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Synopsis

Rheology is a multidisciplinary field where the flow and deformation of materials are
investigated. The deformations in the case of Hookean solids (ideal elastic solids) and
Newtonian liquids (ideal viscous liquids) can be explained by the classical limits of Hooke’s
law and Newton’s law, respectively. However, there are many soft matter systems (foods,
bio-fluids, colloidal suspensions, liquid crystals, etc.) whosedeformation under external shear
can be complex and cannot be explained by simple Hooke’s law or Newton’s law. The
rheological properties of these soft matter systems have fundamental and practical relevance.
We studied the flow and deformation of two such complex viscoelastic systems: i) aqueous
suspensions of poly(N-isopropylacrylamide) (PNIPAM) microgels and ii) lyotropic liquid
crystals of Sunset Yellow (SSY) formed in aqueous medium.

PNIPAM microgels are hydrogel particles that are highly responsive to external stimuli
like temperature, pH, electric field, stress field, etc. Upon variation of these external stimuli,
the size and the interparticle interaction U(r) among the microgel particles can be tuned. As
these particles are thermo-responsive, they exhibit a decrease in size with an increase in
temperature and show volume phase transition (VPT) by undergoing a sudden transition from
swollen to collapsed state at ~33°C. PNIPAM microgel spheres in an aqueous medium can
readily be synthesized by free-radical precipitation polymerization. In general, the internal
structure of the PNIPAM microgel particle is heterogeneous. It consists of a highly cross-
linked core (high polymer density) and a loosely cross-linked shell (20-30 nm) (low polymer
density) decorated with dangling polymer chains. However, PNIPAM microgel spheres
having only homogenous core without any dangling polymer chains can be synthesized by

altering the synthesis conditions. Under favourable conditions, monodisperse PNIPAM

x|Page



microgel spheres dispersed in water show gas-like, liquid-like, crystal-like and even glass-
like structural ordering similar to that of atomic systems. Hence, they are widely considered
as ideal model condensed matter systems.

Many research works were reported on various aspects of PNIPAM microgels in dilute
conditions. Recently, a few works were reported on the sub-diffusive dynamics and yielding
behavior of dense (volume fraction, ¢ > 0.58) PNIPAM microgels under external shear.
However, a proper explanation of the role of entanglements of dangling polymer chains
between the nearest neighbor particles in the dense state during the yielding process is not
properly addressed.

One of the objectives of this thesis is to elucidate the role of dangling polymer chains in
the yieldingbehavior of dense PNIPAM suspensionsin their colloidal glassy state, ¢ > 0.58).
Two-step yielding has been observed in colloidal glasses with attractive interactions but not
in systems with repulsive interactions, such as hard-sphere glasses and glasses of like-charged
colloids. Being a repulsive system below VPT, dense PNIPAM microgel suspensions exhibit
two-step yielding when subjected to Large Amplitude Oscillatory Shear (LAOS). This
observation is unique to dense PNIPAM microgel suspensions. Here, we report the unusual
two-step yielding and the role of entanglements in the yielding behavior of dense PNIPAM
microgel suspensions when subjected to LAOS. These studies have been carried out by
performing rheological experiments as well as dynamic light scattering (DLS) measurements.

Free radical precipitation polymerization has been performed with different synthesis
techniques in order to obtain PNIPAM microgel spheres with two different morphologies (i)
having core—shell structure (CS-PNIPAM) with dangling polymer chains (ii) having only a
homogeneous cross-linked core (HC- PNIPAM). Dynamic light scattering (DLS) technique
has been employed to determine the PNIPAM microgel particle size in the dilute condition

and to investigate the short time particle dynamics in the dense condition. UV-Vis
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spectroscopy has been used to determine the Bragg peak and hence the number density of the
crystallized CS-PNIPAM microgel suspension when kept undisturbed for 24 hours. Further,
both types of dense PNIPAM microgel suspensions were subjected to rtheological studies to
characterize their deformation behavior. Non-linear characteristics of the samples were
investigated using LAOS measurements.

PNIPAM particles are spherical in shape and the colloidal suspension of these particles
under dense conditions exhibit isotropic phases that are analogous to atomic systems.
Whereas, Liquid crystals (LCs) have their physical properties intermediate to that of ordered
solids like crystals and isotropic liquids. When in liquid crystalline state, the moleculesexhibit
long-range orientational order and a few of them can also show positional order. As a result,
the LC phase exhibits the symmetry that exists between liquids and crystals. There are two
primary classifications of liquid crystals, namely thermotropic and lyotropic. In thermotropic
LCs, mesophases form as a result of temperature, but in lyotropic LCs, mesophases form as a
result of both temperature and solute concentration. There are special types of lyotropic liquid
crystals called lyotropic chromonic liquid crystals (LCLCs), where mesophases are formed
when compounds such as dye or drug are mixed in suitable solvent, preferably water.

There exists a good amount of literature on thermotropic LCs reporting the flow and
deformation behavior under applied stress whereas, the rheology of LCLCs is relatively less
studied. In order to investigate the rheological properties and correlation to microstructures,
we have chosen a very common chromonic LC, Sunset Yellow (SSY). The chromonic
molecules of SSY are rigid disc-shaped, having hydrophobic aromatic centers and ionic or
hydroxyl groups at the periphery. In an aqueous solvent, the hydrophobic centers stack on
each other via noncovalent T — minteractions, forming cylindrical aggregates with a stacking

periodicity of approximately 0.34 nm. The diameter of aggregates is about 1 nm.
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Being a food dye, the rheological behavior of SSY chromonic LCs (SSY LC) has both
industrial and fundamental significance. There are a few rheological studies on SSY LC
mostly focusing on the shear rate dependent viscosity. However, shear induced orientation,
microstructures and flow behavior of SSY LC are underexplored. Here, we report the
rheological properties of the nematic phase of SSY liquid crystal, focusing on shear-induced
microstructures and their dynamics.

Towards the studies on SSY LC, SSY dye was dissolved in water in order to obtain the
nematic phase. The texture of the samplein the nematic phase was observedusinga polarizing
optical microscope (POM) and shear-induced microstructures and dynamics of SSY LC in
the nematic phase were investigated using a rheometer equipped with the rheo -microscopy
module.

The thesis is organized into five chapters. In which, chapter 1 introduces both the
PNIPAM microgel suspensions and SSY liquid crystals. Chapter 2 describes sample
preparations for both the PNIPAM microgel suspensions and SSY liquid crystal systems and
the various experimental techniques used to probe the above mentioned systems. Chapter 3
explains the yielding behavior of dense PNIPAM microgel colloidal glasses and chapter 4
describes the rheological studies on SSY lyotropic chromonic liquid crystal. The conclusions
of the above mentioned studies and the scope for future work are provided in chapter 5. The

contents of each chapter are summarized as follows.

Chapter 1. Introduction

This chapter gives a brief introduction to colloidal suspensions and liquid crystals. At the
beginning of the chapter, colloidal suspensions of hard sphere and stimuli-responsive
microgels are discussed in terms of their stability, interparticle interactions, phase behavior,
and dynamics under dense conditions. In the later stage of the chapter, various types of liquid

crystals and theirrheological properties, which are relevantto our studies, are introduced. The
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rheology of viscoelastic materials is described. The deformation and flow behavior of hard
sphere and soft sphere colloids under linear as well as non-linear shear deformation is
addressed. The motivation for the present work along with the experimental studies that have

been carried are presented towards the end of the chapter.

Chapter 2. Synthesis Method and Experimental Techniques

Synthesis of CS-PNIPAM and HC-PNIPAM microgel spheres through the free radical
precipitation polymerization method is discussed. The procedure for the preparation of dense
samples of PNIPAM microgels and liquid crystal samples of SSY are presented. All the
details of the instruments, measurement schemes and methods of analysis used to investigate
the dynamics, yielding and flow behavior of PNIPAM microgels and SSY LCs are presented.
A simple auto correlation based DLS technique was used to determine the microgel particle
size in the dilute suspensions whereas three dimensional (3D) dynamic light scattering (3D -
DLS) was used to probe the dynamics in the turbid PNIPAM microgel suspension. As the
dense CS-PNIPAM sample showed crystalline ordering when kept undisturbed for 24 hours,
UV-vis spectroscopy was used to determine the Bragg peak and hence number density.
Rheometer was employed to investigate the yielding behavior of dense PNIPAM microgel
suspension. Polarizing optical microscopy (POM) was used to determine the nematic phase
of SSY LC. The rheo-microscopy module was employed to investigate the flow behavior
while simultaneously visualizingthe optical images. Different types of measurement schemes

relevant to our studies using a rheometer are presented in detail.

Chapter 3. Yielding behavior of dense PNIPAM microgel colloidal glasses

The rheological investigation of colloidal glasses offers deep insight into the glassy
relaxation and aging phenomena that are common to glass forming atomic and molecular

systems. In general, colloidal glasses are viscoelastic in nature and yield underthe application
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of external shear. The viscoelasticity of the colloidal glass is typically measured by
performing the rheological experiments with the strain applied in an oscillatory fashion at
constant frequency, w and variable amplitude, y,. The stress response of the material is
expressed in terms of storage/elastic modulus (G") and loss/viscous modulus (G'"). In a typical
oscillatory shearmeasurement, G’ and G'’ are measuredas a function ofy . If the deformation,
Yo is small, (typically less than 1%) the stress response of the material will be linear with G’
and G'' being independent of the applied strain, y, whereas G’ and G’ strongly depend on
¥, if the deformation is large. When hard sphere colloidal glass is subjected to non-linear
rheological experiments, it exhibits a near-plateau in G’ and G''at low y, and undergoes
yielding by exhibiting a monotonic decrease in G’ and a peak in G''beyond a critical value of
Yo (called yield point). The peak in G is considered as a signature of many soft glassy
materials. Yielding behavior in purely repulsive colloidal glasses of hard spheres or charged
colloids has been thoroughly investigated and is understood to be caused by the breaking of
cages formed by topological neighbors. This cage breaking mechanism is responsible for the
single peak in G’ observed during non-linear strain sweep measurements. However, yielding
of attractive glass (where interactions are made attractive by introducing the depletion
attraction via the addition of external polymer) occurred in two steps which are identified by
two peaks in G’ observed during non-linear strain sweep measurements. Despite interaction
potential between the core shell PNIPAM microgel particles being repulsive, the suspension
in its glassy state exhibits two-step yielding similar to that of attractive glass. This observation
is quite unusual and a proper explanation connecting the microstructure of PNIPAM
microgels and its influence on the yielding behavior under a dense state is yet to be reported.
This chapter elucidates the yielding behavior of dense PNIPAM microgel colloidal glasses
and the role of entanglements between the nearest neighbor particles on the yielding

mechanism. This problem is investigated using non-linear rheology by means of Large
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Amplitude Oscillatory Shear (LAOS). Dense glassy samples of core-shell (CS) PNIPAM and
homogeneous core (HC) PNIPAM were prepared with volume fractions ¢ = 0.80, 0.89
respectively. These dense turbid samples were characterized for their glassy state using DLS
and were further verified by rheology. The glass transition temperature of dense PNIPAM
microgel glass is identified by determiningthe damping factor (ratio of G'' to G') as a function
of temperature. DLS measurements on CS-PNIPAM indicate the presence of dangling
polymer chains, which are absent in HC-PNIPAM particles in dense conditions and are
responsible for the observed sub-diffusive behavior in the mean squared displacement atshort
times. Further, we did LAOS measurements to gain a better understanding of the role of
dangling polymer chains and their entanglements on the yielding behavior of the glassy state,
where both PNIPAM microgel glass samples were subjected to LAOS and it is observed that,
in the case of CS-PNIPAM, G’ exhibited a monotonic decrease and G''showed two peaks
similar to that observed in attractive glasses. Meanwhile, G’ exhibited a monotonic decrease
and G"'showed a single peak in the case of HC-PNIPAM. It is argued that in the case of CS-
PNIPAM, the two peaks arise 1) because of the disentanglement of dangling polymer chains
of neighboring particles and ii) due to the breaking of cages of topological neighbors. This
difference in the yielding behavior also signifies the presence of entanglements in the CS-
PNIPAM glass sample. Moreover, we determined the energy associated with the yielding in

the glassy state of both types of microgel particles which is described atthe end of the chapter.

Chapter 4. Shear-induced Flow Behavior of Lyotropic Chromonic Liquid Crystals

Lyotropic chromonic liquid crystals (LCLCs) are formed when compounds of drugs or
dyes are dispersed in a solvent, mostly in water. The molecules of these compounds are disc-
shaped, having a polyaromatic core and ionizable groups at the periphery. In water, these
molecules form cylindrical stacks and hence exhibit different mesophases. In recent years,

LCLC compounds have experienced significant attention due to their potential in various
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areas such as industrial, pharmaceutical, food, etc. Many of these areas require a proper
understanding of the viscoelastic behavior of these materials and hence rheological studies on
LCLCs become significant. Apart from these practical applications, the rheology of LCLCs
has fundamental relevance. As compared to the rheological studies on thermotropic liquid
crystals, the rheology of LCLCs is not well studied. Sunset Yellow (SSY) is a very common
food dye that belongs to the LCLC category which forms mesophases when dispersed in
water. Apart from some shear rate dependent viscosity studies, the rheology of SSY is
underexplored. We investigated the rheological behavior of the nematic phase of SSY liquid
crystal, especially shear-induced microstructures and dynamics. Towards these studies, we
prepared SSY LC samples (32 wt% SSY in water) with an aim to achieve the nematic phase.
The nematic phase is confirmed by analyzing the polarizing optical microscopy (POM)
images of the samples. The rheological measurements were carried out using a stress
controlled MCR rheometer. We explored the rheological properties of SSY LC in the shear
rate range of 10-100s~1. At a fixed temperature the flow curves exhibit three dynamic
regimes; a near-near-plateau regime is surrounded by two Newtonian regimes. These
nonmonotonic flow behavior and the stress dynamics are corroborated using in-situ rheo-
microscopy. The rheo-microscopy reveals that, with increasing shear rate the defect-dispersed
microstructure varies progressively and appears quite differentin three regimes, with the near-
near-plateau regime having less orientation order and more disclination defects. The driving
shear force in the near-plateau regime causes periodic stress oscillations which are similar to
that observed in the worm-like micellar system and twist-bent nematic LCs. The stress
oscillations in the case of twist-bent nematic LCs were theoretically explained to originate
from the change of the pseudo-layer orientation with respect to the shear direction. For the
micellar systems, it occurs due to the flow-concentration and flow-order (orientational)

coupling that leads to the dynamic instability of shear bands. Considering the similarities
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between micellar systems and studied chromonic systems (both are lyotropic nematics), the
flow-concentrationand flow-order couplingeffects seem to be responsible for the mechanical

instability and the resulting stress dynamics in the near near-plateau regime.
Chapter 5. Summary and Future work

This chapter presents the summary and conclusions of the studies conducted on
viscoelastic systems of PNIPAM microgels and SSY liquid crystals.

LAOS studies conducted on dense PNIPAM microgel glasses conclude that the glassy
state formed from dense suspensions of homogeneous core (HC) PNIPAM particles yield in
a single step by exhibitinga single peak in G''. Whereas, dense suspensions of core-shell (CS)
PNIPAM particles yield in two steps by exhibiting two peaks in G"'. Single step yielding
observed in dense HC-PNIPAM microgel glass is attributed to the breaking of topological
cages formed by neighboring particles. Whereas, two-step yielding of dense CS-PNIPAM
microgel glass is attributed to 1) breaking of entanglements of dangling polymer chains
between neighboring particles and ii) rupturing of topological cages formed by neighboring
particles.

Shear induced flow measurements performed on SSY LC at the nematic phase conclude
that, at a fixed temperature the system shows non-monotonic flow behavior (stress (o)-strain
rate (y) curves) by exhibiting three flow regimes (a near-plateau regime surrounded by two
Newtonian regimes). This non-monotonic behavior is corroborated with the shear induced

director orientation with respect to the flow direction.
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CHAPTER 1

INTRODUCTION

Everything between the length scale of sub-microscopic atomic nuclei (10~m) and cosmos
(1026 m) is measurable. Hence, the length scales can be used to distinguish the microscopic,
mesoscopic, and macroscopic realms. The microscopic realm talks about atoms and
molecules, whereas the macroscopic length scale ranges from our daily accessible objects to
cosmological distances. The mesoscopic length scale connects the microscopic and
macroscopic length scales and represents the region where microscopic behavior gradually
changes into macroscopic behavior or vice versa. The systems in this mesoscopic realm are
always exciting. Here, we explore the mesoscopic systems of colloidal suspensions and liquid
crystals. The thesis presents experimental results on flow and deformation behavior of two
soft matter systems viz; 1) PNIPAM colloidal suspensions, 2) SSY lyotropic chromonic liquid

crystals.
1.1 Colloidal systems

C olloidal suspensions are composite systems where microscopic particles
(dispersed phase) are dispersed in a continuous phase (dispersion medium). An
essential feature of the colloidal system is that the particles are in the size range from 10 nm
to 1 um. The size limit serves to guarantee that the Brownian motion of the colloidal
particles/spheres primarily arises from thermal fluctuations in the solvent, thereby influences
the colloidal particle’s dynamics. The study of colloidal systems relies to a vast extent on

control of the physical stability of the suspension againstaggregation due to the van der Waals
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force of attraction. The stability can be achieved either by steric or charge stabilization. In the
case of steric stabilization, a thin layer of polymer is added to the surface of the colloidal
particle, whereas in the case of charge stabilization, electric charge is being created on the
surface of the colloidal particles. Moreover, the sedimentation due to the gravitational effects
in colloidal systems can be minimized by matching the density of continuous and suspended
phases, hence enable them to mimic atomic states of matter where gravitational effects are
typically negligible [1]. Colloidal suspension with less than 10% polydispersity (ratio of
standard deviation to mean diameter) is considered monodisperse. Under favorable
conditions, these monodisperse colloidal spheres exhibit gas-like [2], liquid-like [3-5],
crystal-like [6,7] and even glass-like [8,9] phase behavior similar to that observed in atomic
systems.

The typical timescale (107®s — 103s) on which processes occur in colloidal suspensions
is much longer than in atomic systems which facilitates real-time observation of relevant
physical processes. Moreover, the interparticle length in colloidal suspensions typically
ranges from 100 nm -10 um, which gives easy access to the experiments in real space using
optical microscopy. The range of time scale and length scale enables the colloidal system to
be used as a model system to study cooperative phenomena such as structural ordering and
phase transition. These phenomena are also common to atomic and molecular systems but are
quite difficultto observe in real space and real time. In the case of dense colloidal suspensions
(with particle number density ~1013particles per cm™3), the typical value of elastic constants

2

is ~10 dynes cm ™2, which is quite small when compared with elastic constant (~1012 dynes

cm™?) of atomic systems (with particle number density ~1023 particles per cm™3) [10,11].
For a colloidal crystal of 1cm3 size, the latent heat of melting is in the order of pCal [12,13].
Proper scaling up of elastic constants and latent heat of melting of the colloidal crystal allows

one to consider colloidal systems as macro version of atomic systems.
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As colloidal systems mimic condensed matter systems, they are employed to explore
many fundamental phenomena such as crystal nucleation and growth [7,14-17], glass
transition [18-20], defects and dynamicsin crystals [16,21,22], shear flows in glasses [23],
fragility [24] and dynamical heterogeneity [18-20] in glasses, etc. In addition to the
fundamental scientific importance, ordered structures of monodisperse colloidal dispersions
are being researched due to their practical relevance, such as sensors [25-27], Bragg filters
[28], optical switches [29,30], display devices [31], etc.

Colloidal suspensions have very low elastic constants. Hence, these systems can be
deformed very easily by applyingshear stress. This feature has been used in various industrial
applications where colloidal suspensions are being sheared or deformed. Dense colloidal
suspensions can be considered as viscoelastic solids, which have mechanical properties
between ideal elastic solids and ideal viscous liquids [32]. These viscoelastic suspensions
undergo yielding when subjected to large shear stress [32]. Investigation of the yielding of
dense colloidal suspensions using rheological techniques is of practical importance for
successfully formulating various industrial products including medicines, cosmetics, paints,

inks, food items, etc.
1.1.1 Hard sphere colloids

Suspensions of hard spheres (HS) can be considered as the simplest colloidal system
showing fluid and solid phases. They are considered impenetrable spheres that cannotoverlap
inspace. HS colloids mimic the extremely strongrepulsion thatatoms and spherical molecules
experience at very close distances. The potential, Uys(r) describing the interaction between

HS colloids can be expressed as,

0, r>d

w r <d (1.1)

Ups(r) = {
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where 7 is inter-particle distance and d is HS diameter. Sterically stabilized suspensions of

poly (methyl methacrylate) (PMMA) serve as good example for HS suspensions [18,33]. The
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Fig. 1.1. Phase diagram of monodisperse colloidal suspensions of hard spheres.

phase behavior of HS colloidal suspensions can be tuned by using the only available control
parameter, volume fraction ¢ (= n,md?>/6, where number density, n,= N,/V is the number
density of HS colloidal particles, with N,, as the number of colloidal particles in a solvent of
volume, V). The phase behavior of monodisperse HS suspension as a function of ¢ is given
schematically in Fig. 1.1 [33].

HS monodisperse suspensions exhibit a gaseous phase at very dilute conditions. Upon
increasing the volume fraction beyond ¢ =0.49, HS suspensions show the coexistence of
liquid and crystalline phases. Further increase in the volume fraction results in the complete
crystallization of the suspension beyond ¢;.=0.54, where ¢;. denotes the maximum volume

fraction corresponds to liquid-crystal co-existence.

The entropically favoured crystal structure of HS colloidal suspension at ¢ = 0.74 is face
centered cubic (fee) [34-36]. However, due to the very small difference (10 73k gT, kg stands
for the Boltzmann constant and 7 represents the temperature) in free energy between fcc and

hexagonal close packed (hcp) structure, one can observe hep structure and coexistence of fcc-
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hep under dense conditions [37,38]. Further increase of ¢ beyond ¢ 4= 0.58, the colloidal
particle dynamics become slower and the suspensions freeze into a kinetically arrested
disordered structure referred to as non-equilibrium glassy phase. The volume fraction
corresponding to this phenomenon of glass transition is termed as glass transition volume
fraction (¢4= 0.58). In HS suspensions, a random close packed (rcp) glassy state will be
formed ata volume fraction of ¢ =0.64, where randomly arranged particles can touch each
other, whereas the fcc and hep structures of regularly ordered monodisperse HS can attain a
maximum volume fraction, ¢pqxcp=0.74 (see Fig. 1.1).

The size polydispersity (SPD) of particles has a crucial role in determining the phase
behavior of a colloidal suspension. The phase behavior is different for polydisperse and
monodisperse colloidal suspensions [39]. Colloidal suspensions having SPD up to 10% are
observed to exhibit crystalline ordering. It is observed that suspensions with higher SPD

(>10%) freeze into a disordered (glassy) state [39].
1.1.2 Charge stabilized colloidal suspensions

Charge stabilized colloidal suspensions constitute a good example of a colloidal system
where particles interact via electrostatic interactions which are predominantly repulsive
[10,40,41]. Based on the Derjaguin—Landau—Verwvey—Overbeek (DLVO) theory, the net
interaction potential between charged colloidal spheres, U(r) is the combined effect of
screened coulomb repulsion, Uq(r) and van der Waals attraction, U, (7).

UG) = Uc@r) + Un(r) (1.2)

The screened coulomb repulsion [42] between charged colloidal spheres is given by,

(1.3)

2
Zeka] e—kr
1+ka

UC(T”) =§[

r

where e is the electron charge, Ze is the effective surface charge on the colloidal particle with

Z being the number of monovalent charges. a is the radius of the sphere, € denotes the
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dielectric constant of the medium, r denotes the separation between the centres particles and

k denotes the inverse Debye screening length, which can be expressed as,

2 — 471:92
ekgT

(nyZ + Cy) (1.4)

where C is the salt concentration, n,, Z is the number of counterions and kg, T are Boltzmann

constant and temperature respectively. The van der Walls attraction potential is given as,

2 2 2 4.2
U(r) = = 22|21 20 4 1 ()| (15)

6 Lr2z—4q?

where Ay is the Hamaker constant. The charged colloidal spheres in a deionized suspensions
atvery low ¢ (~0.005) show crystal like ordering due to screened coulomb repulsion. Figure
1.2 shows the phase diagram of charge stabilized colloidal suspensions [43]. It can be seen
from Fig. 1.2 that charge stabilized colloids at low ¢ and low C exhibit bce (body centered
cubic) ordering [44]. Upon increasing the ¢ beyond ¢ =0.15, coexistence of bee-fec was also

observed for a range of ¢ and Cg as shown in Fig. 1.2. As C; increases screened coulomb
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0.15+
010
005

T IS TS NN S NN VN VO S NN SO Y W N
000200 %00 600 800

Added ion conc.(Micromoles HCl)

Fig. 1.2. Phase diagram of colloidal suspension of charged polystyrene particles (Adapted from Sirota ez al. [43]. Closed
circles: glass, closed square: bee, open square: bee-fee coexistence, open triangle: fec and open circle: liquid. Continuous
lines are guide to the eye. The dashed line is the fcc-liquid phase boundary for a similar point charge Yukawa system.
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interaction becomes weaker which results in the melting of crystalline order. At higher ¢,
suspensions freezeinto a disordered glassy state. Since the particles interact via pure repulsive
potential, the phase diagram of charge stabilized suspensions contains a fluid-solid phase,

whereas a gas-liquid or gas-solid phase is absent.
1.1.3 Stimuli-responsive microgel suspensions

The size and polydispersity of colloidal particles of hard sphere and charge stabilized
particles are fixed during the synthesis. Hence, the number density, n,, is the only parameter
for tuning the phase behavior. In contrast, responsive microgel particles offer tunability in
particle size in the presence of external stimuli such as temperature, pressure, pH, ionic
strength, etc. The significant property of these responsive microgels is their swelling behavior
in the presence of external stimuli. Microgel particles comprise a network of crosslinked
polymer chains immersed in a solvent. They have a higher degree of crosslinking density
inside the particle than in the periphery, as the cross-linker is consumed faster than the
monomer during polymerization [45]. This leads to the inhomogeneous structure of microgel
particles consisting of a dense core of crosslinked polymer chains and a fuzzy shell of
dangling polymer chains as shown in Fig. 1.3(a) and Fig. 1.4(b). The change in external
stimuli induces the polymer chains network to expand/contract, which causes gel particles to
swell/deswell and results in an increase/decrease in particle size (Fig. 1.3). Poly-N-
isopropylacrylamide (PNIPAM) is one of the most widely studied thermo-responsive
microgel systems, which shows swelling/deswelling upon decreasing/increasing the
temperature [46,47]. Depending upon the functionalization group incorporated during the
synthesis of the PNIPAM microgel particle, it can respond to various stimuli like temperature

[48], pH [49] and salinity [50,51].
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1.1.4 Poly (N-isopropylacrylamide) (PNIPAM) microgels

a) Thermo-responsive characteristics of PNIPAM microgel particles

H

§l VPT ~ 330C

]
9
120 | g’ﬁ%ﬁg

24 28 32 36 40
T(°C)

Fig. 1.3. (a) Temperature dependence of hydrodynamic diameter,d; of PNIPAM microgel particle. (b) Schematic
illustration of the structural transformation occurring across VPT for PNIPAM microgel.

Hydrogels based on poly(N-isoproylacrylamide) (PNIPAM) have received significant
interest in the recent years due to their thermo-responsive behavior. PNIPAM microgel
particles exhibit a remarkable reduction in their size as a function of temperature and
experience a transition from a hydrated (swollen) state to a collapsed (shrunken) state at
T~33°C, which refers to the volume phase transition (VPT) (shown in Fig. 1.3(a) [52-57]
This transition is reversible. It is attributed to the transformation of PNIPAM polymer chains
from hydrophilic at temperatures below VPT to hydrophobic at temperatures above VPT
[58,59]. As the schematic shown in Fig. 1.3(b), the monomer NIPAM is decorated with a
hydrophilic amide group anda hydrophobic isopropyl group. Below the lower critical solution
temperature (LCST, temperature at which NIPAM monomer undergoes a coil to globule
transition), ~ 33°C, water molecules form hydrogen bonds with the acrylamide groups,
effectively prevent the hydrophobic interaction. However, these hydrogen bonds break as the
temperature rises above the LCST, and water molecules are released from the polymer chains.
The hydrophobic interactions thus drive the polymer from a coil state to a globule state (inset

to Fig. 1.3(a)) [60,61]. This coil-globule transition is reflected in the volume phase transition
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of PNIPAM microgel particles. They undergo a volume phase transition around the same
temperature where LCST occurs. PNIPAM microgel particles in their shrunken (collapsed)
state consist of approximately 60% of polymer and 40% of solvent (water) [62]. In contrast,
in the hydrated (swollen) state the polymer contentis about 2-3% while the restis water. Since
PNIPAM microgel particles contain a significant amount of solvent in their hydrated state,
the microgel suspension exhibits transparency below VPT. This transparency results from a
close refractive index match between the microgel particles and the surrounding solvent,
predominantly water. However, as the temperature increases above VPT, the polymer content
within the particles increases (~60%). This high polymer density leads to poor refractive
index matching between the particle and the solvent. Hence, the suspension appears turbid.
Moreover, for the temperature above VPT, the microgel particle does not show a significant
change in its size (Fig. 1.3(a)). Furthermore, by appropriate functionalization, PNIPAM
microgels can be made responsive to pH known as poly (N-isopropyl acrylamide-co-acrylic
acid) (PNIPAM-co-Aac) microgel particles [53] or various chemical moieties [54,55]. These
stimuli responsive behaviors make PNIPAM microgels highly adaptable for a wide range of
applications, such as sensing of different chemical elements and in solvent extraction.
Additionally, the biocompatibility of PNIPAM microgels makes them suitable for controlled

drug delivery applications [56].

b) Core-shell morphology of PNIPAM microgel particles

PNIPAM microgel sphere in its swollen state is highly hydrated and consists of roughly
2-3 % of the polymer [63]. The microgel particles form a network structure either by
crosslinker polymer chains or by self-cross-linking of polymer chains [64,65]. These polymer
chains extend throughout the volume of the microgel sphere. The microgel spheres are soft,
deformable and allow solvent penetration. Typical conventional batch synthesis results in

inhomogeneous PNIPAM microgel spheres with core-shell morphology (the synthesis
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procedure is described in Chapter 2). Small angle neutron scattering (SANS) studies have
been used to investigate the internal structure of PNIPAM microgel spheres, revealing their
core-shell morphology (Fig. 1.4(a)) [63,66]. SANS studies have revealed that the PNIPAM
microgel particle in its swollen state possesses a highly cross-linked polymer core surrounded
by a thin fuzzy polymer shell (thickness ~20-30 nm ). This polymer shell is decorated by
dangling polymer chains as shown schematically in Fig. 1.4(b). Further, SANS measurements
have revealed that during VPT, the core of microgel sphere experiences more deswelling in
contrast to its shell due to the reduction in polymer network mesh size, & [63]. The
concentration of the cross-linker (BIS) decides the size of the core and shell thickness [65].
With increased cross-linker concentration, the particle morphology is shown to transform
from branchingchains to amore compactparticle. However, recent studies reported PNIPAM

microgel spheres with uniform/homogeneous polymer density throughout the particle volume

(a) (b)

0.50 Y T T T Y T ¥ T ) T

0.45 | Re54nm o, =20m E
0.40 -
035 |
0.30 L
0.25 |80 o, 7140

0.20 |
0.15 [R=72nm o, =170m

010
0.05

polymer volume fraction (r)

i R
—— . P

000, . i
80 100 120

r/nm

Fig. 1.4. (a) Radial polymer density distribution of PNIPAM microgel sphere at different temperatures studied using SANS
(Adapted from Stieger et al. [66]) and (b) Schematic diagram of core-shell morphology of PNIPAM microgel sphere below
VPT with core radius 7, , shell thickness p and hydrodynamic radius 7;,.

[67,45].
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¢) Phase behavior of PNIPAM microgel suspensions

Since PNIPAM microgel particles are porous, they contain~97% water in their swollen
state [63]. Hence, the refractive index of the PNIPAM microgel particle is closely matched
with that of water. This refractive index matching helps to study the structural ordering and
dynamics in dense microgel suspensions using light scattering experiments without the
interference of multiple scattering of light. PNIPAM microgel suspensions display rich phase
behavior (gas, liquid, crystal and glass-like structural ordering) under suitable conditions
[52,48,68]. Since PNIPAM microgel particles are responsive to external stimulisuch as 7, pH
or ionic strength, their hydrodynamic diameter, d; and hence interparticle interaction, U(7)
can be varied. Moreover, it has been reported that PNIPAM microgel glasses and crystals
undergo melting upon increasing the temperature [52,58].

The soft characteristics of PNIPAM microgel spheres makes them compressed under
osmotic pressure [69]. Hence, PNIPAM microgel particles can be over packed (¢ > ¢.p) in
a suspension [70]. The softness of the microgel particle is highly influenced by the cross-
linker concentration. It has been reported that the softness of PNIPAM microgel particles and
cross-linker concentrations are inversely proportional [24,52].

Although the phase behavior of the soft sphere system is being elucidated by assuming
aninteraction of the form U(r) = (d/r)™, an exact formof the interaction potential governing
their phase behavior in response to external stimuli is still unidentified. According to this
model, upon increasing the degree of softness (1/n), liquid to crystal transition shifts to
higher ¢ and the coexistence region between liquid and crystal narrows down compared to
that of the HS system [71,72]. The freezingpointin the case of PNIPAM microgel suspension
was observed to be athigher value of ¢ as compared to what was predicted and experimentally
determined for hard spheres (¢y = 0.494) [52]. This intriguing experimental observation
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suggests that the phase behavior of PNIPAM microgel suspension at low temperatures, 7 can
be explained by a soft repulsive potential.

Recently, Bergman et al. [73] have proposed a multi-Hertzian (MH) pair-potential (Eq.
1.6) by modeling the core-shell morphology of thermo-responsive PNIPAM microgel spheres.
This core-shell morphology of PNIPAM microgel sphere is segmented into various layers as
shown in Fig. 1.5, where d e and d.y;onq are the diameters of core and coronarespectively.
A middle layer is defined in a way that d,,;4= (dcoret dn)/2. According to MH potential
PNIPAM microgel particles interact with each other through a repulsive form of potential, U ()
and it consists of core-core, core-corona, and corona-corona interactions. The interactions
between different layers of the spherical microgel particle are represented by the coefficients
Uce, Ucoronas Umia and Uqre. The magnitudes of these quantities depend on the polymer
density of the individual layers, which in turn are influenced by the temperature. Here © refer
to the Heaviside functions. Bergman et al. [73] tested the applicability of MH potential in the
fluid area of PNIPAM microgels (up to ¢ = 0.49) and up to the VPT temperature (33°C)

of PNIPAM microgel particle.
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Fig. 1.5. Schematic showing different layers of core-shell structured PNIPAM microgel particle modelled according to
the MH pair potential. The separation between the centres of PNIPAM microgel particles is denoted by 7.
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1.1.5 Dynamics of colloidal particles

Monodisperse colloidal suspensions exhibit structural ordering and phase behvior that
closely resemble those observed in atomic systems. However, due to the presence of solvent,
the dynamics in colloidal systems differ fromthat of atomic systems. Colloidal particles show
Brownian dynamics when suspended in a solvent. Brownian dynamics refer to the random
movement of particles suspended in a solvent resulting from collisions with the solvent
molecules. The Brownian motion of colloidal particles of mass m in the solventis mainly
influenced by the frictional force F, (t) and some random force F(t) which is best described

by the Langevin equation of motion [74] as follows,

md‘;—(tt)zF(t) + F.(t) (1.7)

The frictional force depends on velocity as F.(t) = —éV(t) with & as the coefficient of
friction and V(t) as the velocity of the colloidal particle. As a result of viscous drag, the
colloidal particle in the solvent over damped. When a spherical particle suspended in
Newtonian fluid, ¢ is provided by the Stokes equation as ¢ = 6man,, with a as the colloidal
particle radius and 74 as the solvent viscosity [60]. The random force, F(t) originates from
the fluctuations of solvent molecules leading to collisions that either accelerate or decelerate
the motion of the colloidal particle. The velocity of colloidal particles, which show Brownian

motion in the solvent, can be determined by solving Eq. 1.7. which is shown in Eq. 1.8.

V() = VO exp(—£¢) + [y dr exp (—%(t - r)) F(7) (1.8)
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The velocity correlation function calculated by averaging over Maxwell velocity distribution,

can be expressed as,

3kgT I3

(V(OV(0)) = (V(0))2 exp (— = t) = 8 exp (— Z t) (1.9)
The random force and the initial velocity V(0) are uncorrelated (i.e. (F(t) V(0)) = 0);
therefore, upon averaging the second term in the equation, Eq. 1.8 disappears. The Brownian
motion of the colloidal particle can be characterized by determining the mean square
displacement (MSD) of the colloidal sphere. MSD of the particle is determined from the
velocity correlation function using Eq. 1.10 [74],

(Ar2(6)) = 2 f, dr (t — 1) (V (D) V(0)) (1.10)
MSD can be divided into three distinct time scales viz., shorttime, intermediate time and long
time. The time scales are determined based on Brownian time () and cage rearrangement
time (tg). Where 15(= m/&) is the time required to decouple the dynamics of the colloidal
particle from that of the solventand 7z (= a?/D,, a: radius of the colloidal particle, D,: free
diffusion coefficient)is the time required for the colloidal particle to traverse its own diameter.
Short time scale is defined for 15 < t < 7 whereas t > Ty termed as long time scale. The
intermediate time scale is referred when t = g [75].

Typical dynamics of colloidal particles with different n,, is schematically shown in Fig.
1.6. The power law fitting to the MSD ((Ar?(t))) using Eq. 1.11 distinguishes the dynamics
into diffusive or sub-diffusive.

(Ar2(t)) o« t* (1.11)

Where a represents the time exponent in the power law fit.

a) Non-interacting colloidal suspensions:

In a dilute colloidal suspension (gas-like), the motion of a colloidal particle is free
diffusive (¢ = 1) for all the time scales.

Therefore, (Ar2(t)) o<t or < Ar2(t) > = 6Dyt
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Where Dy, is the free diffusion coefficient which describes the diffusivemotion of the colloidal
particle in a non-interacting suspension (Fig. 1.6(a)-I).
b) Interacting colloidal suspensions:

In moderately dense (liquid-like ordered) suspensions, colloidal particles are observed to
show slower dynamics in the shorttime scale with a shorttime diffusioncoefficient Dy < D,,.
The slower dynamics of colloidal particle in the short time scale is due to hydrodynamic
interactions [76]. Further, at a longer time scale, colloidal particles experience direct
interparticle interactions coupled with hydrodynamic interactions resulting in further slowing
down of diffusive motion, which is characterized by a long time diffusion coefficient D; [76].
The schematic illustration of MSD of colloidal particles in a liquid-like ordered suspension is
shown in Fig. 1.6(a)-II. The change of slope of MSD plot (Fig. 1.6(a)-II) at intermediate time
scale indicates the change of diffusion coefficient from D, to D;. Colloidal particles in the
supercooled liquid state are confined within the cage formed by neighboring particles [18].
At shorter time scales, they exhibit diffusive dynamics (characterized by D) within the cage.
At intermediate times, the particle experiences a cage from nearestneighbor particles, making
its motion sub-diffusive (& < 1). The sub-diffusive behavior of the colloidal particle can be
identified as a plateau in MSD at intermediate times as shown in Fig. 1.6(a)-III. However, as
these cages are dynamic in nature, at longer time scales, the colloidal particle jumps out of
the cage, exhibits diffusive motion with a diffusion coefficient D;. In crystals or glasses, long
time diffusion ceases, while shorter time motion continues. Hence, D; becomes zero and Dy
remains exist (Fig. 1.6(a)-IV) [18,60].

According to Eckert et al. [61], attractive interactions can be induced between the
particles of HS glass via depletion attraction by adding a non-adsorbing polymer. This leads
to the initial melting of the glass into liquid. Further increase in the strength of attractive

interaction results in a novel glassy state known as the attractive glass (AG), where particles
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are bonded together via attractive interactions. The kinetic arrest of the colloidal particle in
AG occurs due to attractive interaction between the particles and the confinement of particles
within the nearest neighbor cage [61]. MSD’s of repulsive glass (RG) and attractive glass
(AG) are compared in Fig. 1.6(b). In the case of RG, MSD shows a plateau at a long time
scale due to the kinetic arrest of particle motion inside the nearest neighbor cage, whereas
MSD shows diffusive behavior (@ = 1), at a short time scale as depicted in Fig. 1.6(b)-I). In
contrast, MSD of AG at short time shows sub-diffusive behavior [62] and attains saturation

limit of RG at significantly long times, as depicted in Fig. 1.6(b)-II.
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Fig. 1.6(a) Schematic illustration of MSD vst for HS particles in (1) gas-like state , (II) liquid-like state, (I1I) supercooled
liquid state and (IV) crystalline/glassy state, of the suspensions. (b) Schematic representations of MSD vs t for colloidal
particles in repulsive glasses (I) and attractive glasses (II). The short time values of a indicate the diffusive (¢ = 1) and
subdiffusive (@ < 1) behavior of MSD in repulsive and attractive glasses.

1.1.6 Rheological insights and industrial advancements

Rheology is a scientific discipline that mainly deals with the flow and deformation of
materials underthe influence of an external force or stress [32]. It offers valuable insights into
the mechanical properties and behavior of a variety of substances, from simple liquids to
complex viscoelastic materials such as colloids, gels, polymers, liquid crystals, biological
tissues, etc. Viscoelastic materials show unique combinations of viscous and elastic
properties, and hence, they occupy a significant place in the field of soft matter. Their

rheological properties, such as viscosity, elasticity are often used to characterise the behavior
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of these materials under stress. Understanding and quantifying rheological properties are
crucial in various industries, including petroleum, food and beverages, paints and coatings,
pharmaceuticals, material science, rubber technology, and structural engineering,

Rheology plays a crucial role in the petroleum industry, specifically in the exploration,
production, and refining of crude oil and its derivatives. Understanding the rheological
characteristics of petroleum fluids is essential for optimizing a number of processes and
operations. This includes measuring viscosity to determine the flow behavior of crude oil
through pipelines, resulting in efficient transportation. Furthermore, the rheological qualities
of petroleum products like lubricants and greases have a direct impact on their performance
and durability. The petroleum industry can increase productivity, optimize the formulation
and refining of petroleum-based materials and maintain safety standards through the study of
rheology. [77,78].

Rheological studies have significant importance in the food industry. Food processing
activities such as mixing, dispersing, pumping, dosing, spraying and extrusion benefit greatly
from rheological studies. A comprehensive understanding of the flow and deformation
behavior of food materials during these operations enables manufacturers to optimize
equipment design, modify process parameters, and ensure the efficacy of food production.
Monitoring the rheological properties of food products enables manufacturers to evaluate
product stability, identify changes in texture or viscosity that may indicate deterioration or
decomposition, and maintain quality consistency over extended periods. Therefore,
rheological research in food science is closely linked to the development of food products and
has implications for industrial food production, domestic cooking, and food consumption.
[79].

Rheological studies are extremely important in the paint industry [80,81] and influence

paint production and performance at various phases. The rheological characteristics of paints,
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such as viscosity and thixotropy, have a substantial impact on their flow behavior, leveling
ability, and sag resistance during application. By carefully tuning the rheological properties,
manufacturers can achieve the desired consistency and workability of paint formulations,
assuring a smooth and uniform application on a variety of surfaces. Additionally, rheological
measurements also help in optimizing the flow behavior of paints, ensuring proper film
thickness and minimizing defects like brush marks or roller streaks. Understanding the
rheology of paint and its related products helps in avoiding problems like sedimentation or
phase separation, which ensure its longer life.

Apart from the above mentioned industrial applications, rtheology has fundamental
relevance. Here, we will investigate fundamental rheological behavior, such as the yielding
and flow behavior of systems of two well-accepted smart materials i) thermo-responsive
PNIPAM microgel particles and ii) Sunset Yellow (SSY) chromonics. PNIPAM microgel
particles are spherical, and their colloidal suspensions exhibit isotropic behavior. Due its
responsive nature, PNIPAM microgel particles are well accepted in the field of pharma and
drug delivery. The SSY chromonic molecules are disk-shaped, which show anisotropic
properties. Being a food dye, SSY is extensively used in the food industry. Since both the
above mentioned viscoelastic systems are widely accepted in various industrial areas,

studying their rheological behavior is highly important.
1.1.7 Yielding behavior of hard sphere colloidal glasses

Colloidal suspensions are viscoelastic in nature. The properties of viscoelastic materials
lie between that of ideal elastic solids (follow Hooks’ law of elasticity, ¢ = Gy, where o is
stress, y is strain and G is the shear modulus) and ideal viscous liquids (follow Newton’s law
of viscosity, @ = ny, where 1 is the viscosity) [32]. The viscoelastic response is generally
expressed in terms of storage/elastic modulus (G') and loss/viscous modulus (G""). G’

describes the elastic properties, whereas G’ describes the viscous properties of the material.
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If G' > G" in a viscoelastic material, then material is predominantly elastic and shows solid-
like behavior. Whereas, if G'" > G’ then material is predominantly viscous and exhibits
liquid-like behavior. Both G’ and G"’ can be measured by deforming the viscoelastic material
using an oscillatory shear of the form y (t) = y,sin (wt). Where w represents the oscillation
frequency and y, represents the amplitude of deformation.

A typical strain sweep measurement (with fixed w and varyingy,) performed on an HS
suspension close to glass transition is shown in Fig. 1.7. Both G’ and G"' exhibit a plateau for
low y,, which essentially indicates the linear deformation regime of the colloidal suspension.
However, beyond the linear regime of the sample, G’ and G' starts varying with y,.
Eventually, above a critical strain (strain at which G’ = G", called yield strain) the suspension
transforms from a solid-like ordering (G’ > G'") to liquid-like ordering (G > G') by the
process called yielding [83]. It is reported that in the case of HS colloidal glasses where
particles are caged by nearest neighbors, yielding happens through irreversible rearrangement
of colloidal particles (cage breaking) when subjected to external shear [83,84]. During
yielding, G’ undergoes amonotonic decrease with an increase in y, while G'' exhibits a peak.
G'" shows peak at y,~10% where colloidal particles rearrange irreversibly (breaking of

nearest neighbor cage), suggesting that the peak in G"’ is associated with cage breaking.
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GH’

G',G" (Pa)

Yo(%)

Fig. 1.7. Schematic diagram showing the single step yielding (marked by arrow) of dense HS colloidal glass.
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A peakin G" is a distinctive feature of soft glassy materials [82-85]. The rheological
model of soft glass [85] states that the peak in G’ arises as the colloidal particles experience
activated barriers from the nearest neighbor cages during the shear flow. Later, Miyazaki et
al. [82] reported that the peak in G’ is a generic feature of materials with slow relaxation
times and can be present even in the absence of activated barriers. Further studies have
revealed that the peak in G"’ arises due to a decrease in the relaxation time of the materials
with an increase in shear rate [82,86]. In the case of HS glasses, this relaxation time
specifically refers to alpha or slow relaxation time 7. For a given shear rate, y the apparent

relaxation time T can be expressed as,

L= Ly (1.12)
a

TYo T

Where y o(= yow) is the shear rate, v represents an exponent and K stands for a constant. The
: P |
peak in G''occurs at which Yo~

The frequency sweep measurements (for a constant small y) performed by varying the
angular frequency, w are generally used to determine the relaxation times in the colloidal
suspensions. Small y,ensures that the material is deformed linearly and within the plateau
regime. The material’s stress response in terms of G'and G’ under linear deformation by
frequency sweep is schematically shown in Fig. 1.8. Suspension will be completely relaxed
(G" > G") at small w thereby indicating liquid-like ordering. Upon increasing w, both
G'and G'"' increase and intersect each other at w,, which is the alpha relaxation frequency. At
this frequency, the corresponding shear rate yo(=yow,) equals to the invers of alpha
relaxation time (1/7,). Above the cross-over frequency w,, G' dominates over G’ (i.e.G' >
G'") with maintaining a constant value whereas, G'’ starts to decrease leads to the appearance

of apeak. G"' continuous to decreasetill w = wpg (beta or fast relaxation frequency), where it

attains its minimum and again starts increasing beyond wg. However, athigher w, both the
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G'and G"' increase by exhibiting a power law behavior. 7, and 7g in the colloidal glasses can
be calculated from the peak and minimum in G"'. When the colloidal glass undergoes
significant deformation with large y, the peak in G'' (depicted in Fig. 1.8) shifts to higher w

due to decrease in 7, with increase in y,[82,86].

G (w),G" (w) (Pa)

w (rad/s)

Fig. 1.8. Schematic showing the typical linear viscoelastic response of a colloidal glass under frequency sweep. w,, and
wg stand for the alpha and beta relaxation frequencies of colloidal glass.

1.1.8 Yielding behavior of attractive colloidal glasses

Apartfrom the cagingof nearestneighbors, the colloidal particles of attractive glass (AG)

are bonded by attractive interactions. Hence, the yielding behavior of AG differs from that of
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Fig. 1.9. Schematic diagram showing the two-step yielding (marked by arrows) of attractive colloidal glass.
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hard sphere (HS) glass. While HS glass yields by exhibitinga single peak in G"' (Fig. 1.7), AG
is observed to yield by exhibiting two peaks in G'' (Fig. 1.9) [87]. The kinetic arrest of
colloidal particles in AG is reported to be due to the caging of nearest neighbors and bonding
due to attractive interaction. The occurrence of two peaks in G" in the yielding of AG is
interpreted by Pham et al. [87]. According to Pham ef al. the first peak at lower strain is due
to the breaking of interparticle bonds, while the second peak at higher strain is attributed to

the rupturing of topological cages formed by nearest neighbor particles.

1.2 Liquid crystals

Liquid crystals (LCs) are the states of matter that lie between purely disordered (isotropic
) liquids and three-dimensionally ordered solid crystals. The molecules in the LC state show
long range orientational order apart from 1D or 2D positional order. Liquid crystalline
mesophases exhibit liquid-like characteristics, such as viscosity, surface tension, etc. At the
same time, they show solid-like characteristics such as anisotropy in optical (birefringence),
electrical (dielectric), and magnetic properties (diamagnetic susceptibility) [88,89]. They
exhibit elastic properties and are capable of transmitting torques. Their unique
thermodynamic, structural, rheological, and optical properties make them extremely useful
for various technological applications, including optical elements, display devices, medicine,
textile and food technology [90,91]. There are two primary classifications for liquid crystals:
thermotropic liquid crystals (TLCs) and lyotropic liquid crystals (LLCs). This classification
has been made according to the change in the thermodynamic variable that results in a phase
change. TLCs exhibit different mesophases based on variations in temperature and pressure
[92]. The basic buildingblocks of TLCs are generally individual moleculeswith distinct shape
anisotropy, like rods or disks. Due to their unique features, they have been successfully
implemented in display devices. LLCs are formed when lyotropic LC molecules dissolve in

a solvent, typically in water. The mesophases are formed in lyotropic LCs due to change in
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solute concentration [93]. A key feature distinguishing lyotropic LCs from thermotropic LCs
is the self-assembly of lyotropic LC molecules into supermolecular structures, which serve as

the basic units for these mesophases [90,91].

1.2.1 Lyotropic Chromonic Liquid crystals (LCLCs)

In the past decade, following the initial research by Lydon, Attwood, Tiddy, and their
coworkers [94-96], there has been a significantrise in interest concerning a special type of
lyotropic LCs known as lyotropic chromonic liquid crystals (LCLCs). LCLCs offer a unique
combination of some of the advantages of lyotropic and thermotropic LCs. The unique
features of LCLCs make them distinct and offer promising applications [97-99]. Sandquist
reported LCLCs for the first time in 1915 and have attained significant attention in the last
three decades but are still an underexplored class of lyotropic liquid crystals [94,98,100,101].
A wide variety of materials, including drugs [94-96, 102], dyes [103-108], and DNA
nucleotides like guanosine derivatives [109, 110], can form chromonic liquid crystal phases.
The generic term "chromonic" derived from the antiasthmatic drug "disodium cromoglycate
(DSCGQG)", which remains the most extensively investigated compound within this category
[111,112]. The name "chromonic liquid crystals" was considered to be appropriate, as it
fortunately combines connotations of color (referring to dyes) and chromosomes (referring to
nucleic acids). The fundamental structural unitin LCLCs has a distinct geometry compared
to the spherical or cylindrical micelles and bilayers formed by amphiphilic molecules in the
traditional lyotropic LCs. LCLC molecules contain a disk-like or plank-like rigid aromatic
core surrounded by hydrophilic ionic or hydrogen-bonding solubilizing groups at the
periphery. When dissolved in water, chromonic molecules tend to stack on top of each other
(known as H-aggregation) while leavingthe solubilizingionic groups at the interface between
the aggregates and water [94, 113, 114]. A schematic view of LCLC molecular stacking is
given in Fig. 1.10[111,112,103]. So far, the aggregation mechanism has primarily been
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attributed to the m — m interaction between the aromatic centres, while the surrounding

hydrophilic ionic or hydrogen bonding groups are responsible for solubility. This stacking
(a) (b)

Fig. 1.10. Schematics showing the stacking of the LCLC molecules forming cylinders in the (a) N phase and (b) M phase.
The director 7 in each schematic is shown by arrows.

arrangement of LCLC molecules has been confirmed by x-ray diffraction studies and
polarized UV-vis spectroscopic measurements on various LCLCs [103, 104, 112,115,116].

The typical stacking periodicity between the adjacent molecules in H-aggregates is
determined to be ~0.33 - 0.34 nm as measured by x-ray diffraction [103,104, 112]. However,
this stacking separation doesnot depend on the concentration of the chromonic and the phase
of solution, indicating that it is a fundamental characteristic of the chromonic aggregates.
When the polar groups within the LCLC molecules are fully ionized, the electric charge
density can become remarkably high, ym,q.r~6e/nm (where e represents the electron's
charge) in assumption thatone molecule is presentin the cross-section ofthe cylindrical stack.
The process of aggregate self-assembly in LCLCs is analogous to the mechanism leading to
the formation of worm-like micelles observed in surfactant molecule solutions. Unlike
lyotropic surfactant systems, LCLCs do not have any definite length value and also no critical
concentration of solution below which aggregates do not form. This feature distinguishes
LCLCs from traditional lyotropic surfactant systems which are characterized by critical

micellar concentration (CMC), the threshold concentration below which mesophases cannot
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be formed. The average size and organization of aggregates in the solution significantly
depend on factors like concentration, temperature, and ionic additives. As the concentration
of LCLC increases, the aggregates multiply, elongate, and align parallel to each other and
then form mesophases. A unit vector A with a property i = — canbe used to represent the
average orientation of these aggregates, which is generally called the director shown in Fig.
1.10. At higher concentrations, the aggregates can form orientationally ordered uniaxial
nematic (N) phase (Fig. 1.10(a)) and the positionally ordered columnar (C or M) phase (Fig.
1.10(b)) [94]. The labels N and M were assigned based on early polarized optical microscopy
(POM) studies on DSCG. The N phase of DSCG exhibits Schlieren texture resembling the
characteristic patterns seen in thermotropic nematics, while the M phase of DSCG displays
an optical texture similar to that of the hexagonal H1 soap phase [111, 112].

Among the captivating family of LCLC compounds, the aqueous solutions of chromonic
materials disodium cromoglycate (DSCG) and Sunset Yellow (SSY) emerge as promising
candidates. While DSCG has received considerable research attention, the potential of SSY
remains relatively underexplored. As an underexplored chromonic compound, SSY has been

chosen as one of the focal subjects of this thesis.

1.2.2 Sunset Yellow chromonics

The compound disodium salt of 6-hydroxy-5-[(4-sulfophenyl) azo]-2-
naphthalenesulfonic acid is commonly called Sunset Yellow (SSY). SSY is a synthetic azo
dye belonging to the class of azo chromophores, extensively used as a food colorant
[103,117]. Asafood dye, SSY is available in a much purer form than other textile dyes. Due
to its extensive applications in food and beverage products, SSY has emerged as the second
most studied LCLC after DSCG.

Figure 1.11 depicts the molecular structure of SSY in (i) OH form and (ii) NH form.
According to Park et al. and Chami and Wilson, the OH azo tautomer of SSY is considered a
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Fig. 1.11. Molecular structure of Sunset Yellow (SSY) compound in (a) azo form and (b) hydrozone form.

planar and disk-like molecule due to the presence of the N=N double bond. In contrast, the
NH hydrazone tautomer of SSY shows a flexible chain at the N-N binding site [118,119].
However, when the molecule is in water, both of these tautomers are expected to form
aggregates to reduce water exposure to their hydrophobic aromatic rings. In water, the
hydrophobic centers stack on top of each other via non covalent w — m interactions, thus
forming cylindrical aggregates with a stacking separation of ~ 0.34 nm [97,99,119,121-123].
The aggregates have a diameter of ~1 nm. The positive ions (Na™) at the periphery of the
molecules dissociate in water, producing charged aggregates with a maximum charge
density, ¥ max~ 6€/nm (e denotes the electron’s charge) [119,121]. In 2008, Park et al
reported the existence of liquid crystalline phases such as the nematic (N) and columnar (C)
phases in aqueous solutions of SSY [119]. The phase diagram of the aqueous solution of SSY
adapted from A. Yamaguchi [124] is shown in Fig. 1.12(a). The schlieren texture observed in
the nematic phase (32 wt % solution) under polarizing optical microscope (POM) is shown in
Fig. 1.12(b)

SSY has been the subject of intensive investigations due to its diverse and wide range of
applications. The pioneering work of Horowitz et al. in 2005 [103] reported the X-ray

diffraction and optical absorption measurements on aqueous solutions of SSY, revealing that
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aggregation occurs at all concentrations, with the aggregation number increasing with
concentration. These studies were continued by Edwards ez al. in 2008 [104], who reported

optical microscopy, X-ray diffraction and multinuclear NMR studies on the aqueous solution
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Fig. 1.12.(a) Phase Diagram of SSY adapted from A. Yamaguchi [124]. The LC phase of SSY depends on the
concentration (wt%) and temperature (°C). Isotropic-nematic coexistence and nematic-columnar coexistence phases are
represented by I+N and N+C respectively. (b) Schlieren texture observed in the nematic phase of SSY LC (32 wt %
solution) under POM.

and LC phases of SSY. The optical textures observed were nearly similar to those of aqueous
solution of DSCG, and the phase diagram exhibited a similar multi-peritectic form. The
prominent features of the X-ray diffraction patterns of the mesophases of SSY LC and DSCG
LC show similarities [97].

To gain a more profound understanding of the structure of the aggregates and LCLC
phases of SSY, Joshi et al. conducted a study investigating the effect of changes in dye
concentration, temperature and ionic additives using X-ray diffraction and POM techniques
[125]. They reported that the aggregation process in SSY LCLC is non-isodesmic according
to the concentration and temperature dependence of the scission energy [105]. Luoma et al
investigated the growth of SSY stacks in the aqueous medium using X-ray scattering and
magnetic birefringence [126]. In 2007, Prasad et al. [127] performed comprehensive studies

involving x-ray, rheological and dielectric investigations on SSY LCLC with and without the

27| Page



addition of salt. The authors observed a non-monotonic variation in the steady-state viscosity
at low shear rates, which was found to be qualitatively similar to the behavior observed in
worm-like micellar systems. This result is surprising because the chromonic systems are
typically considered to have non-micellar characteristics. In 2008, Park et al. [119] also
investigated the influence of salts on SSY chromonics. Their studies revealed two distinct
trends: (a) the addition of mono and divalent salts led to the stabilization of the N phase, and
(b)anincrease in pH resulted in the suppression ofthe N phase. X -ray measurements indicated
that the correlation length associated with the stacking was too short to explain the
orientational order based on the Onsager model. To account for this, the authors proposed
more complex aggregate structures containing "stacking faults," such as junctions with a shift
of neighboring molecules and three-fold junctions, based on DLS measurements, which
showed that the aggregates were larger than the correlation length. The atomic simulation
study of Chami and Wilson's [118] demonstrated head-to-tail stacking preference and
antiparallel dipole order of SSY molecules. These stacked structures were found to be
dynamic entities capable of rotational transitions (flips) between antiparallel and parallel
configurations. Renshaw and Day [128] studied the hydrodynamic behavior of Sunset Yellow
aggregates in isotropic solution by employing diffusion nuclear magnetic resonance (NMR)
methods. Theirresults revealed that the aggregates comprised of tens to hundreds of monomer
units at the examined concentrations. Also, the average number of molecules per aggregate
was calculated to be approximately 5 larger than previously reported [128]. Jones et al. [129]
studied the aggregate formation in SSY solution by employing changes in the 1H NMR
chemical shifts. The authors observed that low salinity levels in SSY concentrations led to
alterations in the size and shape of the aggregates, causing aggregation/disaggregation effects
occurring over four orders of magnitude of added electrolyte. Park ef al. [121] investigated

the condensation behavior of SSY in aqueous solutions containingpolyethylene glycol (PEG)
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and doped with NaCl salt, using various measurements techniques including optical and
fluorescence microscopy, cryo-transmission electron microscopy (cryo-TEM), spectroscopy,
densitometry and synchrotron X-ray scattering. The presence of PEG induces the
condensation of isotropic SSY solutions, resulting in the formation of a liquid crystalline
region. Additionally, PEG causes the separation of the nematic (N) phase into coexisting N
and isotropic (I) domains or the coexistence of the columnar hexagonal (C) phase and the
isotropic (I) phase. This observation was qualitatively explained by the depletion (excluded
volume) effects and suggests that salt-induced screening of electric charges at the surface of
chromonic aggregates results in two distinct effects: (a) an increase in the scission energy and
contour length of the aggregates, and (b) a decrease in the persistence length of SSY
aggregates [121].

Although SSY has been extensively studied for its optical and structural properties, the
realm of rheological characterization remains relatively unexplored except some basic
rheological studies mostly focussing on the shear rate dependent viscosity [126]. Rheological
studies on Sunset Yellow are of great significance in the food and beverage industries as they
provide crucial insights into the flow behavior and mechanical properties of SSY-containing
products. Understanding the rheological characteristics of SSY is essential for optimizing
formulations, enhancing product stability, and controlling textural attributes. These studies
enable manufacturers to tailor the viscosity, shear-thinning behavior, and gelation properties
of SSY based food and beverage products. Apart from this industrial importance, the unique
aggregation behavior and molecular organization of SSY in solution make it a compelling

subject for fundamental rheological investigations.

1.3 Motivation

The dense glass state of PNIPAM microgel suspension shows viscoelastic behavior. In

dense suspensions, the core-shell morphology of the PNIPAM microgel spheres is expected
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to influence their dynamics. DLS studies by Eckert ef a/l. [130] on dense liquid-like ordered
PNIPAM microgel suspensionsreveal thatthe dynamics of the microgel particles are affected
by their core-shell structure. Recently, Joshi et al. [70] reported short time sub-diffusive
behavior in the dense solid (disordered glass) state of PNIPAM microgel particles, which is
claimed to be due to the entanglements of dangling polymer chains between neighboring
particles. Though there exist recent rheological studies on the yielding behavior of dense
PNIPAM microgel suspensions by Joshi et al. [70] and Jathavedan et al. [131], a
comprehensive investigation is still absent to confirm the role of entanglements of dangling
polymer chains in the dense state of PNIPAM microgel suspension. To understand the role of
entanglements, we prepared dense glass samples of PNIPAM microgel particles (i) with
dangling polymer chains (core-shell (CS) PNIPAM microgel particles) (ii) without dangling
polymer chains (homogeneous core (HC) PNIPAM microgel particles). We study the yielding
behavior of these glass samples by Large Amplitude Oscillatory (LAOS) measurements and
the results are described in Chapter 3.

Lyotropic micellar systems are widely investigated for their flow behavior under shear
[132-135], whereas, the flow behavior of lyotropic chromonic systems is less explored.
Chromonic materials exhibit LC phases when dissolved in a solvent, particularly in water
called Lyotropic Chromonic Liquid Crystals (LCLCs). Sunset Yellow is a highly demanded
chromonic material, a food colorant that forms LC phases when dissolved in water. The
rheological response of SSY nematics is not well studied except for some basic shear rate
dependent viscosity measurements [127]. Recently, Baza et al. [136] studied the shear-
induced structure of the nematic phase of lyotropic chromonic liquid crystal of disodium
cromoglycate (DSCQG) in detail. Using various experimental techniques, they correlated
shear-induced microstructure and the director orientation as a function of shear rate and

provided insightful information. A systematic investigation of the rheological properties,
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especially the shear-inducedmicrostructuresand dynamics of the nematic phaseof SSY liquid
crystal, is absent. Towards this study, we prepare a nematic sample of SSY LC. The flow
behavior is studied for a range of shear rates. The results are interpreted with the help of in-
situ theo-microscopic images in Chapter 4.

Nearly monodisperse PNIPAM microgel spheres have been synthesized for carrying out
rheological studies in microgel colloidal glass which constitutes an isotropic soft matter
system. Additionally, to investigate the shear response in an anisotropic soft matter system,
we have chosen the liquid crystal system of SSY in water and the rheological measurements
were carried out in the nematic phase. The thesis is structured in the following way. The
details, including the synthesis of PNIPAM microgel particles with different morphology and
characterization, preparation of both isotropic microgel glass samples and anisotropic liquid
crystal samples of SSY/water solutions, are discussed in Chapter 2. Chapter 3 describes the
investigations on dynamics and yielding behavior of dense PNIPAM microgel glasses. The
flow behavior of SSY LC is discussed in Chapter 4. Chapter 5 discusses the summary and
conclusions of the investigations that are carried out using light scattering techniques and

rheology, key findings of the thesis and directions for future work.
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CHAPTER 2

SYNTHESIS METHOD AND EXPERIMENTAL
TECHNIQUES

This chapter discusses the synthesis and characterization of two types of soft matter systems
i) dense PNIPAM microgel suspensions and ii) SSY liquid crystals for their rheological phase
behaviourunder external stress. The theory and practical of experimental techniques used for
characterizing the phasebehaviour of dense PNIPAM microgel suspension andlyotropic SSY
liquid crystal is described. Aqueous suspensions of PNIPAM microgels were synthesized by
free radical precipitation polymerization with two different morphologies (i) core-shell
structure with dangling polymer chains (ii) homogeneous core with uniform polymer density.

Detailed method of synthesis and dense PNIPAM microgel sample preparations are

described. Further, the preparation of SSY liquid crystal sample and its phase confirmation

is discussed in detail. The rest of the chapter presents various experimental methods used to
probe the dynamics and rheological behavior of the above mentioned soft matter systems.

Details of dynamic light scattering (DLS), three dimensional (3D) dynamic light scattering
(3D-DLS),polarizing optical microscopy (POM), UV visible spectroscopy and rheology are

presented.
2.1 PNIPAM microgel suspensions
2.1.1 Synthesis of core-shell PNIPAM microgel particles by batch method

' I \ he batch synthesis of PNIPAM microgels is based on the one pot method

developed by Wu et al. [1] and adopted by several researchers [2,3] in order to

40| Page



synthesise core-shell PNIPAM (CS-PNIPAM) microgel particles. We have used the batch
method to synthesize nearly monodisperse core-shell PNIPAM microgel particles. The
synthesis method is depicted in Fig. 2.1. The monomer solution was prepared by dissolving
N-isopropylacrylamide (NIPAM) monomer and N, N’-methylene-bis-acrylamide (BIS) cross
linking agent in 250 mL of ultra-pure Milli-Q water (conductivity ~ 0.8 uS/cm). Sodium
dodecyl sulfate (SDS) was then dissolved in this monomer solution as a surfactant to control
the particle size. SDS generates spherical micelles in aqueous solution above the critical
micelle concentration (CMC), which contain monomer units and actas monomer droplets. By
changing the concentration of surfactant, the size of the microgel spheres can be adjusted [4].
The concentration of SDS influencesthe size of the micelle generated, thus the size of the
microgel particle [4]. The monomer solution was then filtered to remove any aggregates and
dust using a 0.2 um syringe filter and transferred into a 250 mL three necked glass reactor.
The solution was then heated to 70°C under vigorous stirring and application of gentle Ar gas

flow to prevent the inflow of oxygen. To initiate the polymerization, 5 mL of potassium

KPS solution

Hot bath

Ar gas
©
o
1@
-

Stirrer

— v .

Water

Fig. 2.1. Schematic representation of the experimental set-up used for the synthesis of CS-PNIPAM microgel particles by
batch method
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persulphate (KPS) was injected in to the monomer solution. At 70°C, KPS dissociates to
produce free radicals, which initiate the polymerization reaction. Within a few minutes after
injecting the initiator, the reaction mixture turns translucent, indicating the production of
precursor particles. Precursor particles are produced when the expanding chain attains a
threshold length. These precursor particles grow by adding to each other. During
polymerization, the cross-linker BIS connects the polymer chains, resulting in a network
structure of microgel particles. The polymerization is allowed to continue for 6 hours while
maintaining all the reaction conditions. After 6 hours, the turbid colloidal suspension of
PNIPAM microgel was brought to room temperature to stop the polymerization. The
concentration of chemical reagents used for the synthesis of PNIPAM microgel particles with

core-shell structure are summarized in Table 2.1.

Label NIPAM (mM) BIS (mM) SDS (mM) KPS (mM)

CS-PNIPAM 139 1.96 1.05 2.22

Table 2.1. Details of the chemical reagents used in the conventional synthesis of core-shell (CS) PNIPAM microgel
particles

2.1.2 Synthesis of homogeneous core PNIPAM microgel particles by semi-

batch method

We have synthesised PNIPAM microgel spheres with a homogeneous core (HC-
PNIPAM) in aqueous medium using a semi-batch method [5]. This approach is proposed by
Accario et al. [6] further used by Kwok ez al. [5] and Jathavedan et al. [7]. A schematic view
of the experimental setup is depicted in Fig. 2.2. This synthesis comprises of two stages. In
the first stage, the NIPAM monomer was dissolved in 55 ml Milli-Q water to prepare the

monomer solution. This monomer solution was then transferred into the three necked glass
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reactor through a 0.2um syringe filter. Meanwhile, the feed solution was preparedin a separate
two necked round bottom flask by dissolving NIPAM monomer and BIS cross linker in 6mL
Milli-Q water which was then degassed for half an hour. The monomer solution was then
placed on an oil bath whose temperature is setat 70°C. Ar gas purging is maintained in the
solution with intense stirring (1000 rpm). Polymerization was initiated soon after the addition
of 1 mL KPS solution which was prepared in Milli-Q water into the monomer solution. The
second stage was initiated four minutes after the initiation of the polymerization by feeding
the 6 mL of monomer solution (homogeneous mixture of NIPAM monomer and BIS cross
linker) at a rate of 100 uL/min using a micro pipette. After completing the feeding process,
the polymerization was terminated and the resultant turbid PNIPAM microgel suspension was
quickly brought down to room temperature by immersing the three necked flask containing

the suspension in an ice bath. The experimental verification of uniform polymer density in the

Feed solution«—

4

KPS solution

g

Monomer solution

Ar gas

i s
S - ——

Water

Fig. 2.2. Schematic representation of the experimental set-up used for the synthesis of HC-PNIPAM microgel particles by
semi-batch method
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PNIPAM microgel spheres synthesized by the semi-batch method was reported by Accario et
al. from the optical properties of PNIPAM microgel latex [6] and Jathavedan et al. from cryo-
TEM experiments [7]. Since previous studies have revealed the homogenous core structure
of PNIPAM microgel particles, we did not verify the homogeneous polymer distribution in
the HC-PNIPAM particles reported here. As we followed the identical procedure reported by
Accario et al. and Jathavedan et al., we assume that the PNIPAM particles are homogeneous
in nature. Later we show in chapter 3 that they behave differently from the CS-PNIPAM
sphere. The concentration used for the synthesis of homogeneous core PNIPAM microgel

particles are summarized in Table 2.2.

Label NIPAM (Mm) BIS (mM) KPS (mM)
Reactor Feed Reactor Feed Reactor | Feed
HC-PNIPAM
144.61 441.85 - 34.6 3.7 -

Table 2.2. Details of the chemical reagentsused in the semi-batch synthesis of homogeneous core (HC) PNIPAM microgel
particles.

2.1.3 Purification PNIPAM microgel suspensions

The purification of PNIPAM microgel suspensions to remove unreacted monomers, we
have carried out dialysis of synthesized suspension using cellulose tubing’s (Sigma Aldrich)
with a molecular weight cut off 14,000 g/mol against Millipore water (conductivity 0.8
uS/cm) for 2 weeks until the conductivity of dialyzed water goes below 1uS/cm. The purified
PNIPAM microgel suspensions are left in contact with mixed bed of ion exchange resins

(AmberLite® MB20, Sigma Aldrich) for further removal of ionic impurities.
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2.1.4 Preparation of dense PNIPAM microgel samples

Dynamic light scattering (DLS) measurements on dilute samples of core-shell and
homogeneous core PNIPAM microgel suspensions were performed using a particle size
analyzer (M/s Anton Paar GmbH, Germany) equipped with a laser source of operating at a
wavelength of 658 nm to characterise the purified microgel suspensions for their size and size
polydispersity. The DLS data were analyzed with Kalliope™ software. Table 2.3 displays the
measured average hydrodynamic diameter, dj, the size polydispersity (SPD) and volume
fraction, ¢. The theory of DLS technique and analysis of intensity- intensity auto correlation
function measured using DLS is described later in this chapter.

Dense samples of core-shell and homogeneous core PNIPAM microgel suspensions
(labeled as CS-PNIPAM and HC-PNIPAM respectively) were prepared by concentrating the
as prepared suspensions by centrifugation at 6500 rpm. When these dense samples were
diluted with known amount of Milli-Q water and kept undisturbed in glass vials for 24 hours,
the CS-PNIPAM sample exhibited iridescence under white light illumination (see Fig. 2.8(a)),
indicating crystallisation, whereas the HC-PNIPAM sample did not show iridescence,
indicating absence of crystallisation. The volume fraction (¢p) for CSPNIPAM crystalline
sample was calculated to be ~ 0.8 using the Bragg peak position determined from UV-Vis
spectroscopy [2] which is described in section 2.3.4. The volume fraction of dense HC-
PNIPAM turbid sample was independently measured as reported in ref [8,9]. The polymer
content (in g cm™3) in the aqueous suspension was determined by the drying method [9]. A
known amount of the PNIPAM microgel suspension s first dried at a temperature higher than
50°C and then weighted to determine the mass of polymer. Following the work reported in
ref [9], we considered that a particle is composed of 71 wt % of polymer and the rest is water
at 50°C. From the hydrodynamic particle diameter, d; measured by DLS at 50°C, the number

of particles was estimated as
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N, = Spobymer (1, 029 @2.1)

p T[dZ(SOO) Ppolymer 0.71pwater

Further volume fraction is determined using the equation
¢ = Npnd;/6V; (2.2)
Where V; is the volume of PNIPAM suspension taken for drying. For dense HC-PNIPAM

sample, ¢ calculated to be 0.89.

Sample CS-PNIPAM HC-PNIPAM
Hydrodynamic diameter, dj, (T = 20°C) 270 nm 1480 nm
SPD 11% 13%
Volume fraction, ¢ 0.80 0.89

Table 2.3. Sample details of CS-PNIPAM and HC-PNIPAM dense microgel suspensions

2.2 Sunset yellow (SSY) liquid crystals

2.2.1 Purification of Sunset Yellow (SSY) powder

The compound disodium salt of 6-hydroxy-5-[(4-sulfophenyl) azo]-2-
naphthalenesulfonic acid commonly known as Sunset Yellow (SSY) was purchased from
Sigma Aldrich with 90% purity. The chemical structure of the compound is shown in Fig.
1.11 ( chapterl, section 1.2.2). SSY was further purified by recrystallization from water and
ethanol [10-12]. Purificationwas carried out by preparinga 20 wt% solution of SSY powder,
Milli-Q water and ethanol (1:20 water to ethanol volume ratio is maintained). All the reagents
were mixed at a higher temperature (T~70°C) using a magnetic stirrer to ensure a
homogeneous solution. The mixture was then allowed to precipitate for one hour at room
temperature before being filtered through Whatman filter paper. Recrystallization and
filtering were repeated 3-4 times and finally the precipitates were dried for 48 hours in a

vacuum oven set at a temperature of 110°C.
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2.2.2 Preparation of Sunset Yellow liquid crystal (SSY LC) samples

SSY is known to exhibit liquid crystal phases with nematic ordering in the concentration
regime ~ 28 to 34 wt% at room temperature (see Fig. 1.12 (chapter 1, section 1.2.2). To
achievealiquid crystalline state, the requisite amount of SSY was dissolved in known amount
of Milli-Q water. The sample container was promptly sealed and the solution was sonicated
until it appeared homogenous. All the measurements reported in this thesis corresponds to 32
wt% aqueous solution of Sunset Yellow (hereafter called SSY LC), which displays nematic
phase [13]. A schematic view of the molecular arrangement in the nematic phase is displayed
in Fig. 1.10 (chapter 1, section 1.2.1). The time difference between the sample preparation
and any measurements was minimised to avoid concentration change due to evaporation of
water.

The sample cells for polarizing optical microscopy (POM) were prepared using glass
substrates (Imm thickness). The glass substrates are thoroughly sonicated using detergent
solution, acetone and distilled water. Further, these glass substrates are dried by keeping them
inside a vacuum oven set at 110°C for one hour. The dried glass substrates were attached by
a mixture of UV curable epoxy glue and silica beads of 5 um diameter. The thickness of the
cell was calculated using an interferometric approach with an Ocean optics spectrometer (HR
4000 CG-UV-NIR) [14]. The corresponding spectrum was analysed using Spectra-suite

software. The spectrum comprised of alternating maxima and minima, and the cell thickness

Aman
An - Am

(to) 1s calculated with the formula, t, = X %, where A,, and A,, represents the

wavelength corresponds to mt" and nt"* maxima orminima respectively. After measuring the
cell thickness, a drop of SSYLC sample was sandwiched between the glass substrates (see
Fig. 2.3) and then all four sides of the cell were sealed with epoxy glue to prevent water

evaporation from the sample. The sample’s texture was observed using a polarizing optical
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microscope (Olympus BX51)atroom temperature (7=249C). A typical texture of the nematic
phase of SSYLC is shown in Fig. 1.12(b) (chapter 1, section 1.2.2). Phase transition
temperatures were measured using a Metler (FP 90) controller with a heater.

Spacer Sample Glass substrates

—7

Fig. 2.3. Schematic diagram of sample cell for POM observations
2.3 Experimental methods

2.3.1 Light scattering technique

In colloidal suspensions, the length scale of interest ranges from ~100 nm to several
microns and the time scale ranges from ~ 107 %sec to ~ 103sec, hence, dynamic light
scattering becomes the appropriate technique to investigate their dynamics [15-17]. Basic
principles of operation, instrumental details and analysis methods of DLS techniques used for
the characterization and investigation of dynamics in transparent, turbid and non-ergodic

colloidal suspensions are discussed below.

a) Auto correlation based dynamic light scattering (DLS)

Dynamic Light Scattering (DLS), also known as quasi-elastic light scattering (QELS) or
photon correlation spectroscopy (PCS), is a non-invasive technique for determining the size
and size polydispersity of polymers and other colloidal particles in the submicron range
dispersed in a solvent. Colloidal particles in suspension undergo Brownian motion as a
consequence of non-compensated momentum transfer from solvent molecules upon collision
[16]. As a result, the intensity of the light scattered by these colloidal particles fluctuates in
time around an average value. The correlation between intensity fluctuations contain
information about the relaxation of density or concentration fluctuations in the systems, hence
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the dynamics of the colloidal particles. Density or concentration gradient decay through the
diffusion process. Diffusion of colloidal particles depends on the size of particle i.e., smaller
particles diffuserapidly and larger particles diffuse slowly, and also on the viscosity of solvent

through Stokes-Einstein relation as,

kT

dy = 5.0 (2.3)

Here D is referred to as the free diffusion coefficient as measured in DLS by measuring on
dilute (non interacting) samples. kg denote the Boltzmann constant, 7'is the temperature (in
Kelvin) and 7, is the viscosity of the solvent.

We measured the size and size polydispersity of the colloidal samples using a particle
size analyzer based on DLS technique (M/s Anton Paar GmbH, Germany, model: Litesizer™
500). Figure 2.4 displays schematic diagram of a simple DLS measurement setup.

Measurement specifications for Litesizer™ 500 are displayed in Table 2.4.

Technology Dynamic light scattering (DLS)

Light source Semiconductor laser of operating
wavelength 658 nm

Detection angles 159,909, 1750

Particle size (diameter) range 0.3nm- 10 um

Minimum sample concentration 0.1 mg/mL (lysozyme)

Temperature range 0 -90°C

Minimum volume of sample 20 ulL

Accuracy of measurements Better than +/-2% on NIST traceable
standards

Analysis software Kalliope™

Table 2.4. Particle analyzer Litesizer™ 500: Measurement specifications.
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<
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Correlator

Fig. 2.4. Schematic diagram of a DLS measurement set up

In general, any physical property, 4(?) which fluctuates over time shows two different
values at times t; and t, if time lag 7 is large (Fig. 2.5 (a)). Here t,=t; + 7. However, 4(?)
= A (t + 1) for small values of 7. The deviation of A(?) and 4 (¢ + t) increases as the value of
T increases. This means that, for small valuesof 7, 7 and 4 (¢ + t) are correlated and this
correlation disappears as the value of T becomes large as compared with the time period of
the fluctuations. The measure of this correlation is expressed by auto correlation function
(ACF) of the physical property, A(z) which decays from the maximum correlated value ((42))

to maximum uncorrelated value ({(4)?) (Fig. 2.5 (b).

(b)
@ ()
o s
L
< :
> (a2
bty t log T :

Fig. 2.5 (a) Fluctuation in A(?).T represents the time lag between t;and ¢,. (b) ACF of A(t).
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Auto correlation function (ACF) of A(?) can be defined as below [16,17],

(AA®@) = Jim - J AW At + D)dt (2.4)
where it is assume that the time average doesn’t depend on the starting time. The mean value
of the physical property, A(?) is given by,

4 = lim = [T A@t)dt (2.5)

T—oo T 0 ’
The discrete form of Eq. 2.5 is given by,
.1
AOA@) = lim 250, 4iA) o, 2.:6)

And the time average of A is given by,

(4) = lim 23" 4, 2.7)

nocon’ J=1

here A; represents the value of the property at the j thinterval and, T = N,At, t = jAt,and7
= mAt. The autocorrelation function decays from a maximum value of (4?) to a minimum
value of (4)?, and it is usually a single exponential decay. This can be expressed as,
(AAD) = (4)* + {(42) - (A} exp () (2.8)
where 7. indicates the relaxation time ofthe property otherwise knownas characteristic decay
time.
In the case of light scattering studies on colloidal suspensions, a laser beam is allowed to focus
on a small area of the colloidal suspension, and the light scattered by the suspension is
collected by a detector (Fig 2.4). Light gets scattered from each scattering point, and the
instantaneous scattered field is the superposition of all the scattered light.

Let us consider N, monodisperse colloidal particles suspended in a scattering volume v
and each of which comprises n scattering centers. If Ag is the scattering amplitude, then
scattered electric field ata scatteringangle 6 atany instantof time  from N,, colloidal particles

in the scattering volume vg [15-17] is given by,
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Eo(,8) = T.7, Xihy Asexp [id. 7y (8)] 2.9)
Where Fi,ai (t) denotes the position vector of the scattering center a; in the it" particle at any
instant of time .

The scattered intensity I;(q,t) and scattered electric field E(q, t) are connected by the
relation

I5(q, ) = |Eg(q,t)I2 (2.10)
Where ¢ is the scattering wave vector whose magnitude is given by,

q =4”T#Ssin (g) (2.11)
Here ug denotes the solvent refractive index and A represents the wavelength of incident laser
light source.

In a DLS measurement, the time dependence on the scattered light at a specific scattering
angle is evaluated by computing intensity -intensity autocorrelation function of the scattered
light. This is often accomplished with a digital correlator. The normalized intensity

autocorrelation function of scattered intensity can be defined as,

<Is(q,t)1s(q,0)>

@ (g.t) =
97 =—_ 5= (2.12)

For a system of N,, particles, the normalised electric field correlation function can be written

as,

<E*5(q0)Es(q,t)>
<Es(§,0)>2

gVt =f(qt) = (2.13)

For a large number of scatterers, E¢(q,t) is a Gaussian random variable, then intensity auto
correlation function may be expressed as [15-17] based on below assumptions,
1) Particle dynamics in the suspension are stochastically independent.

1) The amplitude of the scattered electric field follows a Gaussian distribution.
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the auto correlation functions of normalized intensity g(z) (g, t) and normalized electric field
g™ (g,t) can be connected through Siegert’s relation as follows

9@ =1+plg®@ 0l (2.14)
Here By is coherence factor which is ideally equal to 1. Moreover, By depends on the size of
the aperture positioned in front of the detector. Any variation in the size of the aperture results
in a reduction in the value of fBy.

In a dilute non interacting monodisperse system (gas-like disordered system), a colloidal
sphere undergoes free diffusion caused by Brownian motion with D, representing the free
diffusion coefficient. Then f(q,t) can be expressed as,

f(q,t) = exp(—q* < Ar?(t) >/6) = exp(—Doq?*t) = exp (—Tt) (2.15)
Where I' = Dyq?is the decay constant. The mean square displacement or MSD related to D,
as, < Ar?(t) > = 6Dyt. The free diffusion coefficient D, is used to calculate the
hydrodynamic diameter,dp, of a spherical particle through the Stokes—Einstein relation (Eq.
2.3)

For asize polydisperse suspension, I'has a distribution G (T). In this case f(q, t) can be written
as [18],

flq,0) = J; G() exp(~Tt) dT (2.16)

Laplace inversion of f(q,t)gives G(I') which can be further used to determine the
particle size distribution. Complex computations are required to determine the functional form
of the distribution. The cumulant approach is the most appropriate way for analyzing the
correlation function of polydisperse systems to obtain the fundamental information about
average particle size and size polydispersity of the suspension. The cumulant analysis is

usually performed by expanding In (f (g, t)) up to the third order:

In(f(q, ) = —Tt+ Z2e2 =234 2.17)
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Here T is the first cumulant which is connected to the average diffusion coefficient, D as
D = T'q?and the average diameter of colloidal particles is derived from D using Stokes-
Einstein equation. Whereas, second cumulant, k, determines the size polydispersity (SPD),

where SPD defined as the ratio of standard deviation in diameter to that of average diameter.

SPD can be calculated using second cumulant, using the equation SPD = 3@

MSD data as a function oftime can be fitted to apowerlaw (as givenin Eq. 1.11)as expressed
as, < Ar?(t) > « t¢. Particle dynamics is considered to be diffusive if @ = 1. Similarly,
particle dynamics is referred to be sub-diffusive if @ < 1 and super diffusive if a > 1[19].

As explained in Chapter 1, in the case of dense suspension of interacting particles, Dg
describes the motion of colloidal particles over shorttimes ( Tz K t < tg ) and D;describes
the motion over long times (t > tg). DLS measurements of diffusion coefficients are
dependent on g. Thus, MSDs for the short and long times can be defined as < Ar?(q,t) > =
6Dgs(q,t) and < Ar?(q,t) >= 6D, (q,t) respectively. Dy, Dg, and D; measured using DLS
technique, which characterise the self-diffusion of single particle in a suspension are described

in detail in chapter 1.

b) Cross-correlation based 3D dynamic light scattering (3D- DLS)

The simple Dynamic Light Scattering technique explained in the preceding section is
based on the principle of single scattering of light, in which photon scattered by a particle
reach the detector without being scattered by additional particles. However, multiple
scattering of light [20] causes a major problem in investigating the dynamics of the particle
in highly concentrated turbid suspensions where particle density or refractive index contrast
is reasonably high [21]. In such a scenario, dynamic light scattering techniques based on the

cross-correlation method, often referred to as 3D-DLS can be effectively used [22,23]. The
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3D-DLS allows to measure singly scattered light in the presence of multiply scattered light
and thus be utilized efficiently to describe the dynamics in turbid colloidal media.

In the present study, light scatteringmeasurements on turbid colloidal samples have been
performed usinga 3D-DLS setup (LS Instruments AG, Fribourg, Switzerland). Figure 2.6 (a)
shows a schematic diagram of a 3D-DLS setup which is equipped with a He-Ne laser source
operating at a wavelength, A = 632 nm. A single beam from the laser source is split into two
by a beam splitter (B). These beams are focused at the sample cell (SC) using a plano -convex
lens (L1). The sample cellis keptin a vatfilled with decalin which serves as an index matching
liquid. The sample temperature can be varied with in a range of 10°C to 60°C while
maintaining a stability of 0.1°C by circulating heat exchanger fluid around the vat. Due to the
overlapping of two laser beams at the centre of the sample cell, the intercept of the intensity
cross-correlation function will decrease from its ideal value 1. Acousto-optic modulators
(AOMs) can be used to increase the intercept of the intensity cross-correlation function. AOM
periodically allows one of the two beams by diffracting the other beam out of the sample cell
hence overlapping of the two beams is avoided. Beams that are diffracted from the sample

cell are then focused by aplano-convexlens (L2)placed atthe detector’s end. These diffracted

(a) (b)

B L1 Decalin Vat

Correlator

APD 2

Fig. 2.6. a) Schematic diagram of a 3D-DLS set up with cross correlation technique b) ray diagram showing scattering
geometry of 3D light scattering setup. B- Beam splitter; M- Mirror; AOM- Acousto optic modulator; SC- Sample cell; APD-
Avelanche photo diode; F- Fiber optic cable, L- Plano-convex lens
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beams are then carried by two single mode fibres (F1 and F2) and fed into avalanche
photodiodes (APD1 and APD2) which are capable of detecting even low-intensity light. Both
the sample cell and detectors are movable. The detector goniometer rotates from 5° to 150°
which corresponds to a ¢ range of 0.12 X 10°> cm~1 to 2.54 X 10°c¢m™~1 . Finally, the APDs
feed the scattered light intensity onto a cross-correlator, where it is processed and the results
are displayed on the monitor. The setup is aligned as per the procedure reported in ref. [24].

In a 3D light scattering method, two light scattering measurements are carried out
simultaneously using two laser beams with wave vectors k i1 and k i» and they intersect at an

angle ¥ at the centre of the vat (Fig. 2.6 (b). The scattered light from corresponding beams is
detected at wave vectors k s1and k s2 using two detectors, at two different planes. To make it
possible, two detectors are fixed on the goniometer so that both detectors detect the same
scattering wave vector with respect to the single scattered light, |G| = |I_c)i1| — |Esl| = |I_c)l-2| -

|I?52|. The scattered light intensities I; (g, t") and (I,(q, t" + ) measured by two detectors is

then correlated to determine the normalized intensity cross-correlation function, gg) (q,7)

which is denoted by the equation:

2

glz (q' T) — Il(q't )(IZ(q't +T) (218)

<l (@><L(q)>

Each detector detects light that has been scattered singly or multiple times. Light
scattered multiple times will arrive at the detector with different ¢. The intensity of light
scattered at the same ¢ is temporally correlated, whereas the intensity of light scattered at
different § is temporally uncorrelated. As a result, when the intensities from two detectors
are cross-correlated, multiple scattered components of light provide a constant background

while single scattered component of light contributes to the correlation. Siegert's relation is
used to determine f (g, t) from gl(ZZ) (q,7).

gg) (9.7) =1+ |Besrf(q,t) |2 (2.19)
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Where By is the effective coherence factor given as e = BB P12 With B, B and By,

are the coherence factors attributed to multiple scattering, instrument alignment and

commonality to two laser beams. For a turbid colloidal suspension, the time-averaged

intensity owing to singly scattered lightalone can be obtainedas 1(q) = |/ I;" 1! g one /g dilute
with ;7 and I} are the intensities detected at two detectors respectively [22].
¢) Non-ergodic analysis

Dense colloidal suspensions are known to be non-ergodic, i.e., the time averaged
intensity and ensemble averaged intensity of the scattered light (at a given q) differ from each
other. In the case of non-ergodic colloidal suspensions, it is observed that the time-averaged
9@ (q,t) shows different values when measured at different locations of the sample. To
obtain the true ensemble-averaged g(?) (q,t) one could average the time-averaged g (¥ (q,t)
from different sample locations. However, this method is time-consuming. Pusey and Van
Magen [25] have proposed a technique for determining f (q,t) for non-ergodic samples by

utilizing time-averaged g(? (q,t) measurements obtained at a single site within the sample.

As per which,
@)(q,t)-0?
y-1 +97at)-o;
flgt) = —+—7— (2.20)

with Y and of stands for the non-ergodicity factor and mean squared fluctuation of the
scattered light intensity respectively. These quantities are given as follows,

_<I(@)>g . 2 _ <P(@)>-<1(q)>* _

T <i(g)>T I <I(q)>2

9@ (q,0) -1 (2.21)

Here, < I(q) > and < I(q) > denotes the time averaged and ensemble averaged
intensities of scattered light. < I(q) > is determined by time averaged measurements at a

single site in sample. In contrast, < I(q) >g is determined by recording the scattered light
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intensities from various locations with in the sample which is achieved through the rotation
or translation of the sample while performing the measurements.

For dense turbid colloidal suspensions, field-field correlation function, f(q,t) canbe
obtained by cross-correlation methos[3, 26] which is given by

(2) _ @ 1/2
flg, o) =1+ i{[glz @H-0,,(2.9) 1] = 1} (2.22)

ﬁdilute

Here, non-ergodicity factor Y for dense turbid colloidal suspensions were obtained according

to the non-ergodic analysis described in ref.[25, 27].

<I >
_ [ShlD>E<tz@>p (2.23)
< (@)>T<iy(q)>7
The sub-scripts E, T represent the ensemble averaged and time averaged scattered light

intensities respectively. Similarly, the digits 1 and 2 denotes the detector 1 and detector 2.
2.3.2 UV- visible - NIR spectroscopy

An Agilent Technologies Cary 5000 UV-Vis-NIR spectrometer was used to investigate
the structural ordering in dense microgel crystals by recording the Bragg diffraction from
these colloidal crystals. The schematic of a UV -Visible-NIR spectrophotometer is shown in
Fig. 2.7. In a UV-visible-NIR spectrophotometer, the incident wavelength is varied from UV
to the visible range and then to the near infrared (NIR) while maintaining a constant angle of
measurement.

The UV-Visible-NIR spectrophotometer used consists of double beam arrangement,
where a deuterium lamp and a tungsten halogen lamp are employed to achieve the UV region
and visible region respectively. Hence, the spectrometer works in a wavelength range of 3300
nm to 200 nm. Our UV-visible-NIR spectrophotometer is able to provide a minimum
resolution of 1 nm. Using a double monochromator, the composite light has been dispersed

into different components of wavelength. The incident light is split into two beams, termed as
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Fig. 2.7. Schematic diagram of UV-Visible-NIR spectrometer

sample beam and reference beam, using a chopper mirror. The beams passing through the
reference cell and sample cell are detected using two PMTs employed in the spectrometer,
where reference beamis used to cancel out any effect either from the sample cell or from the
solvent.

The dense suspension of CS-PNIPAM microgel suspension was observed to be
crystallized when kept undisturbed for 24 hours Fig. 2.8(a). All UV- visible spectra of
PNIPAM microgel crystals reported in this thesis were recorded in the normal incidence

mode, with samples taken in 1 mm path length quartz cells.

(b)

0.20

o
-
(4

Absorbance (a.u.)
o
=

0.05

540 560 580 600
A (nm)

Fig. 2.8. (a) Iridescence from CS-PNIPAM microgel crystals under visible light illumination, at 21°C. (b) UV-Visible
spectrum from CS-PNIPAM microgel crystals.
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Peaks in the absorbance spectra of PNIPAM microgel crystals Fig. 2.8(b) are caused by
Bragg diffraction of A that satisfy the Bragg condition,
nA = 2dpg i hmSing,. (2.24)
Here dpy, is the interplanar spacing between the crystal planes having miller indices (hkl) and
n represents the order of diffraction. For the normal incidence the glancing angle, 6, is set at
90° hence Eq. 2.24 becomes,
NAnit = 2d piilm (2.25)

and subsequent peaks emerge for A values satisfying the below condition,

hi+ki+15
Mgt = T——Ahakaly
hs+k5+15

The absorption spectrum of the fcc structure shows prominent peak that corresponds to

(2.26)

the (111) plane, whereas that of the hcp structure shows a prominent peak corresponds to the
(002) plane. The crystallization of PNIPAM microgel suspension into a fcc structure is
reported elsewhere [23]. The first Bragg peak position, Az corresponds to the (111) plane of

the fcc structure can be used to determine the particle number density, n, and interparticle

separation d,,,, as expressed below,

n, = g@@_ﬁ;)ﬂ A, = f(_) (2.27)

The results obtained by performing UV-Visible measurements on dense PNIPAM microgel

crystals are reported in Chapter 3.

2.3.3 Rheology

a) Fundamentals of Rheology

Rheology deals with the flow and deformation ofa material when subjected to an extemal
shear force. It is an important tool for probing the structure-property relationships in

viscoelastic materials, especially in pastes, polymers and other complex materials [28,29]. It
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is based on two essential quantities: first, a body's deformation (and connected to it the
deformationrate). Second, the tension on the body that is required to cause this deformation.
The most fundamental purpose of rheology is to measure and describe the relationship
between deformation and stress using constitutive models. Moreover, rheology can be used
as an analytical tool to explore the microscopic properties of a material if suitable models that
link the microstructure and macroscopic flow behavior are available.

Stress and deformation can be defined by employing the simple shear experiment in its
most basic, scalar version, as shown in Fig. 2.9. Consider a cuboidal object having height 4
and area 4 fixed on one side; a force F acting in the x-direction on the other side creates a
shear stress equal to the force normalised by the area 4; hence, the stress has pressure units.
If the object is in fluid phase, then the top side will move in the x-direction with a velocity,
v = dx/dt Normalizing length dx by height /4 yields the unitless quantity of deformation, y

known as strain.

X

1

Fig. 2.9. Simple shear experiment on a cuboidal object. The bottom plate is fixed while top plate is pulled by a shear force
F. The geometry independent rheological parameters can be defined as, stress (o) = F/4, strain (y) = dx /h and shear rate
(N =dy/dt =v/h
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_F
o== (2.28)

y=2 (2.29)
;=3 _ v
y="T=2 (2.30)

There are two idealised archetypes of material behavior that link o and y, (i) ideal elastic
solid, where o directly proportional to y that is defined by Hooke. The proportionality
constant G, known as the shear modulus (Eq. 2.31) and measured in units of Pa. Equation
2.31 is basically identical to the formula for a one-dimensional spring, in which force F' is
proportional to the elongation of the spring, dx.

o =Gy (2.31)
(i1) In the case ofanideal liquid, o is nota function of y butthe function of shearrate, y which
is the time derivative of y. According to Newton's law, the ideal liquid resists shear o, such
that o is linear in the shearrate y. The viscosity, n (Eq. 2.32) expressed in Pascal seconds,

Pas, quantifies this resistance.

o= ny (2.32)

b) The Maxwell model

Complex fluids in general, show an intricate combination of elastic and viscous
properties over a broad concentration and/or molecular weight range, making them behave
neither like Hookean solids nor like Newtonian liquids. Maxwell introduced a serial
combination of a Newtonian liquid and a Hookean solid as the simplest method for
incorporating elastic effects into a fluid. The Maxwell model is illustrated schematically in
Fig. 2.10., where the spring obeys Hooke’s law and dashpot obeys Newton’s law.

The differential equation for the Maxwell model can be constructed by considering that

stress in the spring (o) as well as in the dashpot (0,4) are equal, and the total strain (y;) equals
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to the sum of the individual strains (ys and y,; for spring and dashpot respectively). In

addition, the total shear rate (y¢) equals the sum of the individual shear rates (y5 and y y).

0= 0y (2.33)
Ye= Vst VYa (2.34)
Ye= Vst Va (2.35)

By applyingHooke’s law and Newton’s law, y can be replacedby 6/G and y scanbe replaced
by o /7. Plugging these expressions into Eq. 2.36, first order differential equation, Eq. 2.37
will be obtained. Equation 2.38 can be written from Eq. 2.3 7 where relaxationtime A, = /G
has been incorporated.

Ye= 6/G+a/n (2.36)
6 =Gy,—o/ (2.37)
For a measurement at t = 0 with a constant y,

o+ Ataa—j = ny (2.38)

Higher A; values indicate elastic response whereas lower A, values indicate viscous response.

Here 1 represents the zero-shear viscosity.

Fig.2.10. Maxwell model thatincorporates elastic effects for a viscous fluid: serial connection of a Hookean solid and a
Newtonian liquid.
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¢) Rheometer and measuring systems

The rheological properties of a material are investigated using a rheometer that applies
shear strain, y and measures material response in terms of shear stress, o or strain rate, y and
vice versa. The rheometer comprises of a measuring cell which is kept immovable and a
movable measuringtool which is eitherrotated or oscillated duringthe time of measurements.
Recently available theometers are capable of operating in both strain-controlled as well as in
stress-controlled mode. Rheometer set to operate in the strain-controlled mode measures the
material response in the form of stress, whereas, if the rheometer is set in the stress-controlled
mode, then the material response will be measured in terms of strain. We performed all the

rheological measurements in strain-controlled mode.

Fig. 2.11. Photograph of MCR-501 rheometer (Anton Paar, Germany)

We have performed all sets of rheological measurements using an MCR-501 rheometer
(Anton Paar, Germany) (Fig. 2.11). It is equipped with an electrically commutated (EC)

synchronised motor which operates on air bearings to produce the finest movements. A high-
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resolution optical encoder attached to the rheometer controls the angular deflection and
precisely measures very small angular displacements down to 0.1urad.

The current MCR rheometer is able to measure torque with in a range of 0.1 uNm — 230
mNm with a resolution of 0.001 #Nm, and it also supports a frequency range between10~>
to 102Hz. A normal force sensor is an important component of the MCR rheometer which is
connected to the air bearings. Depending on the sample behavior in the steady state and
dynamic state, the normal force sensor measures the normal force in both the upward
(positive) and downward (negative) directions.

Rheological measurements are controlled and analyzed using Rheoplus software. The
two plates of the measuring geometry (measuring cell and measuring tool) are separated by a
minimum gap which is governed by the TruGap technology of the rheoplus software. For
constant temperature measurements, a peltier based temperature controller along with a hood
is connected to the rheometer. This peltier temperature controller ensures measurements with
an accuracy of 0.02° C. For the proper functioning of the air bearings, an oil-free compressor
is connected to the rheometer. The compressor maintains a required amount of pressure in the
rheometer (5-8 bars). Additionally, an external chiller is also attached to the rheometer to
circulate water throughout the system in order to maintain the room temperature (25°C).
There are different types of measuring cells and measurement tools, such as parallel plates,
cone and plate, cup and bob, double gap, etc. However, appropriate geometry needs to be
selected based on the sample viscosity. In our rheological measurements, we used cone and
plate measuring geometry to perform oscillatory measurements on dense suspensions of
PNIPAM samples, whereas transparent parallel plates were used to perform steady state
rotational measurements on SSY liquid crystal samples. A brief discussion of these measuring

systems is given below.
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i) Cone and Plate measuring system

A cone and plate (CP) measuring system consists of two major components. A bob
having a conical surface (upper plate) and a fixed plate with a flat surface (bottom plate).
Figure 2.12 depicts a schematic illustration of a cone and plate measuring geometry. The cone
radius,R . and cone angle ¢ of the conical surface are the major factors affecting the accuracy
of the measurements.

The upper plate usually comes in two distinct radii, 12.5mm and 25mm. In the case of low
viscous fluids, measurements with 25mm geometry are more accurate than 12.5mm geometry.
This is due to the larger shear area provided by the 25mm geometry, which improves the

sensitivity to low torque or shear stress values.

Fig. 2.12. Schematic representation of cone-plate measuring system. The symbols indicate the following parameters: R,, -
coneradius, ¢ —cone angle, & - gap between top and bottom plates at the edge, H — cone truncation, () - angular frequency

A significant aspect of the CP measuring system is that, the shear rate is independent of
the radius of the geometry. Therefore, the shear rate is uniform across the entire gap of the
measuring system. This makes the CP system more reliable than parallel plate and cylindrical
measuring systems. When placing the sample on the bottom plate, the measurement position

(gap between the truncated cone tip and the lower plate) is always fixed in CP measuring
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devices. In the current studies on the dense suspension of PNIPAM samples, we used a cone

and plate measuring system with the following feature,

cone angle ¢ = 0.5°; cone radius R.=25 mm and cone truncation H=0.051mm
ii) Parallel plate measuring system

In the case of parallel plate geometry, both the upper and bottomplates are flat. The upper
plate is movable, whereas the bottom plate is fixed. The geometry of the plate is determined
by the radius, R, of the plate. Figure 2.13 shows a schematic of the parallel plate measuring
system. In a parallel plate measurement method, the gap between parallel plates " 4" must be
less than the plateradius R, i.e. h < R .. Unlike in the case of CP measuringsystem, the shear
rate varies throughout the entire gap of the measuring system; hence, shear rate values are
inhomogeneous. A fixed gap is not maintained between two parallel plates. Hence, it can be
utilized for the measurement of dispersed fluids containing larger particles. In the case of low
viscous fluids or larger particle samples, 25mm radius geometry is suggested for the accurate
rheological measurements. Generally, it is suggested that, the gap between the parallel plates

should be at least 5 times larger than the particle size.

Glass

Fig. 2.13. Schematic representation of parallel plate measuring system. Thesymbols indicate the following
parameters: R_- plate radius, & - gap between top and bottom plates, - angular frequency
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We have used a parallel plate measuring system of transparent glasses in the rheo-
microscopy experiments on SSY LC samples. Rheo-microscopy allows visual observation of
the internal structure of the sample while shearing. A detailed overview of rheo-microscopy
is discussed in the following section. For measurements with parallel plates, we have chosen
the following features,

Plate radius = 21.5mm and the gap maintained between the plates, / is 0.075mm.

d) Rheo-Microscopy

Rheological measurements, in general, offer data on macroscopic mechanical properties.
The mechanical characteristics, on the other hand, can be easily understood by analyzing the
microstructures, which can be viewed using a rheo-microscopy technique. The combined
investigation of microstructures and mechanical properties always provides a better and
comprehensive understanding of the sample [30]. Rheo-microscopy is also very effective for
studying complex fluids such as surfactant solutions, polymer solutions, colloidal
suspensions, polymerblends and so on. In the present study, we used a rheo -microscopy setup
built by Anton Paar, which can be directly connected to the rheometer. The rheo-microscope
apparatus includes a CCD camera, a microscopy tube and a long working distance objective
[30]. A schematic representation of the rheo-microscopy set up is depicted in Fig. 2.14.

For our measurements, we used a Nikon 20x objective with a numerical aperture (NA)
of 0.4. In addition, a parallel plate measuring system having plate radius of 21.5mm which is
made of glass is attached to the rheometer, that ensures the bottom plate (6 mm thickness) to
have a good mechanical stability. A polarized light is sent through the objective from the
bottom plate onto the sample. An analyzer is installed in the microscope tube before the CCD
camera. For focusing, the microscope tube ismovable in the y and z directions. A peltier hood
is employed to keep the temperature constant across the sample. The maximum temp erature

that can be sustained in this configuration is around 70°C.
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Fig. 2.14. Schematic diagram of in-situ rheo-microscopy (RM) setup. O, P and A indicates microscope objective,
polarizer and analyzer respectively. The images are captured in the reflection mode.

e) Rheological measurements

In the present studies, the MCR 501 rheometer is set to the strain-controlled mode which
can be operated either in oscillation or in rotational manner. Oscillatory shear is commonly
employed to characterise viscoelastic materials [29,31]. In this technique, both stress and
strain vary cyclically with time and sinusoidal variation is the most typically used (Fig 2.15
(a)). In an oscillatory measurement, an oscillatory strain is applied to the visco-elastic sample
and material properties such as storage (elastic) modulus G’ and the loss (viscous) modulus
G'" are measured [32]. These visco-elastic parameters are usually expressed in complex
domain as G* = G' +iG", where G' is the real part and G"' is the imaginary part of the

complex modulus G * (Fig. 2.15 (b)). As the relative contributions of the viscous and elastic
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responses of materials can be quantified, this is the preferred method for characterising visco-

elasticity.
b
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Fig. 2.15. (a) Phase difference, § between strain (y) and stress (o) for a visco-elastic material and (b) vector representation

of complex modulus (G*) for visco-elastic material

Depending upon the amplitude of shear, oscillatory measurements are categorized as 1)
Small Amplitude Oscillatory Shear measurements (SAOS) and ii) Large Amplitude Oscillatory
Shear measurements (LAOS). On the other hand, in rotational experiments shear viscosity is
measured with respect to the applied shear rate. The detailed descriptions of these

measurements are given below.

i) Small Amplitude Oscillatory Shear (SAOS)

In a dynamic oscillatory shear rheology, a visco-elastic material is allowed to flow by

applying a sinusoidal strain of the form y(t) = y,sin (wt). Where y, and w represent the
strain amplitude and oscillation frequency respectively. When y is sufficiently small such
that it lies in the linear viscoelastic regime of the material, the stress response of the material
is also sinusoidal with the same w. The stress response of the material is given by:
o(t, w) = oysin (wt + 6) (2.39)
Where o, represents the stress amplitude and § represents the phase angle between the stress
response and the applied strain. Eq. (2.39) can be divided into two parts that correspond to the
in-phase and out-of-phase of the input strain, as shown below.
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o(t, w) = o0y cos() sin(wt) + g, sin(8) cos(wt) (2.40)
o(t,w) = o'sin(wt) + o' cos (wt) (2.41)
Where o' represent the in-phase and o'’ represent the out-of-phase components of the stress
response.

The linear visco-elastic behavior of a material is characterized by its elastic modulus,

G'(= o'/yo) and viscous modulus, G" (= "' /yy). Where G’ is the in-phase component of
the stress response which talks about the elastic property of the material, whereas G'' is the
out- of- phase component of the stress response which describes the viscous property of the
material. Eq. (2.41) can be expressed as [33]
o(t, w) = yo[G'(w) sin(wt) + G"' (w) cos(wt)] (2.42)
In a typical small amplitude oscillatory shear (SAOS) measurement, both these shear moduli
(G',G'") remain constant up to a particular limiting value of y,. Below this limit, the
measurement is referred to as the linear rheology.

Two common tests performed on linear viscoelastic materials are the strain
sweep/amplitude sweep measurement and the frequency sweep measurement. During a strain
sweep measurement, the amplitude of the sinusoidal strain is increased and the response in
terms of G’ and G'' is measured, while the frequency, w remains constant. If G' > G"', the
material is mostly elastic, and if G'"> G', it is predominantly viscous. In highly concentrated
suspensions of colloids, the transition from elastic to viscous properties during deformation
is attributed to the onset of gelation or structural arrest caused by topological constraints. In a
frequency sweep measurement, w is increased while y, remains constant. Frequency sweep
measurements are performed to determine the relaxation times of the material under dormant

conditions.
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ii) Large Amplitude Oscillatory Shear (LAOS)

Although linear visco-elasticity or SAOS test is helpful for determining the relation
between the microstructure and the rheological properties of soft matter or complex fluids, it
is essential to remember that linear visco-elasticity is only applicable when the total
deformation is quite small [34]. However, in most of the cases, the deformation is large and
rapid (hence in the non-linear region) therefore linear visco-elastic characterization or SAOS
test is insufficient to completely study the sample response when undergoing nonlinear
situations. Furthermore, the linear visco-elastic tests (SAOS experiment) employ small strain
amplitude and hence this test has a poor resolution in differentiating complex fluids with
identical micro structures or molecular structures (e.g., linear or branched polymer topology).
Complex fluids exhibiting similar linear rheological behavior may show different non-linear
rheological behavior. This indicates that even if rheological experiments are only being
employed for material characterization, the linear visco-elastic properties may often be
inadequate. Non-linear visco-elastic characterizationis expected to provide significantly more
insight in differentiating these structural differences. Therefore, it is necessary to investigate
the non-linear visco-elastic responses of complex fluids in depth for several reasons.

For large strain amplitude, y, sample shows non-linearrheological response in the sense
that the amplitude of stress, gy not linear to y,. At this moment the non-linear stress response
of the sample becomes non-sinusoidal and it contains higher harmonics of the shear moduli
G), and G/, where subscript n stands for nt® harmonic. Hence, linear viscoelastic moduli
(G',G'") are not adequate to quantify non-linear stress response under LAOS conditions. The
stress response for a sinusoidal strain input, y(t) = y,sin (wt) with sufficiently large y, can
be expressed as,

o(t, w,¥0) = Yodin=135..[Gn (W, vo)sin(nwt) + G (w,y,) cos(nwt)] (2.43)
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As the stress response is symmetric with respect to shear strain or shear rate, i.e. the sample
response is same in both shear directions, only odd-harmonics are considered in the
representation [35]. To describe the non-linear response under LAOS, Lissajous-Bowditch
(LB) curves are extensively used. The cyclic variation of stress and strain can be observed by
plotting them against each other in the form of LB curves (Fig. 2.16). The LB curves for
perfect elastic materials (perfect Hookean solids) are straight lines, since stress and strain are
in phase (stress maximum when strain maximum). In contrast, the LB curves for perfect
viscous materials (perfect Newtonian fluids) are circles because the stress and strain are out
of phase (§ = m/2). In the linear regime, for a visco-elastic material, the stress strain LB
curve takes the form of an ellipse with a phase lag 0 < § < m/2, whereas under LAOS, the

LB curve becomes a distorted elliptical loop (Fig. 2.16).
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Fig. 2.16. Stress vs strain during a cycle for various materials. (a) elastic material, (b) viscous material, (¢) visco-
elastic material under SAOS and (d) visco-elastic material under LAOS

iii) Rotational measurements

In addition to the oscillation mode, the rheometer can be operated in rotational mode in
order to investigate flow properties such as shear viscosity of the material. Shear viscosity,n

is generally defined as the ratio between shear stress, o and shear rate, y. It is expressed as,
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n=< (2.44)

v
In general, materials exhibit three different types of steady state flow behavior with respect to
shearrate. These are known as Newtonian, shear thickeningand shear thinning flow behavior.
Newtonian flow behavior occurs when the viscosity remains constant with respect to the shear
rate. Variation of viscosity in response to shear rate results in non-Newtonian flow behavior
(either shear thickening or shear thinning). Shear-thickening flow occurs when viscosity
increases with increasing shear rate, while shear-thinning flow occurs when viscosity falls

with increasing shear rate [28,29]. These three basic types of fluid flow behavior are depicted

in Fig. 2.17.

v

14

Fig. 2.17. Schematic representation of shear rate vs shear stress plot for different fluids shows Newtonian, shear
thickening and shear thinning flow behavior

In arotational measurement, the upper plate rotates over the sample while the lower plate
remains stationary. In the case of cone-plate (CP) geometry ( Fig. 2.12), the cone (upper plate)
rotates at a rate proportional to the shear rate, y. The cone angle is kept small (¢ = 0.5%) to
ensure uniform shear rate [32]. The height between the bottom plate and the cone tip is h.

When sample is subjected to shear with an angular speed, (), then shear rate (experienced by
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suspension) is given by the equation, y = Q/tan(a). For small ¢,y = Q/¢. Therefore, the
shear rate depends only on the rotational speed and is constant throughout the sample. The
corresponding shear stress, o canbe expressedas 0 = 3M;/(2nR3) where M, represents the

applied torque for producing the given stress.

2.3.4 Polarizing Optical Microscope (POM)

A polarizing optical microscope (POM) serves as a useful tool for viewing and
photographing birefringent materials such as liquid crystals. A POM typically consists of two
linear polarizers: one is referred to as the polarizer, and the other as the analyzer. These
polarizers are oriented with their polarization axes perpendicular to each other. Further, a
rotating sample stage and a microscope objective is aligned along the optical path between
these linear polarizers. The light exiting the objective is observed using the eyepiece. A
charge-coupled device (CCD) camera can be placed at eyepiece to capture the images. Figure
2.18(a) depicts a schematic representation of the light's propagation through various

components of the microscope.

(a) (b)

A

Eyepiece Z

Analyzer

Aperture

Condenser lens Eﬁ

Aperture = N
Polarizer ™
Lamp

X

Fig. 2.18. (a) Schematic illustrating the path of light through different components of a POM. (b) Schematic
representation of uniaxial LCs between crossed polarizers
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In our study, we use Olympus BX51 POM for observing the textures exhibited by liquid
crystal (LC) phases. A Kohler illumination unit consists of a xenon lamp is employed for
uniformly illuminating the sample. Furthermore, the microscope is equipped with several
attachments such as an intensity controller, condenser, color filters, Bertrand lens, androtating
noise piece (Fig. 2.18(b)).

The illumination intensity / when a LC sample is viewed under a cross polarizers is given by
[36,37],

I = Iysin?(20)sin?(Z/2) (2.45)
where I, denotes the lightintensity after passing through the polarizerand @ denotes the angle
between director projection on the sample plane (x- y plane) with the analyser axis as seen in
Fig.2.7. The phase difference between the extraordinary ray (n,) and ordinary ray (n,) is
given by Z.

5 = T hnepst, (2.46)
Here t. represents the distance that light travels through a liquid crystal medium (cell
thickness) A denotes the wavelengthofthe lightand An,f r denotes the effective birefringence.

Depending on the value of = and ¢, LCs exhibit coloured textures and defects.
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CHAPTER 3

YIELDING BEHAVIOR OF DENSE PNIPAM MICROGEL
COLLOIDAL GLASSES

In this chapter, we discuss the dynamics and yielding behavior of dense PNIPAM microgel
colloidal glasses which were investigated under dynamic light scattering (DLS) and large
amplitude oscillatory shear (LAOS) respectively. The role of dangling polymer hairs on the
yielding behavior of dense microgel glasses were investigated and energy associated with
yielding has been determined. Two types of PNIPAM microgel spherical particles: (i) having
core—shell structure with dangling polymer chains and (ii) having only a homogeneous cross-

linked core were used for the study.
3.1 Introduction

lassy state is a disordered solid state attained when liquid is quenched or

compressed within a time scale smaller than the intrinsic structural relaxation time
of the liquid [1,2]. In atomic systems, where structural relaxation times are quite short (1012
sec),therefore, extremely fast quenching rates are required to obtain glassy state which is
practically quite difficult. Whereas, the relaxation time scales of colloidal systems typically
ranges from 10~° sec to 103 msec, hence their dynamics can be probed in the real time using
dynamic light scattering technique [3]. The investigation of colloidal glasses provides a
comprehensive understanding of behaviour of glassy relaxation and aging, which are common
to atomic and molecular glass forming systems. Even though there are fundamental

distinctions between these two types of glass-forming systems, studying the process of glass

79| Page



formation in model colloidal systems can shed light on the physics of atomic and molecular
glasses [4-6].

The realm of colloidal glass formed by hard spheres stands as a prominent subject of
rigorous examination, employing techniques light scattering and rheology. The glassy state in
HS suspensions is observed throughout the volume fraction range between ¢ 4= 0.58 and the
random close packing limit at ¢,.c,= 0.64 [7-9]. Introducing small amount of non-adsorbing
polymer to these HS induces a short-range depletion attraction between the colloidal spheres,
ultimately resulting in a kinetically arrested state recognized as the attractive glass. For the
glassy state, the dynamics atlonger time slows down drastically [10,11]. Slowingdown of the
particle dynamics at long times in hard sphere suspensions as the system approaches the glass
transition, is attributed to the trapping of particles within cages formed by their near neighbor
particles, leading to the kinetically arrested state [10]. Even before the liquid transforms into
glass, the particles begin to experience the effect of the cage when it is in a supercooled liquid
state. The particle motion in the supercooled liquid is diffusive both at short times as well as
long times and is characterized by long and short time diffusion coefficients D; and Dg
respectively. However, dynamics becomes sub-diffusive during intermediate times due to the
cage effect. Eventually, atlongtimes, dynamics become diffusive as the particles escape from
their cages. Typical behavior of the particle's mean square displacement (MSD) is depicted in
Fig. 1.6 (chapterl, section 1.1.5). The structural relaxation in the super-cooled liquid occurs
in two steps. The first step, known as fast or beta relaxation, happens at short times (due to
the intra-cage dynamics of the particles) whereas, second step, known as slow or alpha
relaxation, occurs atlongtimes (when particles escape their cages). As the system approaches
the glass transition (ie. with increase in ¢), the cages of nearby particles become increasingly
rigid, leading to an increase in the alpha relaxation time. This suppresses the long time

diffusion of particles. While long time dynamics (alpha relaxation) of hard sphere colloidal
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particles in the glassy state is arrested, short time dynamics (beta relaxation) persists with
diffusive particle motion [10].

In contrastto HS suspensions, PNIPAM microgel suspensions can be densely packed
beyond the typical close packed volume fraction of 0.64 due to their compressible [12]. In
these dense conditions, it has been observed that PNIPAM microgel suspensions having size
polydispersity (SPD) of 10% freeze into a kinetically arrested glassy state. Joshietal. reported
sub-diffusive dynamics atshorttimes from the DLS measurements [13]and two-step yielding
in rheological measurements [14,15] on dense suspensions of PNIPAM microgels.
Furthermore, Jathavedan et al. also investigated the yielding behavior of dense suspensions
of PNIPAM microgels having core-shell morphology and reported two-step yielding [16]. It
is worth noting that the occurrence of two-step yielding is typically associated with colloidal
glasses featuring attractive interactions. However, it has not been observed in repulsive
colloidal systems such as HS glasses and glasses of like-charged colloids. PNIPAM microgel
soft particles exhibit repulsive interactions (MH potential) below VPT [17]. Although there
exist repulsive interactions, dense PNIPAM suspensions display two-step yielding bevaviour.
This intriguing observation is specific to these soft deformable systems, and the underlying
yielding mechanism incompletely comprehended. The primary focus of this chapter is to
provide a comprehensive understanding of the influence of dangling polymer chains in the
yieldingmechanism of PNIPAM suspensions in their glassy state under dense conditions. The
yieldingbehavior orthe non-linearrheological behavior of dense PNIPAM microgel colloidal
glasses has been investigated by performing large amplitude oscillatory shear (LAOS)
measurements.

This chapter delves into the results of both linear and non-linear rheological
investigations conducted on concentrated suspensions of two types of PNIPAM microgel

spheres, viz., core—shell type having dangling polymer chains, referred to as CS-PNIPAM
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spheres, and the other type being spheres having a homogeneous core and without dangling
polymer chains, identified as HC-PNIPAM particles. Additionally, we have performed large
amplitude oscillatory shear (LAOS) measurements on concentrated suspensions comprising
of both HC and CS type PNIPAM microgel spheres. CS-PNIPAM microgel glass exhibits
two-step yielding process (characterized by two peaks in the viscous modulus (G'")) similar
to what was observed in attractive glasses. Whereas, HC-PNIPAM microgel glass exhibits
one step yielding (characterized by single peak in the viscous modulus (G'")) similar to that
was exhibited by repulsive colloidal glasses. Additionally, we studied the effect of
temperature on the yielding behavior of CS-PNIPAM and HC-PNIPAM microgel glasses. It
was observed that, upon increasing the temperature both the CS-PNIPAM and HC-PNIPAM
microgel glasses were transformed into the liquid state which is identified as the
disappearance of their respective peak(s) in G'' at the higher temperature.

Furthermore, the LAOSresponses have been depicted in the formof Lissajous-Bowditch
(LB) curves, wherein oscillating stress is graphed against the corresponding strain. LB curves
serve as a valuable tool for visualizing and interpreting viscoelastic non-linearities in a
broader context. We adopted the scheme proposed by Rogers et al. [18] to analyze the time-
dependent stress—strain data. This approach allowed us to gain deeper insight into the
processes such as elastic straining, yielding, flow, and dissipation. The rheological studies
presented here offer unambiguous evidence for the presence of entanglements between
dangling polymer chains between nearest neighbor microgel particles in the glassy state of

dense suspensions of CS-PNIPAM particles.
3.2 Experimental Details

With an aim to elucidate the role of dangling polymer chains on the yielding

characteristics of dense/ highly concentrated microgel suspensions in their glassy state, we
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have synthesized two types (one with core-shell type with dangling chains and other one with
homogeneous core) PNIPAM microgels using free radical precipitation polymerization
method [19] in aqueous medium. The synthesis procedure is provided in chapter 2. The
measured average hydrodynamic diameter dj, and the size polydispersity (SPD) of core-shell
and homogeneous core microgel particles using DLS technique described in Chapter 2 are
given in Table3.1. Dense PNIPAM microgel glasses were prepared by concentrating the
purified microgel suspensions of core-shell and homogeneous core particles as described in
chapter 2. They are labelled as CS-PNIPAM and HC-PNIPAM respectively. The volume
fractions of CS-PNIPAM and HC-PNIPAM were determined to be 0.80 and 0.89 (chapter: 2,

section: 2.1.4) respectively and they were used for the current studies.

Sample CS-PNIPAM HC-PNIPAM
Hydrodynamic diameter,d;, (at T = 20°C) 270 nm 1480 nm
SPD 11% 13%

Volume fraction, ¢ 0.80 0.89

Table 3.1. Sample details of CS-PNIPAM and HC-PNIPAM dense microgel suspensions

3.1.1. 3D Dynamic Light Scattering (3D-DLS) measurements

Dense suspensions of HC-PNIPAM and CS-PNIPAM microgel particles at
T=200°C appear turbid; therefore, we utilized a 3D-DLS instrument (M/s LS Instruments AG,
Fribourg, Switzerland) which employs cross-correlation technique using two light detectors
to determine single-particle dynamics in concentrated suspensions of CS-PNIPAM and HC-
PNIPAM in their glassy state. Experimental procedures are reported in our previously
published paper [14, 20]. The 3D-DLS instrument is equipped with 633 nm He—Ne laser and
two avalanche photo diodes (APD) as detectors and a multi-tau correlator, which can measure

particle dynamics spanning over 11 orders of magnitude in time starting from 12 ns. The
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intensity-intensity cross-correlation function gfz (q,t) measured using 3D-DLS is given by

Eq. 2.18. Here g denotes the scattering wave vector. Since colloidal glasses are non-ergodic

systems, we obtain the field-field correlation function, f (g, t) from measured gl(zz) (g, t) by
performing the non-ergodic analysis as described in chapter 2, section (2.3.1) [14,20-22]. The
f (g, t), thus measured, was then used to calculate the mean square displacement (MSD)
< Ar2(t) > of the particle using the relation [23] given in Eq. (1.11). The MSD as a function
of time is calculated using Eq. (2.15) and analyzed for characterizing the particle dynamics
by fitting MSD versus ¢ to the power law given by the Eq. (1.11). The nature of particle
dynamics in the colloidal glassy state of CS-PNIPAM and HC-PNIPAM microgel particles is
measured by performing 3D-DLS measurements, and the results are reported in the later

section of this chapter.

3.1.2. Linear Rheology and Large Amplitude Oscillatory Shear (LAOS)

measurements

Rheological experiments have been performed using an MCR 501 rheometer (M/s
Anton Paar GmbH, Germany). A cone and plate geometry having a diameter of 50 mm, cone
angle of 0.5° and cone and plate gap of 51 um, hasbeen used for all the measurements. After
mounting the sample, the exposed area around cone and plate was sealed with silicone oil
(viscosity~99cp) to prevent the evaporation of water during the measurements. Prior to each
measurement, the sample temperature was raised to 35°C (i.e. above VPT) to eliminate the
shear history. Subsequently, the sample was then cooled back to the desired measurement
temperature (20 = 0.1°C). Upon cooling, a waiting time of 15 minutes was implemented
before each measurement in order to achieve complete recovery of viscoelasticity of the
samples. We performed both linear and non-linear rheological tests on these dense
suspensions of CS-PNIPAM and HC-PNIPAM samples and the results are presented here. In
a linear rheological experiment, the sample is subjected to a variable oscillation frequency
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denoted as w while maintaining a constant small value of amplitude of oscillatory strain
denoted as Yo (=1%). The resulting oscillatory stress amplitude, g, is quantified in terms of
storage modulus, G’ and viscous modulus, G". Similarly, in a non-linear rheological
experiment, variable amplitude of oscillatory strain, y, is applied to the sample while
maintaining the oscillation frequency, w constant, and the resulting oscillatory stress
amplitude, gy is quantified. The stress, o (t) and strain, y (t) are connected by the relation
o*(t) = G*y*(t) (» represents complex quantities). Here G * represents the complex shear

modulus which is defined as G* = G’ + iG . The damping factor is defined as tan § (w) =

G,,(U))
G'(w)

and it can be used for characterizing the viscoelastic behavior as a function of driving

parameter. The non-linear rheological measurements on hard sphere colloidal glasses exhibit
aplateau in G'and G" for low y,. However, beyond a critical value of y (called yield point),
hard-sphere glasses exhibit yielding by showing monotonic decrease in G'and a peak in G".
The peak in G" is a signature of many soft glassy materials [24,25,26].

Non-linear rheology is a convenient method to understand the yielding behavior of
viscoelastic samples especially the glass samples [15]. Non-linear rheological measurements
are performed by means of Large Amplitude Oscillatory Shear, LAOS [27]. LAOS produces
a non-sinusoidal stress response against the explicit sinusoidal driving force. In the non -linear
regime, differential equations linking the stress and strain could still be linear, but the
coefficients could be amplitude-dependent [28,29]. Graphical representations such as
Lissajous-Bowditch (LB) curves have been employed to describe the non-linear response
which shows non-elliptic loop of stress curve. A popular method for analyzing LAOS data is
the Fourier-transform method, which utilizes the relative intensities of higher harmonics of
dynamic moduli and can serve as a measure of non-linearity [30,31]. Even though the Fourier
transform (FT) rheology gives quantitative information of non-linear responses, it is not easy
to convertthe information from FT to mechanical terminology. This limitation of FT rheology
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is resolved in the new analysis schemeintroduced by Rogers ezal. [18], where the deformation
cycle is interpreted in terms of straining, yielding, flow, and structural rejuvenation. This
decomposition offers insight into the physics of yielding and flow, and allows determination
of significant parameters such as the local cage modulus, static and dynamic yield stresses
[18,32]. The initial elastic straining during intracycle shearing is characterized by the local

cage modulus (G¢qge), Which can be defined as the instantaneous slope of the elastic

Lissajous-Bowditch curve at zero stress, o.

Geage = Z—;’ s (3.1)
The cage modulus (G.qg4e) together with the shear moduli (G', G") as a function of strain
amplitude, Yo is shown in Fig. 3.4. (section 3.3.2).

The process of yielding is associated with the LAOS parameters, static and dynamic yield
stress. Static yield stress, oy has been determined at the maximum stress overshoot, and
dynamic yield stress, g,,4 at the point of zero instantaneous shear rate. The system will be more
dissipative after yielding. The dissipated energy, Ep per unit volume during one complete
oscillatory strain can be expressed as

Ep=$ody (3.2)
K. van der Vaart et al. [32] constitute a direct relation between dissipation energy and LAOS
parameters as,

Ep =mogyo—0p (Uyd/Gcage) (3.3)
With an aim to calculate the energy associated with yielding, we have taken ma,y,as the
total mechanical energy supplied to the system, Erand oy (0yq/Geage) as the yielding energy,

Ey. The energy relation can be therefore written as follows,

ET: Ey+ ED (34)
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The yielding energy, Ey for dense samples of CS-PNIPAM and HC-PNIPAM suspensions is

compared in light of entanglement of dangling polymer chains between the nearest neighbor

particles, in the later section of this chapter.

3.3. Results and Discussions

3.3.1. Characterization of glassy state

The dense samples of volume fractions
listed in Table 1 did not show iridescence even
when kept undisturbed for several days at
temperature 7= 20 £ 0.5°C, implying they are
disordered state which could be glass-like or
liquid-like. In order to know these dense
disordered suspensions are solid like or not, we
have measured elastic modulus, G'and viscous
modulus, G"" by performing linear rheological
measurements over a wide frequency range
spanningover w = 1 rad/s to 70 rad/s, while
keeping the amplitude of oscillation, ygat 10%
and the temperature at 20°C. Frequency
dependence of G'and G'' for dense samples of
CS-PNIPAM and HC-PNIPAM are shown in
Fig. 3.1. Notice from Fig. 3.1(a) and Fig. 3.1(b)
that G’ is distinctly higher as compared to

G''and is independent of w implying thatat 7=

G'(w),6"(w) (Pa)

G'(w), 6" (w) (Pa)
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Fig.3.1 Linear viscoelastic response of glass samples
(a) CS-PNIPAM and (b) HC-PNIPAM in their glassy
state (y,= 10%). Arrows represent the approximate
position of the minimum in G” corresponding to the
beta relaxation frequency, wg. (¢) Schematic
illustrating the typical linear viscoelastic response of
colloidal glasses. w, and wg represent the alpha and

beta relaxation frequencies of colloidal glass.

20°C both samples are solid-like and are structurally disordered (no iridescence), hence are
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identified to be in their glassy-state [14]. Typical linear rheological response of a repulsive
colloidal glass over a wide range of w is now well known [24,25,33] and is shown
schematically in Fig. 3.1(c). Notice that G’ increases atlow w, exhibits plateau atintermediate
w and increases once again at high w. On the other hand, G"’ exhibits a peak at frequency, w,
followed by aminimum atfrequency wg (shownin Fig. 3.1(c)). Here, w4 and wg corresponds
to slow (also known as alpha) and fast (also known as beta) relaxation time scales respectively
of the colloidal glass [24,34]. a-relaxation arises due to the escape of the particle from the
cage of neighboring particles [34] and f -relaxation occurs due to the rattling of the particle
within the cage formed by nearest neighbors [4,35]. G'crosses at the peak of G'' and below
this crossing, sample exhibits liquid-like behavioras G''> G'. Beyond the cross over point
(i.e. beyond the peak of G'") sample turns solid-like with elastic modulus G'being more than
the loss modulus G"'. Joshi et al.’s [14] DLS measurements have shown that time scales of
alpha relaxation in dense PNIPAM microgel glasses are of the order of 100s, hence w, is
expected to be very small and falls outside the experimental measurement window of w (Fig
3.1) Thus, the frequency regime over which G’ and G"'are probed in our experiments (Fig
3.1(a)and Fig. 3.1(b)) includes minimum in G'' occurringaround 1 rad/s which is marked with
vertical arrow in Fig. 3.1. It can be seen from Fig. 3.1(a) and Fig. 3.1(b) that for both glassy
samples, G'exhibits plateau at low w and G'’ exhibits minimum (indicated by arrow in Fig.
3.1). These observations suggest that the linear rheological behavior of PNIPAM microgel
glasses observed at 7= 20°C is similar to that of repulsive colloidal glasses reported in the
literature [24,36].

Upon heating these microgel glasses to 30°C, G’ is found to be lesser than G"' for both
the samples (Fig. 3.1(a) and 3.1(b)) suggesting they have tuned liquid-like. This implies that
microgel glasses undergo glass to liquid transition (melting of microgel glass) beyond a

certain temperature. In order to identify the glass transition temperature, T , (the temperature
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at which a colloidal glass melts into a colloidal liquid upon heating or liquid solidifies into a
glassy state upon cooling), we determined the damping factor, as defined above, at yy=10%
as a function of temperature and is depicted in Fig. 3.2. As expected, the change in slope ata
specific value of 7T is a strong indication of change in state from glassy to liquid-like and
denoted as the glass transition temperature Ty. It can be seen from Fig. 3.2 that both CS-
PNIPAM and HC-PNIPAM dense microgel glasses exhibit a change in slope, at temperatures
26°C and 25.5°C respectively, suggesting the occurrence of glass transition at temperatures
26°C and 25.5°C, in dense microgel glasses of CS-PNIPAM and HC-PNIPAM samples with

volume fractions listed in Table 3.1.

0.50 7 0.8
@ CS-PNIPAM
O HC-PNIPAM - 0.7
0.45 |-
-4 0.6
0.40 - i 0.5
“Q <
=
So35| 104

-4 0.3

l~26°C Jo.2

0.25 1 A 1 A 1 A 1 A 1 M 0.1
20 22 24 26 28 30
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Fig. 3.2. tan 6 versus 7 for a fixed strain, y,= 10% for dense glass samples of CS-PNIPAM (closed circle) and HC-
PNIPAM (open circle) microgel particles. Left and right arrows indicate tand (Y-axis) for HC-PNIPAM and CS-
PNIPAM respectively.

3.3.2. Dynamical Strain sweep studies on dense PNIPAM microgel glasses

across glass transition
Having characterized the dense samples of CS-PNIPAM and HC-PNIPAM suspensions
for their glassy behavior at 20°C and for their glass transition temperatures upon heating, we

further subjected these dense suspensions to dynamical strain sweep (DSS) measurements
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with an aim to understand their yielding behavior. Experimental results reported in the
manuscripthave been repeated a minimum of three times. The results reported are completely
reproducible. The error bars are not shown in some figures as they are smaller than the size
of the symbols used in the figures. The strain amplitude, y is varied over a wide range from
1% to 1000% while keeping w fixed at 10 rad/sec and temperature at 20°C. The variation of
G' and G" as function of y is shown in Fig. 3.3. Note that G'is higher than G'' for both glassy
samples up to Yo = 20% and exhibit yielding beyond this value of y,. Further, notice from

Fig. 3.3, in addition to monotonic decrease of G’ with increase in y, beyond 20%, the loss
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Fig. 3.3. Yielding behavior of samples CS-PNIPAM and HC-PNIPAM in their glassy state. (a) Two peaks (marked
with arrows) in G (w) indicate two-step yielding in sample CS-PNIPAM at T = 20°C. (b) Single peak in G"' (w)
indicated yielding in single step in HC-PNIPAM sample at T = 20°C. Variation of G"as a function of y,with
increasing temperature, 7 for samples (¢) CS-PNIPAM and (d) HC-PNIPAM in their glassy state at w =10 rad/sec.

Arrows indicate the evolution of peak(s) in G''with increasing temperature.
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modulus G''for sample CS-PNIPAM exhibited two-peak yielding (i.e. two peaks in G"’, Fig.
3.3(a)), referred to as two-step yielding. This observation is consistent with reported by Joshi
et al. [14]. Whereas HC-PNIPAM glassy samples showed a single peak, referred to as single
step yielding (Fig. 3.3(b)) similar that observed in hard-sphere repulsive glasses.

During yielding, the cages are assumed to break beyond a particular strain called yield
strain and reform atzero instantaneous shearrate. G4 4 alongwith the G'and G "as afunction
of strain amplitude, y is shown in Fig. 3.4. In the linear regime, both overlap and in the non-

linear regime, Gcqge sustains. This indicates G¢qge dominates the suspension rheology.
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Fig.3.4. The apparent cage modulus (G4, ) as a function of strain amplitude, y, overlaid on the shear moduli (G, G )
data of Fig. 3.3 for (a) CS-PNIPAM and (b) HC-PNIPAM. In the linear regime, G,,4, coincides with G' whereas, it

sustains for larger values of y,.
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The schematic illustrations of two-step yieldingin CS-PNIPAM and single step yielding

in HC-PNIPAM samples are shown in Fig 3.5.

(i)

Yo(%)

Fig. 3.5(a). State (i) represents the unreformed state configuration of CS-PNIPAM microgel glass with R as reference
particle having entangled neighbors 1, 2, 5 and 6 and topological neighbors 1 —6. State (ii) shows that, upon application
of lower yield strain, entanglements with 1, 2, 5 and 6 are broken leading to first peak in G". State (iii) shows that,
upon application of higheryield strain, topological neighbors of R changes due to cage breaking, which leads to second
peak in G". Arrow indicates the increasing direction of strain.

(i)

v

Yo(%)

Fig. 3.5(b). State (i) represents the unreformed state configuration of HC-PNIPAM microgel glass with R as reference
particle having topological neighbors 1-6. State (ii) shows that, upon application of yield strain, topological neighbors
of R changes due to cage breaking, which leads to a peak in G”. Arrow indicates the increasing direction of strain.

Well prior to the study of yielding in soft PNIPAM microgel glass, Pham et al. [37]
reported two-step yielding in the case of attractive colloidal glass (AG) with volume fraction
¢ = 0.60, formed by sterically stabilized poly(methyl methacrylate) (PMMA) microspheres
dispersed in cis-decalin with added non-adsorbing polystyrene polymer (See Fig. 1.9(chapter

1,section 1.1.8). Addition ofnon-adsorbingpolymer is responsible for the depletionattraction
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between PMMA spheres. Suspensions of PMMA spheres serve as a repulsive hard sphere
system without the addition of non-adsorbing polymer. Pham et al. reported single step (i.e.
single peak in G'") yielding in hard sphere glass (RG), which is shown in Fig. 1.7 (chapter 1,
section 1.1.7). Despite interaction potential between CS-PNIPAM microgel particles being
repulsive [38], the suspension in its glassy state exhibits two—step yielding similar to that of
attractive glass. We believe this is due to the entanglement of dangling polymer chains
between shells of the neighboring PNIPAM microgel particles which are known to have a
core-shell structure [39]. In order to confirm that the entanglement of dangling polymer
chains between shells of the neighboring CS-PNIPAM particles occurs under dense
conditions, we performed 3D DLS measurements (as described in section 3.1.1) on the glassy
sample atg = 2.54 x105 cm! and keeping 7=20°C. MSD obtained from the measured field

correlation function as function of delay time ¢ is shown in Fig. 3.6(a).

s S -
@ CS-PNIPAM (a)
10" F O Hc-pnipam

< Ar2>/d,*?

T (usec) 13

Fig. 3.6(a). Mean square displacement, < Ar?(t) > in units of average hydrodynamic diameter, d,, versus delay time, T
showing particle dynamics in CS-PNIPAM (closed circle) and HC-PNIPAM (open circle) in their colloidal glassy state (7
=20 °C). Linesrepresent the fit to Eq. 1.11 at the shorttime regime. Up and down arrows indicate the time-scale (x-axis)
for microgel glasses of CS-PNIPAM and HC-PNIPAM particles respectively. Schematic (b) represents the cage of CS-
PNIPAM particles with entanglements of dangling chains between nearest neighbor particles in the glassy state and
schematic (c¢) represents the cage of HC-PNIPAM particles in its glassy state without the entanglements as there are no

dangling polymer chains.
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We notice that at short times the particle motion is sub-diffusive clearly providing
evidence for the existence of entanglements of dangling polymer chains between nearest
neighbors (see the schematic shown in Fig. 3.6(b)) of CS-PNIPAM particles under over-
packed (¢ > 0.68) conditions. It may be mentioned here that Joshi et al. also have reported
similar observations (two-step yieldingand sub-diffusivebehavior at small times) in PNIPAM
microgel glasses under dense conditions [14]. Rheological measurements on same samples
by Joshi et al. have showed two-step yielding [14] despite particle interactions being
repulsive.

Unlike CS-PNIPAM microgel particles, HC-PNIPAM particles are known to be
homogeneous in its polymer network and free from dangling chains on the surface, hence in
the over-packed colloidal glassy state rheological measurements are expected to show only
single step and diffusive behavior at small time-scales in the MSD versus delay time obtained
from 3D DLS measurements. We confirm this by synthesizing HC-PNIPAM microgel
particles with homogeneous core by adopting the synthesis procedure reported by Kwok et
al. [40]. The synthesis procedure is discussed in experimental methods section in detail [40].
It can be seen from Fig. 3.3(b) that microgel particles with homogeneous core showed only
single step yielding and MSD obtained from 3D DLS measurements carried outat g = 1.01
x10° cm™ and T = 20°C, showed diffusive behavior at short times (see Fig. 3.6(a), time
exponent o ~1.0), clearly providing evidence that under over-packed conditions the glassy
state of HC-PNIPAM particles differ from the glassy state of CS-PNIPAM microgel particles
in their rheological behavior (i.e. one step-yielding versus two-step yielding) as well as in
their MSD behavior at short times i.e. diffusive versus sub-diffusive behavior of particle
dynamics. Thus, rheological measurements together with 3D DLS measurements on the
glassy state of HC-PNIPAM and CS-PNIPAM microgel particles clearly reveal that dangling

polymer chains that exist in CS-PNIPAM microgel particles undergo entanglements with its
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nearestneighbors and are responsible for the observed two—step yieldingwhich otherwise was
reported only in attractive colloidal glasses [37].

Since both CS-PNIPAM and HC-PNIPAM are thermo-responsiveand undergo reduction
in its size upon increasing the temperature, the volume occupied by the particles comes down
at elevated temperatures leading to the melting of over-packed microgel glass into relatively
less dense colloidal liquid. Fig. 3.3(c) and (d) describe the G'’ versus yybehavior of CS-
PNIPAM and HC-PNIPAM microgel glasses upon increasing the temperature beyond their
glass transition temperature. The deswelling of CS-PNIPAM particles and the resulting
reduction volume fraction leads to the disappearance of entanglements between the nearest-
neighbor particles hence disappearance of two—peak structure in G'’ in the colloidal liquid-
state which can be seen in Fig. 3.3(c). Similarly, the single peak in G"’ also disappears (see
Fig. 3.3(d)) once the microgel glass of HC-PNIPAM particles melts into its colloidal liquid
state when temperature is raised beyond their glass transition temperature. Thus, the
rheologicalbehavior of densesuspensions of CS-PNIPAM and HC-PNIPAM particles in their

liquid-like state appears similar, but behave quite differently in their microgel glass state.

3.3.3. LAOS behavior and Lissajous curves

To gain detailed insight into the yielding behavior and energy associated with the
yielding of dense PNIPAM microgel suspensions, we investigated the raw data of stress
versus strain acquired atan angular frequencyof 10 rad/s duringan oscillatory cycle ata given
strain amplitude. The raw stress and strain data exported from the rheometer software was
smoothened by MATLAB® using a freely available LAOS data analysis package, MITlaos
(McKinley’s group; http://web.mit.edu/nnf/). The stress versus strain thus obtained for dense
CS-PNIPAM and HC-PNIPAM suspensions with parameters listed in Table 3.1 are
represented in the form of Lissajous-Bowditch (LB) curves and are shown in Fig. 3.7. Figure

3.7(a) to (c) show results for CS-PNIPAM glass sample, and Fig. 3.7(d) to (f) depict results
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for HC-PNIPAM glass, with increasing strain amplitude from left to right. In both cases, at
small strain amplitude LB curve is an ellipse(Fig. 3.7(a) and (d)) indicating linear stress
response of the samples. As strain amplitude increases beyond the linearregime (i. e.y¢>5%),
the LB curves for both CS-PNIPAM and HC-PNIPAM become distorted from the elliptical
nature (see Fig. 3.7(b) to (c) and (e) to (f)). These distorted LB curves indicate the presence
of higher harmonics of the moduli (G, G'’) and represent the non-linear stress response of
PNIPAM dense suspensions. Since the area enclosed by the LB curve gives the dissipation in
the viscoelastic system, it can be inferred from Fig. 3.7 that, both the samples dissipate more
in the non-linear regime than in the linear regime. For the further investigation of the non-
linear viscoelastic behavior of dense PNIPAM microgel suspensions, we adopted the analysis

proposed by Rogers et al. [18]. This approach provides a framework to analyse the intracycle
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Fig.3.7.LB curves for the CS-PNIPAM sample (a-c) with ¢ =0.80 and HC-PNIPAM sample (d-f) with ¢ =0.89. (a)
and (d) are in the linear regime of the samples (¥, < 5%) and (b), (c), (e) and (f) are in the non-linear regime of the
samples (¥, > 5%) with strain amplitude increasing from left to right. Open circle and closed circle represent static yield
stress as the maximum stress overshoot, and the dynamic yield stress at the point of zero instantaneous shear rate
respectively. Figures (a) to (f) correspond to 7=20°C.
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response of the elastic LB curves by decomposing it into the sequence of physical processes
such as elastic straining, yielding and flow behavior.

Yielding behavior of the dense microgel glass of CS-PNIPAM and HC-PNIPAM
particles is shown in Fig. 3.3(a) and 3.3(b), respectively. Upon application of shear beyond a
certain value of yy > 16% the suspension yield via breaking of entanglement (y,~ 20%) as
well as breaking of cage (Yo~ 60%) (referred to as two-step yielding which is shown in Fig,
3.3(a)). Meanwhile, HC-PNIPAM shows yielding by single step which is attributed to the
cage breaking at the yield point yo~ 20% (Fig. 3.3(b)). To gain further insight to the process
of yielding, we determined the static yield stress (ays ) as the maximum stress overshoot, and

the dynamic yield stress ( gy4 ) at the point of zero instantaneous shear rate as defined by
Rogers et al. [18] and applied by K. van der Vaart to soft and hard sphere suspensions [32].
Static yield stress, oys(shown as closed circles in Fig. 3.8) and dynamic yield stress,
Oyq (shown as open circles in Fig. 3.8) obtained from LB curves for CS-PNIPAM and HC-
PNIPAM dense microgel glasses are shown in Fig. 3.8(a) and (b) respectively. Notice from
the insets shown in Fig. 3.8(a) & (b) that for small values of strain amplitude y,< 10%, the
difference between the two yield stresses is too small, hence are expected to show overlap and
also signifies no yielding of the microgel system.

Only for strain amplitudes beyond y,>10% the two stresses become different, indicating
that yielding has occurred. These apparent yield stresses are generally associated with cage
breaking and cage reformation [18]. Notice that a clear difference between oysand gyq is
observed for strains higher than y¢ >50% (see Fig. 3.8(a) for CS-PNIPAM glass and y4>10%
for HC-PNIPAM glass indicating breaking and reformation of the nearest neighbor cage, in
agreement with earlier reported work [32]. However, notice an important feature only in the

case of CS-PNIPAM microgel glass that the difference between o, and 0,4 do exist with

some non-montonic variation for y, values between 20% to 50%. This feature being present
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in the case of CS-PNIPAM glass but not in HC-PNIPAM glass indicates that there exists a

yielding mechanism before the usual yielding that occurs due to cage breaking and

reformation. We attribute the yielding that is observed for yyvalues between 20% to 50% in

the case of CS-PNIPAM (Fig. 3.8(a)) in dense microgel glass to breaking and reformation of

entanglements between dangling polymer chains that exists between near-neighbors of CS-

PNIPAM microgel particles. Thus, dense suspensions of CS-PNIPAM microgel suspensions

yield in two steps (i.e., referred to as two-step yielding) one due to breaking and reformation

of entanglements between dangling polymer chains and the second one is due to the cage

breaking and reformation.
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Fig. 3.8. Static yield stress at maximum elastic stress (closed circle) and dynamic yield stress at instantaneous zero shear
rate (open circle) for (a) CS-PNIPAM and (b) HC-PNIPAM. Arrows represent the strain regime for CS-PNIPAM sample
where gradual difference between static and dynamic yield stresses can be observed. Inset: static and dynamic yield stress
determined in the entire deformation regime (a) for CS-PNIPAM and (b) for HC-PNIPAM. Dotted circles represent the
region of interest where g, and g,4 becomes distinct and indicates yielding. The lines drawn are guide to the eye.
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3.3.4. Energy of yielding and dissipation

Adopting the analysis of K. van der Vaart et al. [32] and that reported earlier by Rogers
et al. [18], we calculated the dissipation energy, Ep from Eq. 3.2 and Eq. 3.3. This Ep is then
compared with the dissipated energy reported by Donely ef al. [41] (see Fig. 3.9). It has been
seen that dissipation energy graph takes the same form of that reported by K. van der Vaart et
al. [32]. Further, the energy dissipated during yielding, Ey has been determined from the
LAOS parameters using Eq. 3.3 and Eq. 3.4 for dense microgel glasses of CS-PNIPAM and
HC-PNIPA M particles. In the case of CS-PNIPAM glass, it is expected that the

entanglements between the microgel particles reflect in the yielding energy.
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Fig. 3.9. Dissipated energy calculated (a) for CS-PNIPAM and (b) for HC-PNIPAM from the LB curve using the
equations 3.2 and 3.3 (E,) and dissipated energy calculated according to Donely et al. (2020) [41] (E,).
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With an aim to compare the energy dissipatedduringyielding, Eyhasbeen plotted against
the strain amplitude, yo and is shown in Fig. 3.10. It is evident from Fig. 3.10 that CS-
PNIPAM requires relatively higher energy for yielding as compared to microgel glass of HC-
PNIPAM spheres. Arrows in Fig. 3.10 for CS-PNIPAM represent the peaks in the yielding
energy, Ey corresponding to two y values at which yielding occurs (Fig. 3.3(a)). Also notice
from Fig. 3.10 that the height of first peak is higher than that of second peak. This implies
that the energy utilized for breakingthe entanglements (peak at yq~20%) is relatively higher

than the energy associated with cage breaking observed at y(~60%.
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Fig. 3.10. Strain amplitude, y, dependence of yielding energy, Ey for CS-PNIPAM (closed circle) and HC-PNIPAM
(open circle) at T = 20°C. Peaks in yielding energy (represented by arrows) of CS-PNIPAM are identified due to
entanglement breaking and cage breaking. The lines drawn are guide to the eye.

3.4. Summary

We synthesized two types of PNIPAM microgel particles, one with a core-shell (CS)
structure and the other with a homogeneous core (HC). By performing linear and non -linear
rheological measurements as function of frequency and strain amplitude on the dense

suspensions (¢ >0.64) of both types of microgel particles, we showed at 7=20°C the dense
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suspensions are in their glassy state which undergo melting in to a colloidal liquid state upon
increasing the temperature beyond their glass transition temperature. Non-linear rheological
measurements have shown that CS-PNIPAM glass exhibits two-step-yielding and HC-
PNIPAM glass shows single step yielding. Observation of two-step yielding along with sub-
diffusive behavior at small time scales in the glassy state of CS-PNIPAM particles and only
single step yielding and absence of sub-diffusive behavior in the glassy state of HC-PNIPAM
particles, provide unambiguous evidence for the existence of entanglements between dangling
polymer chains in the shell of near neighbor CS-Particles under dense conditions. LAOS
measurements on these dense microgel glasses also showed two-step yielding in the CS-
PNIPAM sample and single step yielding in the HC-PNIPAM sample. Further the yielding
energy estimated by analysing the LB curves recorded on CS-PNIPAM and HC-PNIPAM
microgel glasses provided insight on the energy scales associated with breaking and re-
formation of entanglements that exist between dangling polymer chains and cage breaking
and re-formation responsible for observed two-step yielding and usual single step yielding in

the respective dense microgel glasses.
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CHAPTER 4

SHEAR-INDUCED FLOW BEHAVIOR OF LYOTROPIC
CHROMONIC LIQUID CRYSTALS

This chapter describes the shear-induced flow and dynamics of the nematic phase of Sunset
Yellow lyotropic chromonic liquid crystal. The flow curves (stress (a)-strain rate (y) curves)
has been determined at different temperatures, exhibit unusual near plateau regime at
intermediate shear rates. The dynamic stress fluctuations in the near-plateau regime are
studied, and further, the non-monotonic flow curves and the stress dynamics are corroborated

using in-situ rheo-microscopy.
4.1 Introduction

S hear induced flow behavior of soft-matter systems driven out of equilibrium by
external shear is a fascinating domain of rheology. The soft matter systems of
worm-like micells have been extensively investigated over the past few decades to understand
their shear induced responses. It has been reported that micellar systems under external shear
show various responses such as structural changes [1], phase transitions [2], rheochaos [3,4],
birefringence [2], stress dynamics [3,4], etc. In which the stress dynamics constitute the
primary feature shown by worm-like micellar solutions under shear. The stress dynamics in
worm-like micellar solutions are deeply studied by Ganaphy et al. [3] and Sood et al. [4].
These authors report that the instability due to flow-concentration coupling in the shear flow

for a particular range of shear rates is responsible for the observed stress dynamics [3,4].
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Although shear-induced microstructures and flow dynamics of micellar systems have
been well-studied, they were relatively underexplored in the case of liquid crystal systems.
Very recently, Praveen Kumar et al. has reported shear induced flow and dynamics in
thermotropic LC [5]. The authors reported non-monotonic flow behavior with three dynamic
stress regimes (a non-Newtonian flow regime at low shear rate, a near plateau regime at
intermediate shear rate and a Newtonian regime at high shear rate) in certain temperature and
shear-rate range. The near plateau and stress oscillations observed in the intermediate shear
rate regime resembles with that reported in worm-like micells. However, no visual evidence
was provided in confirming the observations.

Unlike thermotropic LCs, lyotropic LCs were poorly investigated for their rheological
responses. Very recently, Baza et al. have studied the rheological properties of disodium
cromoglycate (DSCG) chromonic liquid crystal in detail [6]. Using polarizing optical
microscope and wide-angle X-ray scattering techniques they correlated the director
orientation and shear-induced microstructure. The study provided insightful information on
the director dynamics such as the formation of logrolling state in region I (y < 1s71),
occurrence of singular disclination loops in region II (1 s~ <y < 10 s~1) and evolution of
periodic stripe-like textures in region III (y >10 s~1). Although several experiments on SSY
and salt added systems have been reported [7-13] the microstructures, director dynamics and
correlations to the flow properties of pristine SSY are unknown. With this motivation, we
have chosen SSY to study rheological properties.

In this work, we systematically investigate the rheological properties of the nematic
phase of SSY liquid crystal, focusing mainly on the shear-induced microstructures and
dynamics. We obtain three distinct flow regimes R1, R2 and R3 at different shear rates. It

exhibits Newtonian flow behavior at low and high shear rates (R1, R3). In the intermediate
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shear rate (R2) it shows a non-Newtonian response with temporal stress fluctuations under

steady shear.
4.2 Experimental Details

SSY purchased from Sigma Aldrich was purified using a precipitation method [14, 15].
The chemical structure of the compound in the azo as well as in the hydrazone form is shown
in Fig. 1.11 (see chapter 1, section 1.2.2). The liquid crystalline state was obtained by
dissolving the requisite amount of SSY in a known amount of Milli-Q water (resistivity
greater than 18M Q.cm). The sample container was immediately sealed and sonicated until
the solution appeared homogeneous. All the measurements performed in this study have been
carried out on 32 wt% aqueous solution of SSY which exhibits the nematic phase at room
temperature [12]. A schematic arrangement of the disc-shaped molecules in the nematic phase
is shown in Fig. 1 (c). The texture of the sample was observed using a polarizing optical
microscope (Olympus BX51) atroom temperature (7=24°C). For this purpose, the sample
cells were prepared by sandwiching a drop of SSY liquid crystal between two glass slides (1
mm thickness) separated by 5 um spacers. The edges of the cell were sealed using epoxy glue
to preventevaporationof water. A typical texture of the nematic phaseis shown in Fig. 1.12(b)
(see chapter 1, section 1.2.2)

A strain-controlled rheometer (MCR 501, Anton Paar) equipped with a rheo-microscope
(RM) module was used to simultaneously perform rheological measurements and for in-situ
imaging of the sample (Fig. 4.1). The RM module consists of a monochrome CCD camera
(model: Lumenera), a microscope tube with a polarizer, an analyzer and a long working
distance objective (NA = 0.4, 20X, Nikon). Two parallel glass plates of thickness 6 mm and
diameter 43 mm separated by a gap of 0.075 mm were used for the flow curve measurements

and rheo-microscopy. Each measurement took about 30 minutes to complete. A visible light
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source (Edmund MI-150) was used to illuminate the sample through the microscope objective
from the bottom. An analyzer oriented at 90° with respect to the polarizer axis was kept in
the microscope tube and the images were captured by the CCD camera in the reflection mode.
The sample temperature was controlled by a Peltier-based temperature controller. The
uniformity of the sample temperature was maintained by covering the measuring system with
a thermally insulated hood. A fresh sample was mounted in each experiment to eliminate the
sample history effect. A thin layer of silicone oil (viscosity = 99 mPa s) was applied around
the exposed area of the sample to prevent evaporation of water and maintain concentration
during the measurements. All the measurements were performed within 30 minutes of sample

preparation to minimise any concentration change.

z, velocity gradient

y, vorticity
VXxv

x, velocity v

Fig. 4.1. Experimental setup for performing in-situ rheo-microscopy. Letters O, P and A indicate microscope objective,
polarizer and analyzer, respectively. The microscope module is mounted on a xy stage (not shown).
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4.3 Results and Discussions

4.3.1 Flow curves

Figure 4.2(a) shows the flow curves obtained in the nematic phase at various
temperatures (21° C to 35° C). Initially, stress o increases with the shear rate y. Above a
critical shear rate y;, o saturates as reported in nematic twistbend (Ntg) liquid crystal [S], in
surfactantsolutions of cetylpyridinium chloride-sodiumsalicylate (CPyCI-NaSal) [16-19] and
in concentrated cetyl trimethylammonium tosylate (CTAT) solutions [20]. Above an upper
shear rate y,,, the stress abruptly jumps to a higher value and further increases with increasing

shear rate. Thus, the flow curves clearly exhibit three regimes which are marked as R1 (y <

}}cl)a R2 (ycl < V < ycu) and R3 ()/ < )./cu)~
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Fig. 4.2(a). Flow curves (o versus y) at different temperatures in the nematic phase of SSY LC (32 wt%).
Different regimes are labelled as R1, R2 and R3 which are separated by the lower and upper critical shear rates

(Yo and y,), respectively. (b) Shear-rate dependence of shear stress o and shear viscosity 1 of the sample at
7=24°C.

Figure 4.2(b) shows a representative variation of shear stress and corresponding shear
viscosity (1) measured at room temperature (7=24°C). The viscosities are almost equal in
regimes R1 and R3 whereas, it drops down abruptly in regime R2. Figure 4.3 shows the

variation of critical shear rates (y, and y,) with temperature. It shows a non-monotonic
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behavior with temperature. The regime R2 emerges within a narrow range of shearrate (Ay =

Yeu— Ve = 15 5_1)-
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Fig. 4.3. Temperature dependence of y,; (open circles) and y,,, (closed circles).

We fit shear rate-dependent stress o(y) with appropriate relations. Inregime R1, o0 =K; y
(Fig. 4.4(a)), hence the flow is Newtonian. Here the proportionality constant K; = o¢sf
(effective viscosity). Similarly in regime R3, 0 = K3y, suggesting the flow is Newtonian with
K3 being the effective viscosity (Fig. 4.4(b)). In regime R2, o is fitted to a power-law: o ~y#
with the exponent f ~0.36-0.54 (+0.06) (Fig. 4.5). Qualitatively similar stress plateau was
reported in micellar aqueous solutions of surfactant cetyltrimethylammonium tosylate
(CTAT) as afunction of salt concentration [21]. Such stress plateaus indicate coexisting bands
of differing viscosities due to the coupling of flow and concentration, where the shear flow
causes the inhomogeneous spatial distribution of the components (concentration gradient) in

the micellar systems [4,16-18,21-27]. In worm-like micellar systems very near the nematic to
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Fig. 4.4. Linear fit to (a) regime R1 and (b) regime R3 with o = K;y, where K; is constantand i =1, 3.
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Fig. 4. 5. Regime R2 is fitted to o ~ y'ﬁwith B = 0.36 - 0.54. Solid lines are the best fits.

isotropic phase transition, a similar stress plateau was reported. It occurred due to the
separation of low (isotropic) and high viscous (nematic) regions, forming shear bands [16,17].
We work far below the nematic to isotropic transition temperature hence shear banding effects
can be ruled out. We conjecture that the shear-induced mechanical instability is responsible

for the observed plateau regime (see later).
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4.3.2 Rheo-microscopy: Defect structure

We performed in-situ rheo-microscopy experiments to understand the origin of different
flow regimes. In this setup, the sample was observed under crossed polarizer and analyzer
system with the polarizer axis being perpendicular to the flow direction as shown in Fig. 4.1.
We sheared the sample before any measurement to avoid loading history. Figure 4.6 shows
representative theo-microscopy images obtained at room temperature (7= 24°C). In the low
shear rate regime R1 the sample shows a polydomain texture with a few randomly oriented
disclination defect lines (Fig. 4.6(a)). This suggests that the director is predominantly
orientated along the vorticity direction similar to what was reported in DSCG chromonic LC
[6]. In the medium shear rate regime R2 (near-plateau) the texture is highly distorted and the
number density of the disclination defects is increased and they are oriented nearly parallel to
the flow direction (Fig. 4.6(b)). It is also noted that the brightness of the texture in regime R2
decreases considerably compared to that of regime R1. This is perhaps due to the effect of
highly distorted director (see later) and enhanced defect density in the sample. No defects are
seen in regime R3 (Fig. 4.6(c)) and the texture is rather uniform and brighter than that in R1
and R2. This indicates that the director is uniform throughout the sample due to the high shear
rate and also tilted with respect to the axis of the polarizer or analyzer. In the case of DSCG,
the sample in a thinner shear cell (~ 10 um) in regime III exhibited stripe texture in which on
average the director was parallel to the flow direction, with left and right tilts to the vorticity
direction [6]. Apart from this, high shearrate can also influence the scalar order parameter by
dissociating into smaller or associating into longer columnar units as the aggregation forces
in LCLCs are relatively weak.

The flow properties of SSY may be compared with that of DSCG chromonic liquid
crystal. The shear rate-dependent viscosity of DSCG chromonic nematic liquid crystal with

14 wt% dispersion in water has been measured by Baza et al. [6]. They have segmented the
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entire flow curve (y =0.1 to 1000 s 1) into three regimes I, II and I1I, depending on the slope
of the viscosity vs shear-rate curve. It shows shear-thinning behavior with two shear-thinning
regimes (I y <1 s~ 1 and III: y > 10 s~ 1) separated by a pseudo-Newtonian regime (II: 1
s~1<y <10 s~1). The viscosity of the sample (entire flow curve) decreases from 0.13 to 0.04
Pa s with increasing shear rate. In our experiment, we mostly work in the shear rate range
from 10 s™1 to 120 s 1. In contrast to DSCG, SSY chromonic system shows two Newtonian
flow regimes separated by a non-Newtonian flow regime. For example, at room temperature
two Newtonian regimes R1 (y <45 s~1)and R3 (y > 60 s 1) are separated by a narrow non-
Newtonian regime R2 (45 s~ <y <60 s~1) (see Fig. 4.2(b)). The viscosity in R2 goes down
to about 0.07 Pa s. In DSCG system, regime I shows a log-roll type director structure, regime
IIT shows a stripe pattern parallel to the flow direction and regime II is dominated by defects.
The overall director structure and defects in regimes I and Il appear to be very similar in both
liquid crystals. However, regime IIl appears to be more uniform in SSY and the stripe pattems
reported in the case of DSCG could not be observed perhaps due to the higher shear rates in

our experiments.

(b) R2

125-1 \1‘00um 52s1 100pum | 100s** © 100um

Fig. 4.6. Representative rheo-microscopy images from three regimes R1, R2 and R3 at different shear rates at room
temperature (7= 24° C). The shear rate value on each image is marked on the top. The flow direction is shown with a blue

arrow at the left corner.
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4.3.3 Stress oscillations

The stress plateau is often considered a signature of shear-banded inhomogeneous
stationary flows resulting in mechanical instability [25] and stress oscillations [3-5,21,22]. To
see the response in our system we measured time-dependent stress at a fixed shear rate. A
cone-plate measuring system of diameter 50 mm is employed to keep the shear rate uniform
throughout the sample. Figure 4.7 shows that the flow curve is similar to that of the parallel-
plate system (see data for 7=24°C in Fig. 4.2(b)) except that the critical shear rates, y; and
Ve, in cone-plate (26 s~1 and 38 s~1) are smaller than the values measured in the parallel
plate system (46 s L and 60 s~1). It may be noted that the effective viscosity (¢/y, see regime
R3 in Fig. 4.7) at room temperature, measured using the plate-cone is 0.06 Pa s, which is
somewhat lower than that measured using the parallel-plate (0.085 Pa s) system (see Fig.

4.2(b). This difference arises due to the non-uniform shear rate in parallel-plate measuring

System.

F T T T T |
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o
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Fig. 4.7. Variation of ¢ with y measured using a plate-cone system (7 = 24°C). Three regimes are shaded with different

colours.
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Figure 4.8(a) shows the time-dependent stress at room temperature (7 = 24°C) at three
different shear rates, y =5, 33 and 100 s~ in regimes R1, R2 and R3, respectively. The stress
response in regime R1 and R3 is observed to be independent of time whereas in regime R2
the stress exhibits temporal fluctuations. Figure 4.8(b) shows the corresponding Fourier power
spectrum. It shows a periodic signal with fundamental mode (w) and its higher harmonics.
The value of the fundamental linear frequency of the power spectrum f = 0.044 s—1
correspondingto w = 2nf = 0.28 rad /s (Fig. 4.8(b)). The angular frequency of rotation of

the plate and the corresponding shearrate isrelated to the cone angle (¢) and can be expressed

6.00 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Time (s)
(b)

R2 ¥=233s"1 (2=0.28rad/s)
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Power
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Fig. 4.8.(a) Time dependent stress for the selected shearrates y =5 s~ 1 (R1), 33 s~ (R2) and 100 s+ (R3). (b)
Fourier power spectrum corresponds to the stress fluctuations at ¥ =33 s~ in regime R2. Fundamental frequency

0.00 007

w =2nf =0.28 rad/s and a few harmonics are labelled. The angular frequency correspondingto the shear rate
y=33s"1is 0 = ytan(p) = 0.28 rad/s.
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as Q= ytan(¢). In oursetup ¢ = 0.5° hence Q = 0.28 rad/s and w = Q. It clearly shows
that the periodic stress fluctuations are driven by the rotational shear force. Similar periodic
stress oscillations including aperiodic and chaotic oscillations (rheo -chaos) were reported in

worm-like micellar systems [21] and in thermotropic twist-bend nematic liquid crystals [5].
4.4 Summary

We explored the rheological properties of Sunset Yellow lyotropic chromonic nematic
liquid crystal in the shear rate-range of 10 - 100 s~. At a fixed temperature the flow curves
show three regimes; a near-plateau regime is surrounded by two Newtonian regimes. The
transition from the first Newtonian regime (low shear rate-range) to the near-plateau regime
is continuous whereas the transition is discontinuous from the near-plateau to the second
Newtonian regime (high shear rate-range). In the first Newtonian regime the director is
orientated along the vorticity direction and in the second Newtonian regime the director is
predominantly aligned alongthe flow direction and in the plateau regime, it is highly distorted
with plenty of disclination defects. The results suggest that SSY is a tumbling nematic. The
driving shear force in the plateau regime gives rise to periodic stress oscillations similar to
that was observed in the worm-like micellar system and recently in twist-bend nematic liquid
crystals. In the case of the twist-bend nematic LCs, the stress oscillations were theoretically
explained to originate from the change of the pseudolayer orientation with respectto the shear
direction [28]. For the micellar systems, it occurs due to the flow-concentration and flow-
order (orientational) coupling that leads to the dynamic instability of shear bands [29].
Considering the similarities between micellar systems and studied chromonic systems (both
are lyotropic nematics), we conjecture that the flow-order coupling effects are responsible for
the mechanical instability and the resulting stress dynamics in the near plateau regime. We

believe that theoretical modelling of the non-monotonic flow behaviour in lyotropic
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chromonic liquid crystals is expected to provide deep understanding of the observations

reported in this chapter.
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CHAPTER 5

SUMMARY AND FUTURE WORK

This chapter provides summary and conclusions of the investigations made towards the thesis
using isotropic dense suspension of PNIPAM microgel particles and anisotropic lyotropic
chromonic liquid crystal systems of SSY. The experimental techniques employed in these
investigations include dynamic light scattering techniques, 3D dynamic light scattering

techniques, UV-Visible spectroscopy, rheology and rheo-microscopy.
5.1 Summary and conclusions

A t the initial part of the chapter 1, a concise overview of the literature pertaining
to colloids, stimuli-responsive microgels, structure and dynamics of PNIPAM
microgel particles, a short comparison on the yielding behavior of dense suspension of
PNIPAM microgels with respect to the hard sphere and attractive glass is presented. In the
dense glassy phase, the dangling polymer chainson the surface of PNIPAM microgel particles
are expected to influence the dynamics and yielding behavior. Previous reports of two step
yielding in PNIPAM suspension, that was attributed to the dangling polymer chains.
However, we have given unambiguous evidence that dangling polymer chains are responsible
for two-step yielding in repulsive PNIPAM suspensions.

The later part of the chapter 1 provide a brief introduction to liquid crystals, lyotropic
chromonic liquid crystals and previous studies on the liquid crystal mesophases of aqueous
solutions of sunset yellow chromonics. Unlike colloidal suspensions, lyotropic chromonic

liquid crystals are known to be anisotropic. Shear response of thermotropic liquid crystals and
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surfactant based worm-like micellar suspensions are well studied, however, chromonic LCs
are not much tested to their shear response. This thesis presents detailed investigations on the
shear induced flow and dynamics of SSY chromonic LC.

Towards the studies on the stimuli-responsive microgels, monodisperse PNIPAM
microgel particles with two different morphologies viz., 1) homogeneous core, ii) core-shell,
have been synthesized using free radical precipitation polymerization. The synthesis and
purification procedure is described in chapter 2. These PNIPAM microgel particles were
tested for their temperature response by measuring the hydrodynamic diameter as a function
of temperature. The preparation of dense PNIPAM microgel glass samples were discussed in
chapter 2. Theory of experimental techniques (DLS and 3D dynamic light scattering
techniques, UV-Vis spectroscopy, rheology) used for probing the PNIPAM microgel
suspensions is described in chapter 2. Towards the studies on lyotropic chromonic liquid
crystals, 32 wt% SSY solution is prepared in aqueous medium. Nematic phase is confirmed
for the SSY LC sample at room temperature using polarizing optical microscope. Theory of
rheo-microscopy technique used for the characterization of SSY LC sample is discussed in
chapter 2.

In chapter 3, the light scattering studies and rheological characteristics of dense HC-
PNIPAM and CS-PNIPAM glass samples are investigated using 3D-DLS and rheometer
respectively, are reported. The short time dynamics observed for HC-PNIPAM and CS-
PNIPAM samples were different. HC-PNIPAM sample showed diffusive dynamics (¢ = 1)
whereas, CS-PNIPAM sample showed sub-diffusive dynamics (a < 1) at short time. This is
the first observation reported on PNIPAM microgel glass that, morphological difference leads
to different particle dynamics. The sub-diffusive dynamics exhibited by CS-PNIPAM glass is
interpreted in light of entanglements of danglingpolymer chains. However, dangling polymer

chains and entanglements are absent in HC-PNIPAM glass hence it showed diffusive
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dynamics. Apart from the dynamics, the role of entanglements on the yielding behavior is also
discussed in chapter 3.

LAOS measurements on dense HC-PNIPAM microgel glasses showed single step
yielding by exhibiting a single peak in loss modulus, G'’', whereas, two-step yielding (two
peaks in G'') was observed in dense CS-PNIPAM microgel glasses. The two-step yielding of
CS-PNIPAM microgel glass shows similarity with that of attractive glass (AG). We
understood that the attractive interaction in the case of AG mimic by the dangling chains
entanglements in the case of CS-PNIPAM glass. Hence, the two-step yieldingin CS-PNIPAM
microgel glasses is attributed to: 1) disentanglement of the dangling polymer chains giving a
first peak in G'' at lower strain and ii) rupturing of nearest neighbor cages giving a second
peakin G" atlarge stain. Upon increasing the temperature, the colloidal glass (G’ > G'') of
CS-PNIPAM is observed to melt in to colloidal liquid (G'" > G"). The yielding beyond shear
induced glass transition temperature is observed to be single step. The change of yielding
from two-step at low temperature to single step at higher temperature is understood to be due
to the disentanglement of the dangling polymer chains between the shells of neighboring
PNIPAM microgel particles. Though two-step yielding has been reported in dense core-shell
PNIPAM glasses, our observations provide the unambiguous evidence for the role of
entanglements on the dynamics and yielding in soft repulsive PNIPAM glasses. Further, the
energy associated with the yielding has been determined by analysing the stress-strain
lissajous figures.

In Chapter 4 of the thesis, results on the flow and dynamics on the nematic phase of SSY
liquid crystal are presented. The flow curve determined for a fixed temperature showed non-
monotonic behavior with increasing shear rate. We observed a near-plateau regime at
intermediate shear rates which is surrounded by two Newtonian regimes at lower and higher

shear rates. Though there are reports of near plateau regime in surfactant based worm -like
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micellar systems, our experiments provided the first observation of the existence of a near
plateau regime in lyotropic chromonic liquid crystals. The flow curve is explained using in-
situ rheo-microscopy images taken during the shear flow. We observed subtle visual
differences in various rheo-microscopic images taken at different flow regimes. This
difference is explained in light of shear induced director orientation at different flow regimes.
In the first Newtonian regime the director is orientated along the vorticity direction and in the
second Newtonian regime the director is predominantly aligned along the flow direction and
in the plateau regime, it is highly distorted with plenty of disclination defects.

We observed periodic stress oscillations in the near plateau regime. These are believed
to be driven by the applied shear force. Though similar stress oscillations have been reported
in the worm-like micellar system and recently in twist-bend nematic liquid crystals, our
observations constitute the first evidence of stress oscillations in a lyotropic chromonic LC.
Considering the similarities between micellar systems and studied chromonic systems (both
are lyotropic nematics), we conjecture that the flow-order coupling effects are responsible for

the mechanical instability and the resulting stress dynamics in the near plateau regime.

5.2 Key findings of the thesis

1 Glass transition temperature was identified for HC-PNIPAM and CS-PNIPAM glass
samples from the frequency sweep measurements by systematically varying temperature

for a small fixed deformation (yo = 10%).

2 LAOS studies on dense PNIPAM microgel glasses have shown thatthe glassy state formed
from dense suspensions of homogeneous core (HC) PNIPAM particles yield in a single
step by exhibiting a single peak in G''. Whereas, dense suspensions of core-shell (CS)
PNIPAM particles yield in two steps by exhibitingtwo peaksin G'’'. The yielding behavior

of HC-PNIPAM glass and CS-PNIPAM glass are quite similar to that reported in the case
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of HS glass and attractive glass respectively. Thus, dangling polymer chains that existing
in the surface of CS-PNIPAM spheres under dense conditions mimic the role of attractive
interaction in attractive colloidal glasses.

Single step yielding observed in dense HC-PNIPAM microgel glass is attributed to the
breakingoftopological cages formed by neighboringparticles. Whereas, two-step yielding
of dense CS-PNIPAM microgel glass is attributed to i) breaking of entanglements of
dangling polymer chains between neighboring particles and ii) rupturing of topological

cages formed by neighboring particles.

SSY LC at the nematic phase is observed to show non-monotonic flow curves (stress (o)-

strain rate (y) curves) by exhibiting three flow regimes upon varying the shear rates.

Shearinduced director changes have beenreportedin SSY LC in the nematic phase, which

is similar to those observed in the case of DSCG LC.

Dynamic stress fluctuations are reported in the near-plateau region of SSY LC for the first

time.

Dynamic stress fluctuations are similar to those observed in worm-like micellar systems

and very recently in twist-bend nematic liquid crystals.
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5.3 Scope for the future work

1. Investigation of phase behavior of binary mixture of PNIPAM microgel suspensions using
confocal microscopy.

2. Studying the glass transition in binary mixture of dense PNIPAM microgel suspensions.

3. Investigation of colloidal alloy structure in binary PNIPAM suspensions under dense
conditions.

4. Studying the shear response of PNIPAM added lyotropic liquid crystals.

5. Determiningthe shearinduced flow behavior of mixture of DSCG and SSY liquid crystals.
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