with Laponite suspensions of ages
tw = 90 minutes and Laponite microstructures are presumably already well-formed
within the suspension. Therefore, even though the networks continue to strengthen
with age, the data in Fig.4.7(b) indicates that dynamical changes of the kinetically

arrested medium are minimal at the microscopic scale.
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Figure 4.8: (a) G’ and G” are estimated for a 2.75% w/v Laponite suspension at
aging time t,, = 90 minutes using oscillatory active microrheology with probe particles of
different sizes D. (b) Crossover modulus G, (black) and relaxation time 7 (red) of the
underlying Laponite suspensions are plotted for different trapped probe particle sizes D.

Probe size dependence of measured Laponite viscoelasticity: We next ex-
plore the lengthscale dependent microrheology of Laponite suspensions by varying
the sizes D of the trapped colloidal probe particles. Active microrheology mea-

surements are performed to study Laponite suspensions of Cp = 2.5% w/v and
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Figure 4.9: Macroscopic or bulk elastic and viscous moduli, G’ and G” respectively,
of a Laponite suspension of concentration Cr, = 3.00% w/v at aging time ¢,, = 90 min
measured using a rheometer.

t, = 90 minutes while trapping probe particles of sizes 1, 1.5 and 3.34 um shown
in Fig.4.8(a).The elastic modulus G’ and viscosity n* of the underlying Laponite
suspension measured using a larger probe is higher when compared to that mea-
sured with smaller probes. Since the surface area of a bigger bead is larger, the
connectivity between the bead and suspension microstructure is stronger. The drag
on a probe particle therefore increases as its size becomes larger. We note that
active microrheology with bigger probes results in estimates of longer characteris-
tic relaxation times 7 and higher crossover moduli G, of the underlying Laponite
suspension medium, as displayed in Fig.4.8(b). Therefore, active microrheology ex-
periments can reveal the length-scale dependence of mechanical properties which,
in turn are directly dependent on the connectivity between the probe and Laponite

particles.

Correlating pore sizes of Laponite networks with suspension dynamics:
We note from Fig.4.1 of probe particles are comparable with the characteristic struc-

tural lengthscales of the suspension. In comparison to our microrheological mea-
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Figure 4.10: Cryo-FESEM images of Laponite suspensions of different concentrations
Cr, and aging times t,, (a) C, = 2.5 % w/v, t, = 90 mins, (b) C, = 2.75 % w/v, t, =
90 mins, (¢) Cr = 2.75 % w/v, t,, = 150 mins, (d) Cr, = 3.0 % w/v, t,, = 90 mins.

surements, representative bulk frequency response data for a Laponite suspension
of concentration 3% w/v at t,, = 90 minutes (shown in Fig.4.9) shows solid like
behaviour, as indicated by G’ >> G”, over the entire frequency range explored. We
note here that the microrheological data emphasises the liquid like response of the
medium as the immediate neighbourhood of the probe particle comprises mostly
the water medium. We directly visualize Laponite microstructures in suspensions of
different C, and t,, using cryo-FESEM. Figs.4.10(a-b,d) show that microstructures
are denser for suspensions with higher C. In contrast, we see that the network
morphology does not change appreciably when suspensions of fixed concentration
are imaged at different t,, (Figs.4.10(b-c)). The acquired cryo-FESEM images are
binarized to emphasise the Laponite networks using an inbuilt module in the ImageJ
software. The area within each pore is measured using ImageJ. The equivalent pore
diameter is then estimated by assuming that the measured pore is circular. The
average diameter (D)) is determined by averaging the diameters of various pores

(between ~ 10-50). We observe that (D,) decreases with increasing C, but remains
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Figure 4.11: Pore size ratio (D,)/D, the ratio of average pore diameter (D,) and the
diameter of the trapped particle (D=1 pm), is plotted vs. crossover modulus G, obtained
from OT-based active microrheology for different Laponite concentrations Cp, at t,, = 90
min. In the inset, the pore size ratio is plotted for different sizes of probe particles D =

1 pm, 1.5 pm, 3.34 pm for Laponite suspension concentration Cr, = 2.5% and aging time
tw = 90 min.

almost unchanged with increasing t,,. This result is in agreement with passive mi-
crorheology results reported earlier [40, 41] and implies a correlation between the
sample structure and its mechanical response at microscopic lengthscales.

Fig.4.11 consolidates the OT and cryo-FESEM data analyses to display the vari-
ation of the average dimensionless pore diameters, (D,)/D, where (D,) is obtained
from cryo-FESEM and normalized by the probe size D. (D,)/D is a dimensionless
lengthscale and is plotted as a function of the crossover modulus G, extracted from
our active microrheology experiments (Fig.4.11). We note that the lower values of
G in Fig.4.11 correspond to data analyzed from active microrheology measure-
ments performed with samples of lower C';,. We observe a clear inverse correlation
between (D,)/D and the crossover modulus G.,. This implies that Laponite sus-
pensions having denser microstructures at larger C';, show increasingly viscoelastic
solid-like behaviour and have larger characteristic relaxation times. We note from

the inset of Fig.4.11 that for a fixed Laponite concentration of 2.75% w/v, (D,)/D
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decreases with increasing crossover modulus G, for various probe particle sizes D.
This observation clearly shows that active microrheology measurements are probe
size-dependent and soft glassy Laponite suspensions having finite rigidities exhibit
lengthscale dependent mechanical properties. This observation agrees with a previ-
ous report on passive microrheology of Laponite suspensions [23]. The length-scale
dependent mechanical properties of Laponite suspensions is a direct consequence
of the heterogeneous network structures that evolve in aging Laponite suspensions.
Interestingly, a theoretical work that proposed an elastic model to describe the hi-
erarchical arrest of attractive colloidal particles demonstrated that it is possible to
distinguish between the microscopic (particle-scale) and mesoscopic (cluster-scale)
contributions to the macroscopic shear modulus [42]. OT based active microrhe-
ology studies can therefore serve as an excellent starting point to quantify such

spatiotemporal heterogeneities.

4.4 Conclusions

A Laponite suspension shows physical aging, which is manifested as a continuous
evolution of the mechanical properties of the suspension with time [35, 37]. While
in passive microrheology, accurate measurements are limited by the probe-size de-
pendence of the diffusive dynamics, the application of external forces in active mi-
crorheology allows the measurement of mechanical properties that are inaccessible
using the former method. In this chapter, we systematically perform oscillatory
active microrheological experiments with aging aqueous Laponite suspensions using
an optical tweezer. The aim of this work is to uncover correlations between the
morphologies of the aging Laponite suspension structures and the probe particle
dynamics at micrometer lengthscales.

Polystyrene particles interact with Laponite particles and attach physically to
the suspension microstructures. We visualize this attachment using cryo-FESEM

imaging. Typically, the size of the probe used in tweezing experiments should be
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larger than the characteristic lengthscale of the underlying system [43]. When the
probe particle interacts with the network, microrheological responses can be ex-
tracted even when the characteristic lengthscales of the suspension microstructures
are larger in comparison to the probe size [24]. Controlled sinusoidal oscillations of
the sample stage, even as the probe particle is optically trapped and attached to
the microstructures of the suspension, allows us to extract the viscoelastic proper-
ties of the underlying medium. We note that the measured complex viscosities of
the suspension do not change appreciably over the range of frequencies explored in
our experiment, particularly for the samples of lower concentrations. The Laponite
medium is therefore not destructured by the shear forces exerted by the trapped
probe particle. Our microrheology data establishes that the suspension networks
can strengthen significantly regardless of whether suspension concentration or age
is changed. With increasing suspension age and concentration, the Debye layer
surrounding each Laponite particle shrinks [44], resulting in increased participation
of the particles in the branches of the Laponite gel network due to enhancement
in the particle edge-face attractive interactions. While the crossover modulus G,
measures the strengthening of the gel network due to enhanced Laponite particle
self-assembly, the relaxation time 7 provides an estimate of the dynamics of the
probe particle trapped in the network pore. We show here that while the network
strengthens considerably when suspension concentration, age and probe particle di-
ameter are increased, the dynamical timescale shows only modest change over the
parameter space explored. Our observations such as enhancement of moduli with in-
crease in suspension concentration and age resemble the results extracted from bulk
rheology experiments [45] but have never been reported at microscopic lengthscales
using active microrheology. It has been predicted that the macroscopic rheology
of arrested states depends on the ratio of particle cluster size and dimension of an
individual particle [42]. Interestingly, this would result in lengthscale dependent
rheology as demonstrated here and also previously reported for other soft materials

in the literature in different contexts [23, 46, 47].
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We systematically demonstrate that the rheological properties of soft glassy
Laponite suspensions [48, 49] are correlated with the underlying suspension struc-
ture, viz., the average network pore sizes of the suspension networks imaged using
Cryo-FESEM. We show that over the range of aging times investigated here for a
fixed Laponite concentration, the underlying structure is approximately invariant.
When the Laponite concentration C increases, the network structure, visualized
using cryo-FESEM, becomes denser. We demonstrate that the crossover modulus
of the suspensions, obtained from active microrheology measurements, are inversely
correlated with the average pore sizes of the Laponite networks. Such a correlation
between the lengthscale characterising the suspension network and the characteris-
tic relaxation times of the suspensions at micrometre scales is shown for the first
time using optical tweezer based active microrheology.

Our results can be applied to study the effects of local sample heterogeneities
during transport of micron-sized particles through complex environments, for ex-
ample, in drug delivery [50]. Laponite is utilised as a rheological modifier [51, 52]
in material processing applications, and knowledge of micron-scale local dynamics
is necessary for achieving the desired outcomes. A possible extension of the present
work could involve the setting up of multiple traps to precisely study the short-range
suspension-mediated interactions [53, 54], or to understand the effects of quenched
defects in a viscoelastic medium [55]. Non-linear vicoelasticity [56] of aging Laponite
suspensions can be explored even at microscopic lengthscales by applying large am-
plitude stage oscillations. These studies could shed additional light on the dynamics
of local relaxations and defects in kinetically arrested states of colloidal suspensions.
Different additives and external fields can be incorporated in Laponite suspensions
to fine-tune the rheological response of the latter [57]. This work could be extended
to estimate micron-scale mechanical responses due to incorporation of a range of

additives or the application of various external fields.
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Chapter 5

AC electric field induced

controlled aging of aqueous

Laponite suspension

5.1 Introduction

Colloidal suspensions or complex fluids whose rheological properties can be varied
reversibly using an electric field are known as electrorheological (ER) fluids. Since
their discovery by Willis Winslow in 1949 [1], ER fluids have been a relevant subject
of research due to their broad range of applications. A wide variety of organic and
inorganic materials such as polymer composites, colloidal suspensions, clay suspen-
sions, are categorised as ER materials. The constituent particle sizes can range from
nanometers to micrometres, and they may take on different forms, including spheri-
cal, fibrous, sheet-like, and rod-like in the presence of an electric field. Immediately
upon application of an electric field, ER fluids start to polarise and the particles
assemble to form chains [2, 3]. Consequently, their rheological properties, such as
viscosity, shear stress, dynamic moduli and stress relaxation, are altered substan-
tially depending on the strength of the field. These changes in rheological properties

are not permanent and can be reversed by removing the field. Electrorheological flu-
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ids are used in various industrial fields for their ability to generate resistive forces and
damping. Their application in microfluidics has been reported by Wang et.al. [4].
Moreover, ER fluids have growing demands and large applications as dampers [5],
shock absorbers, tactile displays [6] and clutches [7]. Automobile industries nowa-
days utilise ER fluids for increased efficiency of cooling engines, torque controlled
brakes [8, 9].

Under the influence of an external electric field, electrorheological fluids can
undergo a phase change from liquid to solid. The constituent particles in these fluids
percolate due to the formation of long-range inter-particle attractions induced by the
electric field. The formation of medium-spanning structures enhances the medium’s
viscosity. Researchers have studied silica particles in PDMS and observed gelation
in an electric field resembling chemical gelation [10]. Additionally, natural polymers
such as starch, chitosan, and cellulose exhibit structure formation in the direction of
an electric field [11]. Under an electric field, clay particles such as beidellite exhibit
a nematic-like phase [12]. A mixture of Laponite clay and silicone oil also acts as
an electrorheological fluid. The viscosity of the suspension changes dramatically
above a certain amplitude of the applied electric field due to chain like structure
formation of the Laponite particles [3]. Laponite clay suspensions in water, unlike
the conventional electrorheological fluids, show irreversible mechanical changes due
to the application of an external electric field [13]. Under DC electric field conditions,
synthetic Laponite clay particles show a concentration gradient that is observable in
the presence of a dye [14]. The evolution of spontaneous interparticle electrostatic
interactions or aging in Laponite suspensions can be altered by applying an external
electric field. Since interactions between Laponite particles are time-dependent in
aqueous suspension, the microstructures formed in Laponite suspensions under an
electric field do not disappear when the field is turned off.

As discussed in section 1.6 of Chapter 1, Laponite is a disk-shaped clay particle.
Laponite tactoids swell and exfoliate to eventually break up into smaller particle

clusters when dissolved in deionised water [15, 16]. A single Laponite particle devel-
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ops negative charges on its face due to the dissolution of constituent Na™ ions into
the aqueous medium and positive charges on the rim due to hydration of magnesia
groups. Electrical charges on the surface of Laponite particles and those contributed
by Na™ counterions play an important role on the aging property of Laponite sus-
pensions [17], as discussed in previous chapters. The effect of DC electric field on
the rheological property of Laponite suspension has been reported by Gadige et
al. [13]. In the paper, the authors applied a range of DC fields from 2.5 V/mm to 10
V/mm. They explained their results by considering the separation of counterions
and Laponite particles in the presence of the DC fields. The counterions move to-
wards the anode and the Laponite particles, due to their negative charges, displace
towards the cathode. The absence of counterions near the cathode enhances net-
work formation by the asymmetrically charged Laponite particles, thereby speeding
up the aging process.

In this work, we investigate the evolution of the microstructure of a Laponite
suspension due to the application of an AC electric field. We use a rheometer and an
optical tweezer to study the rheological properties of soft glassy Laponite suspensions
at different lengthscales. A Laponite suspension (concentration, Cr, = 3.00 % w/v) is
loaded into a rheometer and subjected to an AC electric field while it ages. The field
is turned off after 90 minutes and amplitude sweep measurements are performed. In
the linear viscoelastic regime, G’ and G” are insensitive to applied strain amplitude.
Complex viscosity is defined n* = /G2 + G"2 /w. We find that for increasing electric
field strength, the complex viscosity of the sample in the linear viscoelastic regime,
measured after subjecting the sample to different AC electric fields for 90 minutes,
varies non-monotonically. The microrheology of the soft glassy Laponite suspension
is also studied using optical tweezers (OT). In our OT measurements, we monitor the
viscosity of a Laponite suspension (Cf, = 2.5 % w/v) under the influence of external
AC electric fields. The viscosity values are extracted from the corner frequency f.,
by fitting the power spectrum data of the displacements of the trapped bead (having
a diameter of 1 pm) to Lorentzian functions (section 2.2.4 of Chapter 2). Rheology
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and OT-based active microrheology in the presence of an electric field therefore both
show non-monotonic evolutions of the complex viscosities and shear viscosities of

the suspensions.
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Figure 5.1: (a) A parallel plate geometry connected to a function generator is shown. The
yellow patch is the insulating material used to insulate the rotating motor of a rheometer
from the voltage source. The samples are filled between the parallel plates and shown in
blue color. (b) The sample cell for electric field experiments used in the optical tweezer
setup. The brown colour indicates the copper tape, which is connected to a function
generator.

5.2 Materials and Methods

The experiments are performed in this chapter using Laponite clay suspensions. A
detailed discussion about Laponite suspension and its aging property are mentioned
in section 1.6 of Chapter 1. The sample preparation protocol is discussed in section
2.1 of Chapter 2. In this work, we apply an electric field to the Laponite suspension
and measure its response using a rheometer and an optical tweezer. For the ex-
periments using the rheometer, a modified measuring geometry is used for applying
an external electric field to the suspension. We use a parallel plate geometry with
conducting top plate and a base plate shown in Fig.5.1(a). The measuring head is
connected to the function generator. This head has a small insulating element in

the upper section. The insulating section stops the current from moving towards
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the rotating synchronous motor of the rheometer. Laponite suspensions are loaded
in between the rheometer base plate and measuring head. The lower base plate is
also connected to a function generator. As a result, a uniform electric field can be
applied to the samples loaded in the parallel plate geometry. For optical tweezer
experiments, the sample cell is modified by using copper tape as spacers, shown in
Fig.5.1(b). A function generator is connected to the copper tapes that are placed
parallelly on both sides of the sample for applying an electric field in the x direc-
tion. The approximate distance between the copper tapes is kept around 5 mm.
The electric field is calculated by dividing the peak voltage of the applied sinusoidal

signal by the 5 mm gap value between the two electrodes.

5.3 Results and Discussion

5.3.1 Bulk rheology

The transformation of the aging clay suspensions to soft solids due to the presence
of an AC electric field is studied by measuring the viscoelastic properties of the
suspension. Laponite suspensions are prepared at a concentration of 3% w/v for
bulk rheological experiments. After sample preparation, 2.5 ml of the suspension is
filtered using a 0.45 um Millipore sheet to avoid big clusters of Laponite particles
and loaded into the parallel plate geometry of the rheometer using a syringe. The
gap between the two parallel plates is fixed at 1 mm. After the loading is completed,
a large shear rate (500 s™1) is applied to the suspension for 5 mins to remove the
initial loading effects. The sample is then kept undisturbed and an electric field is
applied using an external function generator for the next 90 mins. Silicone oil is ap-
plied to the boundary of the parallel plate geometry to avoid evaporation during the
waiting period. The field is turned off after 90 mins and rheological measurements
are conducted. The microstructures of Laponite particles that presumably form due
to the application of AC electric fields are studied using amplitude sweep measure-

ments. Amplitude sweep experiments are performed for an angular frequency of 6



104 5.3. Results and Discussion

CiL = 3.0% w/v

5 1 ; tw = 90 mins
& ]
=
3
g 10! 3
E) 4
v
- 00
o .
b 100 4 Electric field
> ] = No field
[G) ] =& 0.1 Vv/mm
& 1 =% 0.2V/mm
g 1071 4 0.5 V/mm
b ] &~ 1.0V/mm

1 =®= 2.0V/mm

1071 100 10! 102 103

Strain (%)

Figure 5.2: Elastic (G') and viscous (G”) moduli are plotted vs. strain amplitudes
after applying different electric fields during 90 mins of aging to Laponite suspensions of
concentration Cr, = 3.00% w/v. Measurements are made immediately after the field is
switched off.

rad/sec ( 0.95 s71) for strain amplitudes varying from 0.1% to 1000%. Storage (G")
and viscoelastic (G”) moduli are measured with increasing strain amplitudes. The
experimental data of G’ (solid symbols) and G” (hollow symbols) for Laponite sus-
pensions corresponding to different electric fields are shown in Fig.5.2. At low strain
values, G’ and G” are independent of applied strain amplitudes, implying that the
microstuctures remain intact under low deformations. This range of strain values
defines the linear viscoelastic region. In this region, G’ values are higher than G”
which represents viscoelastic solid-like nature of the sample. As the strain increases,
the crossover of G” and G’ indicates the onset of suspension flow. The strain value
where G’ = G" is known as the yield point. At large strains, the suspension behaves
like a viscoelastic liquid where G” is higher than G’ due to the breakdown of the
underlying microstructures of Laponite suspensions.

W ﬂ)a calculated using G’ and G” from the ampli-

Complex viscosity (n* =
tude sweep measurements, is plotted versus strain amplitudes in Fig.5.3(a). In the

linear viscoelastic region, the complex viscosity remains constant. The breakdown
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Figure 5.3: (a) Complex viscosity vs. strain amplitude is shown for various electric fields
applied for 90 mins to Laponite suspensions of C, = 3.00% and t,, = 90 mins. Complex
viscosities in the linear regime, shown by the dashed lines, are used to calculate average
complex viscosity values which are shown in (b) and plotted vs. electric field.

of structures in Laponite suspensions at high strain amplitudes results in the de-
crease of the measured complex viscosities. The linear viscoelastic region is roughly
identified to lie between the dashed blue lines in Fig.5.3(a). The average complex
viscosity in the linear regime is calculated and plotted for different applied sinu-
soidal electric field amplitudes at 1 kHz frequency in Fig.5.3(b). It is seen from this
figure that the average complex viscosity increases with electric field amplitude and
attains a peak at 0.2 V/mm before decreasing at high field amplitudes. To the best
of our knowledge, such non-monotonic behaviour with increasing AC electric field

has never been observed before for soft glassy Laponite suspensions.

5.3.2 Micro-rheology

The non-monotonic evolution of complex viscosities of Laponite suspensions with
increase in AC electric field amplitudes as discussed in the previous section are
expected due to changes in the microscopic assembly of Laponite particles. To

investigate the effect of an electric field on the microrheology of a soft glassy sus-
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pension, we prepare a Laponite suspension of 2.5% w/v and add a small amount
of polystyrene beads of diameter 1 um to perform OT-based microrheology exper-

iments. A polystyrene bead is optically trapped in the Laponite suspension by
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Figure 5.4: Power spectral density is plotted vs. frequency for a Laponite suspension of

Cr = 2.5% w/v at t,, = 30 mins subjected to AC electric field of 0.5 V/mm (frequency 1

kHz). The black line is a fit to a Lorentzian function, ﬁ. The red vertical dashed line

indicates the position of corner frequency obtained from the fit.

employing an optical tweezer set up to measure the viscosity of the suspension. In
the presence of an electric field of 0.2 V/mm, a Laponite suspension of 3% w/v ages
rapidly and it is not possible to study the evolution of its microstructure for a suffi-
cient amount of time using the optical tweezer setup. So, we perform microrheology
experiments with OT at a lower concentration of Laponite suspension (2.5% w/v),
which ages more slowly than a sample having a concentration of 3% w/v.

Details of our OT-based microrheology experiment were discussed in Chapter 4.
Here, we use the thermal motion of the trapped bead to calculate the viscosity of
the medium. The trap stiffness calculation and the QPD calibration were discussed
in section 2.2.4 of Chapter 2. We trap a bead of D = 1 um in a Laponite suspension
loaded in the sample cell (Fig.5.1(b)) and apply AC electric fields of magnitudes
0.1 V/mm - 2 V/mm. The displacement of the bead is tracked over time and the
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Aging time (min) Corner frequency (Hz)
tw No field 0.1 V/mm 0.2 V/mm 0.5 V/mm 2.0 V/mm

4] 1523.18 1490.70 1655.09 1568.78 122 35
10 1347.40 1453.88 1505.47 1368.48 1691.88
20 1211.38 1191.86 1166.82 1401.59 1667.95
30 1222.55 817125 449.40 1176.34 1404.87
40 1074.35 612.68 1058.54 1390.32
50 970.38 424.00 889.01 1204.22
60 882.06 630.11 1038.97
70 774.21 524.68 883.92

Table 5.1: Corner frequencies obtained for OT based microrheology experiments for
different aging times and electric fields are shown for Laponite suspensions of Cp, = 2.5%
w/v and for different ages t,,.

corresponding power spectral density is computed. Fig.5.4 displays a representative
power spectral density (PSD) computed for displacements of the trapped bead in a
Laponite suspension of aging time ¢,,=30 minutes subjected to an electric field of
0.5 V/mm. The power spectral density data shown here is fitted using a Lorentzian

function, PSD = [18], where A depends on the surrounding temperature, f is

_A
212
the frequency, f. = k/2m is the corner frequency, « is the trap stiffness and ~ is the
drag coefficient of the medium. At low Reynolds number, we can write v = 67nR,
where 7 is the viscosity of the medium and R is the radius of the trapped bead [19].
By fitting the PSD data, corner frequencies obtained for different aging times and
electric fields are tabulated in Table 5.1. The fitting error for the corner frequency
is determined to be approximately 0.1%. From the corner frequency, the viscosity
of the medium is calculated and the data is plotted in Fig.5.5(a) vs. Laponite aging
time for different field strengths.

We see from Fig.5.5(a) that the viscosity increases with age which we attribute to
the evolution of fragile suspension structures that develop due to the physical aging
process discussed earlier in section 1.6. We see from Fig.5.5(b) that the viscosity

of Laponite suspensions at ¢,, = 30 minutes is maximum at an applied external

electric field of 0.2 V/mm. The viscosity of Laponite suspensions therefore evolves
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differently for different electric fields. At 0.2 V/mm, there is a sharp increase in
viscosity with aging time as seen in Fig.5.5(a), which precludes the measurement of
viscosity beyond the aging time of 30 mins. A comparison of viscosities for different
electric fields is restricted by this limitation and all the data is therefore plotted at
an aging time of 30 mins in Fig.5.5(b). We see that the viscosity of the Laponite
suspension at t,, = 30 mins, plotted in Fig.5.5(b), is maximum when 0.2 V/mm is
applied to the sample. Therefore, we note that similar non-monotonic behaviour
of viscosity is observed for both optical tweezer and rheometer measurements, with

the viscosity being maximum when the magnitude of the applied field is 0.2 V/mm.
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Figure 5.5: (a) Viscosity is plotted with aging time for different electric field strengths
for Laponite concentration Cr, = 2.5% w/v. (b) The viscosity of Laponite suspensions at
t, = 30 mins aging time wvs. electric field is plotted.

As discussed in previous chapters, the viscosity of a Laponite suspension in-
creases due to the slow evolution of the microstructure composed by the self-assembly
of Laponite particles. We have already discussed that sodium ions Na™ diffuse out
from the interparticle space and form a double layer around Laponite particles.

The application of an electric field can perturb the double layer even at low
amplitudes because Na™ ions have higher mobility than Laponite particles [13, 20].
The deformation of the double layer consequently exposes the Laponite disks and
modifies inter-Laponite interactions, resulting in the formation of edge-to-face con-
tacts which enhances network formation. However, at the highest field amplitudes,

it is possible that forces on the Laponite microstructures due to the applied electric
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fields break or rupture the structures that are formed due to aging, leading to the
slower increase in viscosity with aging time compared to the data acquired at 0.1
and 0.2 V/m (Fig.5.5(a)).

Bulk rheological measurements are conducted at a higher Laponite concentration
than microrheological experiments. High Laponite concentrations result in denser
microstructures of Laponite particles, as shown in Chapter 4. In this study, we
observe that the decrease in complex viscosity or shear viscosity with increasing
electric field from the peak value (at electric field of 0.2 V/mm) is slower for higher
concentrations of Laponite with dense microstructures (Fig.5.3(b) and Fig.5.5(b)).
The OT-based microrheology experiments probe much smaller lengthscales when
compared to those investigated in bulk rheometric measurements. Interestingly,
despite the different lengthscales involved, we see the same non-monotonic behaviour
of the viscosities when the electric field strength is increased. When compared to
bulk rheometric measurements, the significantly smaller values of viscosity obtained
using the OT based microrheology experiments point to the fact that the latter
technique is more sensitive to the surrounding water medium. This aspect was

discussed in Chapter 4.

5.4 Conclusions

In this chapter, we presented results from bulk rheology and microrheology measure-
ments that were performed to investigate the effect of AC electric fields on the aging
of Laponite suspensions. It has been reported that dielectric particles and charged
clay particles show exotic phases and patterns due to applied electric field [21-23].
Laponite has a negative charge on the face and a slight positive charge on the rims.
The particle experiences force toward the anode under a DC field due to negative
charges on its two faces [13]. It was also reported in this work that Laponite suspen-
sions exhibit enhanced aging and concentration gradient towards the anode under

the DC electric field. However, the effect of an AC electric field on soft glassy
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Laponite suspensions has not been studied earlier to the best of our knowledge.

Using a rheometer and an optical tweezer, we investigate the rheological proper-
ties of Laponite suspensions that are subjected to AC electric fields of progressively
larger strengths. The complex viscosities calculated from the amplitude sweep mea-
surements show non-monotonic behaviour with increasing electric fields. Viscosity
measurements using an optical tweezer under similar conditions also show acceler-
ated aging, as manifested by an increase in the measured viscosity at a comparable
electric field where the complex viscosity peak appears in the bulk rheology data.
We propose that the non-monotonic behaviour of the viscosity with respect to elec-
tric field strength is due to the formation and disruption of Laponite microstructures
driven by the applied external electric field.

The mobility and self-assembly of charged clay particles in aqueous suspension
can therefore be manipulated using an AC electric field. These results shed further
light on the significant alterations in the fragile Laponite microstructures due to
the application of external perturbations. Laponite is used as a rheological mod-
ifier in various industrial sectors like paint, cosmetics, etc and the application of
electric fields can be considered as a useful method to control the rheological prop-
erties of these Laponite composites. An earlier report shows that the gelation of
Laponite suspensions can be controlled using different additives like chaotropes and
kosmotropes [24]. The controlled aging of Laponite using an AC electric field as re-
ported in this chapter can provide new insight on the correlations between structure

and dynamics in fragile clay suspensions under external fields.
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Chapter 6

Influence of particle size
polydispersity on dynamical
heterogeneities in dense particle

packings

A molecular system can approach a glassy state if its temperature is lowered rapidly
enough that it undergoes dynamical arrest even while its structure remains disor-
dered or liquidlike [1-3]. The temperature at which this transition occurs, commonly
referred to as the glass transition temperature, depends on material properties and
cooling rate. Changes in dielectric constant, viscosity, and thermodynamic prop-
erties like enthalpy, free volume, heat capacity, and thermal expansion coefficient
are frequently used to identify the glass transition point [4-6]. Owing to the very
small sizes of the constituents of glass forming materials, the length and time scales
characterising their structure and dynamics are inaccessible in laboratory experi-
ments. In this context, soft materials such as dense colloidal suspensions, comprising
macromolecules that can be likened to scaled up atoms, have been used as model
systems [7, 8] to unravel the structural and dynamical properties of glassforming

materials. As the sizes of the constituent particles in jammed colloidal suspensions
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are many orders larger than those of atoms or molecules, their relaxation processes
are amenable to measurement using common laboratory techniques such as bright
field and confocal microscopy, dynamic light scattering, etc. [8]. In contrast to a
molecular system which can be transformed to a glassy state by a rapid temperature
quench, the transition of a dense colloidal system to a glassy state can be achieved
by increasing the volume fraction of the dispersed phase (colloidal particles) [9].
Particles near their jamming or glass transition are trapped in cages formed by
their neighbours and move in a correlated manner due to cage rearrangements [10].
The progressive slowing down of particle dynamics and simultaneous growth of the
characteristic lengthscales associated with cooperatively rearranging particles are
ubiquitous near the jamming transition point [11, 12].

The transition of a supercooled liquid to a glassy state is accompanied by a
divergence of its relaxation time [13, 14]. Mode coupling theory (MCT) predicts
a glass transition in amorphous materials at a volume fraction ~ 0.516 [15, 16].
Interestingly, experiments show that particle dynamics persist even above the glass
transition volume fraction predicted by MCT, with significant slowing down of the
dynamics in cooperatively rearranging regions (CRRs) [17]. Molecular dynamics
simulations [18, 19] were performed to define a maximally random jammed state
and the emergence of rigidity at a volume fraction ~ 0.64 for monodisperse hard
spheres. Glasses are characterised by disorder and metastability which can be sus-
tained only in the presence of size polydispersity [20, 21]. For samples of negligible
size polydispersity, a dense system eventually settles in crystalline configurations.
The presence of size polydispersity shifts the glass transition point to a particle
volume fraction that is higher than that predicted for a monodisperse system [22].

Particle dynamics in a dilute colloidal suspension are purely diffusive and par-
ticle displacements are well-characterised by a Gaussian distribution function [23].
Particles in dense colloidal suspensions, in contrast, are trapped in cages consti-
tuted by their neighbours. While particle dynamics are restricted within the cage

for short observation times, a cage hopping phenomenon facilitated by the coopera-
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tive diffusion of particles is ubiquitous for long waiting times [24, 25]. Such particle
displacements between cages result in a structural relaxation process characterised
by an a-relaxation timescale. The cage-hopping phenomenon breaks the symme-
try of particle motion, with the distribution of displacements deviating significantly
from Gaussian statistics [26]. Such distributions are often quantified using a non-
Gaussian parameter oy [27], defined as the ratio of the fourth to second moments
of the probability distribution of particle displacements. It has been reported that
the time at which the peak in ay appears is correlated with the a-relaxation time
and sets a timescale for the cooperative diffusion process [25]. Experiments [28, 29]
suggest that the peak in ay signals the emergence of spatiotemporal heterogeneities
in the system.

Dynamical heterogeneities (DHs) have been reported near the jamming transi-
tion of various systems such as granular materials, colloidal suspensions, molecular
and supercooled liquids, and have been studied using four-point correlation func-
tions [30-32]. The dynamics of a quasi-two-dimensional and bi-disperse dense gran-
ular material under cyclic shear were found to be strongly correlated but spatially
heterogeneous as its jamming transition was approached [33]. Using a novel method
based on local topology [34], the evolution of spatially heterogeneous dynamics and
their connection with local structure were studied for a quasi-two-dimensional gran-
ular system of air fluidised beads approaching the jamming transition. In another
study involving a binary colloidal suspension in a quasi-two-dimensional geometry;,
it was noted that dynamical heterogeneities grow rapidly during the crystal to glass
transition in a process that is accompanied by an abrupt increase in the dynam-
ical correlation length [35]. Fragility, the rate at which a system approaches its
glass transition, and the growth of dynamical heterogeneities have been shown to be
closely correlated [36, 37]. In fragile colloidal glasses where fragility is determined by
particle-scale elasticity, the suspension viscosity and particle relaxation time increase
dramatically for a very small change in volume fraction ¢ near the glass transition

point [38]. It was reported that fragility is determined by the stiffness and size poly-
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dispersity of the constituent particles and on the compressible interactions between
them [39]. A theoretical study concluded that fragility of a supercooled liquid de-
creases with polydispersity [40]. This was verified experimentally for suspensions of
soft colloidal glasses [41]. Dynamical heterogeneities imply the existence of different
dynamical relaxation rates within a dense system near its glass transition and results
in the correlated motion of particles. The extent of heterogeneity is quantified in
terms of the number of correlated particles, N, which is estimated from the four-
point dynamic susceptibility x4 [34]. Nonlinear susceptibilities have been computed
in theoretical studies to quantify the extents of cooperatively rearranging regions in
spin glasses, dense colloidal systems and the Lennard Jones liquid [42-45]. x4 ex-
hibits a peak near the a-relaxation time of the particles [46], with the height of the
x4 peak directly correlated with the average number of particles, N, participating
in cooperative rearrangements during structural relaxation.

Molecular dynamics simulations have reported that size polydispersity smears
out the kinetic arrest of particles in dense packings due to a lubrication effect [40, 47].
In the present chapter, we experimentally investigate the effect of continuous size
polydispersity on the correlated motion of particles as their dense packings approach
kinetic arrest. To this end, we prepare dense colloidal microgel suspensions by syn-
thesising fluorescent PNIPAM particles characterised by a range of continuous size
polydispersities. We control the polydispersity index (PDI), defined as the ratio
of the the standard deviation to the mean of a Gaussian particle size distribution,
by controlling reaction rates during particle synthesis. The evolution of particle
dynamics with time is observed by tracking individual particles using a confocal
microscope. The growth of DHs in these polydisperse systems are quantified by cal-
culating four-point dynamic susceptibility functions, x4 [45], as a function of time
t. Our measurements provide detailed information on the effect of particle poly-
dispersity on the relaxation dynamics, spatiotemporal heterogeneity, and number
of correlated particles in cooperatively rearranging regions in disordered materials

approaching their dynamically arrested states. We also demonstrate that increas-
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ing temperature and suspension dilution result in the disappearance of dynamical
heterogeneities. Finally, we perform molecular dynamics simulations and compute
Neorr for crowded packings of particles having continuous size polydispersity. We

show that these numerical results match our experimental results very well.

6.1 Materials and methods

In this work we have used fluorescent PNIPAM particles. The synthesis process is
discussed in section 2.1.3 of Chapter 2. The values of the flow rates that are used to
synthesize particle batches of distinct size polydispersities of PNIPAM particles are
reported in Table.6.1. Below the LCST, PNIPAM particles swell by absorbing water
and have a poor refractive index mismatch with the surrounding water medium. It
is therefore not possible to distinguish individual PNIPAM particles in brightfield
microscopy. We therefore attach fluorescein dye to PNIPAM particles as discussed
in section 2.1.3 and image the fluorescent PNIPAM particles using a Leica TCS SP8
confocal microscope. The attached dye is excited using a 488 nm Argon laser and
a photo multiplier tube is used as a detector to record the output signal of higher
wavelength. We perform XY directional scanning of dense PNIPAM suspensions
loaded in a sample cell constructed using a glass slide and a #1 coverslip, separated
by two #0 coverslips as shown in section 2.1.2 of Chapter 2. After loading the
sample, UV glue was used to block the open ends of the sample cell which was kept
inside a temperature-controlled enclosure box and imaging was performed using
a Nikon 100x oil immersion objective lens of numerical aperture NA = 1.4. All
experiments were performed in the temperature range 25°C - 31°C which lies below
the lower critical solution temperature (LCST) of PNIPAM where the average sizes
of the swollen particles do not change appreciably, as discussed in section 1.7 of

Chapter 1.



120 6.2. Results and Discussion

PDI (%) Flow rate
(ml/min)
13.62 0.8
22.20 0.6
20.18 0.7
45.26 0.5

Table 6.1: The flow rate of the solution of reaction ingredients during synthesis of PNI-
PAM particles to achieve various size distributions (PDIs).

6.2 Results and Discussion

6.2.1 Experimental Results

Aqueous suspensions of fluorescent PNIPAM particles are loaded in the sample cell
and imaged in two dimensions using a confocal microscope. Confocal images are
obtained using a green laser (wavelength 488 nm). The depth of field of the setup is
estimated to be around 135 nm. The imaging plane is fixed at 6 — 8 pum above the
lower coverslip to avoid any wall effects. Images of different batches of PNIPAM par-
ticles in suspension, synthesised by varying the flow rates of the reaction ingredients,
are analysed to calculate particle size distributions or particle size polydispersity in-
dices (PDI). For PDI calculation, we have used a suspension of intermediate particle
number density so that the edges of individual particles can be detected accurately.
The confocal images are then analysed using ImageJ to calculate particle diameters.
The distributions of particle diameters (hollow symbols in Fig.6.1) are fitted using
Gaussian functions (solid lines in Fig.6.1). From the fitted parameters, the PDIs
of particles synthesised in different batches are calculated as percentages using the
formula, PDI = 100 « W/M where W is the width and M is the mean of the fitted
Gaussian distribution. To compute the dynamics, image sequences are acquired for

3-4 mins at 0.679 frames/sec, and 1000 PNIPAM particles from the central region
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Figure 6.1: The hollow symbols denote histogram plots of the diameter distributions of
PNIPAM particles obtained from different synthesis batches. The solid curves are fits to
Gaussian functions whose widths and heights are used to calculate the size polydispersity
indices (PDIs) of the PNIPAM particles. The insets show confocal images of dense sus-
pensions having PDIs (a) 13.62% and (b) 22.20%.

of the images are tracked using a video spot tracker software (Computer Integrated
Systems for Microscopy and Manipulation) [48]. Particles within the plane of in-
terest are monitored for a specific duration. If a particle moves beyond this plane
during the experiment, further tracking of that particle was not performed. We
have calculated the area fractions, A,, of PNIPAM particles in suspension for differ-
ent batches by binarising two dimensional images after setting appropriate intensity
threshold values such that individual particles could be distinguished from the back-
ground. All analyses and numerical calculations are performed using Python 3.10
(Jupyter notebook). The mean square displacements (MSDs) of PNIPAM particles
in suspension are computed to estimate their average dynamics for different particle

area fractions A,, particle PDIs, and medium temperatures using the formula:

(Ar?(t)) = ;Z((%(to +t) — xi(to))? + (wilto + 1) — wi(t0)*)e (6.1)

)
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Figure 6.2: (a) Mean square displacements (MSDs) are plotted vs. time for dense PNI-
PAM suspensions constituted by particles of different PDIs at suspension area fraction
A, = 0.65. The black dashed line represents diffusive dynamics. In the inset, MSD is
plotted for PNIPAM suspensions comprising particles of PDI = 13.62% for different area
fractions (the arrow indicates increasing area fraction). (b) Two-point density correlation
functions, Q)2 are plotted vs. time for suspensions of different particle PDIs at a fixed area
fraction (A4, = 0.65). Q2 plots for PNIPAM suspensions of different area fractions (0.52,
0.59, 0.65) for a fixed particle PDI = 13.62% are shown in the inset.

Here, t represents the delay time while g denotes the initial time of measurement
of a particle trajectory. x; and y; are the coordinates of the i-th particle, N is the
total number of particles (N & 1000), and () is an average over .

It is well known that particles in dense suspension have restricted motion due to
their confinement in cages constituted by the presence of their neighbours [49]. Cage
reorganisation events are characterised by cooperative diffusion [50]. We calculate
two-point density correlation functions (Q2) and four-point susceptibilities (y4) to
characterise the relaxation timescales and heterogeneous (correlated) dynamics in

dense suspensions by using the following relations [33]:

- (6.2)

2
Qi(a,t,to) = exp (‘A”(to’w>

Qa(a,1) = ¢ S(Qi(a o)) (63

i
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xa(a, t) = N(NZ@ (at,t0)*) e — —Z (a,t,t0))}) (6.4)
7
Experiment Simulation
PDI (%) Area Optimal probe PDI (%) Volume fraction Optimal probe
fraction length (a”) (%) length (a”)
(%) (pm)
13.62 65.52 0.41 13.06 62.30 0.28
13.62 59.45 0.49 17.37 62.30 032
13.62 53.32 0.26 21.77 62.30 0.33
22.20 66.09 0.72 38.67 62.30 0.38
20.18 65.24 0.57
45.26 65.70 0.57

Table 6.2: The optimal probe lengths, a*, used for analyses of both experiments and
simulations, are tabulated for suspensions of different PDIs and packing fractions.

where Ar;(tg,to + t) is the displacement of the i-th particle over delay time
t from the initial time %y, a is a probe length that is used to set the extent of
the dynamical heterogeneity of the dense suspension and N is the total number of
particles. In Eqn.6.2, the exponential form arises from the calculation of a spatial
overlap function as outlined in an earlier work [33]. If the displacement Ar;(to, to+1)
of the i-th particle is less than the probe length a, Q; (Eqn.6.2) will be close to 1,
while for displacements larger than a, ); will be closer to 0. We calculate )5 using
Eqn.6.3 by averaging (); over all particles and initial times ;.

MSDs are determined vs. delay time ¢ (Fig.6.2(a)) for PNIPAM particles charac-
terised by four distinct PDI values, that were prepared in dense aqueous suspension
at a high particle area fraction (A, ~ 0.65). MSD data for particles having a fixed
PDI (= 13.62%) and prepared in suspensions of varying area fractions, A, are shown
in the inset. The observed enhancement in MSDs with increasing PDI indicates
suspension unjamming or fluidisation, and is reminiscent of earlier results [47]. Fur-

thermore, we see from the inset of Fig.6.2(a) that the calculated MSDs decrease with
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increase in particle area fraction due to constrained particle motion in increasingly
jammed environments. Increasing suspension area fraction and decreasing particle
PDI therefore have analogous effects on suspension jamming. From Fig.6.2(a), we
note the emergence of a very weak plateau in the MSD at very low delay times for
lower particle PDI values, presumably arising from constrained particle dynamics
due to the caging effect [24]. The MSD increases at later times, and approaches
a line of slope 1 (Ar%(t) o< t marked by a dashed line), which indicates diffusive
dynamics presumably due to a cage escape process. We see that the extent of the
plateau in the MSD reduces with increase in PDI and decrease in area fraction,

again pointing to the enhanced fluidisation of the system under these conditions.
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Figure 6.3: (a) Q)2 is plotted for different probe lengths a in pm (shown in the legend)
for suspensions of PNIPAM particles of PDI 13.62%, prepared at an area fraction of 0.65.
(b) The corresponding x4 vs. time is plotted.

We see from Fig.6.2(b) that () decays faster with increase in particle PDI for an
approximately constant area fraction A, ~ 0.65. We simultaneously note from the
inset of Fig.6.2(b) that for a fixed low particle PDI of 13.62%, ) relaxes faster with
decreasing area fraction A,. The values of ()2 and x4 computed for different probe

lengths, a, for data acquired from a dense sample corresponding to A, = 0.65 and
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Table 6.3: Parameters extracted from fits of stretched exponential functions to Qo,
shown as black lines in Fig.6.2(b) and in the inset of Fig.6.5(b). Along with the fitted
parameters, we have also tabulated the peak values of x4, plotted in Figs.6.4(a) and 6.5(b),
for experiments and simulations.

FExperimental Simulation

PDI T (sec) o] Xi PDI T (steps) B X4

13.62% 181.81 £ 0.45 0.80 £ 0.003 4.06 13.06% 2211.65 £ 16.08 0.70 £ 0.005 4.35
20.18% 111.43 +£ 091 0.67 £ 0.005 1.81 17.37%  790.80 + 6.78  0.59 + 0.003 2.26
22.20% 229.56 + 1.13  0.70 £ 0.005 1.80 21.77%  229.75 + 4.31 0.58 £+ 0.006 1.33
45.26% 8044 £ 042  0.60 £ 0.002 082 38.67% 156.63 £ 3.14  0.55 £ 0.006 0.41

PDI = 13.62% are displayed in Fig.6.3. As expected, (), relaxes at a faster rate for
shorter probe lengths. As probe length increases, the decay times of the two-point
correlation functions become slower. For the subsequent analyses, we set the probe
length to an optimal value a* (shown in Table.6.2), such that the fluctuation of @y
or the peak value of x4 is maximum. Spatial heterogeneities are expected to be
maximum at the length scale corresponding to a* [33, 34].

We fit the two-point correlation data with stretched exponential functions, Qo =
Aexp(—(t / 7)5) [51] to compute the characteristic decay times 7. In the expression
for 2, A is a prefactor and f is a stretching exponent. The fitted parameters 7
and [ are displayed in Table 6.3. We note again from the values of 7 that the relax-
ation process speeds up significantly with increase in particle PDI. The four-point
susceptibility, x4, can be interpreted as a measure of the spatio-temporal variation
of @)3. By computing four-point susceptibility functions x, using Eqn.6.4, we sys-
tematically study the extent of spatio-temporal heterogeneities in dense PNIPAM
suspensions of different area fractions, constituted by particles of different PDIs.
In Fig.6.4(a), x4 is plotted for the optimal probe length a*, evaluated as described
earlier and tabulated in Table.6.3, for suspensions characterised by different PDIs
and area fractions A,. Using the same analysis protocol, we show that the peak

value of x4 decreases with temperature for fixed three different temperatures at a
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PDI and area fraction. The data is plotted in Fig.6.4(b).
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Figure 6.4: (a) x4 is plotted vs. time for a probe length a* at which the peak height
is maximum for dense PNIPAM suspensions of different size polydispersities (PDIs) and
area fractions A,. (b) x4 decreases as temperature increases for PNIPAM suspensions of
area fraction = 0.65, constituted by particles of PDI = 20.18%. Simultaneously, we see
from the inset that particle MSDs increase with increase in temperature.

It has been reported that the time scales corresponding to the peak positions
of x4 are comparable to the a-relaxation time scales of supercooled liquids [52].
By combining the data plotted in Fig.6.4(a) and Fig.6.4(b), we see that the x4
peak becomes weaker as suspension A, is decreased and as particle PDI and sam-
ple temperature are increased. Decrease in x4 indicates a loss of correlation at
different spatio-temporal locations. The observed fluidisation of the sample with
increasing dilution, achieved by decreasing suspension area fraction, is consistent
with the predictions of the jamming phase diagram [53]. When sample temperature
is raised, the accelerated motion of PNIPAM particles results in suspension unjam-
ming (Fig.6.4(b)). Furthermore, we note from Fig.6.4(a) that an increase in PDI
enhances the lubrication effect as described in earlier reports [40, 47] and also results

in suspension unjamming.

6.2.2 Molecular dynamics simulation

We next verify our experimental results by numerically studying the effect of particle

size polydispersity on the dynamics of dense suspensions. We model inter-particle
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interactions using a Lennard Jones potential, V7;(r) = 4e[(a/r)'? — (o /r)%] where
€ is the dispersion energy and o is the minimum centre-centre distance between
particles at which the potential is zero. The Lennard-Jones potential is well known
and extensively used for studying supercooled colloidal suspensions and their glass
transitions [54]. This interaction is different from the experimental counterpart dis-
cussed previously and is used for ease of computation. However, the main aim of
this work was to study the effect of size polydispersity on the dynamical hetero-
geneity and compare the results qualitatively. Polydispersity in size is introduced
by incorporating a normally distributed function having mean = 0 and standard de-
viation = 1. In this work, the distribution of sizes (D;) of 50000 particles is defined
as D; = 1+ 2L« ND, where ND is the normal distribution function. The tails of

100

the distribution are removed to exclude the biggest and smallest particles.
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Figure 6.5: (a) Mean square displacements, MSDs, of the simulated particles vs. time,
shown for different particle PDI values for volume fraction ¢ = 0.6230. (b) Four-point
susceptibilities, x4, vs. time for distinct polydispersity indices (¢ = 0.6230). In the inset,
the corresponding two-point correlation functions, (), are shown.

In the molecular dynamics (MD) simulations, the systems are equilibrated at
high temperature to avoid artefacts arising from the initial arrangement of particle
positions that is selected. The MD simulations are performed for microcanoni-
cal ensembles by fixing the volume fraction, ¢, at 0.6230 £ 0.0005 for a system
with N = 50000 particles and for particle PDI values 13.06%, 17.37%, 21.77% and
38.67%. The temperature is fixed at 0.9 (Lennard-Jones unit) for the simulations
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reported here for particles with varying PDI values. We select seven different regions
from the system, each having 1000 particles. MSD, Q)5 and x4 are next calculated
while averaging over the seven regions comprising 1000 particles each to ensure ade-
quate statistics and maximum overlap with experimental conditions. In Fig.6.5(a),
the simulated mean square displacements are plotted for dense suspensions and for
different particle PDIs. We see that the computed MSD values increase for sam-
ples with higher particle PDIs, thereby verifying our experimental result that higher
PDIs enhance the fluidisation of jammed suspensions. Furthermore, as pointed out
from the experimental data, caging effects are more prominent for lower particle
PDIs at initial times. Next, four-point correlation functions are plotted vs. time in
Fig.6.5(b) corresponding to the optimal probe length a*. As in the experiments, a*
is chosen independently for each sample and represents the value of a at which the
peak height of x4 is maximum (Table.6.2). We note that heights of x4 reduce and
shift to earlier times for particle assemblies characterised by higher PDIs. In results
that are consistent with our experimental observations, we note that dynamical het-
erogeneities are most significant in dense suspensions characterised by lower particle
PDIs. Two-point self correlation functions, @)y, are plotted in the inset of Fig.6.5(b)
for optimal probe length values a*, for several particle PDIs. Furthermore, we note
from the inset of Fig.6.5(b) that the two-point correlation functions @) computed
from MD simulations decay faster as PDI is increased at a fixed area fraction. These
results are consistent with the conclusions of the experiments reported earlier. We
have also performed simulations by varying temperatures (7' = 0.8, 0.9 and 1.0)
and volume fractions (¢ = 0.6170, 0.6200 and 0.6230 ) for the lowest PDI. We note
from Figs.6.6(a) and (b) that the speeding up of particle dynamics with increasing
temperature and decreasing volume fraction is evident from the MSDs computed
from MD simulations. We simultaneously observe a decrease in the extent of dy-
namical heterogeneities in dense samples with increase in temperature and decrease
in volume fraction, as indicated by the reduction in the height of the y4 peak in

Figs.6.6(c) and (d).
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Figure 6.6: (a) MSDs extracted from MD simulations are plotted vs. time steps for
three different temperatures 0.8, 0.9 and 1 at volume fraction 0.6230. (b) MSDs vs. time
steps for different volume fractions and @2 is shown in the inset for T = 0.9. (c) x4 is
shown for the same temperatures as in (a) and volume fraction 0.6230 and Q9 is shown in
the inset. (d) x4 is shown for the same volume fractions as in (b) at T = 0.9.

In order to estimate the characteristic lengthscales of these cooperatively rear-
ranging regions in dense polydisperse suspensions, the number of correlated particles

are estimated from the following equation [34],

Xi
Neorr = - 6.5
—or (6.5)

where x is the peak value of x4 and, ()3 is the magnitude of ()3 corresponding
to the delay time at which the peak in y4 appears. In Fig.6.7, we plot the number of
correlated particles, extracted using Eqn 6.5, computed from both experiments and
simulations. N, is observed to decrease with increasing PDI. It is well known that
the random close packing fraction of a suspension shifts towards higher volume frac-

tion with increasing size polydispersity [22]. Polydisperse particles can pack more
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Figure 6.7: Number of correlated particles in cooperatively rearranging regions (CRRs),
obtained from experiments (black) and simulations (red), are plotted for different particle
PDIs for dense suspensions.

compactly when compared to monodisperse particles, with small particles filling the
voids between big particles. Due to the presence of several small particles in a sus-
pension with continuous size polydispersity, the dynamics remain fluid-like even for
a high volume fraction at which monodisperse systems are expected to jam [21].
While both experiments and simulations show a good match in Fig.6.7, with N,
values observed to decrease monotonically with particle PDI, we note that the small
differences in the calculated values of N, can arise due to the different geometries
used in experiments (2-D) and simulations (3-D). Additionally, the colloidal parti-
cles used in experiments bear positive charges, while the simulation algorithm uses
a Lennard Jones potential. In spite of these factors, we can safely conclude that
jammed suspensions can be fluidised by increasing the particle polydispersity index
and sample temperature, and by decreasing concentration. For large particle PDIs,
therefore, the small particles of higher mobilities can effectively enhance the lubri-
cation effect. Furthermore, increase in temperature and dilution also contribute to
increasing the mobilities of all particles, thereby accelerating the average dynamics
of the suspension. Finally, based on our observations, we propose a new phase dia-

gram to highlight the jamming to unjamming transition of dense suspensions. While
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Figure 6.8: A three-dimensional phase diagram depicting jamming to unjamming tran-
sitions in dense suspensions for increase in temperature and particle size polydispersity,
and for decrease in number density. The jammed region (blue dashed lines) lies around
the origin. Arbitrary black solid lines are drawn to visualise the jamming to unjamming
transition, achieved by appropriately changing temperature, particle number density or
size polydispersity.

fluidisation by increase in temperature, decrease in packing fraction and increase in
polydispersity have been discussed earlier works [53, 55, 56], our work systematically
studied unjamming due to correlated motion and dynamical heterogeneity in sys-
tems comprising particles of different size polydispersities. Our three-dimensional
jamming-unjamming phase diagram, displayed in Fig.6.8, includes the enhancement

of particle polydispersity as an alternate route to achieve unjamming.

6.3 Conclusions

Using particle tracking experiments and molecular dynamics simulations, we observe
the presence of dynamically heterogeneous regions in dense PNIPAM suspensions
for low particle polydispersity indices (PDIs) and at low temperatures [57]. The
present work reports a combined experimental and numerical study of the dynamics

of jammed states comprising particles having continuous size distributions. We com-



132 6.3. Conclusions

pute mean square displacements to estimate the average dynamics of the particles
in their dense suspensions and extract multipoint correlation functions to charac-
terise their heterogeneous dynamics. Weakening of particle caging with increase in
PDI is evident from our analyses. The faster dynamics of the smaller particles in
dense systems facilitate accelerated cage rearrangements and reduce cage-breaking
timescales, thereby speeding up structural relaxation. The dynamics are expected to
be maximally heterogeneous at the timescale of the structural relaxation process due
to the large non-Gaussian displacements of a small fraction of constituent particles
during the cage rearrangement process [26, 29]. We report that for dense colloidal
suspensions with high PDIs, the presence of a wide range of particle sizes strongly
affects cage trapping and cage breaking events and, consequently, the characteristic
timescales associated with particle dynamics in crowded environments.

The spatiotemporal heterogeneities in dense suspensions are monitored here by
changing the particle area fraction A, (in experiments) or volume fraction ¢ (in
simulations) at a fixed PDI, and by changing particle PDIs at a fixed A, or ¢. The
effect of temperature on dynamical heterogeneities is also studied using both exper-
iments and simulations. The time- and lengthscales associated with spatiotemporal
heterogeneities are extracted from four-point correlation functions, y4. The growth
of correlations is much stronger for suspensions constituted by particles having nar-
rower size distributions. The presence of heterogeneous and correlated dynamics in
dense suspensions, as shown by us via careful experiments and molecular dynamics
simulations, points to the analogous natures of the jamming and glass transitions.
Despite the distinct natures of the interaction potentials and boundary conditions
employed for the experiment and simulation, the observed results exhibit a notable
similarity. An increase in the number of particles undergoing correlated motion
for suspensions characterised by lower PDIs indicates the existence of a growing
lengthscale and critical-like dynamics [58, 58] during the kinetic arrest phenomenon.
Besides demonstrating the disappearance of correlated and heterogeneous particle

dynamics with increasing particle size distributions, we also demonstrate the de-
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crease in heterogeneous dynamics with increase in dilution and temperature. It
would be interesting to perform further confocal experiments to study the kinetic
arrest phenomenon. One such open question would be to unravel the influence of

local order on the emergence and disappearance of dynamical heterogeneities.
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Chapter 7

Dynamical heterogeneities in 2-D

granular polydisperse systems

7.1 Introduction

Granular materials are prevalent in everyday life and are used in various indus-
trial applications [1, 2|. Granular matter is the second most abundant substance on
Earth, after water. Numerous significant industrial sectors, such as mining, pharma-
ceuticals, food, agriculture, and cement, employ diverse granular systems to man-
ufacture products. Transporting and processing these systems requires knowledge
of flow behaviour and dynamics of the constituent particles [3]. An understanding
of the physics of granular systems can boost the output of many industrial sectors.
In addition to industrial uses, several geophysical research studies on granular soil
systems have been conducted [4, 5]. Landslides and other natural hazards can be
predicted by comprehending the flow properties of granular packings. Granular sys-
tems show complex flow behaviors depending on the size, shape and roughness of the
particles [6, 7]. Depending on the strength of external perturbations, the same gran-
ular substance can act as a solid, a liquid, or a gas [5]. The transition from liquid-like
to solid-like behaviour due to application of a range of external perturbations is an

intriguing topic in soft matter physics [8, 9].
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Figure 7.1: (a) Image of electro-dynamic shaker from DESPL(DEV-005). (b) Top view
of the top plate: four different spatial regions of the top plate loaded with semolina grains
are indicated in black boxes. (c) The area occupied by the grains divided by the total
plate area, as analysed from photos using ImageJ, are expressed in terms of normalised
intensities. The normalised intensities of the four boxes are plotted with time when the
plate is subjected to sinusoidal vibration.

Frictional contacts determine the interaction between granular particles. The
role of the medium is also important to understand the bulk flow properties of gran-
ular media [10-12]. For dry granular materials, viscosity of air can be neglected.
The absence of long-distance interactions between granular particles plays an im-
portant role in the measured dynamical properties. In dense granular systems, a
network of particles interacting through friction develops and intensifies as jamming
is approached [13]. The sizes of granular particles are big enough such that their
thermal motion is unimportant. Hence they are called athermal systems. External
energy is necessary for athermal particles to remain in motion. In the laboratory,

granular particles are energised using a mechanical shaker which is capable of ex-
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erting vertical vibrations. The particles harness the vibrational energy of the stage
to remain mobile [14].

Due to its similarities with molecular or colloidal glasses [15, 16], granular ma-
terials serve as an excellent model system for studying several properties of glassy
physics, such as dynamical heterogeneity and the correlated motion of its constituent
particles [17, 18]. Jamming or dynamical arrest is extremely common in systems
which we use in our everyday life. Dense granular systems have been explored to
understand particle dynamics near the jamming transition [19]. Bidisperse driven
granular systems have been reported to have heterogeneous dynamics near jam-
ming [20]. The evolution of spatially heterogeneous dynamics and their connection
with the local structure was examined for a quasi-two-dimensional granular system of
air-fluidised beads approaching the jamming transition using a unique method based
on local topology [21]. The cage effect of nearby particles influences particle dynam-
ics near jamming [22]. The random close packing fraction for 2D discs is predicted
to be approximately 82% [23]. It has been reported for 2D systems that the tran-
sition from at random close packing density goes from chaotic to non-chaotic while
the dynamical length- and timescales diverge [24]. Evidence suggests that jamming
exhibits properties of a continuous phase transition, including critical fluctuations.
The concept of jamming extends to systems with varied particle shapes, obstacles,
and longer-range interactions, leading to diverse jamming behaviours and potential
applications in various fields, including active matter and quantum systems [25].
The influence of size polydispersity on jamming has not been substantially explored
for granular materials. In practice, most industrial goods and natural substances are
polydisperse. It has been reported that the glass transition point shifts to a higher
volume fraction for higher particle size polydispersity [26]. Size polydispersity is
an essential characteristic of granular materials. For instance, a broad variation of
particle sizes in cement reduces porosity, strengthening the substance.

Using an electro-dynamic shaker vibrating vertically, we investigate the dynamics

of dense packings of granular Teflon balls. The sample stage or plate is attached to



144 7.2. Materials and Methods

the shaker to conduct experiments in a quasi-2D configuration. A specific number
of Teflon balls with varying diameters are mixed to simulate the top section of
a Gaussian distribution. Polydispersity of the system (PDI) is determined from
the ratio of mean and width of the Gaussian distribution to which the ball size
distribution was fitted. Calculation of PDI has been discussed in section 6.2.1. of
Chapter 6. The motion of the balls is captured with a DSLR camera. Experiments
are conducted for two distinct polydispersities, and area fraction (A,) is varied for
these two PDIs to determine the effect of packing density on the heterogeneous
dynamical behaviour of dense packings of granular balls. The images are analysed
to track each particle individually. The trajectories of these balls are then utilised
to determine the mean square displacements (MSDs). We investigate the dynamical
heterogeneity by calculating the two-point correlation function (Q2) and the four-
point susceptibility (x4). The peak value of y, is directly related to the extent of
dynamical heterogeneities in the system. Finally, we demonstrate the growths of
dynamical heterogeneity and number of correlated particles (Ngy) in a quasi-2D

granular system as the area fraction approaches the random close packing fraction.

7.2 Materials and Methods

We use several Teflon balls having seven different diameters, D = 4, 4.5, 5, 5.5, 6,
6.5 and 7 mm, to perform our granular experiments. The Teflon balls (white colour)
are smooth hard spheres and can mimic diffusive dynamics under vibration. The
vibrating surface of the shaker (DEV-005, DESPL), where we study the quasi-2D
dynamics of the granular particles, needs to be free from any tilt. The calculation of
non dimensinal acceleration I' is shown in section 2.2.7 (Chapter 2). A Nikon DSLR
camera is mounted on an external stand to image the dynamics of vibrating Teflon
balls from the top of the sample stage shown in Fig.7.1(a).

The shaker has four adjustable legs to align the top plate. To align the sample

stage of the shaker, we use granular semolina particles. These grains can move very
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easily on the plate under vibration. The images of the top plate is shown in Fig.7.1(b)
and the region is divided into four boxes. A series of images are captured while
vibrating the stage. The images are binarised by setting a threshold value during
image analysis by maintaining semolina grains as white and the background plate
as black. After binarising the images, we calculate the ratio of the area occupied
by the white pixels (representing semolina grains, Fig.7.1(b)) within each box to
the total area of that box. In Fig.7.1(c), the intensities of the four boxes, which
we define as the ratio of the white pixels divided by the total number of pixels, are
almost constant over a significant period of time. This indicates a proper alignment

of the sample stage or the top plate of the shaker.

7.3 Results and Discussion

Figure 7.2: (a) The image of the sample plane is taken using the camera from the top.
(b) The corresponding binary image is shown.

We use an electro-dynamic shaker to energise the Teflon balls so that we can
study their dynamics. An external power supply is used to control the vibration of

the shaker stage (anodised aluminium plate) by controlling the input current from
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the power supply unit. In our experiments, we record video of vibrating Teflon balls
for 5 mins at a frame rate of 29.97 fps using a Nikon DSLR camera set up above
the sample stage. The recorded video is then sliced into frames. One of the frames
is shown in Fig.7.2(a) where the observed white particles are the Teflon balls, the
black colour comes from the stage below the particles and the grey boundary is a
flower shaped aluminium plate used for confining the Teflon balls. For a circular
boundary, the particles in contact with the boundary undergo a drift, which also
affects the dynamics of the neighbours. Flower shaped confinement restricts the
particles in the boundary from undergoing any drift. While tracking, we avoid the
particles near the boundary to neglect boundary effects. The frames obtained are
binarised using ImageJ software, as shown in Fig.7.2(b), to find the area fraction.
The frame is first converted to a grey scale image after selecting the region of interest
(ROI) in a frame. Every grey scale image is converted to a binary image by applying
an intensity threshold. Then the pixels which have zero value in the binary image

(Fig.7.2(b)) are counted to obtain the total area of the Teflon balls.
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Figure 7.3: (a) Histogram plots of number of particles for two different polydisperse
samples are shown. (b) Radial distribution function g(r) vs. r is plotted for PDI = 21.81%
at area fraction of 0.73.

We conduct granular experiments at two particle distributions with polydisper-
sity indices of 21.81% and 36.36%. For each particle size distribution, we perform
experiments at three different area fractions. The desired area fraction and particle

size distribution are obtained by carefully placing appropriate number of Teflon balls
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of different diameters on the sample plate. The number of Teflon balls of various di-
ameters required to achieve the two PDIs (21.81% and 36.36%) for area fractions A,
= 0.73 and 0.77 is shown in the Fig.7.3(a). The number of Teflon balls to be placed
on the sample plate to achieve the desired polydispersity is verified using particle
detection method using Python v3.10. The 2D coordinates of Teflon balls obtained
after tracking the particles is analysed to obtain the pair correlation function g(r)

using the following formula,

o) = 55— 3 360 — 1) (7.)

ey
¢t and j are the particle index, ¢ is the delta function and N=40-50 is the total

number of particles. We calculate g(r), shown in Fig.7.3(b), by selecting some
particles in the central region away from the boundary. We draw a circle around
each particle selected in the central region of the plate and measure the distances
of other particles which are within the radius. The radius of the circle is fixed to a
value which is much larger than the particle sizes and much less than the system size.
The g(r) values are calculated by counting the number of particles within circles of
different radii while ensuring sufficient averaging. Since these are hard spheres, the
shortest possible distance between two particles should be larger than or equal to
the smallest diameter. Since the diameters of Teflon balls are between 4 - 7 mm
in diameter, we see from the Fig.7.3(b) that g(r) becomes non zero around 4 mm
and then rises and peaks around 7 mm before decreasing again. ¢(r) tends to 1
as distance increases. The pair correlation function g(r) obtained for our systems
shows characteristics of amorphous nature of particle arrangements.

Initially, we apply a thorough mixing to the balls on the aluminium plate such
that the initial positions of balls of different diameters are randomly distributed. To
study the dynamics of the Teflon balls, we switch on the shaker at a fixed amplitude
(47 pm) and frequency (78 Hz), and after 1 minute, we record a 5-minute video of
the Teflon balls moving due to vibration of the sample stage. The series of images

are used to track the centres of the particles and generate trajectories of each Teflon
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Figure 7.4: Mean square displacements (MSDs) are plotted at different area fractions
for two different particle PDIs. The blue dashed line (slope = 1) represents diffusive nature
of particle dynamics.

ball using a video spot tracker (Computer Integrated Systems for Microscopy and
Manipulation) software. The ensemble-averaged mean square displacement (MSD)
of each mixture having discrete PDIs and area fractions is calculated using the

following formula,

< Ar¥(t) >= ]1[2«%(150 +1) = 25(t0))* + (yi(to +1) — wito))*)so (7.2)

i
where t represents the delay time while ¢y denotes the initial time of measurement
of a particle trajectory. x; and y; are the coordinates of the ¢-th particle, N is the
total number of particles, and () is an average over t.

Since the computation time required to process the particle coordinates to cal-
culate MSD for all frames is more than 12 hours, we skipped every 20 frames in
between, resulting in a reduced frame rate of 1.5 frames/sec. Nevertheless, the MSD
plotted with delay times in Fig.7.4 reflects the characteristic behaviour of particle

dynamics even at reduced frame rate. In Fig.7.4, the dashed line indicates Brownian
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dynamics. At a high particle area fraction, particle motion is constrained due to the
jammed neighbourhood. In highly confined situations such as these, each particle
can be thought to be constrained within a cage formed by its neighbours. This
cage formation is more prominent at high packing fractions. At higher delay times,
the cage relaxes, which is inferred from the rise in the MSD plot after the plateau
like regime at lower times. The plateau regime gets more prominent as the packing
fraction increases, as seen in Fig.7.4. This indicates that particles are trapped in
the cage for longer times as the packing density increases, thereby inhibiting indi-
vidual particle dynamics. Another important aspect that can be concluded from
Fig.7.4 is the effect of the PDI on the average particle dynamics. The MSD values
obtained for the system at area fractions A,= 0.73, PDI 21.81% and A,=0.76, PDI
36.36% clearly indicate enhanced dynamics due to increasing polydispersity even at
higher area fraction. This points towards an increased cage rearrangement rate in

the system caused by increased polydispersity of the particles.
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Figure 7.5: x4 vs. time is shown for (a) PDI = 21.81% and (b) PDI = 36.36% for
different area fractions. The corresponding ()5 are shown in the insets.

We calculate higher-order correlation functions to study the spatially heteroge-
neous dynamics in dense systems. Spatially heterogeneous dynamics (SHD) result
in the correlated motion of neighbouring particles. SHD can be quantified using a
four-point susceptibility function, y4(a,t), a measure of spatio-temporal fluctuations

of the overlap order parameter ;. (); is a measure of overlap of two configurations
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separated by a delay time ¢. We calculated @); using the following equations,

- (7.3)

2
QZ.(a’ t, to) = exp <_Arl(to’to+t>>

where Ar;(to,to + t) is the displacement of the i-th particle over delay time t
from the initial time ¢y, a is a probe length set by the extent of the dynamical
heterogeneity of the dense system and N is the total number of particles. If the
probe length is too small compared to the displacement of the particle, (); is small.
On the other hand, if the probe length chosen is large, then @); has values close to
one.

Two-point correlation function ()5 is calculated by taking an average of (); over
initial times ¢y and number of particles, N. The fluctuations in @); reveal spatio-
temporal correlations present in the system, which is characterised by x4(a,t). Qs

and y4(a,t) are calculated using the following equations [19],

Q1) = 1 S(Quast 1o, (1.4

7

(0, ) = N (@it 0, - v Dl@la b)) (75

N is the total number of tracked particles, and <> is an average over ty3. x4
measures the spatiotemporal correlation between any two points over time . We
calculate x4(a,t) for a set of probe lengths and choose an optimal probe length a*
(Table.7.1) for which x4(a,t) shows the maximum peak height. The plots of y4
and ()o corresponding to a* are shown in Fig.7.5. The plots of y4 obtained for
three different area fractions are plotted for PDI = 21.81% in Fig.7.5(a) and PDI
= 36.36% in Fig.7.5(b). As the area fraction increases, we observe that the peak
height x}, characterising the spatial heterogeneities, increases for both PDIs shown
in Table.7.1.  essentially characterises the number of particles that are involved in
cooperative rearrangements during the structural relaxation process. We also clearly

observe that on increasing particle area fraction, particle dynamics slow down. This
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PDI (%) Area fraction (%) Probe length Q5 Xa Neorr
a’ (mm)
21.81 73.61 2.1 0.53 1.48 3.16
21.81 797 1.4 0.48 327 625
21.81 85.00 0.6 0.52 5.11 10.68
36.36 76.00 2.5 0.53 1.64 3.51
36.36 80.91 1.4 0.47 2.11 4.01
36.36 84.37 0.8 0.61 2,71 7.1

Table 7.1: Probe length where y4 peak is maximum, ()2 value at the time where peak
in x4 appears, peak value of y4 and number of correlated particles (N,o) are tabulated
for two PDlIs at different area fractions.

is evident from the shift of the peak of x} to a longer delay times denoted by 7*.
Just by comparing x; for the two different PDIs, we confirm that PDI lowers SHD.

As seen in Fig.7.5, x; decreases due to increase in PDI, which indicates that
system dynamics become less heterogeneous. A similar reduction has also been
noted in the study conducted by Avila et al. [20]. The presence of elastic interactions
contributes to enhance dynamical heterogeneity. When the coefficient of restitution
is low, particles have the tendency to adhere together with minimal kinetic energy.
This phenomenon can result in configurations having efficient packing. Our result
can also be understood by considering the more efficient packing of the balls by
filling available voids as the PDI increases. As the PDI increases for a fixed area
fraction, the constituent particles can access various system configurations more
efficiently since there is greater accessible space for movement. In order to estimate
the characteristic lengthscales of these cooperatively rearranging regions in dense
polydisperse granular packings, the number of correlated particles in the dynamically

heterogeneous regions are estimated from the following equation [21],

Xi
Ncorr - - 7.6
- (7.6)

where x; is the peak value of x4 and, ()5 is the magnitude of )5 corresponding to
the delay time at which the peak in y, appears (shown in Fig.7.5). The number of

correlated particles is calculated for all the area fractions at two different PDIs. The
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Figure 7.6: Number of correlated particles is plotted vs. area fraction for different PDIs.
In the inset, the peak values of x4, X}, are shown.

data is plotted in Fig.7.6 and tabulated in Table.7.1. The sample characterised by
higher PDI shows decreased cooperative movement of the particles. In the inset, the
peak value of x4 is plotted vs. area fraction for both PDIs. As expected, we see that
the systems get increasingly jammed as its area fraction is increased. From the ex-
perimental data, we conclude that increase in particle size polydispersity effectively
unjams the system, resulting in reduced dynamical heterogeneities. The characteris-
tic decay timescale 7* when the system exhibits maximum dynamical heterogeneity
shifts to earlier times with increasing PDI. This implies that the system exhibits
substantially faster dynamics for increasing particle PDIs and for decreasing area
fractions. Both these factors can therefore contribute to unjamming of the system.
Hence, increasing PDI speeds up the cage rearrangement process, as the wider dis-
tribution of particle sizes increases average particle mobility and eventually unjams

the system.
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7.4 Conclusions

Polydisperse granular particles under vertical vibration are studied to verify the ef-
fect of size distribution on dynamical heterogeneities in dense systems. A broader
distribution of particle sizes fluidizes the system. Such fluidization smears out dy-
namical heterogeneities and shifts the jamming transition point to higher particle
area fraction. Different bidisperse granular systems [20, 27] have been explored in
the past to investigate dynamical heterogeneity. Here, we use Teflon balls of seven
different sizes to imitate a Gaussian distribution with a discrete size polydispersity
for studying dynamical heterogeneities in dense particle packings with area fraction
approaching the random close packing fraction.

We measure mean square displacements of the size polydisperse Teflon balls to
analyze the average dynamics of the particles. At similar area fraction, the Teflon
balls with higher polydispersity show higher average displacements when compared
to particle packings having lower PDI. () is calculated to compute the characteristic
relaxation timescale and x4 is calculated to estimate the dynamical heterogeneity
present in the system. The characteristic relaxation time required for )> to decay
and the peak height of x4 to decrease are both seen to reduce with decreasing area
fraction and increasing PDI. Finally, the number of correlated particles is calculated.

Understanding the role of PDI near the jamming transition will certainly help
to optimize flow properties of granular systems while ensuring the desired output of
these dense systems. More extensive studies for different PDIs will be performed to
quantify the growth of correlated motion of constituent particles near the jamming

transition.
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Chapter 8

Summary and future directions

This chapter summarises the key findings of this thesis and addresses the prospect
for future research on the topics explored here. One of the main objectives of this
thesis is to understand the underlying microstructure of Laponite suspensions using
various techniques. The rheological properties of Laponite suspension are governed
by these structures that form spontaneously with time. The dynamics of parti-
cles in the Laponite suspension are highly correlated to its microstructure. Using
falling ball viscometry and optical tweezing methods, we investigated the viscoelas-
tic properties of Laponite suspension at different lengthscales. We also conducted
experiments with Laponite suspensions by applying AC electric field, which enabled
us to control the evolution of these microstructures. The thesis also presents careful
quantification of dynamical heterogeneity in dense colloidal and granular suspen-
sions. Polydisperse particles were used to study dynamical heterogeneity in dense
packings. Our findings addressed the effect of size polydispersity on particle dy-
namics. We demonstrated experimentally that increasing particle polydispersity is
an additional route for unjamming dense granular and colloidal systems.

In Chapter 3, falling ball experiments were carried out by dropping millimetre-
sized balls into Laponite suspensions of different ages. In contrast to a ball falling
through a Newtonian fluid, balls falling through Laponite suspensions did not reach

a steady state during the experimental time window. Using a simple model, we suc-
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cessfully extracted the destructuring rates of Laponite suspension microstructures
for different suspension ages and ball sizes. A simple model was proposed to explain
the progressive increase in velocity of the falling ball within the experimental time
range accessible in these measurements. We limited our study of the falling ball to
a regime that can be described by the simplest mathematical model that measured
the steady rise of ball velocity due to shear thinning of the Laponite suspension in
the neighbourhood of the ball. The experiments described in this study provided
important insights on the motion of macroscopic objects falling through thixotropic
fluids and the physical aging process of the medium at the lengthscale of the falling
ball.

Chapter 4 discussed the correlation between microscopic viscoelasticity and the
structure of Laponite clay suspensions. We investigated the controlled movements
of an optically trapped micron-sized colloidal probe particle suspended in an aging
Laponite suspension as the underlying Laponite microstructures evolve gradually.
Optical tweezer (OT) based oscillatory active microrheology studies were imple-
mented to explore the mechanical responses of the evolving microstructures. Using
cryogenic field emission scanning electron microscopy (cryo-FESEM), we investi-
gated the average pore sizes of the Laponite microstructures for different sample
concentrations and aging times. Combining our OT and cryo-FESEM data, we re-
ported, for the first time to the best of our knowledge, an inverse correlation between
the crossover modulus and the average pore diameter of the microstructures in the
aging suspension for different suspension concentrations. Our findings can be used
to investigate the consequences of local sample heterogeneities during the transport
of micron-sized particles through complex environments, such as in drug delivery.
Laponite is utilised as a rheological modifier in material processing applications, and
knowledge of micron-scale local dynamics is required to achieve the desired output.

In Chapter 5, we investigated the rheological properties of Laponite suspen-
sions subjected to an external AC electric field using a rheometer and an optical

tweezer. The complex viscosity measured by using amplitude sweep oscillatory rheol-
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ogy demonstrated a non-monotonic response with increasing electric field strengths.
We demonstrated that the AC electric field could be used to influence the mobility
of charged clay particles. Using an electric field, therefore, we were able to regu-
late the gelation caused by structure development in an aging Laponite suspension.
These results can be beneficial in industrial scenarios in which Laponite is utilised
as a rheological modifier, such as paint, cosmetics, etc. We note that other charged
clays should also show similar behaviours under similar conditions. The controlled
aging of clay suspensions using an electric field is an intriguing topic and depends
sensitively on clay and salt concentration, age and medium temperature. In future
research, these parameters and also the frequency of the electric signal could be
altered to study controlled aging. Furthermore, the charges on the rims of Laponite
particles could be altered by changing solution pH to conduct additional tests.
Chapter 6 presented a combined experimental and numerical investigation of
the dynamics of jammed packings of colloidal microgel particles in aqueous sus-
pensions with continuous particle size distributions. We computed mean square
displacements to estimate the average dynamics of particles in dense suspensions
and extracted multipoint correlation functions to characterise their heterogeneous
dynamics. Our findings showed that caging of particles weakens as PDI increases.
The rapid dynamics of smaller particles in dense polydisperse systems permitted
faster cage rearrangements and shortened cage-breaking timescales, which acceler-
ated structural relaxation. At the timescale of structural relaxation, the dynamics
were expected to be most heterogeneous due to significant non-Gaussian particle
displacements during cage rearrangement. For suspensions composed of particles
with narrower size distributions, the increase in correlations was significantly higher.
By carefully performing experiments and running molecular dynamics simulations,
we demonstrated the existence of heterogeneous and correlated dynamics in dense
suspensions, pointing to the analogous nature of the jamming and glass transitions.
Chapter 7 reported the dynamics of dense quasi-two-dimensional packings of

granular balls using a vertically vibrated electrodynamic shaker. To conduct studies
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in a quasi-2D configuration, the sample stage or plate was connected to the shaker.
The effect of particle size distribution on dynamical heterogeneities in dense systems
was examined by vibrating polydisperse granular particles vertically. The jammed
state of the system fluidised when the particle size distribution was wider. Such
fluidisation smoothed out dynamical heterogeneities and shifted the jamming tran-
sition point to a higher area fraction of particles. Finally, the number of particles
exhibiting correlated motion was determined. Understanding the role of PDI at the
jamming transition could assist in optimising granular systems while ensuring the
desired output and flow qualities. To assess the increase in correlated motion of
constituent particles approaching the jamming transition, more in-depth research
needs to be conducted by changing interaction between particles and particle shape.

To conclude, this thesis examines several issues concerning the dynamics and
rheology of jammed suspensions. These studies form a small subset of the several
intriguing issues in this area that remain to be addressed. More such studies on

related topics will be undertaken in future research.
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