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SYNOPSIS

Poly (N-isopropyl acrylamide) (PNIPAM) microgel particles are thermo-
responsive, which show decrease in size with increase in temperature and exhibit
volume phase transition (VPT) by undergoing sudden transition from swollen to
deswollan state at ~ 34°C. Under suitable conditions, monodisperse PNIPAM
microgel particles dispersed in a solvent exhibit structural ordering (gas, liquid, crystal
and even glass) similar to that of atomic systems and hence serve as ideal model
condensed matter system. Unlike hard sphere colloidal particles, which are rigid and
homogeneous in density, PNIPAM microgel particles are soft and inhomogeneous in
nature having core-shell structure with densely crosslinked polymer core and a thin
shell (20-30 nm) containing dangling polymer chains. The dense core is known to
deswell more compared to the shell upon increasing the temperature. The effect of this
differential deswelling (swelling) upon increase (decrease) in temperature and
dangling polymer chains on the structural ordering, dynamics and flow behavior of
dense suspensions has not been investigated. This thesis report the results on above
three aspects, in dense PNIPAM microgel suspensions, investigated using static light
scattering (SLS), dynamic light scattering (DLS), UV-Vis spectroscopy and rheology.

Use of SLS and DLS techniques for probing dense suspensions of hard spheres for
their structural ordering and dynamics is restricted due to multiple scattering effects. In
case of PNIPAM microgels, polymer content of the microgel particles in the swollen
state is only 2-3% and rest is water making their refractive index closely matched with
that of solvent. This index matching allows one to probe dense PNIPAM microgel
suspensions for their structural ordering and dynamics, at temperatures below VPT,
using SLS and DLS techniques. At temperatures close to and above VPT, PNIPAM
microgel suspensions become turbid due to multiple scattering of light. This thesis
also reports the results on ordering and dynamics in turbid PNIPAM microgel
suspension probed using 3D DLS, which employs cross correlation technique. In hard
sphere suspensions, size of the particle is fixed and can be altered only by changing
the synthesis conditions. On the other hand, PNIPAM microgel system offers
tunability of particle size and hence volume fraction using temperature. The variation
of particle size with respect to temperature helps to study the phase behavior of
PNIPAM microgel suspensions in more controlled way as compared to that of hard
sphere colloidal suspensions.

In addition to PNIPAM microgel particle being thermo-responsive, these particles
are known to undergo compression upon application of osmotic pressure, exerted by
the addition of non adsorbing polymer to suspensions under dilute condition. In this
thesis, we report experimental evidence for compression of PNIPAM microgel
particles under osmotic pressure exerted by its own PNIPAM microgel particles due to
structural ordering in dense suspensions. PNIPAM microgels are shown to undergo
reduction in particle size by observing interparticle separation being smaller than
original particle diameter. The interparticle separation was measured by recording the
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Bragg diffraction from PNIPAM microgel crystals of different volume fraction using a
UV visible spectrometer. In dense suspensions, where interparticle separations are of
the order of the particle diameter, the core shell nature of PNIPAM microgel particle is
expected to influence the particle dynamics via overlapping and entanglement of
dangling polymer chains in the thin sell of neighboring particles. This thesis reports
the light scattering results on dynamics in dense PNIPAM microgel crystals close to
their melting transition. Analysis of these results reveal that short time dynamics of
PNIPAM microgel particles is subdiffusive. In case of the hard sphere colloidal
suspensions short time dynamics is always diffusive. The observation of subdiffusive
dynamics at short time has been explained in terms of entanglement of dangling
polymer chains between neighboring particles. Further, In order to know the influence
of dangling polymer chains on the shear flow of dense PNIPAM microgel
suspensions, non linear rheological measurements have been carried out on the dense
PNIPAM microgel glasses and results are presented in this thesis. Rheological
measurements reveal that dense PNIPAM microgel glasses yield in two steps in
contrast to one step yielding observed in hard sphere glasses. Though such two step
yielding have been reported in attractive glasses, our experiment gives first evidence
for two step yielding in a soft sphere repulsive glass. Observed two step yielding
behavior is explained in terms of disentanglements and cage breaking mechanisms.
Towards above studies, PNIPAM microgel suspensions of various particle sizes have
been prepared and investigated using dynamic light scattering (DLS), static light
scattering (SLS), UV-Vis spectroscopy techniques for their dynamics and structural
ordering and rheometer for their flow and deformation behavior. This thesis is
organized in six chapters and contents of each chapter are summarized as follows,

Chapter 1. Introduction

Colloidal suspensions of hard spheres and thermo-responsive microgels are
discussed with respect to their stability, interparticle interactions, ordering, dynamics
and phase behavior in this chapter. Rheology of viscoelastic materials is described.
Flow and deformation behavior of hard and soft sphere colloidal suspensions under
linear and nonlinear shear deformation is discussed. The chapter ends with the
motivation and investigations taken up for the present thesis work.

Chapter 2. Experimental Methods

Free radical precipitation polymerization, a method used for synthesis of PNIPAM
microgel particles is discussed. Detailed procedures for the preparation of PNIPAM
microgel crystals and glasses are reported in present thesis. The instrumental details,
measurement schemes and methods of analysis underlying these techniques are
presented.
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Chapter 3. Effect of osmotic pressure on deswelling behavior of microgel
particles in dense PNIPAM microgel crystals

PNIPAM microgel particles are known to be thermo-responsive. With increase in
temperature, PNIPAM microgels deswell and undergo VPT at ~ 34°C. In present
study, it is shown that in addition to the temperature, osmotic pressure also serve as
stimulus for PNIPAM microgel particles. PNIPAM microgel particles are shown to
undergo compression (deswell) osmotically in the crystalline as well as glassy states of
dense PNIPAM microgel suspensions. There are only limited numbers of studies on
dilute PNIPAM microgel suspensions showing deswelling of PNIPAM microgel
particles under osmotic pressure. This thesis presents detailed studies on dense
PNIPAM microgel crystals and glasses showing deswelling under osmotic pressure.
Towards this, dense PNIPAM microgel crystals with different volume fractions have
been prepared by compressing the suspensions osmotically. Bragg diffraction of these
crystals have been recorded using UV-Vis spectrometer. Upon increasing the osmotic
pressure (particle concentration), Bragg peak is found to exhibit a blue shift. The
Bragg peak has been used to determine the interparticle separation. Beyond a certain
osmotic pressure, interparticle separation is found to be smaller than the size of
PNIPAM microgel particle under swollen state (measured using DLS on dilute
suspension). In dense PNIPAM microgel crystals, the interparticle separation being
lesser than the particle size than its swollen the state provides direct evidence for
shrinking (deswelling) of PNIPAM microgel particles under osmotic compression in
crystalline state. The experimentally observed swelling/ deswelling behavior of the
PNIPAM microgel particles with temperature and pressure is understood using Flory-
Rehnar (FR) theory. Only qualitative agreement has been observed between theory
and experiments. Results reported here suggest the need for improvement of the FR
theory for obtaining quantative agreement with the experiments.

Chapter 4. Dynamics across the melting of PNIPAM microgel crystals

Loéwen et al. have proposed a dynamical criterion for identifying the
melting/freezing transition of colloidal crystals/liquids. According to this criterion the
ratio of long time diffusion coefficient (D) to short time diffusion coefficients (Ds) at
freezing/melting transition is 0.1. The Ds and D, characterizes the diffusive motion of
colloidal particle at short time (i.e. within the cage formed by neighboring particles)
and long time (i.e. after the escape from the cage) respectively. This criterion is
reported to be universal as applicable to colloidal systems, with different interparticle
interactions, exhibiting Brownian motion. However its applicability for PNIPAM
microgel crystals/liquids undergoing melting/freezing is unknown.With this as
motivation, dynamics across the melting of dense PNIPAM microgel crystals as a
function of temperature have been studied using DLS technique. Melting transition of
PNIPAM microgel colloidal crystals of two different volume fractions ¢ = 0.49 and
0.79 have been identified. Ds and D have been measured across the melting. Results
of SLS and DLS measurements are presented in this chapter. In dense PNIPAM
microgel crystals undergoing melting, the ratio D /Ds is found to be less than 0.1. This
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deviation is found to be larger in the suspension with higher ¢. Possible reasons for the
observed deviation in D\/Ds are discussed. Careful studies on the behavior of mean
square displacement (MSD) close to the melting transition showed the particle motion
to be subdiffusive at short times. The subdiffusive behavior at short times, is understood
in terms of the entanglement of the dangling polymer chains between the shells of the
neighboring PNIPAM microgel particles and argued to be the reason for the observed
deviation (i.e. D./Ds < 0.1). Earlier reports on hard sphere or charged colloidal systems
showed short time dynamics close to melting/freezing to be always diffusive. Thus
observation of subdiffusive dynamics at short time close to melting transition of
PNIPAM microgel crystals is first of its’ own kind. Subdiffusive dynamics at short
times suggest that dynamical criterion is inapplicable for melting of PNIPAM microgel
crystals, since there is no proper scale for long time diffusion.

Chapter 5. Yielding behavior of PNIPAM microgel glasses

Colloidal glasses are viscoelastic in nature and yield under application of external
shear. The viscoelastic response of the soft glass is often measured by performing the
rheological measurements under application of the oscillatory strain of constant
frequency, @ and variable amplitude, y. The storage modulus (G’ and loss modulus
(G”) are measured as a function of applied . For small y values, the response is linear
i.e. G”and G ”are independent of y. At large y values response of viscoelastic materials
becomes nonlinear i.e. G” and G” becomes dependent on . The point of onset of
nonlinearity is defined as yield point. For a typical soft glassy material, upon yielding,
G’ decreases monotonically whereas G ” exhibits a peak. In purely repulsive colloidal
glass of hard spheres or charged colloids, yielding behavior has been well studied and
understood to be due to breaking of the cages formed by topological neighbors.
PINPAM microgel glasses consist of soft inhomogeneous (core shell) particles where
their interparticle interactions in a suspension are complex and unknown. There are no
reports on the yielding behavior and dynamics of such core shell soft sphere colloidal
system.This chapter discusses the yielding behavior of dense PNIPAM microgel glasses
studied using the nonlinear rheology. Dense PNIPAM microgel glasses of two volume
fractions ¢ = 0.63 and 0.80 have been prepared and characterized for their glassy
behavior using SLS and DLS techniques. The glass transition temperature of PNIPAM
microgel suspensions is identified by investigating the dynamics as a function of
temperature. For low y, PNIPAM microgel glasses showed linear response. At large y,
G’ showed a monotonic decreases, whereas G” exhibited two peaks in contrast to a
single peak observed in hard sphere glasses. Prior to our observations, two peaks in G”
have been reported in attractive glasses where interparticle interactions are made
attractive by introducing the depletion attraction in hard sphere glass via addition of
external polymer. In our studies, the interparticle interactions between PNIPAM
spheres are soft sphere repulsive. So the observation of two peaks in G” for dense
PNIPAM microgel glasses is novel and is argued to arise from i) first due to
disentanglement of dangling polymer chains of neighboring particles and ii) second due
to breaking of cages due to the topological neighbors. In addition to two step
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yielding, mean square displacement at short times showed subdiffusive behavior
constituting the direct evidence for entanglement of dangling polymer chains among
neighboring particles in dense PNIPAM microgel glasses. The temperature and shear
rate dependence of two step yielding is also investigated and results are presented in this
chapter.

Chapter 6. Summary

This chapter presents summary and conclusions of investigations carried out using
SLS, DLS, UV-Vis techniques and Rheology. Chapter ends with directions for future
work. The important findings from these studies are also presented.

1. PNIPAM microgel particles are found to shrink upon osmotic compression of
PNIPAM microgel suspension beyond critical osmotic pressure.

2. DLS has been employed to study the dynamics across the melting of dense
PNIPAM microgel crystals. Careful analysis of mean square displacement showed
for the first time that dynamics of PNIPAM microgel particles, close to melting of
the crystals, is subdiffusive at short times. The subdiffusive dynamics at short
times is argued to arise due to the entanglement of dangling polymer chains of
neighbouring PNIPAM microgel particles.

3. On the contrary to earlier reports on hard sphere or charged colloidal

crystals/liquids where short time dynamics close to melting/freezing is found to be
always diffusive, our experiments on PNIPAM microgel crystals constitutes first
evidence for the particles exhibiting subdiffusive dynamics at short time close to
melting transition.

4. Subdiffusive dynamics at short times suggest that dynamical criterion is deviated
for melting of PNIPAM microgel crystals, since there is no proper scale for long
time diffusion.

5. Our non linear rheological measurements revealed that dense PNIPAM microgel
glasses yield in two steps. Though two step yielding have been reported earlier in
attractive glass, our observation of two step yielding in PNIPAM microgel glass
constitute the first report in purely repulsive colloidal glass of soft spheres.

6. Two step yielding observed in dense PNIPAM microgel glasses is argued to arise
due to i) breaking of the entanglements of dangling polymer chains and ii)
breaking of topological cages. Short time behavior of mean square displacement is
observed to be subdiffusive which constitutes direct evidence for entanglement of
dangeling polymer chains among neighboring particles in PNIPAM microgel
glasses.
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S2. Lines drawn are guide to the eye. Dotted lines represent
melting transition of PNIPAM crystal (C) to liquid like order
(L) upon melting.
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the units of the average interparticle separation, | = np'1’3, for
sample S2 in the liquid (L) and crystalline (C) state. Lines
represent short and long time regimes used for the
determination of Ds and Dy, respectively.
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Fig. 4.4

D./Ds measured as a function of time, while shear melted
charged silica suspension undergoes liquid (L) to crystal (C)
transition.
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(@) MSD vs t close to the melting transition of sample S1 and
S2 and close to freezing of shear melted silica suspension. Inset
in (a): MSD at shorter times; Continuous lines are fits of MSD
to t“ Schematic representation of PNIPAM microgel particles
depicting the overlapping /entanglement of dangling polymer
chains of neighboring PNIPAM particles with less overlap in
sample S1(b) and more overlap in sample S2(c).
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87

Fig.5.2
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Identification of the glass transition: Upper panel; MSD as a
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S1 and S2. Lower panel; The ratio Inin/lmax as a function of
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CHAPTER 1

INTRODUCTION

Colloidal suspensions are solutions of micron/submicron sized solid particles
suspended in a solvent. In a suspension, bare colloidal particles have a tendency to
undergo aggregation due to van der Waals attraction between the particles. The
aggregation can be prevented and hence suspensions can be made stable, via steric
stabilization by adding a thin layer of polymer on particle surface or via charge
stabilization by creating the charge on the surface of the colloidal particles. Under
suitable conditions, monodisperse colloidal particles dispersed in a solvent exhibit
structural ordering (gas, liquid, crystal and even glass) similar to that of atomic systems
[1-3], with larger interparticle length scales (100 nm - 10 um) and slower dynamics
(10°® sec -10° sec) giving an easy access to the experiments. Typical values of elastic
constants for dense colloidal suspensions ( ~10* particles per cubic centimeter) are
~10 dyne cm™ in contrast to ~10* dynes cm™ for atomic systems (~10% particles per
cubic centimeter) [2, 4]. The latent heat of melting for colloidal crystal of size 1 cm® is
of the order of uCal [5-6], but when scaled properly, the molar elastic constants as well
as molar latent heat of the colloidal suspensions match closely with that of atomic
systems [4, 6]. Thus colloidal suspensions mimic atomic systems, hence serve as
model condensed matter system to understand many fundamental phenomena like
crystal nucleation and growth [7-11], defects and dynamics in crystals [10, 12-13],
glass transition [14-16], shear flows in glasses [17], fragility [18] and dynamical
heterogeneity [14-16] in glasses etc. Ordered structures of monodisperse colloids are
found to have several high tech applications viz., sensors [19-21], Bragg filters [22],
optical switches [23-24], display devices [25] etc. Many of the industrial processes and

applications involve shearing of the colloidal suspensions. Upon application of shear
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stress, colloidal suspensions undergo flow/deformation. Under dilute condition, flow in
colloidal suspensions is Newtonian (i.e. viscosity, » of the suspension is independent
of the applied stress) [26]. On the other hand, dense colloidal suspensions show shear
thickening (7 increases with applied stress) as well as shear thinning (7 decreases with
applied stress) [26]. Dense colloidal suspensions behave like viscoelastic solids, which
possesses properties in between that of ideal elastic solids and ideal viscous liquids
[27]. Upon application of large shear stress, dense colloidal suspensions undergo
yielding [27]. Study of yielding and flow behavior (rheology) of colloidal suspensions
is important for successful formulation and manipulation of many industrial products
such as cosmetics, paints, inks, medicines, food products etc. This chapter gives brief
introduction about colloidal suspensions for their interparticle interactions, phase

behavior, dynamics and rheology.

1.1 Hard sphere colloidal suspensions

Simplest colloidal system studied for its phase behavior is suspensions of hard
sphere particles [1]. Hard sphere particles do not interact with each other and
experience steep repulsion on contact with other particle. The interparticle interaction

potential for hard sphere colloidal particles of diameter, d is written as,
Ulr) =0; ifr >d,
=o0; ifr<d. (1.1

Colloidal suspensions of sterically stabilized poly methyl methacrylate (PMMA) forms
best example of hard sphere suspensions [1, 14]. Figure 1.1 shows the phase diagram
of the monodisperse hard sphere colloidal suspensions [1]. The only control parameter
available to vary phase behavior of hard sphere colloidal suspensions is volume

fraction, ¢ (= np7d*/6, where n, = N/V is particle number density, with N being the
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number of colloidal particles in a suspension of volume, V). Under dilute conditions,
the suspension shows disordered (gaseous) phase. Upon increasing the ¢, suspension
exhibits liquid like order. At ¢ = 0.495, the hard sphere colloids start to organize
spontaneously into a crystalline phase with fluid-crystal coexistence extending up to
¢ = 0.545, where it shows complete crystallization. The equilibrium crystal structure of
hard spheres is found to be a face centered cubic (fcc), which is entropically favored
minimum energy configuration [28-30]. Hard sphere suspensions also exhibit
hexagonal close packed (hcp) structure or fcc-hcp coexistence due to very small
difference (10%kgT) in the free energies of hcp and fcc structures [28-30]. Here kg is the
Boltzmann constant and T is the temperature. With further increase in ¢, the colloidal
particle dynamics become slower and it undergoes kinetic arrest into a disordered state
(glass) by exhibiting glass transition at ¢ = 0.58. At ¢ = 0.64, randomly arranged
particles touch each other leading to random close packed (RCP) glassy state in hard
sphere suspensions. In fcc as well as in hcp crystals, hard spheres can be packed to

maximum of ¢=0.74.

Liquid- crystal
coexistence

liquid - crystal
0.49 0.54 0.58 U._ﬁ-’l 0.74
glass E

Fig. 1.1 Phase diagram of monodisperse hard sphere colloidal suspensions.



When colloidal particles are polydisperse in size, phase behavior of their suspension
has been found to differ from that of the monodisperse particle’s case [31]. With
increase in polydispersity, the crystallization point has been observed to shift to higher
¢. Suspensions of colloidal particles having size polydispersity (SPD) up to 11% are
only found to exhibit crystalline ordering. Suspensions with SPD larger than 11% have

been found to freeze into disordered (glassy) state [31].

1.2 Charge stabilized colloidal suspensions

Another well studied colloidal system is charge stabilized colloidal suspensions.
Interparticle interactions in suspensions of charged colloidal particles, with low surface
charge, are well described within formulation of Derjaguin—Landau—Verwvey—
Overbeek (DLVO) theory [2, 32]. According to the DLVO theory, the net interaction
between charged colloidal particles is written as sum of screened coulomb repulsion,
Ug(r) and van der Walls attraction, Ua(r).
U(r) = Ug(r) + Uy(r). (1.2)
Screened coulomb repulsion arises due to screening of the coulomb repulsion between
like charged particles by counter-ions and salt ions present within a suspension and is

given as,

32 ZeKa e—KT‘
Ur(r) = ? 1+ Ka]

(1.3)

r

where, a is the radius of the particle, Ze is the effective charge on a colloidal particle
with Z being number of monovalent charges and e is electronic charge , ¢ is the

dielectric constant of the solvent and x is the inverse Debye-screening length given by,

4me?
ekgT

(npZ + Cs), (1.4)



with kg being the Boltzmann constant, T is the temperature, n,Z are the number of
counterions and Cs is the salt concentration. The van der Walls attraction potential is

given as,

Ay 2a? 2a? r? — 4q?
UA(T) = - ? "2 _ 442 + ) + In T , (15)

where Ay is Hamaker constant which sets the scale for attraction.

Thus, the charged colloids offer suspension parameters like particle charge, Z and
ionic strength, Cs as control parameters to vary phase behavior along with ¢. The
deionized suspensions of charged colloids exhibit crystalline ordering at ¢ as low as
0.005 due to long ranged coulomb repulsive interactions. Phase diagram of the charge
colloidal suspensions [33] is shown in Fig. 1.2. At low ¢ and high Cs, suspensions
show liquid like order. Upon reducing the Cs, low ¢ (< 0.2) suspensions crystallize into
body centered cubic (bcc) structure. With increase in ¢, crystal structure of charged
colloids is found to change to face centered cubic (fcc) with bce-fce coexistence at
intermediate ¢ and Cs (shown by shaded region in Fig. 1.2). At higher ¢, suspensions
freeze into glassy state. Glassy state has also been observed in low ¢ suspensions upon

pressure quenching [16].

Deionized charged colloidal suspensions have been found to turn inhomogeneous
(in the form of gas-solid and gas-liquid coexistence) when the charge density of
particle is high [2]. Though the exact mechanism responsible for the occurrence of
inhomogeneous phases under certain conditions is unknown, it was interpreted that it
arises due to long range attraction between like charged particles mediated by
counterions [35-36]. Recent experiments on dilute highly charged colloids have shown
direct evidence for existence of attraction between like charged colloidal particles [37].

In the case of charged colloidal particles, charge polydispersity (CPD) alongside the
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size polydispersity (SPD), plays an important role in structural ordering [38]. In dilute
suspensions, where interparticle distances are several times larger than particle
diameter, CPD is shown to be dominant. Suspensions with CPD up to 26% exhibits
crystalline order in contrast to 11% SPD [31] observed in the case of hard sphere

colloidal suspensions [38].

0.35
0.30[-
0.25(
0.20
0.15
010
0051~
000 4~—"—260" 200 600 800
Added ion conc. (Micromoles HCI)

Fig. 1.2 Phase diagram of charged polystyrene colloidal suspensions, (Adapted from Sirota
et al. [33]). Different phases of the suspensions are shown as, open circles: Liquid,
open triangle: fcc, closed square: bcc, open square: bce-fcc coexistence, closed

circles: glass. Continuous lines are obtained from density functional theory [34].

1.3 Stimuli-responsive microgel suspensions

In hard sphere or charge stabilized colloidal suspensions, size of the particle is fixed
and can be altered only by changing the synthesis conditions. On the other hand,
stimuli-responsive microgels offer tunability of particle size by tuning external stimuli
like temperature, pH, ionic strength etc. Microgel particles consist of crosslinked
polymer chains network immersed in a solvent. The polymer chains network
expand/contract with respect to variation in stimuli, which causes gel particle to
swell/deswell and hence increase/decrease in their size. When stimulus is temperature,

microgels are known as thermo-responsive microgels. Aqueous suspensions of poly
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(N-isopropyl acrylamide) (PNIPAM) microgels is one of the thermo-responsive
microgel system [39]. PNIPAM microgels can also be made responsive to pH [40] and
to various chemicals [41-42] by proper functionalization. Therefore PNIPAM
microgels have found applications in sensing various chemical elements and in solvent
extraction. PNIPAM microgels are biocompatible and are used for controlled drug

delivery [43].

1.3.1 Thermo-responsive behavior of PNIPAM microgels

(b) Ho
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280 | @ IncreasinggT (a) i %
° A %
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o (Hydrophilic) (Hydrophobic)
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Fig. 1.3 (a) Variation of hydrodynamic diameter, d, of PNIPAM microgel particles with
temperature, (b) Schematics showing transition of PNIPAM microgel from swollen
(hydrophilic) to deswollen (hydrophobic) state and vice-versa. (c) Schematic diagram
of the chemical structure change occurring across the volume phase transition for the
PNIPAM microgel.

PNIPAM microgel particles show decrease in their size (deswell) with increase in
temperature and undergo transition from swollen state to collapsed state at T ~ 34°C
(shown in Fig. 1.3(a)), which is known as volume phase transition (VPT) [39-44]. The
transition from swollen to deswollen state is reversible and is understood to occur due

to PNIPAM polymer chains turning from hydrophilic at temperatures below VPT to
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hydrophobic at temperatures above VPT [45-46], which is depicted schematically in
Fig 1.3(b). In swollen state, PNIPAM microgel particle contains ~2-3% polymer and
rest water (solvent), whereas in collapsed state (deswollen state) it contains about 60%
of polymer and 40% of water [47]. Also below VPT, water molecules are bonded with
the PNIPAM chains via hydrogen bonding. Upon VPT, hydrogen bonds break and
water expels out contributing to the deswelling of the PNIPAM microgel particles [45-

46], which is shown schematically in Fig. 1.3(c).

1.3.2 Internal structure of PNIPAM microgel particles
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Fig. 1.4 (a) Radial polymer density profiles of PNIPAM microgel particle at various
temperatures measured using small angle neutron scattering, (Adapted from Stieger
et al. [50]), and (b) Schematic showing core-shell structure of PNIPAM microgel
particles in swollen state, with core of radius a. and shell of thickness p. a, = dn/ 2, is

the hydrodynamic radius.

PNIPAM microgel particles are known to consist of ~2-3% polymer and rest is
water (solvent) [47]. The polymer chains are crosslinked together, either via external
crosslinking agent or via self crosslinking of polymers [48-49], to form polymer
network which spans the volume of the particle. Thus, unlike hard sphere particles,

PNIPAM microgel particles are porous, solvent permeable in nature. The internal

structure of PNIPAM microgels were investigated using small angle neutron scattering
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(SANS) [47, 50]. Radial polymer density profiles determined from SANS curves at
temperatures below VPT [50] showed that, the polymer volume fraction at the central
part is almost constant and decreases rapidly towards the edge of the particle
(Fig. 1.4(a)). These measurements thus suggest that PNIPAM microgel particles have
core shell structure with dense core and fuzzy shell. Radius, a; of the PNIPAM
microgel particle measured using SANS has been found to be smaller than the
hydrodynamic radius, a, measured using dynamic light scattering (DLS) [47, 50].
Smaller value of a. than a, have been interpreted in terms of the core-shell structure of
PNIPAM microgel particles [47, 50], with densely crosslinked core of radius a. and
thin shell of dangling polymer chains with thickness p. The core-shell structure of
PNIPAM microgel particle is shown schematically in Fig. 1.4(b). Due to low polymer
content, the shell does not contribute to the scattered intensity in SANS measurements,
whereas, it affects the particle dynamics in a solvent making an to be larger than a..
Difference between ay and a. gives the thickness of the shell (i.e. p= aj - a¢). Typical
value of p is found to be 20-30 nm [47, 50]. With increase in T, the polymer density in
the central part of the microgel has been found to increase considerably, indicating
deswelling of the core of the PNIPAM microgel particle. Whereas, thickness of the
shell have been found to remain unaffected by temperature [47]. Core size and shell
thickness of PNIPAM microgel particles have been found to depend on the crosslinker
concentration [49]. With increase in crosslinker concentration, while the total size of
PNIPAM microgel (core + shell) decreases, size of the core relative to the thickness of

the shell increases [49].

1.3.3 Phase behavior of PNIPAM microgel suspensions
As mentioned earlier, PNIPAM microgel particles in the swollen state contains 97%

of water [47], hence its refractive index is not very much different from that of the



solvent. Hence, PNIPAM microgel suspensions are free from multiple scattering of
light and offer an advantage of probing the dense suspensions for their structural
ordering, dynamics and phase behavior using static and dynamic light scattering
techniques. At low T, dense suspensions of monodisperse PNIPAM microgel particles
exhibit liquid, crystalline and glassy phases [39, 45, 51]. The variation of particle size
and hence ¢ with T, allows one to use T as a control parameter to vary the phase
behavior of the dense PNIPAM microgel suspensions, which is not possible in the case
of hard sphere or charged colloidal suspensions. Upon increasing the temperature,
crystals and glasses melt into liquid like order and further exhibit fluid (liquid like) to

fluid (gas like) transition [39, 45].

Another important parameter that governs the phase behavior of the PNIPAM
microgel suspensions is the soft nature of the microgel particles [52]. PNIPAM
microgels are soft particles which can be compressed by application of osmotic
pressure [52]. Softness of the particles can be varied by varying the amount of
crosslinking agent. Smaller the amount of crosslinking agent, higher is the softness of
the microgel particles [18, 39]. The exact nature of interparticle interaction potential
that can describe the phase behavior of PNIPAM microgels with respect to temperature
and softness is yet unknown. Phase behavior of soft spheres, modeled assuming the
soft repulsive interaction potential of the kind, U(r) = (d/r)™ [53, 54], suggested that
with increasing the degree of softness (1/n), liquid-crystal transition point shifts to
higher ¢ and the liquid crystal coexistence region narrows down as compared to that of
the hard sphere system. Crystallization of PNIPAM microgel suspensions, at low T, is
also found to occur at ¢ much higher than that for hard sphere suspension (¢ = 0.494)
[39, 51], suggesting that the low temperature interactions between PNIPAM microgel

particles can be described as soft repulsive type. Wu et al. [45] have found that, when
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temperature of PNIPAM microgel suspension is increased above VPT, interparticle
interactions turn to be attractive. Change of interparticle interactions from soft
repulsive type at low T to attractive type at high T have been realized via measurement
of second virial coefficient [45]. Up to VPT, second virial coefficient is found to be
positive, whereas for temperatures above VPT, it is found to turn negative [45]. The
change of virial coefficient from positive to negative is explained in terms of the
change of polymer content of the microgel particles [45]. At low temperatures,
polymer content of microgel particle is 2-3% and rest is water, whereas above VPT it
increases to 60% [47]. Therefore, at temperature below VPT van der Walls attraction
between microgel particles is negligible and interparticle interactions are repulsive,
whereas above VPT van der Walls attraction becomes prominent due to high polymer

content of the particle making interparticle interactions to be attractive.

1.3.4 Structure of PNIPAM microgel crystals
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Fig. 1.5. (a) Overlay of confocal images of three successive layers showing ABC stacking in
PNIPAM microgel crystal having fcc structure (layer A — red, layer B - green, layer
C - blue) (b) Experimental g(r) (dark circles) along with simulated g(r) (lines) for fcc
structure. (Adapted from Brijitta et al. [55]).

In our earlier studies, structure of PNIPAM microgel crystals have been

investigated, using confocal laser scanning microscopy (CLSM) [55]. CLSM studies

by Brijitta et al. [55] on PNIPAM microgel crystal of ¢ = 0.44 have showed that the

11



structure of PNIPAM microgel crystal, which experiences shear in the process of
sample handling and transfer of crystal from one container to another, is random
hexagonal close packed (RHCP). When crystal with RHCP structure was melted by
raising temperature beyond melting point and then cooled slowly, stacking faults got
annealed out and equilibrium crystal structure has been found to be fcc [55]. The
crystal structure has been determined by obtaining the stacking probability of crystal
layers in <111> direction and by comparing the experimentally obtained pair
correlation function, g(r) to that of the simulated one. Stacking probability have been
obtained by overlaying confocal images of three successive crystal layers, which is
assigned to be 1 for ABC, BCA and CAB type stacking and zero, otherwise. Overlay
of three successive layers showing ABC stacking in fcc PNIPAM microgel crystal is
shown in Fig. 1.5(a). Stacking probability for slow cooled PNIPAM microgel crystal is
found to be 0.95 [55] and the experimental g(r) is found to match with that of the
simulated for fcc structure (Fig. 1.5(b)), confirming the crystal structure to be fcc. By
taking this study as an input, structures of all the PNIPAM microgel crystals used in

the present thesis work are considered to be fcc.

1.4 Dynamics in colloidal suspensions

Colloidal particles suspended in a solvent undergo Brownian motion. Brownian motion
of colloidal particles in a suspension is described by Langevin equation of motion and
given as,

M d‘;it) = V() + F(D). (16)

Left term in the above equation gives the total force on the Brownian particle with
mass M and acceleration dV(t)/dt, which is the sum of systematic frictional force (-¢

V(t)) and random force (F(t)). Systematic frictional force represents the slowing down
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tendency of colloidal particle due to more collisions of solvent molecules (on average)
on its front side than back side. ¢ is called the coefficient of friction and in case of
spherical particle it is given as { = 6mn.a, with 7s being solvent viscosity and a is
radius of the sphere. The random force arises from the occasional fluctuations of
solvent molecules, in which the particle experiences collisions that accelerates and
decelerates it. Thus, random collisions of solvent molecules act as driving motors

which drive colloidal particle motion. Solution to eqgn. (1.6) gives,

V(t) = V(0)exp (—%t) + j dz exp <—%(t _ r)> F(o). 1.7)
0

From Eqn. (1.7), velocity correlation function, averaged over Maxwell velocity

distribution, is written as,

3kyT
(V(OV(0)) = (V(O))zexp(—%t)= ¥ exp(—%t). (1.8)

Second term from Eqgn. (1.7) disappears upon averaging, because <V(0)F(t)> = 0 as
random force is uncorrelated to initial velocity. Mean square displacement (MSD) of

the colloidal particle is related to the velocity correlation function as,

t
(Ar2(t)) = 2 f dt (t — )(V(1)V(0)). (1.9)
0

In order to describe the dynamics of colloidal particle, MSD is divided broadly into
three time scales namely short time, intermediate time and long time. These time scales
are determined on the basis of the Brownian time (), which is the time required to
decouple the colloidal particle dynamics from that of the solvent, and the time, which
particle takes to move over its own distance (cage rearrangement time -zz). Motion of

particle within times 7z << t << 1z is called short time motion where as motion at
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t >> 7z is called long time motion. Time scales in the vicinity of zz are regarded as

intermediate time scales.

(b)

<Ar¥(t)> <Aré(t)>

1(s) t(s)

Fig. 1.6 (a) Schematic showing behavior of mean square displacement (MSD) of hard sphere
particles as a function of time, t in gaseous state - 1, liquid like state - 2, supercooled
liquid state - 3 and crystalline/glassy state - 4, of the suspensions. (b) Schematics
showing behavior MSD with t for colloidal particles in repulsive glasses -1 and
attractive glasses -2. « values indicate the diffusive (a = 1) and subdiffusive (a < 1)
behavior of MSD in repulsive and attractive glasses, respectively at short times.

Mean square displacements (MSD), <r’(t)> as a function of time, for colloidal
particle in suspensions with different particle densities and/or interaction strengths are
shown schematically in Fig. 1.6(a). In dilute non interacting suspensions (gaseous
state), colloidal particles show free diffusive motion (<r’(t)> o t) over all the time
scales, which is characterized by single diffusion coefficient, Dy called as free diffusion
coefficient (as shown in Fig. 1.6(a)-1). In the case of moderately dense (liquid like
ordered) suspensions, short time diffusion of colloidal particles become slower than Dy,
due to hydrodynamic interactions,(i.e. interparticle interactions mediated by solvent
velocity field) and given as short time diffusion coefficient, Ds [56]. Whereas at longer
times, colloidal particles experience direct interparticle interactions alongside with

hydrodynamic interactions causing further slowing down of diffusive motion, which is

described by long time diffusion coefficient D, [56]. MSD of colloidal particles in
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liquid like ordered suspension is depicted schematically in Fig. 1.6(a)-2. Change of
diffusion coefficient from Ds to D_ can be seen from change of slope of MSD at
intermediate times. In the case of supercooled liquid state, colloidal particles
experience a cage from the neighboring particles [14]. At short times, colloidal
particles exhibit diffusive motion within the cage, with diffusion coefficient Ds. At
intermediate timescales, where the particle experiences cage from surrounding
particles, its motion become subdiffusive (i.e. <Ar(t)> « t% with « < 1). Subdiffusive
motion of the colloidal particle is seen as a plateau in MSD at intermediate times in
Fig. 1.6(a)-3. At longer time, the particle escapes from the cage due to the dynamic
nature of cages and exhibits diffusive motion with diffusion coefficient D.. When
supercooled liquids freeze in the glassy state or normal liquid freeze in to crystalline
state, long time diffusion gets ceased out making D, to be zero, whereas shorter time
motion continues to exist (Fig. 1.6(a)-4) [14, 57].

Eckert et al. [58] have shown that when attractive interaction is introduced in the
hard sphere glasses, via depletion attraction by addition of external polymer, the glass
initially melts into a liquid and upon further increase in interaction strength an entirely
new glassy state is formed, where particles are bonded together with attractive
interactions. This new glassy state is referred as attractive glass. Arrest of the particle
motion in the attractive glass occurs due to bonding between the particles as well as
due to trapping of particle within the near neighbor cage [58]. MSD’s for repulsive and
attractive colloidal glasses are compared in Fig. 1.6(b). In repulsive glass, MSD shows
plateau at long times due to arrest of particle dynamics within near neighbour cage,
whereas at short time MSD shows diffusive behavior (i.e. <4r’(t)> o t, as shown in

Fig. 1.6(b)-1). On the other hand, in the case of attractive glasses, short time MSD
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shows subdiffusive behavior (i.e. <Ar’(t)> o« t% with & < 1) [59] and reaches

saturation limit of the repulsive glass at very long times, as shown in Fig. 1.6(b)-2.

1.5 Yielding behavior of hard sphere colloidal glasses

Colloidal suspensions belong to the class of viscoelastic materials, which possess
properties in between that of ideal elastic solids (obeys Hooks’ law of elasticity,
o = Gy where o isastress, y is astrain and G is the shear modulus) and ideal viscous
liquids (obeys Newton’s law of viscosity, ¢ = ny) [27]. The viscoelastic response of
the colloidal suspensions is described in terms of storage modulus, G’ (which
represents the elastic properties of the material) and loss modulus, G” (which
represents the viscous properties of the material). G’> G” indicates that the elastic
response of the material is dominant and the material shows solid like behavior.
Whereas, G’ < G ”suggests that the viscous response of the material is dominant and
the material shows liquid like behavior. G”and G” can be measured by deforming the
material using oscillatory shear strain, y (t) = » exp(iwt), with a strain amplitude,
and frequency of oscillation, .

Figure 1.7 shows the variation of G” and G” with applied y, for the hard sphere
suspension close to its glass transition, at constant . At low y, both the G” and G”
show plateaus, indicating their independence with respect to . Within this plateau
region the deformation of colloidal suspension is linear. Beyond a certain critical y, G’
and G” start varying with », indicating the yielding of the colloidal glass at large
[60]. It has been shown that locally, yielding of the hard sphere glasses occur via
irreversible rearrangements of colloidal particles (breaking of the near neighbour
cages) under applied shear [61, 62]. While yielding, G “shows monotonic decrease with

7, Whereas G” shows a peak. The peak in G”appears at » ~ 10% where irreversible

16



rearrangements of colloidal particles (breaking of near neighbour cages) takes place

[60, 61], suggesting that the peak is associated with the process of cage breaking.

[ -‘_A_']/—_t-'-*, —lf«-x!)w—-\—"-,‘”..‘,_ ‘f'-.‘;)

S

10°F E

G’G”(Pa)

10'E

Fig. 1.7 Yielding behavior of dense hard sphere colloidal suspension close to its glass
transition (¢ = 0.57). Symbols are from experimental data. Lines are results from
mode coupling theory. G”- solid symbols & continuous line. G’- open symbols &
dotted line. (Adapted from Miyazaki et al. [60]).

A peak in G” is characteristic of soft glassy materials [60-63].According to soft
glassy rheology model [63], the peak in G” arises as the particles experience activated
barrier from near neighbor cages during the shear flow. Miyazaki et al. [60] have
shown that the peak in G” is generic characteristic of materials having slow relaxation
times and can be present even in the absence of activated barriers. It has been shown
that the peak in G ”arises due to decrease in the relaxation time of the materials (slow
or alpha relaxation time, 7, in the case of hard sphere glasses) with increase in the rate
at which the material is sheared [60, 64]. The apparent relaxation time, zat given shear

rate is written as,

1 1
— = —+ Ky,", (1.10)
T(VO) Ta

where vis an exponent and K is a constant. y, = y,w gives the shear rate. The peak in
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G ”occurs at position, where y,~ 1/t.

The relaxation times in the colloidal suspensions can be measured by deforming the
material linearly at constant small j (within the plateau regime) and varying the .
Behavior of the G’ and G” with o for linearly deformed colloidal glasses is shown
schematically in Fig. 1.8. At very small @, where suspension can completely relax, G’
< G suggesting a liquid like behavior. As @ increases, G”and G ”both increases and
cross each other at w,, where the corresponding shear rate y, = y,®, becomes equal to
inverse alpha relaxation time (1/z,). Beyond the crossover point, G* > G”where G’
stays constant and G” starts decreasing causing a peak. G” continues to decrease till
wp, reaches the minimum and then start increasing. At higher @, both the G” and G”
increase with power law behavior. From the peak and the minimum in G” alpha and

beta relaxation times in the colloidal glasses can be determined.

G'G”(Pa)

o —>

Fig. 1.8 Variation of G” (dotted line) and G” (continuous line) with @ for hard sphere

colloidal glasses measured at small 3. Arrows indicate the peak in G ”(corresponding

to alpha relaxation frequency, @,) and the minimum in G” (corresponding to beta
relaxation frequency, wp).

When the glasses are deformed with large j, the peak in G” (shown in Fig. 1.8)

shifts to higher @ due to decrease in 7, with increase in the shear rate (»w) [60, 64],

which causes the peak in G” to arise while yielding of the glasses (shown in Fig. 1.7).

18



1.6 Yielding behavior of attractive colloidal glasses
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Fig. 1.9 Yielding behavior of attractive glasses. PMMA particles dispersed in cis-decaline at ¢
= 0.6 with added polymer (depletant). (Adapted from Pham et al. [65]).

Yielding behavior of the attractive glasses has been found to be distinct from that of
the hard sphere glass. While hard sphere glass yields with one peak in G” (Fig. 1.7),
attractive glass is found to yield with two peaks in G” (Fig. 1.9) [65]. In attractive
glasses, in addition to the caging from the neighboring particles, arrest of particle
dynamics arises from the interparticle bonding due to attractive interaction. Pham et al.
[65] have interpreted two peaks in G” in the yielding of attractive glasses as the one at
lower strain arises due to breaking of the interparticle bonds and the second at higher

strain arises due to breaking of topological cages formed by neighbouring particles.

1.7  Motivation for the thesis

PNIPAM microgel particles are temperature sensitive, inhomogeneous (core-shell
structured) particles having densely crosslinked core and a thin shell (~ 20-30 nm) of
dangling polymer chains [47, 50]. PNIPAM microgel particles show decrease in size
with increase in temperature and undergo sudden collapse in size at 34°C, called as

volume phase transition, VPT. The dense core is known to deswell more compared to
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the shell upon increasing the temperature [47]. Dense suspensions of PNIPAM
microgels exhibit liquid, crystalline and glassy phases similar to the other colloidal or
atomic/molecular systems [39, 45, 55]. PNIPAM microgels offer tunability of particle
size and hence volume fraction using temperature [39], which helps to study the phase
transitions driven by temperature in PNIPAM microgel suspensions. In addition,
PNIPAM microgel particles in swollen state contain 2-3% of polymer and rest is water
[47], hence are closely matched in the refractive index with the solvent (water). Thus,
PNIPAM microgel suspensions are relatively free from multiple scattering of the light
and offer the advantage of probing their structural ordering, dynamics and phase

behavior using static and dynamic light scattering techniques.

Along with being temperature responsive, PNIPAM microgels are known to be
responsive to osmotic pressure and undergo compression upon application of osmotic
pressure [52, 66], as their Bulk modulus is of the order of ~ kPa [66]. When the
osmotic pressure experienced by PNIPAM microgel particles exceeds their Bulk
module value, they are expected to undergo deswelling. Effect of osmotic pressure
exerted by the addition of a non-adsorbing polymer to the PNIPAM microgel
suspensions under dilute conditions has been studied using DLS [52, 66]. Osmotic
pressures of the order of kPa can also be experienced by PNIPAM microgel particles
under dens conditions (particle number densities of the order of 10* to 10%° cm™).
However effect of osmotic pressure in dense suspension arising from the neighbouring
particles has not been investigated. In this thesis we report experimental evidence for
compression of PNIPAM microgel particles under osmotic pressure exerted by its own
PNIPAM microgel particles due to structural ordering in dense suspensions. Towards
this PNIPAM microgel crystals under different osmotic pressures have been prepared

and their Bragg diffraction has been recorded using UV-Vis spectrometer. The osmotic
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compression of PNIPAM microgel particles in dense suspensions have been realized
by observing interparticle separation in osmotically compressed PNIPAM microgel

crystals being smaller than original microgel diameter.

In dense suspensions, where interparticle separations are of the order of particle
diameter, the core-shell structure of the PNIPAM microgel particles is expected to
influence their dynamics. DLS studies on dense liquid like ordered suspensions of
PNIPAM microgels by Eckert et al. [67] have shown that the microgel dynamics is
influenced by its core-shell structure. However, the influence of core-shell structure of
PNIPAM microgel particles on their dynamics in dense crystalline and glassy state of
the suspensions has not been investigated. Towards this the dynamics in dense
PNIPAM crystals and glasses across their melting transition have been investigated

using DLS technique.

In the study of dynamics across melting of dense PNIPAM microgel crystals, we
verify the applicability of dynamical criterion for their melting. Dynamical criterion
has been proposed by Loéwen et al. [68] for identifying the melting/freezing transition
of colloidal crystals/liquids. According to this criterion, the ratio of long time diffusion
coefficient (D.) to short time diffusion coefficients (Ds) at freezing/melting transition
is reported to be D /Ds ~ 0.1. This criterion is reported to be universal as it was found
to be applicable to colloidal systems, with different interparticle interactions, exhibiting
Brownian motion. However, its applicability for PNIPAM microgel crystals/liquids
undergoing melting/freezing has not been verified. With this as the motivation,
dynamics across the melting of PNIPAM microgel crystals have been studied using
DLS technique. It is shown for the first time that at melting/freezing of PNIPAM
microgel crystals/liquids the value of D, /Ds is < 0.1. Further analysis suggested that

dynamics of PNIPAM microgel particles at short times close to the melting/freezing
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transition is subdiffusive, indicating the inapplicability of dynamical criterion for
melting of PNIPAM microgel crystals. The subdiffusive dynamics at short times and
hence inapplicability of dynamical criterion for melting of dense PNIPAM microgel
crystals is argued to arise due to the entanglement of the dangling polymer chains of

neighbouring PNIPAM microgel particle,

Motivated by the observation of subdiffusive short time dynamics in dense
PNIPAM microgel liquids and crystals, we studied the dynamics in dense PNIPAM
microgel glasses and showed that entanglements of the dangling polymer chains also
exist in the glassy state by observing the subdiffusive dynamics of PNIPAM microgel

particles at short times.

Colloidal glasses are viscoelastic in nature and yield under application of the large
shear [27]. The yielding behavior of colloidal glasses has been found to depend on the
nature of inetrparticle interactions between colloidal particles [60, 65]. While the hard
sphere colloidal glass yield in one step (one peak in G") [60], attractive colloidal
glasses have been found to yield in two steps (two peaks in G”) [65]. In PNIPAM
microgel glasses, interparticle interactions are soft repulsive [45] and there exist the
entanglements of dangling polymer chains between neighboring particles (evidenced
by short time subdiffusive dynamics). With the motivation that how does the soft
repulsive glasses of PNIPAM microgel particles with entangled polymer chains will
respond to the applied shear, their yielding behavior has been studied by performing
non-linear rheological measurements. Rheological measurements have revealed that
dense PNIPAM microgel glasses yield in two steps, which has been interpreted to
occur due to i) breaking of the entanglements of dangling polymer chains of

neighboring particles and ii) breaking of topological cages from neighboring particles.
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Towards all the above mentioned studies, nearly monodisperse PNIPAM microgel
particles of various sizes have been synthesized. At higher temperatures, where
PNIPAM microgel suspension turns turbid due to multiple scattering [69],
investigations have been carried out using 3D DLS techniques which uses cross-
correlation methods to avoid the multiple scattering effect. The thesis is organized in
following way. The details of synthesis and characterization techniques are discussed
in Chapter 2. Chapter 3 reports the results on the osmotic compression of the PNIPAM
microgel particles in dense suspensions. Studies on dynamics in PNIPAM microgel
crystals across melting are presented in Chapter 4. Chapter 5 reports the investigations
on dynamics and yielding behavior of dense PNIPAM microgel glasses. Summary and
conclusions of investigations that are carried out using SLS, DLS, UV-Vis
spectroscopy and Rheology techniques, important findings of the thesis and directions

for future work are discussed in Chapter 6.

1.8 Major findings of the thesis

1. PNIPAM microgel crystals of different volume fractions have been prepared and
Bragg diffraction from these crystals has been recorded using UV-Vis spectrometer.
The interparticle separation in PNIPAM microgel crystals with ¢ > 0.74, determined
from the Bragg peak position, is found to be smaller than the diameter (dp) of the
PNIPAM microgel particles measured under dilute condition.

2. The observation of interparticle separation being lesser than the particle diameter
(dn), in dense (¢ > 0.74) PNIPAM microgel crystals, constitute first evidence for
deswelling of PNIPAM microgel particles under osmotic compression. PNIPAM
microgel particles undergo osmotic compression as osmotic pressure on microgel

particles exceeds their Bulk modulus (~ kPa).
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. Flory-Rehner (FR) theory is shown to provide the qualitative understanding for
osmotic compression of PNIPAM microgel particles beyond a certain volume
fraction.

. DLS has been employed to study the dynamics across the melting of dense
PNIPAM microgel crystals. Careful analysis of mean square displacement showed
for the first time that dynamics of PNIPAM microgel particles, close to melting of
the crystals, is subdiffusive at short times. The subdiffusive dynamics at short times
is argued to arise due to the entanglements of dangling polymer chains of
neighbouring PNIPAM microgel particles. Observation of subdiffusive dynamics at
short times implies the deviation of the dynamical criterion for melting of PNIPAM
microgel crystals.

. Upon sudden cooling, dense PNIPAM microgel liquids are shown to freeze into a
glassy state. The glass transition temperatures of dense PNIPAM microgel liquids
have been identified using 3D DLS technique. Non-ergodicity parameter, f(q, ) is
shown to show discontinuity across glass transition.

. The dynamics in dense PNIPAM microgel glasses is shown to be subdiffusive at
short times, suggesting the existence of the entanglements of the dangling polymer
chains between neighbouring PNIPAM microgel particles in the glassy state as well
as in the super cooled liquid state (i.e. above the glass transition temperature).

. Non-linear rheological measurements on dense PNIPAM microgel glasses have
shown that these glasses yield in two steps by exhibiting two peaks in G” (@, ). It
is the first report of two step yielding in a soft repulsive glass. Earlier reports of the
two step yielding are in attractive colloidal glasses.

. Two step yielding observed in dense PNIPAM microgel glasses is argued to arise

i) due to breaking of the entanglements of dangling polymer chains between
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neighbouring particles and ii) due to breaking of topological cages formed by

neighbouring particles.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES AND SYNTHESIS METHOD

This chapter deals with experimental techniques used for characterization of
structural ordering, dynamics and rheological behavior of colloidal suspensions. The
instrumental details, measurement schemes and methods of analysis underlying the
used techniques, i.e. static light scattering (SLS), dynamic light scattering (DLS),
cross-correlation light scattering, UV visible spectroscopy and Rheology, are
presented. Detailed method for synthesis of PNIPAM microgels and procedures for

preparation of dense PNIPAM microgel crystals and glasses are discussed.

2.1  Light Scattering techniques

In colloidal suspensions, length scale of interest ranges from ~ 100 nm to several
microns and time scale ranges from ~ 10sec to ~ 10%sec, hence static light scattering
(SLS) and dynamic light scattering (DLS) are the appropriate techniques to study their
structural ordering and dynamics, respectively [1-2]. Basic principles of operation,
instrumental details and analysis methods of SLS and DLS techniques used for
characterization of structural ordering and dynamics in transperent, turbid and non-
ergodic colloidal suspensions are discussed below.
2.1.1 Static light scattering

Static light scattering consider elastic scattering of the light, in which scattered
photon undergo only a change in momentum without a change in energy. The change

in momentum of the photon is given as,
hG = hk; — hk,, (2.1)
where 7 = h/2z and h is Plank’s constant. E is wave vector of incident light, ITS IS

wave vector of scattered light and ¢ is called as scattering wave vector. Ray diagram
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for elastic scattering of light is shown in Fig. 2.1(a). For elastic scattering
process |k,| = |k,|, giving rise to the amplitude of scattering wave vector as, q = (4mus

I2) sin(0/2). Here @ is scattering angle, s is solvent refractive index and A is

wavelength of incident light.

(a) (b)

Fig. 2.1 (a) Ray diagram of elastic scattering of light, (b) Two spheres having center of mass at

R;and R, with respect to origin, O and separated by R, — R,. 7, and b, are the
distances of the ™ scatterer from O and center of the i sphere, respectively.

Let us consider a suspension of N rigid monodisperse colloidal particles of
refractive index g4 and radius a dispersed in medium. Let each colloidal particle
consists of n point scattering centers of individual scattering amplitude f. The scattered
electric field, Es (g,t) from N colloidal particles present in scattering volume, Vs at any

time tis given by,

N n
E@,0) « ) ) fewlidiig(0), (22)

where 7; ,(t) is the distance of the o™ point scatterer of i sphere with respect an
arbitrary origin, O and is given as,

Pra(t) = Ri() + bg, (8). (23)
here, ﬁi(t) is the distance of center of mass of colloidal sphere with respect to origin
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and Eai(t) is the distance of scatterer from the center of sphere, which is shown in

Fig. 2.1(b). The time averaged intensity, <I(q)> of scattered light is given by

A@) = (E@ Py e f2¢ D exp[id. (Fra = Ty)]) 2.4)

LjaiBj
Eq. (2.4) can be rewritten as
(I(q)) < f%( Z exp|ig. (ﬁl - ﬁj)] .exp [LE[ (I;ai — Bﬁj)]). (2.5)
LjaiBj
When interparticle averages are independent of intra-particle averages, average

scattered intensity from non interacting suspensions is given as,

A@do < 20" exp[id. (ba, B, ) < 2 P(@). (2.6)

a;,Bj

P(q) is called as particle form factor or intra-particle structure factor. In case of

spherical particles P(q) is given as [3],

3[sin(qa) - <qa)cos<qa)]}2
P = . 2.7
@) { ChE @7)
The interparticle structure factor is then written as,
(I1(q)) L3 =
S = ocZex ig.(R; — R;)|). 2.8
@ = Tens * 2 plig. (R~ &) (2:8)
In Rayleigh Gans regime, the scatterd intensity can be written as,
I(q) = AP(q)S(q), (2.9)
where A is the constant given by [3],
16m*Na® [u? — 1] I,
A= —5 LL% — |z (2.10)

where lo Intensity of the incident light, P is the distance between sample and the
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detector and g4 = up /s is the relative refractive index of the particle with respect to

medium.

2.1.2 Dynamic light scattering

In a suspension, colloidal particles exhibit translational, rotational or vibrational
motions due to thermal motion of solvent molecules [2]. Because of this, the intensity
of the scattered light fluctuates in time. Thus, fluctuations in intensity, carries
information about positions and orientations of the colloidal particles and hence can be
used to obtain the information about the dynamics of colloidal particles. The time
dependent correlation function of fluctuating property provides concise way to extract

the information about the dynamics of the system.

In general, any fluctuating property A(t), which fluctuates in time, displays
following features: A at time t and t+7 can have different values, so that A(t) # A(t+7).
For small values of 7, A(t) is very close to A(t+7). As zincreases, deviation of A(t)
from A(t+7) is more likely to be nonzero. Thus we can say that, the value A(t+7) is
correlated with A(t) when zis small but this correlation is lost when z becomes large

compared to the period of fluctuations. A measure of this correlation is the auto

correlation of the property, A which is defined as,

(A(0)A(7)) = Thl?o%JO dtA(t)A(t + 1) (2.11)

and the average of A(t) is given by,

1 T
(A) = ’Il"l—r}c;loTJO dtA(t). (2.12)

The discrete form of these equations is written as,
1 v
(AOAD) = lim =" 44, (2.13)
V=0 Y
j=1
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and
1 v
(A) = lim ;Z A (2.14)
=1

where A; is the value of the property at j™ interval and T = vAt, t = jAat and 7= mAt.

From Eq. (2.13), it can be shown that,

lim (A(0)A(1)) = (A(0)?) = (4?) (2.15)
and
lim (A(0)A(7)) = (4)°. (2.16)

Thus, the time correlation function of nonperiodic property decays from <A*> to <A>?
in the course of time. In many applications autocorrelation function decays like single
exponential so that,

(A(0)A(D)) = (4)* +{(A%) — (A)*} exp(—T/7.) (2.17)

where, 7. is called the  relaxation time of correlation function”.

In light scattering experiments, instantaneous electric field of the scattered light at a
given scattering wave vector ¢ is given by Eq. (2.2). Detector detects the intensity of
scattered light which is given as I(t) = |E(t)|?, which is fed to the correlator to
calculate the intensity-intensity autocorrelation function (also known as homodyne or
self beating correlation function), which is defined as,

(1(q,0)1(q, t)) = B(IEs(q, 0)*|Es(q, )I?), (2.18)
where B is the proportionality constant. Colloidal suspensions for which time averaged
intensity of the scattered light is same as ensemble averaged intensity of the scattered
light are referred as ergodic colloidal suspensions. In the case of ergodic suspensions,
time averaged g® (g, t) (measured at one point in the sample) represents the ensemble

averaged g (g, t) and hence, can be used to obtain the dynamical information about
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the system. The normalized intensity autocorrelation function, g® (g, t)is defined as,

_ (@01@D)

@ (gt 2.19

9*(q,t) (I1(q))? (2.19)

The normalized electric field autocorrelation function, g™ (g, t) is defined as,
E;(q,0)Es(q,t

T CACHOLACHS), 220)

(Es(@))?

With an assumption that the scattering volume can be divided into a large number of

statistically independent sub-regions and the scattered electric field is Gaussian random

variable, one can relate the g® (g, t) and g(¥ (g, t)using Siegert’s relation,

2
9P =1+ |B. 90| (2.21)

where coherence factor, f; depends on the coherence area set by the optics of the
instrument. For one coherence area the ideal value of f. = 1. Light scattering
experiments, where Gaussian approximation for the scattered electric field is not valid,
are performed in heterodyne mode. In heterodyne mode, electric field of scattered light
is mixed with that of incident light before the detector, which is further used to

calculate heterodyne correlation function.

The electric field correlation function can also be defined as intermediate scattering
function or dynamic structure factor, F(q,t) which is related to positions of colloidal

particles and is given as,

F(q,t) x (Es(q,0)Es(q,1)) . (2.22)

Egs. (2.2), (2.9) and (2.22) suggest that, for colloidal suspensions with P(q) = 1
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F(q,
0G0 =5 s =F@0) (223)

g@®(q,t) is also called as normalized dynamic structure factor denoted as f(q,t),
which are used interchangeably in the following text. When displacement of the
colloidal particle, A%(t) in the vicinity d°R of R(t) is Gaussian distributed, the
f(q,t)is related to the mean square displacement (MSD), <Ar*(t)> of the colloidal

particle by following relation [2],

f(q,t) = exp(—q*(Ar*(1))/6). (2.24)
MSD obtained using this relation is used to characterize the dynamics of colloidal
suspensions as discussed in Chapter 1. In dilute non interacting suspensions, colloidal
particles undergo free Brownian motion and the MSD is given by <Ar(q,t)> = 6Dqt,
where Dy is the free diffusion coefficient. Therefore f(q,t) takes the form as,

f(q,t) = exp(=Doq*t) = exp(-Tt), (2.25)
where "= Doq’ is called decay constant. Dy is related to the hydrodynamic diameter, dp,
of the colloidal particle via Stokes-Einstein relation as dj = kzT/3nnsD,. When
colloidal particles are polydisperse in diameter, 7~ has a distribution G(/) and the

corresponding f (g, t) is written as [4],

o)

f(qt) = j G(I) exp(—TIt) dr. (2.26)

0
G(7) and hence the particle size distribution can be calculated from the Laplace
inversion of f(q,t). Finding the precise functional form for the distribution involves
rigorous calculations. Another simplest way to analyze the DLS data to get basic
information about size and size polydispersity (SPD), is a method of cumulants. In this

method, In[f (g, t)] is expressed as cumulant expansion given as [4],
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— K K
In[f(q,t)] = Tt +—t2 — =¢34 -

o1 3 , (2.27)

where, I is a first cumulant which is related to the average diffusion coefficient, D as

I' = Dg? and used to determine the average diameter of colloidal particles using
Stokes-Einstein relation defined in the above text. Second cumulant, x» gives the
variance of the size distribution relative to average value. Square root is x» is a size
polydispersity (SPD), which is given as SPD = standard deviation in diameter / average
diameter. In the case of dense interacting suspensions, the motion of colloidal particle
at short times (75 << t << 1) is characterized by Ds and at long times (t >> zz) by D,_as
in discussed Chapter 1. The diffusion coefficients measured in DLS experiment depend
on g. MSD’s corresponding to both the short and long times are defined as <Ar%(q,t)

> = 6Ds(q)t and <Ar%(q,t)> = 6D_(q)t, respectively.

2.1.3 Light scattering setup

Yy FOCUSING LENS
SAMPLE
X
wsen [[ vt
z
PM. PM. AR
COMPUTER-CORRELATCR
STEPFER & TEMPERATURE
CONTROLLER

Fig. 2.2 Schematic diagram of light scattering set up (top view) showing various components.

We have carried out static and dynamic light scattering experiments using

commercial light scattering set up (Malvern, UK, model 4700). Schematic of the light
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scattering set up showing various components is shown in Fig 2.2. It consists of a laser
as light source (solid state laser, 4 = 532 nm), polarizer and analyzer, lenses, vat,
detector and correlator. Polarizer and analyzer have been used to select V-V (vertical —
vertical) or V-H (vertical — horizontal) scattering geometries. In V-V geometry
vertically polarized light is made to incident on sample and vertical component of
scattered light is detected. In V-H geometry vertically polarized light is made to
incident on sample and horizontal component of scattered light is detected. V-H
geometry is also known as depolarized light scattering geometry. The light scattering
set up consists of a Goniometer with an arm to mount a detector, a vat (containing
index matching liquid - toluene), sample holder to hold sample inside the vat and a
heater to raise the sample temperature from 10 °C to 60 °C with temperature stability
of + 0.1 °C. Vat with toluene serves as index matching medium and as constant
temperature bath. Goniometer is moved using spectrometer motor which moves the
detector in scattering plane (x-y) with an angular resolution of 0.1°. Photomultiplier
tube (PMT) is used as the photon detector in single photon counting mode. A pin hole
with an adjustable aperture placed before the PMT is used to vary the detector area
exposed to the scattered light. Intersection of the detector cross section and the laser
beam at the center defines the scattering volume. In order to enhance the coherence
factor, £ scattering volume is reduced by focusing the incident light at the center of the
vat and by decreasing the pin hole size placed before detector.

The signal coming from the PMT is processed by the correlator and then passed to
the computer for final analysis and display. Generally, a correlator stores the
successive signals from the sample and multiplies every sample signal by the next
value of the signal as it is measured. These products are accumulated in ‘store

channels’. The change in the value of the ‘correlation coefficient’ measured by each
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channel is characteristic of the fluctuations in the signal. These fluctuations and the
number of channels available dictate the choice of the ‘sample time’. Model 7132
correlator is used in our DLS set up. The 7132 correlator has dual correlator
architecture. It has fast 64 channels, which can operate as a linear correlator or a log
correlator operating in 8 x 8 groups. It has a slower correlator, which can operate as a
256 channel linear correlator with a minimum sample time of 10 usec or a log
correlator operating in 16 x 8 or 24 x 8 groups with a fundamental sample time of
down to 4 ps. For a general operation, 192 channels are used among which 64 (8 x 8)
are fast channels and 128 (16 x 8) are slow channels. In the fast channel, the minimum
sample time is from 50 ns and for slow channel, the minimum sample time is 4 ps. The
time required to do an experiment is set through the computer. For those experiments,
where the relaxation time of the sample exceeds the time period of operation of 192
channels with highest sample time, the experiments are performed with extended
channels. The dynamic range of our correlator (in log mode) is 10** seconds starting
from 50 nsec.

Light scattering set up is equipped with the translation (in x,y,z directions) and
rotation (about z axis) stage, which used for positioning and orienting the sample cell

with respect to incident laser beam.

2.1.4 Alignment Procedure

a) First the laser beam is aligned using the translational, horizontal and vertical screws
so that the beam exactly passes through the crosswire placed on the PMT arm and
falls on the opposite wall and the position of the beam is marked on the wall. This
ensures that the laser is parallel to the plane of the table.

b) Then the vat is placed in the ring so that the beam passes through the center of the

flat portion of the vat and exits out through the other end. Finally, the three leveling
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screws are tightened.

c) The vat cover is placed on the top and tightened. Then the vat is filled with water
from the top. Further the beam is once again checked that it should pass through the
pinhole, crosswire and then falls on the previously marked position.

d) Then the focusing lens is placed at the proper position and the three screws are
tightened. After that if the beam is still not passing through the pinhole and
crosswire, then using the fine screw on the focusing lens, the beam is made to pass
through the crosswire.

e) Finally, the diffraction fringes are verified by inserting a thin platinum wire exactly
perpendicular to the beam. If the beam is in a straight line, then the diffraction
fringes will be symmetric on both sides of the center. This completes the procedure
for aligning the beam. Finally the crosswire is removed and the PMT is placed on

the PMT arm and tightened properly.

Checking of the Alignment with Toluene

A good basic check that the instrument is aligned properly for an angular intensity
scattering (i.e. 1(6) vs 0 ) is to compare the count rate from the toluene sample at
scattering angles of 30°, 90° and 150°. The PMT optics “sees” a longer path length at
oblique scattering angles, so that the observed count rate should rise in proportion to
the sin of the scattering angle (). A correction for this effect is automatically made in
angular scan measurement provided the alignment is made to satisfy, Count rate at 30°
= Count rate at 150° = 2(Count rate at 90°). This relation holds good to within 5% for a
good alignment. Figure 2.3 shows the scattered intensity as a function of scattering
angle for toluene in 10 mm cell. One can see that the scattered intensity remains
constant from 20° to 150°. This represents good alignment for the instrument. Most of

the results presented in this thesis correspond to 10 mm cell.
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Fig. 2.3 Scattered intensity as a function of scattering angle, # measured for toluene.

2.1.5 Cross-correlation based 3D dynamic light scattering technique for turbid
colloidal suspensions

Light scattering technique discussed in the preceding sections is based on the single
scattering of light, i.e photon scattered by a particle reaches the detector without
undergoing scattering from other particles. In the case of colloidal suspensions with
higher concentration (particle density) and / or higher refractive index contrast multiple
scattering of light becomes a problem [5]. Light scattering technique based on cross-
correlation method provides a way to measure singly scattered light in to presence of
the multiply scattered light and hence can be effectively used to characterize the turbid
colloidal media [6-7]. Cross-correlation light scattering technique is also known as 3D
light scattering (3D DLS and 3D SLS) as it detects the light scattered from same
sample in two different scattering planes (Fig. 2.4(a)) by performing two different light
scattering experiments. Two light scattering experiments are performed by using two
laser beams, having incident wave vectors k;; and k;,, which cross each other at angle,
w at the centre of the vat and scattered light from corresponding beams is detected at

wave vectors kg, and ks,, respectively using two detectors. Two detectors are
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mounted on the Goniometer arm in such a way that with respect to single scattered
light both the detectors see same scattering wave vector, |g| = |Ei1 — I_c51| =

|kiz — ksz|. Intensity of the scattered light measured by two detectors is then

correlated with each other to obtain the intensity cross-correlation function, g%)(q, T)
which is given as

2) _ (11 (Qi tI)IZ (Qi t' + T))
92 @D =ML @) (228)

Scattered light detected by each detector consist of single plus multiply scattered

component. In case of multiple scattering, photon undergoes scattering from several
particles before reaching the detector, thus each detector sees several different g.
Intensity of light scattered at same ¢ is temporally correlated, whereas that for different
q is decorrelated. Therefore, upon cross-correlation of intensity of scattered light from
two different detectors, multiply scattered light produces constant background and only

contribution from singly scattered light survives, removing the effect of multiple
scattering on correlation function. f(q,t) can be obtained from gg)(q, t) using
Siegert’s relation, g§;> (g,t) =1+ |Bf(q,t)|%. Where S is net coherence factor given
as, B = BmPi2Bc With B, fi12 and S are the factors arising due to multiple scattering,
overlap of two laser beams used in cross-correlation and alignment of the optics,
respectively. For dilute sample, where the multiple scattering is absent, S, = 1. Time

averaged intensity of the single scattered light from turbid colloidal suspensions can be

obtained as I(q) = +/IMIM peonc/pdilute [6]. Where I} and I}' are the intensity
detected by two detectors, respectively.

Figure 2.4 (b) shows schematic diagram of 3D light scattering set up. The
photograph of 3D DLS setup (LS Instruments AG, Fribourg, Switzerland) used for
probing turbid samples are shown in Fig. 2.4 (c). The 3D light scattering setup is
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equipped with 633 nm He-Ne laser as a light source, Avalanche photo diodes (APD) as
photon detectors and a multi-tau correlator. Here, decaline is used as index matching
fluid instead of toluene as in previous case. Sample temperature is controlled to

accuracy of + 0.1 °C by circulating heat exchanger fluid around the vat.

o .-APD 2

AOMs:
Acousto optic modulators

™ Ly Ly Lenses
| LS: Laser

F1, F2: Optical fibers

APD’s :
Avalanche photo diodes

S: Sample
BS :beam splitter

Fig. 2.4 (a) Ray diagram showing scattering geometry of 3D light scattering setup,
(b) Schematic diagram of the cross-correlation light scattering setup, (c) photograph

of cross-correlation light scattering setup.
Fig. 2.5(a) shows the I(6) vs O for toluene on 10 mm cell which is observed to be
constant over 6 range of 30° (q = 0.68 x 10°> cm™) to 150° (q = 2.54 x 10°> cm™),
ensuring the good alignment of the optics of the light scattering instrument. In cross-

correlation light scattering, intercept of intensity correlation function decreases to ideal
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value of 0.25 from its ideal value of 1 in auto correlation, due to overlap of two laser

beams. The laser beams are aligned such that g§§>(q, 0) = 0.23 is achieved in cross-
correlation mode. In order to increase this intercept, acousto-optic modulators (AOMs)

are used. AOMs switch the laser beams on and off alternately at interval of 3x sec, thus

avoiding the overlap of the beams. With AOMs, gg) (q,0) is observed to increase up
to 0.74. Intensity correlations measured in auto and cross-correlation mode for dilute

suspension of polystyrene particles (diameter 70 nm) are shown in Fig. 2.5(b).

10 — T T . : T 1.0 -
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Fig. 2.5 (a) Scattered intensity as a function of scattering angle measured for toluene, and
(b) Intensity cross-correlation functions measured in auto and cross-correlation mode

on dilute polystyrene (70 nm diameter) suspension.

2.1.6 Light scattering from non-ergodic colloidal suspensions
The colloidal suspensions for which time averaged intensity of the scattered light (at
a given q) differs from ensemble averaged intensity of the scattered light, are referred

as non-ergodic. In the case of non-ergodic colloidal suspensions, time averaged
g@(q,t) measured at different sample locations, differ from each other. True
ensemble averaged g (g, t) can be obtained by actually averaging the time averaged
g@(q,t) measured at different sample locations, which is very time consuming

process. Instead, Pusey and Van magen [8] have developed a method to obtain f(q, t)
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for non-ergodic samples, using time averaged g® (g, t) measured at single sample

location. According to which,

Y—-1 gP(qt) - o}
flq,t) = 7t v , (2.29)

where Y is called as non-ergodicity factor which is given as

U@ , P@ U@ o
ey = 1)) R A

here, g is mean square fluctuation of the scattered intensity. <I(q)>¢ and <I(q)>1
represents ensemble averaged and time averaged intensities of scattered light. <l(q)>t
is obtained by time averaged measurements at one location in sample, whereas <I(q)>g
is obtained by measuring the scattered light intensities from different sample locations

by rotating or translating the sample during the measurements.

In the case of turbid non-ergodic colloidal suspensions, the f(q,t) is obtained as

[9],

1/2

) @)
1)19:2(a,t) — 915 (4,0)
fla.6) =14 54|72 ﬁdilutjz +1f —1¢, (2.30)

where Y = [(<11(q)>e <l2(q)>e )/(<11(q)>T <I2(q)>7)]** , E- ensemble average and T-

time average.

Figure 2.6(a) shows the time averaged g®(q,t) measured on dense PNIPAM
microgel glass (¢ = 0.7) at different sample locations. g (g, t) is seen to be different
at different sample locations indicating non-ergodic nature of sample. The ensemble
averaged f(g,t) is obtained from these time averaged g®(gq,t) using method
described above, which is shown in Fig. 2.6(b). The ensemble averaged intensity,
<I(g)> is collected by rotating the sample at speed of 10 revolutions per 15 minutes.
The f(q,t) at different sample locations, obtained by performing non-ergodic analysis,
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is found to overlap, indicating the validity of above method for our measurements.

Same methodology has been followed for analyzing all non-ergodic samples.
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Fig. 2.6 (a) time averaged g®(q,t) at different sample locations, for PNIPAM microgel
suspension having ¢ = 0.7 (at 20°C), (b) ensemble averaged f(q, t), obtained from
g@ (g, t) at different sample locations, using Eq. (2.29).

2.2 UV visible spectroscopy

In the case of colloidal crystals having near neighbour separation smaller than
~ 200 nm or larger than ~ 2000 nm, the Bragg diffraction cannot be recorded using
SLS, as the Bragg peaks fall out of the accessible q range. The Bragg diffraction from
these colloidal crystals can be recorded using UV-Vis spectrometer, in which the
incident wavelength is varied from UV to Visible and further to near Infrared (IR) by
keeping angle of measurement constant. JASCO 650 UV-Visible spectrophotometer is
employed to record the Bragg diffraction from PNIPAM microgel crystals. Schematic
setup of UV-Visible spectrophotometer is shown in the Fig. 2.7. When the light is
made incident on the sample, part of the light is attenuated due to scattering and
absorption, a part is reflected and the remaining is transmitted. According to Beer-

Lambert law, the attenuation at a given wavelength is given by,
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log (170) =eC'z, (2.31)
where |y is the incident intensity, | is the transmitted intensity of the light, ¢ is the
molar absorbance, C” is the molar concentration of the absorbing molecules and z is
the optical path length of the sample. This spectrophotometer is a double beam, direct
radiation measuring system. A deuterium lamp and a halogen lamp are the sources
covering ultraviolet region and visible region respectively. It has a grating type double
monochromator to disperse the measuring light in to constituent wavelengths. Using a
chopper mirror the incident beam is split into reference and sample beams. The
reference beam is used to nullify the effect of sample cell and solvent. This instrument
has two detectors (PMTs); one for measuring the reference beam and other for the
sample beam. The wavelength range covered in this instrument is from 900 nm - 200
nm with resolution of 0.1 nm. We have recorded UV- Visible spectra of PNIPAM
microgel crystals contained in quartz cells of optical path length 2 mm. All spectra

reported in thesis correspond to normal incidence.

Source Monochromator Reference Detector
— 7| —

Dasplay

\ Sample |—| Detector

Fig. 2.7 Schematic diagram of UV-Vis Spectrometer.

2.3 Rheology

Rheology is the study of flow and deformation behavior of the materials under the
applied shear stress. An instrument used to study the rheological behavior of the
materials is called a rheometer. Rheological measurements on dense PNIPAM

microgel suspensions have been carried out using a MCR 301 rheometer (M/s Anton
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Paar, Germany). It consists of a measuring cell which is held static and a measuring
tool which is either rotated or oscillated during course of measurements, for the
application of shear. Rotation or oscillation of the tool is achieved with the help of a
electromagnetic motor which operates on air bearings to produce finest movements.
Required air is pumped via external compressor. This rheometer can be operated in
controlled stress or controlled strain modes. Rheological measurements presented in
this thesis correspond to controlled strain mode. The rheometer can apply torque in the
range of 0.1 uNm — 200 mNm with a resolution of 0.001 uNm and a frequency in the
range of 10*-10? Hz. Measuring cell and measurement tools are available in the form
of cone and plate, parallel plates, double gap, cup and bob etc. The choice of the

geometry depends on sample viscosity.

Sample— >~~~ __—_ 3 &

Fig. 2.8 (a) Schematic diagrams of the cone and plate geometry with cone of angle, ® and

radius, Rp. (b) and (c) show photographs of the rheometer plate and cone, respectively.

We have performed rheological measurements using cone & plate geometry with a
cone of angle, @ = 1°, radius, Rp = 12.5 mm and cone truncation at H = 0.051 mm.
Schematic of cone and plate geometry is shown in Fig. 2.8(a). Photographs of plate and
cone are shown as Fig. 2.8(b) and (c), respectively. Cone and plate is geometry suits

for high viscous samples. Plate acts as measuring cell which is held static and cone act
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as measuring tool which is connected to the motor for vertical as well as
rotation/oscillation movements. Sample to be sheared is sandwiched between cone and
plate. Open area of the sample is sealed with silicon oil (viscosity 99 cp) in order to
prevent the evaporation of the water during the course of measurements. Temperature
of the sample is varied using Peltier unit associated with measuring plate which is
cooled by circulating water using a external circulator. Peltier element allows the

variation of temperature from -20 °C to 200 °C with a temperature stability of +

0.01°C.

The rheometer can be operated either in rotation or oscillation mode. In rotational
measurements, cone rotates on the sample in which speed of rotation is proportional to
the shear rate. In order to ensure uniform shear rate the cone angle is kept small (~ 1 to
4°) [10]. The distance between the bottom plate and the cone tip is H. When sample is
sheared with an angular speed of £, the shear rate, y (experienced by suspension) is
given by the expression, y = Q/tan®. For small ®, y = Q/0. Thus, the shear rate is
dependent only on the rotational speed and provides constant shear rate throughout the
sample. The corresponding shear stress is given by o = 3M /(2mR;) where, M is the
applied torque for generating the given stress. Using rotation mode one can study the
flow behavior of the material.

On the other hand, oscillatory measurements are used to study viscoelastic response
of the materials [10]. The parameters for viscoelastic materials are written in complex
domain where the real and imaginary parts represent elastic and viscous contributions
of a material, respectively as,

o= Gy ,with y*=y +iy " ;0"=0¢" +ic"; 6= G + iG".
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Here * represents complex quantities, with “and ” as real and imaginary parts,
respectively.  In oscillatory rheological measurements, oscillatory strain, y* =
yoexp (iwt) with amplitude, y, and angular frequency of oscillation, w, is applied on
the sample and oscillatory stress, ¢* = g, exp i[wt — §(w)] with amplitude, o, and
phase shift 6 (), is measured. The phase shift between applied strain and measured

stress is shown schematically in Fig. 2.9(a). From the strain and stress, complex

modulus is obtained as

G = (00"/v0") = (00/70) explid(w)] = (do/¥0) [cos 8(w) + isin §(w)],

which is further resolved in to G’and G”, using ¢ (w) (Fig. 2. 9(b)) as follow,

G' = (0y/y0) cosb(w), G' = (6y/y,) sin6(w) and tan & w)=G"/G’ is a damping

factor.
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(a) (b)
Fig 2.9 (a) Phase difference, ¢ in strain (y) and stress (o) for a visco-elastic materials and
(b) Vector representation of complex modulus for visco-elastic materials.

G’and G ”are used to determine the physical state of the material. When G” > G”,
material is said to be viscoelastic solid and when G” < G” material is said to be
viscoelastic liquid. At small y,, viscoelastic solids deform linearly, where as for large
¥, deformation becomes non-linear (e.g. Fig. 1.7). Using linear deformation behavior

(where G”and G” are measured as a function of @ by keeping » to be constant and
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small) the physical state and relaxation times of the material can be determined
(Fig. 1.8). On the other hand, using non-linear deformation behavior (where G’and G”
are measured as a function of y» by keeping @ constant), yielding behavior of the
materials can be studied (Fig. 1.7). We have performed linear viscoelastic
measurements on PNIPAM microgel glasses by applying constant j (< 5%) and by
varying the @ from 0.1 to 100rad/sec. Non-linear rheological measurements have been
carried out using dynamic strain sweep (DSS), in which j is varied between 1 -
1000% by keeping @ constant. Results of linear and non-linear rheological

measurements on dense PNIPAM microgel glasses are presented in Chapter 5.

2.4  Synthesis and purification of PNIPAM microgel suspensions
PNIPAM microgel particles have been synthesized using free radical precipitation
polymerization method [11-13]. Key ingredients in the synthesis includes monomer
(N-isopropyl acrylamide - NIPAM), initiator (potassium per sulphate - KPS),
crosslinker (N, N’-methelene bisacrylamide - BIS) and surfactant (sodium dodecyl
sulphate - SDS). All the chemicals used in synthesis are of analytical grade reagents
and used as supplied. Synthesis is carried out as one pot synthesis. A pre-gel solution is
prepared by dissolving NIPAM, SDS and BIS in ultrapure deionized (Milli-Q) water.
Dust particles can act as nucleation center while polymerization leading to formation of
polydisperse microgel particles. The pre-gel solution is then filtered through 0.22 um
syringe filter (Millex) for removal of dust. Filtered pre-gel solution is transferred to
round bottom flask and degassed through constant Argon purging for one hour under
rigorous stirring. Degassing is essential to remove the oxygen present in the solution,
which can affect the polymerization. While Argon purging was on, pre-gel solution is

heated to 70°C. In agueous solution SDS forms spherical micelles (self aggregates of
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SDS molecules), which contains monomer and act as monomer droplets. The initiator
(KPS) is dissolved separately in Milli-Q water at 70 °C and added to the degassed
reaction mixture. KPS forms free radicals at 70 °C, which initiates the polymerization
reaction within monomer droplet. KPS radicals bind to the monomer and transfers
charge on to it. Monomer with charge binds with another monomer forming dimer and
transfers charge on to it. In this way, polymerization reaction proceeds with formation
of trimers and higher oligomers. Polymerization gets terminated by the joining of
oligomers. During the polymerization process, BIS binds two polymer chains together
creating the network structure of polymers, which is essential for formation of
microgel. Polymerization is allowed to proceed for six hours. During polymerization,
temperature of the solution is maintained at 70 £ 2 °C. Polymerization is carried out
under continuous purging of Argon gas and rigorous stirring of the solution.
Fluctuations in the temperature, stirring speed and gas purging during polymerization
can cause aggregation of microgel particles. Upon completion of polymerization,
microgel suspension is cooled back to room temperature. The size of PNIPAM
microgel particles can be varied by varying the amount of the SDS and crosslinker
(BIS). Variation of SDS amount leads to variation of size of micelle and hence that of
microgel particle. In absence of the SDS, monomer themselves form droplets. On the
other hand, increase in crosslinker concentration makes polymer network more
compact, resulting in decrease in the size of the particles. At higher crosslinker, due to
compaction of polymer network, PNIPAM microgel particles become more rigid than
those with lesser crosslinker. In the absence of the crosslinker (BIS), polymer chains

join together via self cross linking [13].

Monodisperse PNIPAM microgel particles of various sizes have been synthesized

by varying SDS and BIS. Details of the chemical compositions used for synthesis are
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listed in Table 2.1. As synthesized suspension of PNIPAM microgels are subjected to
dialysis using dialysis membrane (10 kDa, M/s Hi-media, India) against Milli-Q water
for several days. Dialysis is stopped when conductivity of the dialyzed water reduces to
that of ultrapure water. Variation of the hydrodynamic diameter, d, with temperature,
measured on dilute suspensions using DLS, for PNIPAM microgels, synthesized with

various SDS and BIS combinations are shown in Fig. 2.10

Table 2.1: Details of reagents used in synthesis of PNIPAM microgels along with the
hydrodynamic diameter, d, of PNIPAM microgels at 25 °C and corresponding size
polydispersity (SPD).

Sr. NIPAM BIS SDS KPS dy at SPD

No. 25°C
1. 139mM 1.96mM 25mM 2.22mM 238nm 5.5%

2. 139mM 1.96mM 19mM 2.22mM 273nm 3.0%

3. 139mM 1.96mM 10mM 2.22mM 353nm 6.0%

4. 073mM 0.00mM 00mM 1.39mM 560nm 6.0%
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Fig. 2.10 Hydrodynamic diameter, d, as function of temperature, T for PNIPAM microgel

particles synthesized with different combinations of SDS and BIS; circles
(BIS - 0 mM, SDS - 0 mM), triangles ( BIS - 1.96mM, SDS -10 mM), squares
(BIS - 1.96 mM, SDS — 25 mM). Continuous lines are fits of the experimental data
to Flory Rehner theory, which is discussed in Chapter 3.
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2.5 Preparation PNIPAM microgel crystals and glasses

Dialyzed suspensions of PNIPAM microgels are concentrated using a stirred cell
equipped with an ultra-filtration membrane. Details of the stirred cell ultra-filtration set
up are given in Chapter 3. During the course of concentration, samples with different
concentrations are collected. When concentrated samples are kept steady for 24 hrs,
moderately dense samples showed crystallization by exhibiting iridescence under white
light illumination. Whereas, highly dense samples did not show iridescence indicating
lack of crystallization. The volume fractions for moderately dense crystalline samples
determined from Bragg peak position are found to be ~ 0.5 - 0.6. The procedure for
determination of ¢ from Bragg peak position is discussed in Chapter 3. These ¢ values
have been used to determine the volume fractions for higher concentration samples.
Samples with ¢ > 0.7 did not show iridescence even after leaving undisturbed for a
week. In order to prepare the PNIPAM microgel crystals with ¢ > 0.7, samples are
heated to the temperatures close to VPT and cooled back slowly (0.5°C/hour). When
samples are heated, PNIPAM microgel particles shrink in size creating space for their
movements. When cooled slowly, particles get enough time to arrange themselves into
an ordered state before they swell back [11, 14]. After repeated heating and cooling
cycles, suspensions with ¢ between 0.7-1.0 showed iridescence. Photographs showing
iridescence from PNIPAM microgel crystals under visible light illumination are shown

in Fig. 2.11.

(b)
Fig.2.11. Photographs of PNIPAM microgel crystals showing iridescence under visible light

illumination, at 22 °C, (@) ¢ = 0.49, d, = 243 nm, left undisturbed for 24 hours
(b) ¢=0.87, d, = 362 nm, cooled at 0.5 °C/hour.
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When samples are cooled rapidly (1.0°C/min), no iridescence was observed.
Samples with ¢ >1.0 did not show iridescence even after slow cooling of 0.5°C/hour.
The dense PNIPAM microgel suspensions not showing iridescence are characterized to
be in glassy state (as discussed in Chapter 5). In dense suspensions, dynamics of the
PNIPAM microgel particles becomes extremely slow. Therefore, when suspensions are
cooled rapidly, microgel particles get kinetically arrested leading to a glassy state. For
light scattering studies, samples have been prepared in cylindrical glass cell of 8 mm
optical path length. For UV- Vis study samples have been prepared in quartz cell of
2 mm optical path. The sample cells were cleaned thoroughly before preparing the
sample and care has been taken that no dust enters into the sample during the sample

preparation.
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CHAPTER 3

EFFECT OF OSMOTIC PRESSURE ON DESWELLING
BEHAVIOR OF MICROGEL PARTICLES IN DENSE PNIPAM
MICROGEL CRYSTALS

3.1 Introduction

PNIPAM microgel particles are known to be thermo-responsive, where the size of
PNIPAM microgel particle decreases with increase in temperature, with a sudden
jump at ~ 34°C, which is known as volume phase transition, VPT [1-3]. In addition to
being thermo-responsive, PNIPAM microgel particles are also known to undergo
compression upon application of osmotic pressure, where the osmotic pressure is
applied by adding a non-adsorbing polymer to their suspensions under dilute
conditions [4]. Fernandez-Nieves et al. [4] have shown that at low osmotic pressure,
size of microgel remains constant and starts decreasing beyond a critical osmotic
pressure (~ kPa). Bulk modulus of PNIPAM microgel particles, determined from the
variation of the particle size with osmotic pressure in a dilute suspension, has been
found to be of the order of kPa [5]. In a suspension, PNIPAM microgel particles can
also experience an osmotic pressure due to its own surrounding particles, which
increases with increase in particle number density, n, of the suspension. In addition,
dense suspensions (high n,) of PNIPAM microgel particles exhibit structural ordering
(liquid-like, crystalline, glassy) [1, 3], which leads to increase in the osmotic pressure
of the suspension [6]. The effect of osmotic pressure arising from its own surrounding
particles on deswelling of PNIPAM microgel particles under dense conditions has not

been investigated.
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In this chapter we report the experimental evidence for the compression of
PNIPAM microgel particles in structurally ordered dense suspensions, due to osmotic
pressure exerted by its own PNIPAM microgel particles. Our experiments of osmotic
compression of PNIPAM microgel particles in dense suspensions are equivalent to
that of Ferndndez-Nieves et al. [4] on dilute suspensions, with polymer (dextran)
chains being replaced by microgel particles themselves. Unlike dilute suspensions,
DLS cannot be used to measure the size of the microgel particle in dense suspensions
due to structural ordering. Here, we use the structural ordering of PNIPAM microgel
particles itself to measure near-neighbour separation and hence particle size in close
packed conditions, by recording the diffraction pattern on structurally ordered
microgel suspension. Towards this we have prepared dense PNIPAM microgel
crystals of varying osmotic pressure by varying the volume fraction (number density)
of the suspension using stirred cells. Another method for increasing the volume
fraction of the suspension is by centrifugation. But, centrifugation gives poor control
over variation of volume fraction of the PNIPAM microgel suspensions.
Centrifugation at low speeds does not concentrate the suspension due to low density
(low polymer content) of PNIPAM microgel particles, whereas centrifugation at high
speeds lead to the formation of lumps (aggregates) of microgel particles, which takes
long time (more than a month) to re-dissolve back in a solvent. Bragg diffraction of
PNIPAM microgel crystals have been recorded using UV-Vis spectrometer. Upon
increasing the osmotic pressure (particle concentration), Bragg peak has been found to
exhibit a blue shift. The Bragg peak has been used to determine the interparticle
separation. Beyond a certain osmotic pressure, interparticle separation is found to be
smaller than the size of PNIPAM microgel particle under swollen state (measured

using DLS on dilute suspension). In dense PNIPAM microgel crystals, the
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interparticle separation being lesser than the particle size in its swollen state provides
direct evidence for compression (deswelling) of PNIPAM microgel particles under
osmotic pressure. Flory-Rehner (FR) theory for swelling/deswelling of gels has been
used to understand the experimentally observed swelling/ deswelling behavior of the

PNIPAM microgel particles osmotic pressure.

3.2 Experimental details

GC?
$
\}7014, B G - gas cylinder
I I - gasInlet
E B - stirredcell

G _ E - magneticstirrer

S—§ = ME S - microgel suspension

ME - ultra-filtration membrane
(@] C - magneticstirrer
C Y Py O - water outlet

Fig. 3.1 Schematic diagram of Stirred cell ultra-filtration set up.

Hexﬂs ¢1

(@)

(b)

Fig. 3.2 (a) Schematic showing the osmotic compression of PNIPAM microgel suspensions by
simultaneous decrease in suspension volume V and increase in number of microgel
particles N. (b) Photographs of the PNIPAM microgel crystals showing iridescence

under white light illumination.

For these studies, PNIPAM microgel particles having hydrodynamic diameter,

dy, = 353 nm and SPD 6%, at 25°C have been used. Details of synthesis are given in



the Chapter 2. In order to prepare the PNIPAM microgel crystals of different volume
fractions, purified microgel suspension was subjected to different osmotic
compressions using a stirred cell, which is depicted schematically in Fig. 3.1. On the
other hand, stirred cell gives a very controlled way for osmotic compression of
PNIPAM microgel suspension. Stirred cell uses an ultra-filtration membrane, which
allows solvent to pass through but not PNIPAM microgel particles. We used an ultra-
filtration membrane having pore size of 10 kDa (pore size ~ 50 nm).

Figure 3.2(a) shows the scheme by which PNIPAM microgel samples subjected to
different osmotic compressions (due to change in ¢) are prepared. We start with
purified PNIPAM microgel suspension of known volume (Vi) and having N1 number
of particles, in stirred cell equipped with ultra-filtration membrane. Stirred cell have
inlet for passing gas inside stirred cell and outlet for collecting the water passed
through membrane. In the suspension with volume Vi and number of particles Ny,
PNIPAM microgel particles experience osmotic pressure, /Zx proportional to the
concentration of the suspension (np: = N1/V1). Argon gas was passes via inlet to apply
pressure on the suspension for the removal of the water in the suspension (through
membrane). By measuring the amount of water collected at the outlet, new volume, V,’
of the suspension inside the stirred cell has been estimated. When suspension is
compressed using external pressure against the ultra-filtration membrane that is
permeable to solvent but not to PNIPAM microgel particles, microgel particles
experience the increase in osmotic pressure due to increase in particle concentration
(np2 = N1/V7'). Part of the sample with particle concentration np is collected aside and
remaining suspension with volume V, and number of particles N, is subjected to
higher osmotic compression. In this way, we have prepared eight samples of different

¢, namely S; to Sg. These samples were transferred to 2 mm path length quartz cells for
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UV-Visible measurement. Quartz cells along with microgel suspensions were heated
above VPT and cooled slowly (at rate of 0.5°C/hour) to 22°C. Upon repeated heating
and slow cooling (about 3 cycles), samples showed iridescence upon white light
illumination (photographs shown in Fig. 3.2(b)) indicating crystallization of PNIPAM
microgel suspensions. All the eight samples showed crystallization. These crystalline
samples were subjected to the UV-Visible measurements and results are discussed as

follows.

3.3 Results and Discussion

UV-Visible spectra for crystalline PNIPAM microgel samples S;-Sg, recorded using
UV visible spectrometer under normal incidence, are shown in Fig. 3.3(a). The peaks
in the UV-Vis spectra of PNIPAM microgel crystals are due to the Bragg diffraction
satisfying the Bragg condition, 2ugdp; sin 8 = nAd. Here i is the refractive index of
the solvent, dpy is inter-planar spacing, A is incident wavelength and n is the order of
diffraction which is taken to be 1. At normal incidence 6 = 90°. Notice that the
wavelength, 1g, at which the Bragg peak occur, shifts to lower wavelength (blue shift)
with increasing ¢ (i.e.from S; to Sg). As discussed in Chapter 1, PNIPAM microgel
suspensions are known to crystallize into a face centered cubic (fcc) structure [7]. For
fcc structure, position of the first peak (arising from the <111> plane of fcc), Ag is

related to the number density, n, and the interparticle separation, dn, by,

4 2#5)3 B(AB)
=— () d = = (22, 3.1
w=3v3a) ¢ = 5 (e S

Figure 3.3(b) shows variation of ¢ and dn./dn with n,. Value of ¢, determined from
¢ = n,nd; /6, for samples S; to S; is found to be lesser than 0.74, whereas for
samples S, to Sg it is larger than 0.74. The ¢ values being larger than 0.74 are
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unphysical, as the highest possible ¢ for fcc structure of spheres is 0.74. dn/d, for
samples S; to Sg, is found to be greater than 1.0. Whereas, for samples S4 to Sg, dnn/d is
found to be smaller than 1.0. The reduction of dn./d, to values less than 1.0 indicates
that the PNIPAM microgel particles have undergone compression in dense
suspensions. The unphysical values of ¢ for samples S4 to Sg are due to the use of dj
measured under dilute condition, where particles are known to be in swollen state. In
dense suspensions, PNIPAM microgel particles get compressed (deswell) due to
osmotic pressure exerted by surrounding PNIPAM microgel particles, as evident from
dnn/dn being less than 1.0. The ¢ values estimated using dn and d,, are shown in
Fig. 3.3(b). When d,, is used as the diameter of PNIPAM microgel particles, ¢ is found
to be 0.74. Any increase in the n, beyond ¢ = 0.74 leads to decrease in size of the
particles such that volume fraction remains constant (0.74), which is shown

schematically in Fig. 3.4.
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Fig. 3.3 (a) UV-Visible spectra from PNIPAM microgel crystals with different ¢ (Increasing
volume fraction from right to left). Black and red lines indicate the samples with
uncompressed (¢ < 0.74) and compressed (¢ > 0.74) microgel particles, respectively.
(b) dno/dy and ¢ estimated using d, and d,, as a function of n, for samples S;-Ss.

Continuous lines are guides to the eye. All spectra recorded at T = 22°C.
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n, T, d<, ¢=0.74 (constant)

Fig. 3.4 Schematic presentation of the deswelling of PNIPAM microgel particles with

increasing n, beyond the close packing densities.

We have determined the osmotic pressure, /Zy associated with PNIPAM microgel

crystals using the equation of state (EoS) for fcc crystals [9] which is given as,

MotV < 3 ) a(Z — b) (3.2)

Nkz;T  \1-2Z) (Z—-¢)
where N is number of particles, V is the volume of the crystal, Z = 6¢/v/2m. For fcc
structure the parameters a = 0.6207, b =0.7081 and ¢ = 0.5916 [9]. At ¢ = 0.74, where
particles are in close contact, /%y is found to attain the value of ~ kPa, which is of the
order of osmotic pressure observed in compression of PNIPAM microgels in dilute
suspensions [4, 5]. Thus, at ¢ = 0.74 PNIPAM microgel particles come into contact

with each other, experience the osmotic pressure of ~ kPa (which is more than the

Bulk modulus of the PNIPAM microgel particles) and undergo compression.

3.4  Flory-Rehner theory for deswelling of PNIPAM microgels

Flory - Rehnar (FR) theory describes the swelling or deswelling behavior of gels
under external stimuli [8]. FR theory considers gel to be a homogeneous, elastic
network of crosslinked polymer chains immersed in a solvent. Upon mixing the
polymer network into the solvent, polymer chains have a tendency to disperse due to

osmotic pressure, ITyix arising from mismatch of polymer density between polymer
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rich and polymer poor region and hence gel undergo swelling. While swelling,
polymer chains between crosslinked network junctions get stretched and experience
osmotic pressure due to elasticity of polymer network, 7/7,, which opposes the
swelling of gel. Any external pressure on the gel is balanced by the /7y« and 77,;, as,

iy + g = Hexe. (3.3)
FR theory considers gel to be homogeneous network of polymer chains, but in practice
it contains inhomogeneities due to crosslinking of polymer chains. Such

inhomogeneities are shown schematically in Fig. 3.5.

Homogeneous gel Inhomogeneous gel

Fig. 3.5 Schematics showing homogeneous and inhomogeneous gel networks.

Empirical corrections have been incorporated in modified FR theory to take into
account these inhomogeneities [10, 11], according to which modified FR equation is

given as,

Py

[@ + In(1 — @) + yP?] + P M . (3.4)

(9"

The first term in above equation represents the mixing contribution to osmotic

pressure (/7nix) and second represents elastic contribution (/7.,). Here, @ is the
polymer volume fraction within microgel particle. y is the Flory’s polymer-solvent
interaction parameter which depends on temperature and @ which is given as,

X=X1+Xx2®
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where, x; = (AH — TAS)/kgT with AH = -12.46 x 10%* J and 4S = -4.717 x 10
J/IK. Here, AH is enthalpy change and AS is entropy change per monomeric unit of
network related to volume phase transition [11]. &, and m are the volume of microgel
particle in its collapsed state and effective number of crosslinks per unit volume of gel,
respectively.

FR theory has been successfully applied to describe the deswelling of microgels
under osmotic pressure in dilute suspensions [4]. Here, we apply it for describing the
deswelling in dense suspensions with 77, being osmotic pressure from surrounding
microgel particles. Equation 3.4 can solved for getting @ /@, in balanced condition of
the gel, which can be further used to determine the diameter of PNIPAM microgel

particle using the relation,

;% _ (%)3. (3.5)

Equations 3.4 and 3.5 are used to fit the experimentally measured data on variation of
PNIPAM microgel particle diameter with respect to temperature and osmotic pressure.
During the fitting process, x>, m, and &, are used as fitting parameters. In order to
maintain the consistency between parameters with respect to temperatures and
pressure, x>, m, and @, are obtained by fitting the data on variation of dy, with respect
to temperature measured using DLS on dilute suspension and the same are used to
determine the size variation of particles with osmotic pressure. In dilute suspension,
Ty due to surrounding microgel particles is negligible. Thus,

My + Myyq = 0. (3.6)
Variation of d, for PNIPAM microgel particles with temperature along with the its fit
to FR theory is shown in Fig 3.6(a). The best fit to experimental data is obtained at

22=0.51, m= 2171 and &, = 0.43. Value of y, is consistent with earlier reports for
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PNIPAM in water [12]. In collapsed state, PNIPAM microgels have been observed to
contain about 50% of water [13], hence value of &, = 0.43 is reasonable. The
parameters y», m, and @, thus obtained, have been used to estimate the variation in the
size of the PNIPAM microgel particles with 7Zy;, which is shown in Fig. 3.6(b). It can
be seen that, PNIPAM microgel particles starts deswelling beyond certain critical
osmotic pressure (/Zy; ~ kPa).

Experimentally measured sizes of the PNIPAM micorgel particles for low 7Zy
(i.e. in dilute suspensions) and for high /Z: (i.e. in suspensions with ¢ > 0.74) are also
shown in Fig. 3.6(b). In dilute suspensions, the diameter of PNIPAM microgel particle
has been measured directly using DLS. At intermediate /Zy (i.e. in moderately dense
suspensions with ¢ < 0.74), diameter of PNIPAM microgel particles cannot be
determined directly either from DLS or UV visible spectra, as suspensions are
interacting. Since the inetrparticle interactions in PNIPAM microgel suspensions are
unknown, determination of the structure factor and hence the particle size is difficult
in ordered suspensions. Nonetheless, critical osmotic pressure (equal to Bulk modulus
of the microgel particle) required to compress the PNIPAM microgels is attained in a
crystalline state at ¢ = 0.74. Hence, compression of these PNIPAM microgels is
expected to occur only when particles touch each other (i.e. at ¢ = 0.74 for fcc
crystals). Therefore for ¢ > 0.74, d,, (determined from Bragg peak) is considered as
diameter of the PNIPAM microgel particle. Critical osmotic pressure predicted by FR
theory is found to match with that determined form the experiments, beyond which
microgel particle size decrease with increase in osmotic pressure. But, the
experimental size of microgel particles is seen to decrease suddenly as compared to
that determined from FR theory (Fig. 3.6). The sudden decrease of the experimental

microgel particle’s size as compared to that from FR theory (Fig. 3.6) is due to an
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approximation in Eq. (3.2) that particles behave as hard spheres. As the microgel
particles are made of polymeric chains, consideration of polymeric contribution to the

ITexe May help to obtain better match between results of experiments and FR theory.
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Fig. 3.6 (a) hydrodynamic diameter of PNIPAM microgel particles, as function of temperature
(T), (b) variation of PNIPAM microgel diameter with osmotic pressure, [Zy.
Continuous lines are obtained from Flory-Rehner theory with fitting parameters to be

22 =051, m=2171 and &= 0.43.

3.5 Summary

Dense PNIPAM microgel crystals with different volume fractions have been
prepared by compressing the suspensions osmotically. Bragg diffraction of these
crystals has been recorded using UV-Vis spectrometer. Upon increasing the osmotic
pressure (particle concentration), Bragg peak is found to exhibit a blue shift. The
Bragg peak has been used to determine the interparticle separation. Beyond a certain
osmotic pressure, interparticle separation is found to be smaller than the size of
PNIPAM microgel particle under swollen state (measured using DLS on dilute
suspension). The observation of interparticle separation being less than the particle
size in its swollen the state, provides direct evidence for shrinking (deswelling) of
PNIPAM microgel particles under osmotic compression in a crystalline state. The
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experimentally observed swelling/ deswelling behavior of the PNIPAM microgel
particles with pressure is understood using Flory-Rehner (FR) theory. Only qualitative
agreement has been observed between theory and experiments. Results reported here
suggest the need for incorporation of the core-shell structure of PNIPAM microgel
particles, for improvement of FR theory.
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CHAPTER 4

DYNAMICS ACROSS MELTING OF THERMO-RESPONSIVE
MICROGEL CRYSTALS

4.1 Introduction

Melting of a crystal into a liquid or freezing of a liquid into a crystal is the best
example for a first order transition with spontaneous breaking of continuous
translational symmetry. Though there have been several studies in the past, there exist
only two important empirical rules to identify melting/freezing transition. The first
phenomenological criterion was given by Lindemann [1], according to which the ratio
of the root mean-square (rms) displacement of the atoms to the lattice constant at the
melting of the crystal has a value of ~ 0.1. Here the lattice constant sets the scale for
rms displacement. The second criterion was formulated by Hansen and Verlet [2] based
on computer simulations of Lennard-Jones liquid undergoing freezing. They found that
the height of the first peak in structure factor S(g), Smax, has a value = 2.85 near
freezing. The applicability of these criteria for colloidal liquids (crystals) undergoing
freezing (melting) has been verified. In the case of charged colloids, the Lindemann
parameter was found to deviate by 20% from 0.1 whereas Snax at freezing was found to
be as high as 3.2. [3-4]. Though colloidal systems mimic atomic systems in structural
ordering, they differ in dynamics due to the presence of background solvent. The
dynamics in atomic systems is ballistic, whereas Brownian motion governs the
dynamics in colloidal systems. Realizing this fact, Léwen et al. [4] have proposed a
phenomenological dynamical criterion for freezing of colloidal liquids in to a
crystalline order. The dynamical criterion states that the ratio of long time self
diffusion coefficient (D_) to the short time self diffusion coefficient (Ds), at the

freezing point, is a universal number ( D./Ds ~ 0.1). As discussed in Chapter 1, the
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dynamics in colloidal liquids (i.e. liquid like-ordered suspensions) is characterized by
short-time and long-time diffusion coefficients and as a colloidal liquid freezes into a
colloidal crystal, it is the long-time diffusion that decreases and slows down near
freezing. Thus monitoring D helps in identifying the freezing transition and Ds sets

the scale to measure the value of D at freezing/ melting. Thus Léwen’s criterion is a

measure of the value of D_ (in units of Ds) at freezing/melting and constitutes a
dynamical analog to Lindemann criterion [1] which is based on static properties of the

system. Further, the validity of Lowen’s criterion implies that the self-diffusional

behavior in the colloidal fluids at freezing is universal and allows locating the
freezing/melting transition by a single self-diffusion measurement. The dynamical
criterion is confirmed both by Brownian dynamics simulations of a Yukawa liquid and
by forced Rayleigh Scattering experiments on dilute charged colloidal suspensions [4].
Recently, Holmqvist and Négele [3] have verified the applicability of this rule for
freezing of concentrated charged colloidal suspensions by performing dynamic light
scattering (DLS) measurements. They found that at the freezing concentration the ratio
D, / Ds ~ D.(gm)/Ds(qm) ~ 0.12, which is in close agreement with dynamical criterion
proposed by Léwen et al. [4]. D(0m) and Ds(gm) represent the long time and short time
diffusion coefficients measured at first peak position, gm of S(q). They also verified for
charged colloids the ratio D, (q)/Ds(q) is to be q independent (i.e. D.(0m)/Ds(Qm) = D/

Ds, for g > 0.8qnm).

Though dynamical criterion for freezing is found to be applicable for hard-sphere
and charged colloidal fluids undergoing freezing [4], its validity for PNIPAM microgel
dispersions is not yet verified. Unlike hard-sphere and charge stabilized colloidal
particles, PNIPAM microgel particles are inhomogeneous in structure in the form of a

fuzzy shell consisting of dangling polymer chains and a dense polymer core
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(as shown in Fig 1.4(b)) [5-6]. In dense suspensions, where interparticle separations are
of the order of the particle diameter, such complex inhomogeneous intra-particle
structure is expected to influence particle dynamics due to overlapping of the fuzzy
surfaces and soft interparticle interactions. This chapter reports the results on dynamics
in dense PNIPAM microgel crystals across their melting transition, carried out towards
the verification of dynamical criterion for melting of PNIPAM microgel crystals using
DLS. Melting transition of the crystals is identified by monitoring the Bragg peak
intensity as a function of temperature. In dense PNIPAM microgel crystals undergoing
melting, the ratio D\ /Dsis found to be less than 0.1. This deviation is found to be larger
in the suspension with higher ¢. Possible reasons for the observed deviation in D /Ds
are discussed in this chapter. Careful analysis of the mean square displacement (MSD)
of PNIPAM microgel particles at short times show that, close to the melting transition
of PNIPAM microgel crystals, motion of the microgel particle is subdiffusive. The
observed subdiffusive behavior of MSD at shorter times is understood in terms of
entanglement of dangling polymer chains between the shells of neighboring PNIPAM
microgel particles and argued to be the reason for the observed deviation (i.e. D, /Ds <

0.1).

4.2 Experimental details

PNIPAM microgel crystals having volume fractions 0.49 (S1) and 0.79 (S2) at
23 °C, with particle diameters, dy to be 241 nm and 276 nm, respectively are used for
these studies. Details of synthesis are given in Chapter 2. PNIPAM microgel crystals
have been prepared in cylindrical glass cells of 8 mm optical path length using the
method discussed in Chapter 2. Light scattering measurements have been carried out
using Malvern 4700 (UK) light scattering instrument. Details of light scattering
measurements are discussed in Chapter 2. The Bragg intensity from PNIPAM crystals
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in the scattering volume is captured using PMT, and maximized by adjusting the
crystal orientation and position using a rotation and translation stage respectively.
Concentrated suspensions of PNIPAM microgels are known to crystallize into an fcc

structure [7] and the first Bragg peak position, qm was used for estimating the lattice
constant, 1, = 2v3m/qy,, particle number density, n, = (4/3v3)(qn/27)° and
volume fraction, ¢ = n,, nd; /6. The sample temperature is maintained to an accuracy
of £ 0.1°C.

4.3 Results and Discussion

4.3.1 Identification of melting

Bragg peaks recorded from PNIPAM microgel crystals of samples S1 and S2 using
SLS are shown in Fig. 4.1(a). The Bragg peak position, gm is used to determine the n,
and ¢ of the crystals. For samples S1 and S2, n, and ¢are found to be 6.71 x 10 cm™®,
7.11 x 10" cm™®and 0.49, 0.79 respectively, at 23 °C. For sample S2, the unphysical
value of volume fraction (0.79) arises due to the use of d, of PNIPAM microgels
measured under dilute condition. In dense suspensions, PNIPAM microgels undergo
compression due to osmotic pressure from the surrounding particles (discussed in
Chapter 3). Upon increasing the temperature, iridescence from samples S1 and S2
disappeared indicating loss of crystalline order. The scattering profiles for samples S1
and S2 at higher temperatures showed a broad peak (Fig. 4.1(b)) indicating the melting
of the PNIPAM crystals into a liquid like order. In order to identify the temperature at
which melting occurs, we monitored the Bragg peak intensity, 1(gm) as a function of T
for S1 and S2, which is shown in Fig. 4.2(a). It may be mentioned here that Bragg peak
intensity at the given temperature is monitored for 15 minutes (more than the
measurement time of correlation function) and found to be almost constant suggesting

that crystallites are stationary in the scattering volume during the measurement. With
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increase in T, 1(qm) showed a gradual decrease followed by a sudden jump around
24 °C and 26 °C for samples S1 and S2 respectively (Fig. 4.2(a)). Temperature at
which the sudden jump occurs is identified as the melting transition of PNIPAM
microgel crystals. The jump in the I(gm) is due to jump in structure factor, S(gm) which
changes discontinuously upon structural transition from crystal to liquid state. Upon
cooling, molten samples are found to recrystallize at same temperature, suggesting no
measurable hysteresis at melting/freezing transition. Further, no shift in Bragg peak
position has been observed. The reduction in the intensity up to melting is due to

Debye-Waller effect and also due to a small reduction in particle size with increase in

temperature.
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Fig. 4.1 Scattered intensity 1(q) vs q for (a) Upper panel - PNIPAM microgel crystals showing
Bragg peaks at qn,= 2.78 x 10°cm™ and 2.84 x 10° cm™ respectively for samples S1

and S2, (b) Lower panel - liquid like order upon melting of these crystals at elevated

temperatures. Lines drawn are guide to the eye.
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Fig. 4.2. (a) Upper panel - Bragg peak intensity, 1(q.) and (b) Lower panel - D,/Ds, measured
as function of T for PNIPAM microgel samples S1 and S2. Lines drawn are guide to
the eye. Dotted lines represent melting transition of PNIPAM crystal (C) to liquid

like order (L) upon melting.

4.3.2 Dynamics across melting

We have performed detailed DLS measurements at Bragg peak position, g across
melting of the PNIPAM microgel crystals with an aim to verify the validity of Lowens
criterion across melting of PNIPAM microgel crystals. The PNIPAM microgel samples
S1 and S2 were heated in steps of 0.5 °C and allowed to equilibrate at each temperature
for 10 minutes. Upon equilibration at each temperature, g (g, t) was collected for 5
minutes and measurements have been repeated for three times. The field correlation,

f(g,t) obtained from g® (g, t) was used to determine MSD using Eq. (2.24). MSD in
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the liquid state at T = 27 °C and crystalline state at T = 23 °C for the sample S2 is
shown in Fig. 4.3. Short time and long time regime of MSD have been identified with
respect to cage rearrangement time, . &, determined from the expression dz/Dy, is
found to be ~ 500 psec for both the samples. Notice in Fig. 4.3 that at shorter times

MSD increases with time in the liquid as well as in the crystalline state.

<Af(t)> 1P

t(usec)

Fig. 4.3. Mean square displacement (MSD), <Ar%(t)>, expressed in the units of the average

-1/3

interparticle separation (I = n,™), as function of time, t for sample S2 in the liquid

(L) and crystalline (C) state. Lines represent short and long time regimes used for the

determination of Ds and Dy, respectively.

At longer times, MSD shows tendency towards saturation in the crystalline state,
whereas it increases with time in the liquid state. Dy (gm) is obtained by linear fitting of
long time MSD data. To obtain Ds(qm), MSD data within 10-100 usec is subjected to
cumulant analysis [8] and the first cumulant is taken as Ds(qm). D and Ds values for
samples S1 and S2 have been determined by analyzing the respective MSD data. We
have also performed the measurements at another value of q (> gm) and found that
DL(q)/Ds(q) is same as Dy (gm)/Ds(qm), suggesting q independence of D (q)/Ds(q).

Figure 4.2(b) shows the ratio D /Ds as a function of T for samples S1 and S2
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respectively. For both the samples D./Ds is found to increase with increase in T with a
sudden jump occurring at the melting/freezing transition temperature. For samples S1
and S2, the values of D_ / Ds at melting/freezing transition are found to be 0.07 and
0.02, respectively. Thus the ratio D /Ds determined at the melting of PNIPAM
microgel crystals is found to deviate considerably from the dynamical criterion
D./Ds~ 0.1, proposed by Léwen et al. [4]. The deviation from 0.1 is much larger in the
case of higher volume fraction sample (i.e sample S2). We discuss below the possible

reasons for this deviation.

4.3.3 Experimental artifact or not

In order to verify that whether the observed low value of D,/Ds at melting of PNIPAM
microgel crystals is an experimental artifact or not, we have performed DLS
experiments on dilute colloidal crystals of charged silica particles under identical
experimental conditions. We have prepared colloidal crystals of charged silica particles
of size 118 nm and SPD 4% with ¢ = 0.0025. Mixture of ethylene glycol-water (EGW)
in the proportion 80:20 is used as solvent for index matching of the silica particles with
the refractive index of the solvent. Index matching minimizes the turbidity of the
suspension, hence multiple scattering [9]. The silica colloidal crystals were shear
melted into liquid. DLS measurements have been carried out on shear melted colloidal
liquid as a function of time. The time count was started immediately after shearing of
the sample was stopped. Shear melted colloidal liquid is found to crystallize in 18"
minute in to a bcc structure. Figure 4.4 shows the ratio D, /Ds measured as a function of
time while the shear melted liquid is undergoing freezing. The sudden jump observed
in D./Ds at around 18 minutes corresponds to the freezing of the sample into a
crystalline state. Notice that D,/Ds is 0.09 at freezing which is close to 0.1. We have

followed the same methodology for determining the ratio D, /Ds in samples S1 and S2,
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but observed deviation from 0.1. Thus we rule out experimental artifact as the reason
for the observed deviation in D /Ds of PNIPAM microgel suspensions at
melting/freezing.
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Fig. 4.4 D./Ds measured as a function of time, while shear melted charged silica suspension
undergoes liquid (L) to crystal (C) transition.

4.3.4 Effect of Multiple scattering

It is known that in dense suspensions multiple scattering of light influences the DLS
data [10]. We have estimated the amount of multiple scattering in dense PNIPAM
microgel samples S1 and S2 by measuring the scattered intensity in the VV and VH
geometries at scattering wave vector, qn. Here, VV and VH geometries correspond to
the vertical-vertical (VV) and vertical-horizontal (VH) polarizations of incident and
scattered light respectively. For both the samples S1 and S2, the ratio, lyy (Om)/Iva (Om)
at melting temperature is found to be greater than 100. Also, we have not observed
significant reduction in the coherence factor. These observations suggest that multiple
scattering is not significant in our samples. As discussed in Chapter 1, PNIPAM
microgel particles in the swollen state (i.e. below VPT) are closely matched in their
refractive index with that of solvent (water) as they contain about 97% of water and

rest polymer [5]. The close matching of refractive index of the particles with the
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solvent is responsible for negligible multiple scattering in sample S1 and S2 despite
they are dense. Hence multiple scattering of light is ruled out as the cause for the

observed low values of D, /Ds at melting.

4.3.5 Effect of hydrodynamic interactions

In dense colloidal suspensions hydrodynamic interactions (HIs) i.e. interparticle
interactions mediated via solvent velocity field, are known to affect the particle
dynamics [11-12]. Dynamical criterion, when measured as D, /Dy in dense suspensions,
was found to deviate from 0.1. But its validity was regained through hydrodynamic
scaling, proposed by Medina-Noyola [13] and verified experimentally by van
Blaaderen et al. [14], for hard sphere and charged colloidal systems. Thus, for HS and
charged colloidal systems dynamical criterion is unaffected by the presence of Hls.
Eckert and Richtering [15] have carried out DLS studies on concentrated PNIPAM
microgel dispersions and determined the g-dependence of HIs and compared with hard
sphere theory. At high concentrations and for g values greater than the first peak, the
difference between theory and experiment was found to be small and attributed to the
differences in particle structure of microgels versus hard spheres. Since the differences
are small the ratio D,/Ds is expected to remain unaffected by HIs. Hence we rule out
HIs being responsible for D./Ds being less than 0.1 at melting in PNIPAM microgel

suspensions.

4.3.6 Influence of entanglement of interparticle polymer chains on dynamics

As discussed in Chapter 1, the PNIPAM microgel particles have inhomogeneous
intra-particle structure. Such inhomogeneous structure not only complicates the
modeling of interparticle interactions but also the particle dynamics [6, 16]. Eckert and
Richerting [15] have shown through DLS experiments that the short-time collective

diffusion coefficient of PNIPAM particles in a liquid-like ordered suspension deviates

77



considerably from that of hard-spheres in the low-g limit and was attributed to the
structure of microgel surface (i.e. the fuzzy particle surface with dangling polymer
chains).

In order to look at the effect of inhomogeneous structure of PNIPAM microgel
particles on their dynamics in dense suspensions, we carefully analyzed the MSD of
PNIPAM microgel crystals close to their melting transition in different time regimes
(short, intermediate and long). Figure 4.5(a) shows MSD behavior of PNIPAM
microgel particles at temperatures close to the melting transition of PNIPAM microgel
crystals of samples S1 and S2. For the sake of comparison, the MSD of silica particle
in shear melted colloidal liquid close to freezing is also shown in Fig. 4.5(a).

At long times (t >> 1g), we observe the usual diffusive behavior (<Ar?(t)> o t*with
a =1 as shown in the Fig. 4.5(a)) with D, as the long-time diffusion coefficient for all
three samples (i.e. silica suspension and PNIPAM samples S1, S2). At intermediate
times (t ~ tr), behavior of MSD is subdiffusive, which is expected in the case of a
liquid close to its freezing transition [17]. On the other hand, we observe an unusual
behavior of MSD for samples S1 and S2 at short-times, which is shown as inset in
Fig. 4.5(a). Notice that in silica suspension the particle motion at short times is
diffusive (i.e. @ ~1) but in the case of PNIPAM samples S1 and S2 it is subdiffusive
(ax < 1) at short-times and the value of « depends on the volume fraction (i.e. 0.8 for
sample S1 and 0.6 for sample S2). The subdiffusive short time dynamics have been
reported in colloidal suspensions with attractive interparticle interactions [18-19] where
particles are bound to each other, whereas in the same systems when interparticle
interactions are repulsive, short time dynamics was found to be diffusive [18-19]. Joris
Sprakel et al. [20] have shown that the short time dynamics of the colloidal particle

dispersed in polymer gel matrix is diffusive when colloidal particle is unbound to the
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gel network and changes to subdiffusive when the particle is attached to the polymer
network. Above reports suggest that colloidal particles exhibit subdiffusive short time
dynamics when particles are bound to a network.

Thus observation of subdiffusive dynamics at short time in dense PNIPAM
microgel suspensions close to its melting/freezing transition indicates existence of
binding between the particles. In case of PNIPAM microgel suspensions, interparticle
interactions at temperatures below VPT are known to be soft repulsive [21-22]. Thus
there is no attraction between PNIPAM microgel particles that can lead to binding.
Binding between microgel particles can arise due to core-shell structure of PNIPAM
microgel particles (Fig. 1.4(b)). In dense suspensions (sample S1 and S2), where
interparticle separations are of the order of particle diameter (almost touching
configuration), dangling polymer chains from the shells of neighboring microgel
particles can overlap and get entangled. The entanglement of dangling polymer chains
can bind neighbouring PNIPAM microgel particles and lead to subdiffusive behavior
of MSD at short times. At short times, microgel particle moves within the cage formed
by neighboring particles over distances comparable to the thickness of the shell
(~30 nm) of the microgel particle. Schematics depicting the entanglement of dangling
polymer chains of neighboring PNIPAM microgel particles in samples S1 and S2 are
shown in Fig. 4.5 (b) &(c) respectively. We believe that the observation of subdiffusive
behavior at short-times in our samples S1 and S2 constitutes a strong evidence for the
entanglement of dangling polymer chains. It may be mentioned here that all earlier
studies reporting the self-diffusion of particles at short and long-times in liquid-like
ordered colloidal suspensions (hard-sphere as well as charged spheres) is always
diffusive and subdiffusive behavior was reported only in super cooled liquids at

intermediate time scales [23-24]. Thus the present observation of subdiffusive
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dynamics at short-times in dense liquid like ordered suspensions of PNIPAM microgel
particles is first of its kind and is attributed to the overlapping/entanglement (shown
schematically in Fig 4.5(b) & (c)) of dangling chains between neighboring particles.
Since Sample S2 is more concentrated than sample S1, the extent of overlapping is
expected to be more in sample S2 than in sample S1, hence the particle motion
becomes much more subdiffusive (more hindered) clearly reflecting in lower value of

o (= 0.6) for sample S2 as compared to that (« = 0.8) for sample S1.
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Fig. 4.5. (a) MSD vs t close to the melting transition of sample S1 and S2 and close to freezing
of shear melted silica suspension. Inset in (a): MSD at shorter times; Continuous
lines are fits of MSD to t* Schematic representation of PNIPAM microgel particles
depicting the overlapping /entanglement of dangling polymer chains of neighboring
PNIPAM particles with less overlap in sample S1(b) and more overlap in sample
S2(c).
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The assumption that particle dynamics in sample S1 and S2 is diffusive at short-
times, leads to the over estimation of Ds. The over estimation of Ds is the cause for the
ratio D /Ds being low (< 0.1) for samples S1 and S2 at melting (Fig. 4.2(b)). The
dynamical criterion of freezing proposed by Léwen et al. [4] is for the colloidal liquids
where the particles undergo diffusive motion at short as well as at long times. The
short-time diffusion sets a suitable scale for the long-time diffusion that a general
dynamical freezing criterion holds. Since the short time motion of the particles in dense
PNIPAM microgel liquids close to melting/freezing is subdiffusive, there is no suitable

scale for D..

4.4 Summary

We have prepared PNIPAM microgel crystals with two different volume fractions
by synthesizing monodisperse PNIPAM microgel particles with two different
diameters. The melting point of these crystals (i.e. the temperature at which PNIPAM
crystals undergo a transition to a liquid-like order) is identified by monitoring the
Bragg peak intensity as function of temperature. We have carried out detailed dynamic
light scattering studies on these PNIPAM microgel crystals at different temperatures
across melting. We found that the value of the ratio of short-time diffusion coefficient
to long-time diffusion coefficient, D /Ds at melting is considerably lower than the
dynamical criterion of 0.1 reported by Loéwen et al. for hard-sphere and charged
colloidal liquids undergoing freezing. By performing DLS experiments on dilute
multiple scattering free shear melted suspension of charged silica particles and
depolarized light scattering measurement on PNIPAM suspensions, we ruled out
experimental artifacts and multiple scattering of light being the reasons for the
observed low values of D /Ds in PNIPAM microgel crystals at melting. From the

reported experimental and theoretical results on hydrodynamic interactions in hard
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sphere and PNIPAM suspensions, we argued that hydrodynamic interactions are not
responsible for the observed low value of D,/Ds. Careful analysis of MSD data at
short-time and long-times of PNIPAM samples S1, S2 and comparison with that
measured on shear melted silica suspension close to freezing have revealed for the first
time that short-time dynamics of PNIPAM microgel particles in dense PNIPAM
microgel suspensions is subdiffusive and differs from the short time dynamics of hard-
sphere and charged colloids. The low values of D,/Ds at melting and the subdiffusive
behavior observed at short times is explained using the core-shell nature of PNIPAM
particles. The subdiffusive behavior arises due to the overlapping of dangling chains
belonging to the fuzzy shell of neighboring PNIPAM particles. The low value of D /Ds
is the result of an overestimated Ds from the short-time MSD data. Hence the low
values of D /Ds measured at the melting point of PNIPAM crystals should not be
considered as an evidence for the violation of dynamical freezing rule in colloidal
liquids undergoing freezing. However core-shell microgel particles constitute yet
another model colloidal system with interesting dynamics. We believe that the present
results motivate further experimental and theoretical studies probing the entanglement
effect in PNIPAM microgel suspensions, influence of inhomogeneous soft particles
with solvent penetrable surfaces on interactions, structure and dynamics of dense

suspensions.
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CHAPTER S

DYNAMICS AND YIELDING BEHAVIOR OF DENSE PNIPAM
MICROGEL GLASSES

5.1 Introduction

Glass is a disordered solid which is obtained by quenching or compressing the
liquid within time smaller than the intrinsic structural relaxation time of the liquid
[1-2]. Structural relaxation times in atomic systems are very small (~ 10™*? sec), hence
these systems need very fast quenching rates and are difficult to probe directly. On the
other hand, colloidal systems have slow relaxation times (~ 10° sec - 10° sec) and
hence accessible to dynamic light scattering technique to probe the dynamics in real
time [3]. Colloidal suspensions of monodisperse hard sphere particles undergo glass
transition at ¢ = 0.57 [4-5]. Upon glass transition, structure of liquid remains almost
same, whereas dynamics at longer time slows down drastically [5-6]. Slowing down of
the particle dynamics at long times in hard sphere suspensions, on approaching the
glass transition, is understood to occur due to kinetic arrest of the particles within cages
formed by neighboring particles [5]. The particles start experiencing the effect of cage
in a supercooled liquid state, even before it turns into the glass. The motion of a
particle in the supercooled liquid state is diffusive at short times, becomes subdiffusive
at intermediate times (due to cage effect) and again diffusive at long times (due to
escape of the particle from the cage of neighbouring particles, the behavior of mean
square displacement (MSD) of the particle is shown in Fig. 1.6(a)-3). Thus, the
structural relaxation in the super cooled liquid occurs in two steps. The first step occur
at short times (due to intra-cage dynamics of the particle) which is known as fast or
beta relaxation and another at long times (due escape of the particles from the cages) is

known as slow or alpha relaxation. On approaching the glass transition (i.e. with

84



increase in ¢), the cages from near neighbour particles becomes more and more rigid
resulting into increase in alpha relaxation time (i.e. the suppression of long time
diffusion of the particles). While alpha relaxation (long time dynamics) of hard sphere
colloidal particles in the glassy state is ceased out, beta relaxation (short time

dynamics) continues to exist with diffusive particle motion at short times [5].

Unlike hard spheres, PNIPAM microgels are soft particles having a dense core and a
thin shell of polymer chains [7-8]. It is shown in Chapter 3 that, PNIPAM microgel
particles undergo osmotic deswelling in dense suspensions with crystalline order of
particles. Here, we report that the dense suspensions of PNIPAM microgels exhibit a
glassy state with a reduction in the particle size upon osmotic compression. We also
report here for the first time, subdiffusive dynamics at short times in the glassy state as
well in the supercooled liquid state of microgel suspensions. Subdiffusive dynamics in
the glasses and the super cooled liquids is argued to arise due to entanglement of
dangling polymer chains of neighboring particles, similar to that reported in PNIPAM

microgel crystals, discussed in Chapter 4.

Colloidal glasses are viscoelastic in nature and yield under application of the large
shear [9]. The yielding behaviour of colloidal glasses has been found to depend on the
interparticle interactions [10-11]. While the hard sphere colloidal glass has been found
to yield in one step (Fig. 1.7) [10], attractive colloidal glasses have been found to yield
in two steps (Fig. 1.9) [11]. In dense PNIPAM microgel glasses, interparticle
interactions are soft repulsive [12] and there exists entanglements of dangling polymer
chains between neighbouring particles (evidenced by short time subdiffusive
dynamics). With an aim to know that how the soft repulsive glass with entangled
polymer chains will respond to the applied shear, yielding behavior of dense PNIPAM

microgel glasses has been studied by performing non-linear rheological measurements.
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Results of non-linear rheological measurements are discussed in this chapter.
Rheological measurements have revealed that dense PNIPAM microgel glasses yield in
two steps (exhibiting two peaks in G”) in contrast to one step yielding observed in
hard sphere glasses. Two step yielding behaviour is explained in terms of breaking of
the bonds (entanglements) and breaking of near neighbour cage, similar to that in
attractive glasses [11]. We also studied the effect of temperature on yielding behaviour.
Two step yielding behaviour (two peaks in G”) of PNIPAM microgel glasses is found
to transform into one step (one peak in G”) in supercooled liquid state upon increasing
temperature and finally, in the liquid state, no peak in G” is observed. Two step
yielding of PNIPAM microgel glasses is also found to depend on the shear rate /
oscillation frequency at which measurements are performed. Results of investigations
on the shear rate dependence of yielding behaviour of dense PNIPAM microgel glasses

are also discussed in this chapter.

5.2  Experimental details

PNIPAM microgel particles having di, = 560 nm and SPD = 6% at 25 °C were used
to prepare glasses used for this study. Here, particles of larger diameter (560 nm), as
compared to previous studies (discussed in Chapter 3 and Chapter 4) were used, in
order to tune the first peak of the structure factor within the q range of 0.68 x 10°> cm™
to 2.54 x 10° cm™ of our DLS set up. The large sized particles of PNIPAM microgels
have been synthesized using the procedure as described in Chapter 2, but without the
addition of the surfactant and crosslinker during the synthesis. Dense PNIPAM
microgel glasses having particle concentrations of 6.2 x10' cm™ and 7.8 x 10*? cm™
(determined using SLS) and labelled as S1 and S2, respectively have been used for the
investigations. The ¢ values estimated using dn (measured using DLS under dilute

conditions) are found to be 0.7 and 0.9, respectively for samples S1 and S2. At such a
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high values of ¢, particle dynamics is expected to be slow due to kinetic arrest of
particle within the cages formed by neighbouring particles, leading to a glassy state [5].
Kinetic arrest of the particles prevents crystallization of these suspensions, despite their
SPD is low (6%) [4].

Since PNIPAM microgel particle’s size used for the present study is twice than that
used for investigating dynamics across melting (Chapter 4), the scattering ability of
these particles is quite high even below VPT (moderate turbidity as seen in Fig. 5.1(a)).
With increase in temperature, suspensions become much more turbid (Fig. 5.1(b)), due
to deswelling of the particles leading to increase in the polymer content within the

particle [7].

(b)

Fig 5.1 Photographs of dense PNIPAM microgel suspension (Sample S1) showing
(a) moderate turbidity at 20 °C and (b) high turbidity at 31 °C.

In turbid suspensions, multiple scattering of light restricts the use of conventional
static light scattering (SLS) and Dynamic light scattering (DLS) techniques for
characterization of their structure and dynamics [13]. We have employed cross-
correlation based light scattering techniques (3D DLS and SLS) for investigating the
dynamics and structure in samples S1 and S2. As discussed in section 2.1.5, in 3D DLS
experiments, two simultaneous light scattering experiments at identical scattering wave
vectors are performed on the same scattering volume, but with detectors at different

spatial positions. Under these conditions, when one correlates the intensities, only
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singly scattered photon contributes to the correlation function. The uncorrelated
multiply scattered light reduces the intercept of the correlation function. Thus, 3D DLS
helps in probing the structure and dynamics when samples are turbid. 3D DLS and SLS
measurements have been carried out on samples S1 and S2 placed in cylindrical glass
cells with 8 mm path length. Details of the experimental set up, operation principle and
analysis method are given in Chapter 2. Ensemble averaged intensity, <I(q)>g of the
scattered light have been measured by rotating the sample cells about their cylindrical
axis, at the speed of 1 rotation/ 90 sec. At each q, <I(g)> is collected for 270 sec in a

single run. The <I(q)> from three such runs are found to be identical. Time averaged

intensity cross-correlation, gf? (q,t) have been measured at a sample location for 120
minutes in the glassy state of the samples and for 20 minutes in the liquid state of
samples. At each temperature, results are obtained by averaging three such

measurements. Ensemble averaged f (g, t) has been obtained from the time averaged

g§§>(q, t) by performing the non-ergodic analysis, which is discussed in the section
2.1.6.

Rheological measurements have been carried out using MCR 301 rheometer with a
cone and plate geometry. Instrument and measurement details are described in Chapter
2. Upon loading the sample on the rheometer cell, the open area of the cell was sealed
with silicon oil (viscosity ~ 99 cp) for preventing the evaporation of water during the
measurements. Before performing the experiment, it is necessary to remove the shear
history from the loaded sample, which it possesses due to the shear experienced by the
sample while loading on the rheometer cell. To remove the shear history, temperature
of the sample was raised well above the melting temperature of the glasses and then

cooled back to the measurement temperature.
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5.3  Static and dynamic light scattering results

5.3.1 Characterization of structural ordering in dense PNIPAM microgel
suspensions
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Fig. 5.2. Characterization of structural ordering and dynamics in samples S1 and S2.
(a) ensemble averaged scattered intensity, <I(q)>g versus ¢, and (b) ensemble averaged
f(q,t) versus t, for samples S1 and S2 measured at 20 °C. Lines drawn are guide to the
eye.

Samples S1 and S2 did not show iridescence when left undisturbed for several days.
Structural ordering and dynamics in the dense samples have been investigated by
performing static and dynamic light scattering measurements using 3D DLS setup. For
both samples S1 and S2, time averaged and ensemble averaged intensities of the
scattered light (measured at a given q) are found to differ from each other, indicating
non-ergodic nature of the samples. Figure 5.2(a) shows the ensemble averaged
intensity of the scattered light, <I(q)>g for samples S1 and S2 at 20 °C. For both the
samples, <I(g)>e shows broad peak, suggesting that the samples are disordered. In
order to characterize that whether the disorder is liquid-like or glass-like, ensemble
averaged dynamic structure factor, f(q,t) have been measured and is shown in
Fig. 5.2(b). It can be seen that f(q,t) shows non-decaying behavior, suggesting the
dynamical arrest of microgel particles in samples S1 and S2. The non-decaying f(q, t),

with broad peak in <I(g)>g, suggest that both the samples are in the glassy state at
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20 °C. The volume fraction of samples S1 and S2 in their glassy state has been
estimated using relation ¢ = n, wd;/6 and found to be 0.70 and 0.90, respectively.
Here n, is the particle number density and is related to the position of first peak
position, dm in <I(q)>e as n, = (4/3V3)(q,n/2m)* for fcc-like ordering. These
volume fractions are greater than random closed packing fraction of hard spheres (¢ =
0.64), suggesting that PNIPAM microgel particles have undergone osmotic

compression, similar to that observed by us in dense PNIPAM microgel crystals

(discussed in Chapter 3).

5.3.2 Identification of the glass transition
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Fig. 5.3 (@) <I(@)>e vs. q, (b) f(g,t) vs. t and (c) Mean square displacement of PNIPAM
microgel particles, in units of average interparticle spacing (I), <Ar®(t)>/I>, measured at

20 °C and 30 °C for samples S1 and S2. Lines drawn are guide to the eye.

Upon increasing the temperature, dense PNIPAM microgel suspensions are
expected to transform from the glassy state into a liquid like state, due to decrease in

the size of PNIPAM microgel particles and hence, ¢ of the suspension. The <I(q)>g
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measured at 20 °C and 30 °C for samples S1 as well as S2 are shown in Fig. 5.3(a). At
both the temperatures, samples S1 and S2 show broad peaks indicating the presence of
disorder. f(q,t) for the samples, at 20 °C and 30 °C, are shown in Fig. 5.3(b). At
20 °C, f(q,t) for both samples is non-decaying, whereas it decays to zero at 30 °C,
indicating the transfer of microgel glass at 20 °C into microgel liquid at 30 °C. Mean
square displacement (MSD) in units of the average interparticle separation (l),
<Ar’(t)>/1?, (obtained from corresponding f (g, t)using Eq. 2.24) at 20 °C and 30 °C
for samples S1 and S2 is shown in Fig. 5.3(c). At 20 °C (in the glassy state) MSD
shows tendency towards saturation at long times whereas at 30 °C (in the liquid state)
it is observed to increase with time, t. Since both the glass and the liquid are disordered
structures, while undergoing from the glass to liquid transition, MSD is not expected to
show a sharp discontinuity as observed for crystal to liquid transition [14]. MSD
(monitored across the glass to liquid transition at a constant time in the long time
regime) have been used to identify the glass transition [14], where it shows a change in
the slope at the glass transition.

With an aim to identify the glass transition temperature, T4 for samples S1 and S2,
detailed 3D DLS and SLS measurements as a function of temperature have been
carried out. The MSD at constant delay time of t = 0.15 sec (a time in the long time
regime) as a function of temperature for samples S1 and S2 is shown in Fig. 5.4 (upper
panel). The MSD increases with increase in temperature exhibiting a change in the
slope at ~ 25 °C for sample S1 and at ~ 26 °C for sample S2. The temperature at which
change in slope occurs is identified as the glass transition temperature. Identification of
the glass transition has also been reported in the literature through the structural
studies, where the ratio gmin/gmax (known as Wendt-Abraham parameter) or its Fourier

analogue Spin/Smax have shown to exhibit a change in the slope at glass
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transition [15-16]. Here, gmin (Smin) @nd gmax (Smax) represents the minimum in the pair
correlation function, g(r) (structure factor, S(q)) at higher g side near the first peak and
the maximum value of the first peak in g(r)/S(q), respectively. Though we have
monitored the <I(q)>g as a function of temperature across the glass transition
(Fig. 5.3(a)), which is related to the S(q) via form factor P(q) as (/(q))s = AP(q)S(q)
with A being a constant (Eq. (2.9)), difficulty in determination of proper P(q) of
PNIPAM microgel particles in dense suspensions (due to their soft and core-shell

nature) restricts the estimation of S(q) from <I(q)>e.
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Fig. 5.4 Identification of the glass transition: Upper panel; MSD as a function of temperature,
T (at the time of 0.15 sec) for samples S1 and S2. Lower panel; The ratio lin/lmax as a
function of temperature, T. Lines drawn are guide to the eye. Arrows indicate the glass

transition with corresponding temperature T,.
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The ratio Inin/lImax, With Inin and Inax being the minimum in intensity at higher q side
near the first peak and the maximum intensity of the first peak in <lI(q)>g respectively,
monitored as a function of temperature for samples S1 and S2 is shown in the Fig. 5.4
(lower panel). The ratio Inin/Imax IS also found show a change in the slope at the glass

transition, though it is not a proper quantity to be monitored.
5.3.3 Subdiffusive dynamics at short times in dense PNIPAM microgel glasses

Upon identification of the glass transition, we have performed the analysis of MSD
at the short time and the long time regime with the power law behavior (<Ar?(t)> o t%).
The short time (t << tgr) and the long time (t >> tg) regimes are identified with the
reference to 7z = di/4D,. tr has been estimated by using d, and Do of PNIPAM
microgel particles at the corresponding temperatures. MSD shows saturation tendency
in the glassy state and increases with time for temperatures higher than glass transition
temperature (as shown in Fig. 5.5). Analysis of the MSD at long times, for
temperatures above the glass transition, suggested that it exhibits diffusive behavior («
=1), similar to that observed in hard sphere colloidal glasses [5].

At short times, MSD above as well as below Ty is observed to increase with increase
in time (Fig. 5.5). Interestingly, the value of « in the glassy state of samples,
determined from the short time MSD, is found to be lesser than the unity (« = 0.67 for
sample S1 and « = 0.62 for sample S2), indicating the subdiffusive dynamics of
PNIPAM microgel glasses at short times. In the case of hard sphere glasses, short time
dynamics is observed to be diffusive (a« = 1) [5], whereas we observe it to be
subdiffusive for dense PNIPAM microgel glasses. Similar kind of subdiffusive
dynamics at short time have been observed in dense PNIPAM microgel liquids close to

their crystallization (as discussed in Chapter 4) and is understood to occur due to the
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overlap / entanglement of dangling polymer chains of neighboring microgel particles.
The subdiffusive dynamics of PNIPAM microgel particles indicate that entanglements
of dangling polymer chains also exist in the glassy state of the dense suspensions. The
smaller value of « (= 0.62) for sample S2 than that for sample S1 (« = 0.67) is as
expected, since sample S2 (¢ = 0.90) is expected to have more number of

entanglements than sample S1 (¢ = 0.70) due to its high volume fraction.

With increase in temperature, PNIPAM microgel particles shrink in size and their
Kinetic energy also increases, which could result into decrease in the
overlap/entanglement of the dangling polymer chains between neighbouring particles.
Thus, one expects a change of subdiffusive behavior (« < 1) of short time MSD at
20 °C (glassy state) to diffusive type (« = 1) at temperatures above glass transition.
Variation of ¢, from short time MSD of samples S1 and S2, as a function of
temperature is shown in Fig. 5.6(a). Upon increasing the temperature, value of « (from
the short time MSD) is indeed observed to rise gradually and tend towards the unity at
temperatures close to VPT, suggesting the decrease in overlap/entanglement of
dangling polymer chains between neighbouring particles with increase in temperature.
The value «a < 1 for temperatures above the glass transition, suggests the presence of
entanglement of dangling polymer chains between neighbouring particles even in the
liquid state. o ~ 1 at temperatures close to VPT indicates complete disentanglement of
dangling polymer chains. At the glass transition, « is found exhibit a change in the
slope (Fig. 5.6(a)), suggesting that « can also be used as a parameter to identify the
glass transition. Schematics depicting the strong entanglements of dangling polymer
chains at temperature well below glass transition (i.e. indicated by I in Fig. 5.6(a)) and
disentanglement of dangling polymer chains at temperature close to VPT (indicated by

Il in Fig. 5.6(a)) are shown in Fig. 5.6(b) and (c), respectively.
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Fig. 5.5 Mean square displacement (<Ar’(t)>) expressed in units of average interparticle
spacing (1), <Ar’(t)>/I?, for (a) sample S1 and (b) sample S2 in their glassy and liquid
states. Values of ¢, indicated on the MSD curves, are determined from the power law fit

of the MSD data (<Ar?(t)> o t%) over a time range indicated by continuous lines.
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Fig. 5.6 (a) variation of « (obtained from short time MSD) as a function of temperature, T for
samples S1 and S2, (b) Schematic depicting the strong entanglements of dangling
polymer chains at temperature well below glass transition (i.e. deep inside the glassy
state indicated by I in (a)) and (c) Schematic depicting the disentanglement of dangling

polymer chains at temperature close to the VPT (indicated by Il in Fig. 5.6(a)). Lines
drawn are guide to the eye.
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5.4  Yielding behaviour of PNIPAM microgel glasses

As discussed in Chapter 1, hard sphere colloidal glasses are known to yield in one
step, whereas attractive glasses show two step yielding under the application of shear,
thus yielding behaviour of colloidal glasses depends on the nature of interparticle
interactions. In PNIPAM microgel glasses, interparticle interactions are soft repulsive
[12] and also there exists entanglement of dangling polymer chains of neighbouring
microgel particles under dense conditions. With an aim to know, how dense PNIPAM
microgel glasses with soft repulsive interactions responds to the applied shear, yielding
behaviour of samples S1 and S2 have been studied by subjecting them to oscillatory
rheological measurements. To remove shear history, loaded samples are melted by
heating beyond the glass transition temperature and cooled back to the measurement
temperature. Immediately after cooling, G’and G” have been measured as function of
time under the application of small » = 3%, at @ = 10 rad/sec, are shown in Fig. 5.7.
Both samples (S1 and S2) have been found to recover rapidly after cooling. It can be
seen from Fig. 5.7 that a waiting time of 900 sec is sufficient for performing each

measurement to ensure complete recovery of the sample for obtaining reproducible

results.
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Fig. 5.7 Recovery of G’ (solid symbols) and G” (open symbols) measured at constant

w (10 rad/sec) and 3, (3%), immediately after cooling the sample.
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Dense colloidal suspensions can experience wall-slip due to particle-wall
interactions [17-18]. Presence of the wall-slip can affect the flow behavior of dense
microgel suspensions considerably [18]. In order to verify, whether the wall-slip is
present or not in samples S1 and S2, measurements have been performed with and
without attaching a sand paper (grit size 1000) to the measuring tool and to the
measuring plate. Figure 5.8 shows dependence of shear stress, o on shear rate, 7 for
measurements with and without the sand paper attached to the measuring tool and the
measuring plate. The good overlap between the data obtained with and without sand
paper suggests the absence of the wall slip in our samples (i.e. particle-wall interactions

are negligible).
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Fig. 5.8 Shear stress, o versus applied shear rate, 7 for samples S1 and S2 measured with and

without the sand paper attached to the measuring tool and the measuring plate.

5.4.1 Linear viscoelasticity of dense PNIPAM microgel glasses

In the previous section on dynamics, it has been shown that the dynamics in dense
PNIPAM microgel glasses at short times (i.e. intra-cage dynamics or beta relaxation
behaviour) is subdiffusive. This observation constitutes evidence for the entanglement

of dangling polymer chains between neighbouring particles.
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Fig. 5.9 Linear Viscoelastic behavior of samples S1 (triangles) and S2 (circles) in their glassy
state (at 20 °C). Arrows indicate the approximate position of minimum in G ”and the

corresponding o represents .

As expected, the long time dynamics (alpha relaxation behavior) is diffusive and is
unaffected by entanglements of dangling polymer chains between neighbouring
particles. Once entanglements exist between neighboring particles in dense PNIPAM
microgel glasses, their yielding behavior is expected to have the signature. Hence we
subject samples S1 and S2 to non-linear rheological studies and results are discussed in
sections below. As discussed in section 1.5, relaxation frequencies corresponding to the
alpha and beta relaxations of colloidal glasses can be measured by performing the
linear viscoelastic measurements. Alpha relaxation frequency, w,, is identified with the
peak in G” on the lower frequency side and beta relaxation frequency, @z with the

minimum in the G” on the higher frequency side. For determining g, linear
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viscoelastic response of PNIPAM microgel glasses of samples S1 and S2 have been
studied. Towards this, G”“and G ”have been measured by varying the @ between 0.1 to
100 rad/sec and applying small constant strain of amplitude 3% = 2% (shown in
Fig. 5.9). Notice in Fig. 5.9 that G > G”, within the frequency range of 0.1 to 100
rad/sec, suggesting the solid-like nature of samples S1 and S2 at 20 °C. The minimum
observed in G”(shown with arrows) indicates wj for the samples [19]. The peak in G”,
corresponding to alpha relaxation, falls out of the measurement window (0.1 to 100
rad/sec) due to very slow alpha relaxation process and hence is not visible. We have
chosen @ = 10 rad/sec to study yielding behaviour of samples S1 and S2, which is well

above their w.

5.4.2 Non-linear rheological behaviour of dense PNIPAM microgel glasses
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Fig. 5.10 Yielding behavior of samples S1 and S2 in their glassy state showing two step
yielding. Measurements have been carried out with o fixed at 10 rad/sec. Arrows

indicate the peak positions. G “(open symbols) and G ”(solid symbols).

Samples S1 and S2, in their glassy state, have been subjected to the non-linear

rheological measurements by performing dynamic strain sweep (DSS) measurements,
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where y, has been varied over a wide range (1-1000%) by keeping @ constant at 10
rad/sec. Figure 5.10 shows the variation of G” and G” as a function of y, for samples
S1 and S2. In order to probe the intra-cage dynamics and hence the effect of
entanglement of dangling polymer chains on the yielding behavior,  is fixed at 10
rad/sec, which is higher than @z ~ 0.25 rad/sec (Fig. 5.9). For lower values of y, both
G’and G”exhibit a plateau indicating the region of y over which PNIPAM microgel
glasses show linear response to the applied 5. Notice that, in the plateau region, G” >
G”, which suggests that the glasses behave as viscoelastic solid for low y,. For larger
7%, G’ comes down indicating the yielding of glasses under the applied shear. With
increase in y,, G’ further comes down and cross G ”. The point at which G’cross G” is
defined as the yield point and the corresponding value of strain, x and stress, oy is
defined as yield strain and yield stress, respectively. Beyond the yield point, Samples
S1 and S2 behaves like a viscoelastic liquid (i.e. G’< G”) due to the applied shear
(shear melting) of the glasses. In the non-linear response regime, G’shows monotonic
decrease with increase in . This behavior is similar to that of hard sphere glasses
reported in the literature [10-11]. In contrast to hard sphere glasses [10-11], G” shows
two peaks (indicated by arrows in the Fig. 5.10) in dense PNIPAM microgel glasses.
G” exhibit two peaks at two values of y, imply that two mechanisms are operational
during the yielding of PNIPAM microgel glasses. This is the first observation of two
step yielding in a dense PNIPAM microgel glass, where interactions are known to be

soft repulsive [12].

Since PNIPAM microgel particles shrink in the size with increase in temperature,
entanglements of dangling polymer chains between neighbouring particles are expected

to come down. This is expected to reflect in the yielding behavior of samples S1 and
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S2. We have investigated the effect of temperature on the yielding behavior of samples
S1 and S2 by performing DSS measurements at various temperatures and results are
shown in Fig. 5.11. For the sake of clarity, only G” behavior as a function of y at
different temperatures are shown in Fig. 5.11. Notice in sample S1, two step yielding at
20 °C (two peaks in G”) changes to one step yielding (single peak in G”) at 24 °C and
no peak upon further heating to 29 °C. In the case of sample S2, single peak in G”is
observed at higher temperature (27 °C) than that for S1 (24 °C) and no peak at 30 °C.
These observations imply that upon shearing at elevated temperature, the
entanglements between neighbours goes off leading to the appearance of single peak in
G”, which is characteristic of most of the soft colloidal glasses. Upon further heating,
the glass melt into a liquid which is evidenced by absence of peak in G”. For sample
S2, single peak in G” appearing at higher temperature than that in sample S1 is also
understandable as, S2 is more dense and hence disentanglements are expected to occur

at higher temperature.
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Fig.5.11. G”measured using DSS measurements at various T for samples S1 and S2. Arrows

indicate the peak positions.
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5.4.3 Understanding of two step yielding in dense PNIPAM microgel glasses

Fig.5.12 Schematic representation of the two step yielding process in dense PNIPAM
microgel glasses. State A represents the undeformed state configuration of PNIPAM
microgel glass with R as reference particle having entangled neighbors as 1,4,6,5 and
topological neighbors 1-6. State B shows that, upon application of lower yield strain
(1), entanglements with 1,4,6,5 are broken leading to peak in G ”at 3. State C shows
that, upon application of higher yield strain (3»), topological neighbors of R changes

due to cage breaking, which leads to second peak in G”at 7.

Two step yielding in the form of two peaks in G” as a function of y is reported by
Pham et al. [11] in attractive glasses, prepared by introducing depletion attraction
between hard spheres by the addition of a non-adsorbing polymer in dense hard sphere
suspension. Pham et al. [11] have interpreted their observation of two step yielding
(two peaks in G”) due to occurrence of two processes, i) breaking of the near-neighbor
bonds arising from attractive interactions leading to the first peak in G ”to occur at low
% and ii) breaking of the cages (topological constraints arising from neighbouring
particles) leading to the second peak in G ”to occur at larger . The two step yielding
reported in our dense PNIPAM microgel glasses is explained by drawing an analogy
with attractive glass [11]. With this analogy, the observed two step yielding (two peaks
in G” in Fig. 5.10) in PNIPAM microgel glasses is interpreted through two processes:

1) breaking of entanglements of dangling polymer chains between neighbouring
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PNIPAM microgel particles giving a peak in G ”at lower strain (1) and ii) breaking of
the near neighbor cages giving a peak in G”at higher strain (). These two processes
are schematically shown in Fig. 5.12. Configurations A, B and C describe changes in
the environment of a reference particle R, with respect to its entangled neighbors and
topological neighbors under the application of shear. In unsheared state (A), the
reference particle R has topological neighbors (1 - 6) and entanglements neighbors (1,
4-6). When strain of increasing amplitude is applied, particles start moving in the
direction of strain. At lower yield strain (), entanglements with its neighbours (1, 4-6)
are broken (configuration B). This process of breaking of entanglements, while keeping
the same topological neighbors, gives rise to first peak in G”. As  is increased further
to higher yield strain (3»), cages break with changes in topological neighbors

(configuration C). This breaking of cages results in the second peak in G”.

5.4.4 Yield strains of dense PNIPAM microgel glasses and their frequency
dependence

The yield strain values y; and y, for sample S1 at 20 °C are found to be 18% and
40% (Fig. 5.10), whereas those for sample S2 at 20 °C are found to be 20% and 35%
(Fig. 5.10), respectively. The yield stress values o1 and o» corresponding to y; and
for sample S1 are found to be 1.1 and 2 Pa, whereas those for sample S2 are found to
be 4.6 Pa and 6.2 Pa, respectively. With increase in ¢, number of entanglements of
dangling polymer chains are expected to increase due to increase in the overlap of
dangling polymer chains, hence more energy is required to break entanglements in
sample S2 than sample S1. The higher values of ci/o» and G”,/G”, for sample S2
than for sample S1 indicates that sample S2 has more number of entanglements than

sample S1. Here G”, and G ”, represent the peak amplitudes at y; and y, respectively.
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Small increase in » and decrease in j» for glassy state of sample S2 than that for
sample S1 is understandable, because near neighbor separation in sample S2 is smaller
than S1 due to its higher volume fraction. Due to decrease in y, and increase in ,

peaks in G” for sample S2 (Fig. 5.10) appear smeared as compared to that of sample

S1.
(@) (b)
14 % 0.5radl/s l 50
O 10 rad/s l S2
12F O 15rad/s 40k
10 %OEE]D 30k
© o
& 8F 9555 f%,% % =
E .
(O]
6f b4 20}
oy
4F
Tp
hatla )
el
0 L L 10 1 1
% 0.1rad/s =
O 10rad/s l S1 0L ® Vn
O 15rad/s W] -
40F
3k | © DDD o 22
Moo ye 30F
— (o} |
a M s ot
- 2F (o Nl = |
s [ i | 20F
) - % 0.38
Y o) ()]
7 8 Q
* %
1F o ﬁﬁ
M Ry
%%M 10¢
(:0" 10 v 10° e o
10 10
v, (%) o (rad/sec)

Fig. 5.13 (@) G” for samples S1 and S2 in their glassy state (at 20 °C) measured using DSS
measurements for various o values, (b) Variation of peak strain, j, (i.e 51, ) with @
for samples S1 and S2 at 20 °C. Continuous lines are the power law fits (c ™)
giving @ dependence of y and y, with values of m written over the corrosponding

curve. Arrows indicate the peak positions.
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In the case of hard sphere glasses, the yield strain is known to depend on the value
of @ at which measurements are performed [20]. In order to know the @ dependence of
7 and % in dense PNIPAM glasses, DSS measurements have been performed at
various values of @ and the results are shown in Fig. 5.13(a). For sake of clarity of the
peaks, only G” at different « values are shown. Upon approaching ws (from higher
frequency side), peak due to disentanglement is found to disappear, which is expected,
since for o < wy intra-cage dynamics becomes insignificant. Variation of y; and y with
o, for sample S1 is plotted in Fig. 5.13(b). Both j; and j are found to show the power
law dependence on o (i.e. «w™) with values of exponent m for samples S1 and S2
given in Fig. 5.13(b). As w increases, y1 and y» are found to shift to higher strain
values. This is understandable from the increase in G’ with increase in @ as shown in

Fig. 5.9.

5.5 Summary

We have prepared dense suspensions of thermo-responsive poly(N-
isopropylacrylamide) (PNIPAM) microgel particles with different volume fractions by
subjecting them to the different osmotic compressions. Structural investigations,
carried out using 3D DLS and SLS measurements, have suggested that at low
temperatures dense suspensions of PNIPAM microgels exists in glassy state. PNIPAM
microgel glasses have been found to transform into the liquid like order upon
increasing the temperature. The glass transition temperatures of dense PNIPAM
microgel suspensions have been identified by observing the change in the slope of the
long time value of mean square displacement (MSD) plotted as a function of
temperature. The ratio of the minimum in intensity at higher q side near the first peak

and the maximum intensity of the first peak in <I(g)>g, also showed a change in the
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slope at the same temperature exhibited by long time value of MSD. For the first time
the MSD behavior at short times is found to be subdiffusive (i.e. <Ar?(t)> o t% with &
< 1) in dense PNIPAM microgel glasses. Subdiffusive behavior at short times is due to
the overlap/entanglement of dangling polymer chains from shells of neighbouring
particles. Subdiffusive behaviour observed at short times is found to change gradually
into diffusive (a = 1) upon increasing the temperature, suggesting disentanglement of
dangling polymer chains at higher temperature. Non-linear rheological measurements
showed that dense PNIPAM microgel glasses, yield in two steps (exhibits two peaks in
G” as a function vyp) in contrast to the one step yielding observed in hard sphere
glasses. The two step yielding in PNIPAM microgel glasses is interpreted due to
occurrence of two processes: i) due to the breaking of entanglements of dangling
polymer chains, giving rise to the first peak at lower strain and ii) due to the breaking
of the near neighbour cages giving rise to the second peak at larger strain. At higher
temperature, due to disentanglement, yielding behavior is observed to be single step
(one peak in G”). Two step yielding behaviour of the dense PNIPAM microgel glasses
is also found to depend on the oscillation frequency/shear rate at which measurements
have been performed. Two peaks in G ”are apparent only for @ > ws. For @ < wgonly
single peak in G”is observed, since at these frequencies intra-cage dynamics becomes
insignificant.  Our measurements suggest that the inhomogeneous structure of
PNIPAM microgel particles play an important role in governing the dynamics and

shear flow behavior in dense PNIPAM microgel suspensions.
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CHAPTER 6

6.1 Summary and conclusions

This chapter summarizes the investigations carried out on dense aqueous
suspensions of thermo-responsive PNIPAM microgel particles using static/dynamic
light scattering, cross-correlation static/dynamic light scattering, UV-Vis spectroscopy
and Rheology techniques. As mentioned in Chapter 1, PNIPAM microgel particles are
temperature sensitive, inhomogeneous density particles with core-shell structure having
densely crosslinked core and thin shell (~ 30 nm) of dangling polymer chains. Earlier
reports showed that in addition to the temperature, PNIPAM microgels also respond to
osmotic pressure, where osmotic pressure on PNIPAM microgel was applied by
addition of external polymer to the dilute suspension. In this thesis it is shown that
PNIPAM microgels undergo compression in dense suspensions due to osmotic
pressure from the surrounding particles of its own kind. In dense suspensions, where
interparticle separations are of the order of particle diameter, the core-shell structure of
the PNIPAM microgel particles is expected to influence their dynamics and shear
deformation. Earlier reports have shown that PNIPAM microgel particle dynamics in
liquid like ordered suspensions is affected by their core shell structure. In this thesis, it
has been shown that, the dynamics and yielding behavior in the dense suspensions are

affected by core-shell structure of PNIPAM microgels.

Towards the above studies, monodisperse PNIPAM microgel suspensions of
various particle sizes have been synthesized using free radical polymerization by
varying the surfactant and crosslinker concentration. Temperature response of the

synthesized PNIPAM microgel particles have been characterized by measuring the
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diameter of the particle as a function of temperature. Diameter of the PNIPAM
microgel is found to decrease with increase in temperature, with sudden collapse at
34°C, which is identified as volume phase transition (VPT). Synthesized suspensions
are purified and concentrated. PNIPAM microgel crystals have been prepared by
heating the concentrated suspensions to temperatures above VPT followed by its slow
cooling (0.5°C/hr). Upon repeated heating and slow cooling suspensions with ¢ < 1.0
showed iridescence under visible light illumination indicating the crystallization of
PNIPAM microgel suspensions. When cooled at faster rate, suspensions are found to
exhibit glassy state. Details of the synthesis and sample preparation method have been

presented in Chapter 2 of this thesis.

In order to study the osmotic compression of PNIPAM microgel particles in
dense suspensions, PNIPAM microgel crystals with different volume fractions have
been prepared by compressing the suspensions osmotically. Bragg diffraction of these
crystals has been recorded using a UV-Vis spectrometer. Upon increasing the osmotic
pressure, the Bragg peak is found to exhibit a blue shift. The Bragg peak has been used
to determine the interparticle separation. Beyond a certain osmotic pressure,
interparticle separation is found to be smaller than the size of PNIPAM microgel
particle under swollen state (measured using DLS on dilute suspension). In dense
PNIPAM microgel crystals, the observation of interparticle separation being lesser than
the particle size measured under dilute conditions, provides direct evidence for
shrinking (deswelling) of PNIPAM microgel particles under osmotic compression in
the crystalline state. The experimentally observed swelling/ deswelling behavior of the
PNIPAM microgel particles with temperature and pressure is understood using Flory-
Rehner (FR) theory. Only qualitative agreement has been observed between theory and

experiments. Results reported here suggest the need for improvement of the FR theory
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for obtaining quantitative agreement with the experiments. These results are reported in

the Chapter 3 of the thesis.

In Chapter 4 of the thesis, results on the dynamics studied across the melting of
dense PNIPAM microgel crystals using DLS technique are presented. Melting of the
PNIPAM microgel crystals have been achieved by raising the temperature. At higher
temperature, microgel particle size hence ¢ decreases, causing the melting. In order to
identify the melting transition, Bragg peaks from PNIPAM microgel crystals were
captured using SLS and the Bragg peak intensity was monitored as a function of
temperature. The temperature at which the Bragg peak intensity showed sudden fall,
which happen due to loss of the long range order, has been identified as melting
transition. The study of dynamics across the melting of PNIPAM microgel crystals
revealed the deviation of dynamical criterion at the melting of the PNIPAM microgel
crystals (i.e. D /Ds < 0.1). The deviation from 0.1 is found to be larger in the case of
suspensions with higher ¢. Careful studies on the behavior of mean square
displacement close to the melting transition showed that the particle motion to be
subdiffusive at short times. The subdiffusive behavior observed at short times, is
understood to arise from the entanglement of the dangling polymer chains between the
shells of the neighboring PNIPAM microgel particles and argued to be the reason for
the observed deviation (i.e. D./Ds < 0.1). Hard sphere or charged colloidal systems
undergoing freezing have showed the diffusive dynamics at short times. However, we
have observed for the first time, the subdiffusive dynamics at short times in PNIPAM
microgel liquids undergoing freezing. Since the dynamics at short times is
subdiffusive, there exists no proper scale for long time diffusion, hence the
inapplicability of dynamical criterion for the melting of PNIPAM microgel crystals

(liquids) undergoing melting (freezing).
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Chapter 5 report the results on light scattering and rheological behavior of
dense PNIPAM microgel glasses carried out using 3D DLS and a rheometer,
respectively. At elevated temperature (~ 30°C), PNIPAM microgel glasses have been
found to transform into liquids. Upon rapid cooling of the microgel liquids to room
temperature, they are found to freeze back into a glassy state. The glass transition
temperature of dense PNIPAM microgel suspensions has been identified using 3D
DLS. Non-ergodicity parameter, f(q, c) obtained from DLS studies showed a change
from finite value to zero across the glass transition. Careful analysis of the mean square
displacement of PNIPAM microgel particles at short times revealed subdiffusive
behavior, similar to that observed in PNIPAM microgel liquids close to freezing. The
observation of subdiffusive dynamics at short times in PNIPAM microgel glasses and
in liquids before the glass transition is unique as, there are no reports of the
subdiffusive dynamics at short times in hard sphere or charged colloidal glasses.
Subdiffusive dynamics observed at short times in PNIPAM microgel glasses is
interpreted as due to the overlap / entanglement of dangling polymer chains from shells
of neighbouring microgel particles. Upon increasing the temperature, the glass turns
into liquid and the subdiffusive behaviour (a« < 1) is found to turn into diffusive
behavior (a = 1), indicating the disentanglement of the dangling polymer chains at
higher temperature. Non-linear rheological measurements on dense PNIPAM microgel
glasses showed two step yielding by exhibiting two peaks in loss modulus, G”, in
contrast to the one step yielding observed in hard sphere glasses. The two step yielding
in PNIPAM microgel glasses is interpreted as : i) due to disentanglement of the
dangling polymer chains giving a first peak at lower strain (first peak in G”) and ii)
breaking of near neighbour cages giving a second peak in G” at large stain. Upon

increasing the temperature, when the glass showed melting into super cooled liquid
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state, yielding is observed to be single step (single peak in G”). 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 existing between the
shells of neighbouring PNIPAM microgel particles. Though two step yielding have
been observed in attractive glasses, our experiments constitute first evidence for the

observation of two step yielding in soft repulsive glasses.

The major findings of the thesis are as follows,

1. PNIPAM microgel crystals of different volume fractions have been prepared and
Bragg diffraction from these crystals has been recorded using UV-Vis
spectrometer. The interparticle separation in PNIPAM microgel crystals with ¢ >
0.74, determined from the Bragg peak position, is found to be smaller than the
diameter (dp) of the PNIPAM microgel particles measured under dilute condition.

2. The observation of interparticle separation being lesser than the particle diameter
(dn), in dense (¢ > 0.74) PNIPAM microgel crystals, constitutes first evidence for
deswelling of PNIPAM microgel particles under osmotic compression. PNIPAM
microgel particles undergo osmotic compression as osmotic pressure on microgel
particles exceeds their Bulk modulus (~ kPa).

3. Flory-Rehner (FR) theory is shown to provide the qualitative understanding for
osmotic compression of PNIPAM microgel particles beyond a certain volume
fraction.

4. DLS has been employed to study the dynamics across the melting of dense
PNIPAM microgel crystals. Careful analysis of mean square displacement
showed for the first time that dynamics of PNIPAM microgel particles, close to

melting of the crystals, is subdiffusive at short times. The subdiffusive dynamics
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at short times is argued to arise due to the entanglements of dangling polymer
chains of neighbouring PNIPAM microgel particles. Observation of subdiffusive
dynamics at short times implies the deviation of the dynamical criterion for
melting of PNIPAM microgel crystals.

5. Upon sudden cooling, dense PNIPAM microgel liquids are shown to freeze into a
glassy state. The glass transition temperatures of dense PNIPAM microgel
liquids have been identified using 3D DLS technique. Non-ergodicity parameter,
f (g, ) is shown to show discontinuity across glass transition.

6. The dynamics in dense PNIPAM microgel glasses is shown to be subdiffusive at
short times, suggesting the existence of the entanglements of the dangling
polymer chains between neighbouring PNIPAM microgel particles in the glassy
state as well as in the super cooled liquid state (i.e. above the glass transition
temperature).

7. Non-linear rheological measurements on dense PNIPAM microgel glasses have
shown that these glasses yield in two steps by exhibiting two peaks in G” (@, ).
It is the first report of two step yielding in a soft repulsive glass. Earlier reports of
the two step yielding are in attractive colloidal glasses.

8. Two step yielding observed in dense PNIPAM microgel glasses is argued to arise
i) due to breaking of the entanglements of dangling polymer chains between
neighbouring particles and ii) due to breaking of topological cages formed by

neighbouring particles.

6.2 OUTLOOK FOR THE FUTURE WORK

Present studies have shown that dense PNIPAM microgel suspensions exhibit
distinct dynamics and yielding behavior as compared to that of hard sphere or

charged colloidal suspensions, which is attributed to the overlap / entanglement of

113



dangling polymer chains from the shells of neighbouring PNIPAM microgel

particles. The presence of entanglements has been evidenced by observation of

subdiffusive dynamics at short times. In order to support the idea of entanglement

of dangling polymer chains and to provide more evidences about the

entanglements, following studies will be carried out.

a) Dynamics in dense suspensions of charged PNIPAM microgels: PNIPAM

microgel particles are as such a neutral and can be made charged by
copolymerization of NIPAM with ionic monomers like acrylic acid, 2-
acrylamido-2-methyl-1-propanesulfonic acid. Dynamics in dense suspensions
of charged PNIPAM microgels will be studied. Addition of the electric charges
is expected to prevent the entanglements of dangling polymer chains due to
electrostatic repulsion and hence short time dynamics is expected to be

diffusive rather than subdiffusive.

b) Structural investigations in dense PNIPAM microgel suspensions using

SLS: In dense suspensions overlap / entanglement of dangling polymer chains
may result into the local clustering of PNIPAM microgel particles and the
formation of networks, which can affect their structure. The structure of dense
PNIPAM microgel suspensions will be investigated (from analysis of
scattering profiles measured using SLS by assuming PNIPAM microgel as
fuzzy spheres), to look at the presence of local clustering and hence the
entanglement of dangling polymer chains.

Direct imaging of the dense PNIPAM microgel suspensions using atomic
force microscope: Density of polymer within the core of PNIPAM microgel
particles is very high as compared to that of the shell. Therefore, in imaging of

microgel particles in dilute suspensions (where there is no overlap of the
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d)

shells), only core of the microgel becomes apparent and shell stays invisible.
On the other hand, overlap of the shells should lead to increase in polymer
density within shells and make them visible. Typical thickness of the shells is
~ 20-30 nm, which can be resolved using atomic force microscope (AFM).
Dense suspensions of PNIPAM microgel particles will be imaged using AFM
with liquid cell to look at the overlap of the polymer chains via rise in the
polymer density of the shells.

Immobilization of the PNIPAM microgel crystals in a gel matrix: Ordered
crystalline arrays of PNIPAM microgel particles serve as sensors for
temperature, pH, various chemicals etc. But the PNIPAM microgel crystals are
fragile and lose their ordering against even smaller mechanical shocks, hence
non portable. PNIPAM microgel crystals will be immobilized within a gel

matrix, in order to make them portable.
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