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Synopsis

Soft matter, characterized by complexity and flexibility, refers to the broad

range of condensed matter systems. Due to weak interactions between the

constituents of soft materials, they show viscoelastic behavior. The different

properties of these soft matter systems are very sensitive to the concentration,

temperature, presence of additives and other physical properties. In this thesis,

we perform dynamic light scattering and rheological experiments to investigate

the structure, dynamics and the mechanical properties of some aqueous soft

matter systems including micellar copolymer solutions, biopolymer gels and

concentrated colloidal suspensions.

The background material necessary to understand the thesis work is de-

scribed in Chapter 1. The chapter starts with a brief discussion of some soft

matter systems including amphiphilic molecules, colloidal suspensions and

biopolymer hydrogels. Intermolecular interactions between the constituents

of soft matter are next described. This is followed by the description of differ-

ent materials that are used in this thesis work. The chapter concludes with a

brief introduction of the techniques of rheometry, dynamic light scattering and

nonlinear time-series analysis that have been employed in this thesis work.
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The detailed descriptions of the experimental methods used in this the-

sis are given in Chapter 2. This section describes, in detail, the rheological

and dynamic light scattering techniques used in our studies. Other experimen-

tal techniques such as cryogenic scanning electron microscopy (Cryo-SEM)

imaging, fluorescence spectroscopy and small angle X-ray scattering (SAXS),

which have been used to investigate the different systems probed here, are

also described in this chapter.

Chapter 3 describes the jamming behavior of Pluronic F127 micelles and

the jamming-unjamming transition of these micellar systems in the presence of

the anionic surfactant SDS. Pluronic F127 is a triblock PEO-PPO-PEO copoly-

mer which exhibits amphiphilic nature at high temperatures. Above a criti-

cal concentration and temperature, Pluronic molecules self-aggregate to form

spherical micelles in aqueous solution with a hydrophobic PPO core, sur-

rounded by a hydrophilic PEO corona. This micellization process is very sensi-

tive to the presence of additives and temperature. Increasing the concentration

of triblock copolymers results in a sharp increase in the magnitude of the com-

plex moduli characterising the samples. This is understood in terms of the

changes in the aggregation and packing behaviours of the copolymers and

the constraints imposed upon their dynamics due to increased close packing.

The addition of suitable quantities of an anionic surfactant to a strongly elastic

copolymer solution results in a decrease in the complex moduli of the samples

by several decades. It is argued that the shape anisotropy and size polydisper-

sity of the micelles comprising mixtures cause dramatic changes in the pack-

ing behaviour, resulting in sample unjamming and the observed decrease in

complex moduli. Finally, a phase diagram is constructed in the temperature-

surfactant concentration plane to summarise the jamming-unjamming behaviour

of aggregates constituting triblock copolymer-anionic surfactant mixtures.
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SYNOPSIS

Pluronic micelles have emerged as a potential agent for targeted drug deliv-

ery. Chapter 4 discusses the encapsulation of different drug molecules (Ibupro-

fen, Aspirin, Erythromycin) in the Pluronic micelles and their dependence on

temperature, pH and drug hydrophobicity. The shapes and the size distri-

butions of the micelles in dilute, aqueous solutions, with and without drugs,

are ascertained using cryo- Scanning Electron Microscopy and Dynamic Light

Scattering experiments, respectively. Uptake of drugs above a threshold con-

centration is seen to reduce the critical micellization temperature of the solu-

tion. The mean hydrodynamic radii and polydispersities are found to increase

with decrease in temperature and in the presence of drug molecules. The hy-

dration of the micellar core at lower temperatures is verified using fluorescence

measurements. Increasing solution pH leads to the ionization of the drugs in-

corporated in the micellar cores. This leads to rupture of the micelles and

release of the drugs into the solution at the higher solution pH.

Chapter 5 describes the formation and rupture of Ca2+ induced pectin

biopolymer pectin gels. When calcium salts are added to an aqueous solution

of polysaccharide pectin, ionic cross-links form between pectin chains, giving

rise to a gel network in dilute solution. Pectin is an important ingredient of plant

cell walls, where ion-mediated pectin gels are known to contribute to the cell

wall rigidity. Pectin is also often used in gel form in the areas of food science

and pharmaceuticals. In this work, dynamic light scattering (DLS) is employed

to study the microscopic dynamics of the fractal aggregates (flocs) that con-

stitute the gels, while rheological measurements are performed to study the

process of gel rupture. As calcium salt concentration is increased, DLS ex-

periments reveal that the polydispersities of the flocs increase simultaneously

with the characteristic relaxation times of the gel network. Above a critical salt

concentration, the flocs become interlinked to form a reaction-limited fractal
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gel network. Rheological studies demonstrate that the limits of the linear rhe-

ological response and the critical stresses required to rupture these networks

both decrease with increase in salt concentration. These features indicate that

the ion-mediated pectin gels studied here lie in a ‘strong link’ regime that is

characterised by inter-floc links that are stronger than intra-floc links. A scaling

analysis of the experimental data presented here demonstrates that the elastic-

ities of the individual fractal flocs exhibit power-law dependences on the added

salt concentration. We conclude that when pectin and salt concentrations are

both increased appropriately, the number of fractal flocs of pectin increases

simultaneously with the density of crosslinks, giving rise to very large values of

the bulk elastic modulus.

Cornstarch suspensions are known for their complex mechanical response.

Chapter 6 presents rheological measurements on cornstarch suspensions.

The flow curve measurements on cornstarch suspensions show a shear thin-

ning region, followed by a shear thickening and a shear banding region with

increasing shear rate. The extents of the different regions of cornstarch sus-

pensions depend upon the concentration and sample volume. Small angle light

scattering experiments, which are simultaneously done with rheology, show

huge intensity fluctuations in the shear banding region. Non linear time series

analysis of the stress fluctuation data acquired from cornstarch samples lying

in the shear banding region indicates the presence of rheological chaos.

Chapter 7 summarizes the main results reported in this thesis and briefly

discusses the scope for future works.
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1
Introduction

1.1 Soft matter
Soft matter refers to the broad range of condensed matter systems which

includes different macromolecular materials like polymers, colloidal suspen-

sions, self-assembling surfactant molecules, macroemulsions and biological

substances such as membranes, vesicles, DNA etc. Soft materials have a

range of applications as structural and packing materials, detergents, food ad-

ditives, paints etc. Though there is great diversity in soft matter systems, they

show some common features. The name ‘soft matter’ was first introduced by

de Gennes for those materials that show both complexity and flexibility [1, 2].

Soft materials are viscoelastic as they show both solid and liquid like behav-

iors at timescales that are accessible in the laboratory. The interaction en-

ergy between structural units of soft matter is approximately kBT. As a conse-

quence, temperature plays a crucial role in determining the material structures

and properties. Due to the weak interactions between the constituents of soft

materials, they can be easily deformed by applying relatively small stresses
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1. INTRODUCTION

and strains. The relevant length scales in soft matter can vary between 1 and

1000 nm and are therefore much larger than atomic length scales. The rel-

evant time scales in soft matter lie between 10−8 to 103 seconds [3] and are

easily accessible in different experiments.

1.2 Examples of soft matter systems

1.2.1 Amphiphilic molecules

Amphiphiles are a special class of compounds that possess chemical groups

with differing chemical affinities for water. The word amphiphile is derived from

two Greek words amphis meaning both and philia meaning love or friendship.

As the name suggests, one portion of an amphiphilic molecule has affinity to

water and is usually known as hydrophilic (water-loving), while the other portion

prefers to stay away from water and is called hydrophobic (water-fearing) or

lipophilic (fat-loving). Amphiphiles, when dissolved in water, have a tendency

to self assemble into remarkable structures. Moreover, these aggregates, each

of which contains many amphiphilic molecules, may themselves associate in

ordered or disordered arrangements to produce different complex phases.

Block copolymers

A polymer is a very long molecule consisting of repeating structural units

(monomers) connected by covalent bonds. For a homopolymer all the mono-

mers are identical, whereas a copolymer consists of different chemical con-

stituents. A block copolymer has a linear and/or radial arrangement of two

or more different blocks of varying monomer compositions. According to the

number of blocks, a block copolymer is called di-, tri- or multi- block copolymer.

These block copolymers are synthesized by sequential polymerization of the

different monomers [4]. A characteristic feature of a block copolymer is the

6



1.2 EXAMPLES OF SOFT MATTER SYSTEMS

incompatibility between unlike segments due to the different molecular struc-

tures. These different blocks show different solubilities in solution, resulting in

an amphiphilic nature. These block copolymers therefore show self-organizing

properties.

Surfactants

Amphiphiles that lower the surface tension of a liquid, the interfacial tension

between two liquids, or that between a liquid and a solid, are often referred to

as surfactants (or surface active agents). The hydrophobic portion of a surfac-

tant molecule is made of aliphatic chains, which may be saturated or partially

saturated. The hydrophilic portion, on the other hand, consists of a polar head

group. The non-polar hydrocarbon tail is attached to the hydrophilic head group

via covalent bonding.

1.2.2 Colloidal suspensions

A colloidal suspension is a heterogeneous system in which solid particles are

dispersed in a continuous fluid medium. The sizes of the colloidal particles

can vary from nm to µm. Colloidal suspensions remain stable in the dispersing

fluid due to the random thermal motion of the colloid particles. Simultaneously,

gravity tries to destabilize the suspension. If the colloidal particles are denser

than the dispersing fluid, the colloidal particles will tend to sediment due to

gravity. The stability of the colloidal suspension depends upon the competi-

tion between the thermal Brownian process and the sedimentation process.

For the thermal diffusion of the colloidal particles, one can define a diffusion

time τD which is the time taken by the particle to diffuse a distance equal to

its radius. The diffusion time τD = a2/D = 6πηa3/kBT, where a is the radius

of the particle, D is its translational diffusion coefficient, η is the viscosity of

the medium and T is the temperature, is estimated using the Stokes-Einstein
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1. INTRODUCTION

relation (D = kBT/6πηa). For the sedimentation process in a dilute suspen-

sion, the sedimentation velocity vs is calculated as vs = 2∆ρg a2/9η, where

∆ρ is the density difference between the colloidal particle and the dispersing

fluid. The corresponding sedimentation time is τs = a/vs. One can define a

dimensionless gravitational Peclet number Pe as follows [5]:

Pe = τD/τs = 4π∆ρg a4/3kBT (1.1)

This Peclet number estimates the ratio of the time taken by a particle to diffuse

its own radius to the time taken to sediment over the same length scale. For a

stable colloidal suspension, Pe <1. For polystyrene spheres of radius 100 nm

in water, Pe ∼ 5x10−5. Colloidal suspensions comprising 100 nm polystyrene

particles in water are therefore stable. For 10 µm polystyrene spheres in water,

Pe ∼ 5x103; sedimentation therefore dominates in these suspensions, making

them unstable. Stable colloidal suspensions of big colloidal particles can be

achieved by decreasing the density difference ∆ρ between the colloid particle

and the dispersing fluid.

1.2.3 Hydrogels

Hydrogels are three dimensional cross-linked networks of hydrophilic polymers

which can absorb large quantities of water. Hydrogels can be divided into two

categories based on the chemical or physical natures of the cross-link junc-

tions. Chemically cross-linked networks have irreversible junctions, which can

be formed by the process of polymerization. Physical cross-links have transient

junctions that arise from either polymer chain entanglements or physical inter-

actions such as ionic interactions, hydrogen bonds or hydrophobic interactions.

Gelatin gels (formed due to a coil-helix transition with decreasing temperature)

[6], Ca2+ induced alginate gels [7], the aggregates formed by globular proteins
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1.3 INTERMOLECULAR INTERACTIONS IN SOFT MATTER

close to their isoelectric points [8] are some examples of physical hydrogels.

1.3 Intermolecular interactions in soft matter

The structures, surfaces and material properties of soft materials are very

strongly dependent on the nature of the intermolecular forces that exist be-

tween their constituents. The relevant intermolecular interactions in soft matter

systems are described below:

1.3.1 van der Waals interaction

van der Waals forces are the universal attractive forces acting between all

atoms, molecules, ions etc. This short range force arises from the interac-

tions between the dipoles of two neighboring molecules. The effective range

of the van der Waals interaction can vary from 0.2 nm to 10 nm [13]. The inter-

action energy V(S) between two identical spheres of radius R with a distance

H between their centers is given by the following relation:

V(S) = −A
6 [ 2

S2 − 4
+ 2

S2 + ln
S2 − 4

S2 ] (1.2)

where S is defined as H/R and A is the Hamaker constant [10]. The value

of Hamaker constant is of the order of 10−20 J and this value depends on the

properties of the particles and the suspending medium [11]. For the simplest

case, the net attractive interaction between two spherical particles at small

separations (H −→ 2R) can be written as

V(S) = −A R
12 l

(1.3)
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1. INTRODUCTION

where l = H - 2R. When the separation between the particles is very large (H

−→∞), then V(S) can be written as

V(S) = −16A
9S6 (1.4)

1.3.2 Electric double layer interaction

When macromolecules having ionizable groups are added to water, they are

surrounded by an equal but oppositely charged region of counter ions, forming

a diffuse double layer. According to Debye and Hückel, a reasonable one-

dimensional representation of the potential distribution can be given by the

Poisson - Boltzmann equation as [11]

d2
ψ

dx2 = −e
ε

∑
ziniexp(−zieψ

kBT
) (1.5)

where ψ is the potential at a distance x from the surface, ε is the permittivity of

the medium, ni is the bulk concentration of ions of charge zi, e is the electronic

unit charge, kB is the Boltzmann constant and T is the absolute temperature.

For low charge density, the Debye-Hückel approximation leads to the following

equation:

∇2
ψ = κ

2
ψ (1.6)

where κ is called the inverse of Debye length which can be calculated as

κ = (ρ∞e2z2

εkBT
)1/2 (1.7)

where ρ∞ is the bulk concentration of ions.

The solution of this equation, for a particle of radius a0, with a compact layer
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1.3 INTERMOLECULAR INTERACTIONS IN SOFT MATTER

FIGURE 1.1: DLVO energy vs. distance in aqueous salt solutions. The figure is
adapted from [13].

of thickness d is

ψ(x) = ψd
a
x

e−κ(x−a) (1.8)

where ψd is the potential at the beginning of the diffused double layer and a =

a0 + d [11].

The overall interaction energy for a molecule in a solvent is described by

the DLVO theory, where both the electrostatic double-layer interaction and van

der Waals forces are taken into account [9, 12] (Fig. 1.1).

1.3.3 Hydrophobic interaction

Water molecules form hydrogen bonds between themselves. Non-polar or hy-

drophobic molecules like hydrocarbons are incapable of forming H bonds with

water molecules. When non polar molecules are added in water, then neigh-

boring water molecules will reorient themselves in ordered structures around

the non polar molecules [13]. But this orientation of water molecules around

non-polar molecules is entropically unfavorable as it disrupts the existing wa-

ter structures and imposes ordering. Hydrophobic molecules therefore self

assemble to minimize the number of ordered structures of water molecules,
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1. INTRODUCTION

FIGURE 1.2: The hydrophobic interaction: water molecules around a non-polar
solute form a cage-like structure, which reduces the entropy. When two non-polar
groups associate with each other, water molecules are liberated from the solvation
shell, thereby increasing the entropy. The figure is adapted from [13].

a process that leads to the reduction of the free energy of the system. (Fig.

1.2). Hydrophobic forces were first measured experimentally by Israelachvili

and Pashley [14]. The hydrophobic interaction energy is found to decay expo-

nentially in the range of 0-10 nm [15].

1.4 Some examples of phase transitions in soft

matter

1.4.1 Self assembly of amphiphilic molecules:

When amphiphilic molecules or surfactants are added to an aqueous solution,

these molecules reversibly self assemble to form spherical micelles above a

critical concentration and temperature. In a spherical micelle, hydrophobic

parts of different surfactant molecules assemble to form the core of the mi-

celle, whereas the micellar corona is formed by the hydrophilic portions of the

molecules (Fig. 1.3). The formation of micelles occurs when the surfactant

concentration is above a critical micellar concentration or CMC and above a

critical temperature. This temperature is called the critical micellization temper-

ature (CMT) or the Krafft temperature. For micelle formation, the aggregation

12
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FIGURE 1.3: Sketches of micelle formation from surfactant molecules with hy-
drophilic head and hydrophobic tail. This figure is adapted from [13].

numbers depend upon the free energy differences between the monomers and

the different structures. With further increase in surfactant concentration, these

surfactant molecules will form more complex self assembled structures like bi-

layers, cylinders, vesicles etc. The probable structures in which the amphiphilic

molecules will self-assemble depend upon a dimensionless parameter charac-

terizing the molecule. This parameter is known as the packing parameter or

shape factor S = v0
a0lc

, where v0 is the total volume occupied by the monomer,

a0 is the optimal head group area and lc is the maximum or critical length of

the hydrocarbon chain [13].

1.4.2 Jamming transition

A wide class of materials, such as foams, emulsions, colloidal suspensions,

pastes, granular media and glasses exhibit jamming transitions due to macro-

molecular crowding. In such a transition, a flowing fluid-like state is converted

to a disordered and metastable solid-like state due to the kinetic constraints

imposed by the crowded environment upon the constituents. In the jammed

state, the particles remain dynamically arrested and they respond elastically to

small applied shear stresses. The jamming transition can be induced by vary-

ing different parameters such as temperature, density or the stress applied to
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FIGURE 1.4: (a) Jamming phase diagram proposed by Liu et al. in the plane of in-
verse density φ−1, temperature T and shear stress σ [23]. (b) Jamming phase diagram
for attractive particles proposed by Trappe et al. [26].

the sample. Supercooled liquids form glasses due to jamming when the tem-

perature is lowered below the glass transition temperature [16, 17]. Colloidal

dispersions become colloidal glasses as their densities approach the random

close packing (RCP) value [18–22]. Jammed systems can be unjammed when

mechanical stresses greater than the materials’ yield stresses are applied. All

these features of the jamming transition are summarized by Liu and Nagel in

the three dimensional jamming phase diagram [23–25] proposed by them (Fig.

1.4 (a)) in a temperature, load and 1/density space. This jamming phase di-

agram was later modified for attractive particles where the contribution from

interparticle attractive energy U was taken into account (Fig. 1.4 (b)) [26]. Ac-

cording to the jamming phase diagrams, jamming can only occur in dense sys-

tems when the temperatures and applied stresses are kept low. Contrary to the

suggestions of the phase diagrams reported above, the jamming phenomenon

can also be triggered by the shear driven crowding of the constituents. One

example of such shear induced jamming is the shear thickening behavior of
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concentrated cornstarch suspensions, where cornstarch particles are seen to

jam at high shear rates [27, 28]. Recent experiments on the strain induced

slowing down of the dynamics of jammed aqueous foams and aging clay sus-

pensions can also be explained by the strain induced jamming phenomenon

[29, 30].

1.5 Materials studied

1.5.1 Pluronic F127

Pluronic is the generic name of symmetric triblock copolymers of the type

AxByAx, where the central ‘B’ block comprises of polypropelene oxide (PPO)

molecules and the end ‘A’ blocks comprise of polyethelene oxide (PEO) molec-

ules. These blocks are attached to each other by covalent bonds. For Pluronic

F127, the number of PEO molecules is 100 and the number of PPO molecules

is 70. Pluronic F127 has a molecular weight of 12,600 g/mol, a critical micel-

lization concentration of 0.007 g/cc and a critical micellization temperature in

the range 15◦-20◦C. When Pluronic molecules are dissolved in certain selec-

tive solvents, they self-assemble to form micellar aggregates whose properties

often mimic those of micelles formed by low molecular weight surfactants [31].

However, in contrast to normal surfactants, the aggregation of block copoly-

mers depends more strongly on temperature. For Pluronic, the hydrophobicity

of the central polypropylene oxide (PPO) increases with temperature, while the

polyethylene oxide (PEO) blocks at the ends remain hydrophilic [32]. Aqueous

solutions of these compounds can therefore show significant surface-activity

above certain temperatures and concentrations, and can aggregate to form

micelles with a dense PPO core surrounded by a corona of hydrated PEO

brush-like chains [33]. With further increase in concentration and temperature,

these Pluronic micelles can enter a solid-like phase that is characterized by

very large values of the elastic modulus and very slow dynamics, features that
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FIGURE 1.5: Phase diagram of aqueous solution of Pluronic F127. The phase
diagram shows three different regions: isotropic micellar liquid, cubic phase and coex-
istence of cubic and liquid crystalline phases. This figure is adapted from [33].

are typically associated with soft glasses [34]. These solid like mesophases of

Pluronic micelles are generally attributed to the coexistence of a close-packed

crystal with a fluid [35]. Fig 1.5 shows a phase diagram for Pluronic F127,

which shows an isotropic liquid phase at low concentrations. Increase in con-

centration of F127 results in a cubic phase which can coexist with a liquid

crystalline phase at the highest concentration [33]. Detailed experiments have

been performed to study the aggregation behaviors, its dependence on tem-

perature and copolymer concentration, and its effects on the sample dynam-

ics and phase behavior using techniques such as small angle X-ray scatter-

ing [35, 36], static light scattering [33, 37], photon correlation spectroscopy

[38–40], small angle neutron scattering [36, 37, 41, 42], differential scanning

calorimetry [33, 38] and rheology [34, 35, 37, 43, 44].

1.5.2 Pectin gels

Pectins, extracted from plant cell walls, are complex polysaccharides. Pectin

is widely used in the food industry as a gelling agent, thickener, emulsifier and

stabilizer [45]. Pectin primarily consists of linear chains of partly methyl ester-

ified α-d-galacturonic acid, interrupted and bent in places by rhamnose units.

16



1.5 MATERIALS STUDIED

Depending upon the degree of esterification of the carboxyl groups of galactur-

onic acid with methanol, pectin can be categorized into two types. The species

of pectin whose degree of methylation (molar ratio of methanol to galacturonic

acid) is higher than 50% is called high methoxyl pectin, whereas pectin charac-

terized by less than 50% degree of methylation is called low methoxyl pectin.

Low methoxyl (LM) pectin can form gels in different ways that depend upon

the pH of the system and the presence of Ca2+ or other multivalent ions. At

low pH and in the absence of Ca2+ ions, LM pectin can form gels via non-ionic

associations based on hydrophobic interactions and the formation of hydro-

gen bonds [46]. In the presence of divalent cations like Ca2+, LM pectin can

form gels via Ca2+ ion bridges between two carboxyl groups of two different

chains. This mechanism is popularly known as egg-box mechanism and was

first observed in Ca2+ induced alginate biopolymer gels [7, 47, 48]. Recently,

small-angle X-ray scattering (SAXS), dynamic light scattering (DLS) and diffu-

sive wave spectroscopy (DWS) were employed to report that rod-like junctions,

both single ion junctions and those comprising multi-unit egg-box structures,

form in these Ca2+ induced biopolymer gels [49, 50].

1.5.3 Cornstarch suspensions

Cornstarch particles are polydisperse colloidal particles with irregular shapes

(Fig. 1.6(a)) having an average diameter of 14 µm. They are very popular in

the rheological community as a prototypical shear thickener. Cornstarch sus-

pensions show shear thinning at low shear rates followed by a discontinuous

shear thickening region at high shear rates [27, 28, 51] (Fig. 1.6(b)). Bonn

et al. have performed magnetic resonance imaging (MRI) measurements to
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FIGURE 1.6: (a) Micrograph of cornstarch particles and (b) a typical viscosity vs.
shear rate plot for a 44 wt% cornstarch suspension in a vane in cup geometry. These
figures are adapted from [28]

elucidate the local flow properties of cornstarch suspensions by experimen-

tally determining the local velocity profiles in a Couette cell [27]. They pro-

posed that the discontinuous shear thickening observed in cornstarch suspen-

sions is a consequence of dilatancy. The slope of the shear thickening vis-

cosity vs. shear rate curve is found to increase with cornstarch concentration

and finally diverges at a critical concentration [51]. Recent experiments on

cornstarch suspensions show that the suspensions can generate very large,

positive normal stresses under impact [52]. These normal stresses originate

from an impact-generated dynamic jamming front that propagates through the

system. The extensional rheology of cornstarch suspensions demonstrates a

Newtonian response at low extension rates, followed by strain hardening and

a brittle fracture at higher rates [53].

1.6 Experimental studies

This section describes the theoretical backgrounds of the two main experimen-

tal methods which have been used in this thesis.
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1.6.1 Rheology

Rheology is the study of the flow and deformation of matter. Rheology mea-

surements tell us about the mechanical responses of the material when a

stress or strain is applied to it. From Hooke’s law, for a purely elastic solid

[54]

σ = Gγ, (1.9)

where σ is the applied stress and γ is the corresponding strain response. On

the other hand, for a Newtonian fluid, the constitutive equation is [55]

σ = ηγ̇, (1.10)

where γ̇ = dγ

dt is the shear rate. Most of the materials that we encounter in ev-

eryday life show both elastic and viscous behaviors and are called viscoelastic.

(i) Linear Rheology

The development of the mathematical theory of linear rheology is based on a

“superposition principle”. A linear response is observed in rheological mea-

surements when small stresses or strains are applied to viscoelastic materials

in such a way that the material microstructure is not altered (Fig. 1.7 at γ < γL).

This implies that the mechanical response at any time is directly proportional

to the value of the initiating signal. The differential equations characterizing

linear viscoelasticity are therefore linear. In this regime, for an applied strain γ

at time t, the stress response σ can be written as [56]

σ(t) = G(t, t1)γ(t), (1.11)

where t1 is a past time variable and G(t,t1) is the stress relaxation function. In

the linear regime, G depends on the time difference between t and t1 i.e. G(t,

19



1. INTRODUCTION

FIGURE 1.7: Typical plot of mechanical moduli with the variation of strain for a
soft solid. The plot shows a linear regime for γ < γL where mechanical moduli are
independent of the strain amplitude. The non-linear regime is observed for γ > γL,
where mechanical moduli decrease with increase in strain.

t1) = G(t - t1). For a small applied shear rate γ̇ at time t, the shear stress σ(t)

induced in the material can be written in the linear rheology limit as [56]

σ(t) =
∫ t

−∞
G(t− t1)γ̇(t1)dt1 (1.12)

(ii) Non-linear Rheology

In the non-linear rheological regime, the applied strain or strain rate is not

small. The different stress responses (sinusoidal oscillations, creep, stress re-

laxation after step strain or steady shearing) therefore behave non-linearly. In

the non-linear regime, the shear modulus is dependent on the instantaneous

applied strain (Fig. 1.7 at (γ > γL). If a large enough step strain γ is applied

to a sample, the stress induced in the sample in the non-linear regime can be

expressed by σ(t) = Gnl(t, t1, γ)γ(t), where Gnl is the relaxation modulus in the

non-linear regime. The non-linear behavior of viscoelastic materials is charac-

terized by non-zero normal stress differences, shear thinning, shear thickening,

shear banding etc. The variations of shear stresses with shear rates in shear
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FIGURE 1.8: The different flow behaviors of viscoelastic fluids are shown. For a
Newtonian fluid, shear stress increases linearly with shear rate, giving a constant vis-
cosity (inset). For a shear thinning material, shear stress increases non-linearly with
shear rate, giving a decreasing viscosity (inset). For a shear thickening material, non-
linear increase in shear stress with shear rate results in an increasing viscosity (inset).

thinning and shear thickening regions are shown in Fig. 1.8.

(a) Shear thinning: Shear-thinning is said to occur when the sample vis-

cosity decreases with increasing shear rate in steady flow (inset of Fig. 1.8).

The squeezing of toothpaste from a toothpaste tube is a familiar example of

shear-thinning and the existence of a non-zero yield stress. Due to this shear

thinning behavior, materials that are solid-like under normal circumstances can

flow when sheared or stirred above their yield stresses. The time-dependent

shear-thinning behavior, where the sample returns to a steady state after the

cessation of shear is called ‘thixotropy’. Non-drip paint is a common example

of a thixotropic material. The shear thinning phenomenon is especially pro-

nounced in polymer melts and in concentrated polymer solutions [56].

(b) Shear thickening: In a shear thickening material, the viscosity of the

material increases with shear rate (inset of Fig. 1.8). The shear thickening

phenomenon is generally observed in concentrated colloidal suspensions if
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appropriate shear rates are applied to them [57, 58]. The parameters that con-

trol shear thickening behavior are particle size and particle size distribution,

particle volume fraction, inter-particle interactions and the type, rate and time

of shear [58]. The shear thickening phenomenon is described as a process

involving the formation of jamming hydroclusters. In concentrated colloid sus-

pensions, the strong hydrodynamic coupling between particles at high shear

rates leads to the formation of hydroclusters due to shear induced jamming

[59, 60]. The shear rate dependence of the flow behaviors can be described

by defining a dimensionless Peclet number Pe, which relates the shear rates of

flow to the particle dynamics. Pe can be written as Pe = γ̇a2

D , where D is the dif-

fusion coefficient of the colloidal particles and a is the particle radius [59]. For

high Pe values (high shear rates), the change in the colloid microstructures (for-

mation of hydroclusters) cannot be restored by Brownian motion of particles,

resulting in the onset of shear thickening. The change in microstructures of the

shear thickening colloidal suspensions can be studied by rheo-optical [61, 62]

and neutron scattering experiments [63, 64]. A common example of a shear

thickening material is a cornstarch suspension, where shear induced jamming

results in the increase of viscosity at high shear rates (Fig. 1.6)[27, 28].

(c) Shear banding: When the applied stress or shear strain is above a critical

value, the flow of the sample can become unstable. In this unstable state, the

sample separates into macroscopic coexisting bands of different local viscosi-

ties and internal structures. This phenomenon is called shear banding. Shear

banding can be observed in wormlike surfactant solutions, liquid crystalline

polymers, soft glasses, polymer solutions and colloidal suspensions [65]. The

occurrence of shear banding can be understood by observing the plot of shear

stress σ vs. shear rate γ̇. In a theoretical shear stress vs. shear rate plot,

steady flow cannot be sustained in the regions where dσ/dγ̇ is negative (Fig.

1.9 (a)). This results in the formation of bands of unequal shear rates γ̇1 and
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FIGURE 1.9: (a) Shear bands are formed in the regions of the flow curve with neg-
ative values of dσ/dγ̇. In these regions, the shear bands, that can be characterized by
unequal shear rates γ̇1 and γ̇2 (shown by vertical dashed lines), coexist at a common
shear stress σc (shown by horizontal dashed line) (b) Formation of coexisting bands
of unequal shear rates γ̇1 and γ̇2. This figure is adapted from [65].

γ̇2, which coexist at a common shear stress σ = σc (Fig. 1.9 (a)) with layer

normals in the flow gradient direction (Fig. 1.9 (b)) [65]. Such shear bands

are called gradient bands which usually arise in a shear rate controlled envi-

ronment. Shear bands of unequal shear stresses can also form at a common

shear rate with layer normals in the vorticity direction in controlled stress con-

ditions [65, 66]. They are called vorticity shear bands. Shear banding phenom-

ena have been widely studied in worm-like surfactant systems [67, 68], liquid

crystalline systems [69], polymer solutions [70], colloidal systems [71] etc.

(d) Soft glassy rheology: A diverse variety of jammed soft materials like

foams, emulsions, pastes, concentrated polymer solutions etc. are charac-

terized by structural disorder and metastability. These materials are commonly

known as soft glassy materials and the rheology of these materials show quali-

tatively same behaviors. Linear rheology experiments on these materials show

that the elastic modulus G′ and viscous modulus G′′ both show weak power law

increases with increasing angular frequency [73, 74]. Near the glass transi-

tion, both moduli become flat. These features are explained by the soft glassy
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rheology (SGR) model proposed by Sollich et al. [76, 77]. According to the

SGR model, particles are trapped in cages formed by their neighbors. When

these particles are activated, they can hop from one cage to other cage. The

activation in these materials happens via rearrangement processes when the

local yield stresses are exceeded. The interactions are described in terms of

a mean-field noise temperature x. According to this model, when the system

lies above the glass transition (x > 1), both the storage modulus G′ and the

loss modulus G′′ vary with frequency as ωx−1 for 1 < x < 2 in the limit of low

frequencies. Below the glass transition (x < 1), this model gives G′ ∼ constant

and G′′ ∼ ωx−1 [76]. This model also predicts the existence of a macroscopic

yield stress in the flow behavior of soft glassy materials.

When the nonlinear rheological properties of these materials are investi-

gated experimentally, the soft glassy materials show some common rheolog-

ical features [78–81]. The storage modulus G′ shows a linear response with

strain γ, which is followed by a power law decay of the form G′ ∼ γν. The loss

modulus G′′ exhibits a distinct peak before decreasing at even larger applied

strains according to the form G′′ ∼ γµ. Miyazaki et al. proposed a micro-

scopic description based on mode coupling theory (MCT) theory to explain

these observations in the rheology of soft glasses [75]. The model assumes

that application of strains in the nonlinear rheological regime results in a de-

crease of the structural relaxation time τ according to the following relation:

1/τ = 1/τ0 + K |γ̇|n, where γ̇ is the applied shear rate, τ0 is the relaxation time

in the linear rheological regime, K and n are constants. This results in the ob-

servation of a peak at ω ∼ 1/τ in G′′ and the power law decreases of both G′

and G′′ at higher strains.

1.6.2 Dynamic Light Scattering
A medium with heterogeneities scatters light [82]. If an electromagnetic wave

of frequency ω interacts with scatterers, it induces oscillating electric dipoles

in the scatterers. The oscillating dipoles result in the secondary radiation of
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light of the same frequency ω in all directions. This is called elastic light scat-

tering radiation [82, 83]. The electric field associated with the incident light

wave, propagating in the z direction, can be written as E0 = e−ikz+iωt, where the

wavevector k=2π

λ
, where λ is the wavelength of the incident light. This incident

electric field E0 can be resolved into components perpendicular (E0l) and par-

allel (E0r) to the scattering plane. The scattered electric field Es at a distance

r and for a scattering angle θ, is related to the incident electric field E0 in the

following matrix form [82, 83] ,

 Esl

Esr

 =

 S2 S3

S4 S1

 .e−ikr+ikz

ikr
=

 E0l

E0r

 (1.13)

where Esl and Esr are the scattered electric fields with polarization perpendic-

ular to and parallel with the plane of scattering respectively [83]. S1, S2, S3

and S4, which are the functions of scattering angle, are called the scattering

amplitude functions. For a spherical particle, S3 = S4 = 0 [82]. In this case, the

scattered intensity Is at a distance r can be written as

Is = i1 + i2
2k2r2

I0 (1.14)

where I0 is the incident intensity, i1 = |S1(θ)|2 and i2 = |S2(θ)|2. As the scattered

intensity originates from the induced dipoles in the scatterers, S1 and S2 can

be written in terms of the polarizability α of the scatterer. If the polarizability is

isotropic, then the scattered intensity at a distance r can be written as

Is = (1 + cos2θ)k4 |α|2

2r2 I0 (1.15)
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If we assume that the size of the spherical particle is much smaller compared

to the wavelength of light, then we get Rayleigh scattering [83]:

Is = 8π4a6

λ4r2

∣∣∣∣∣m2 − 1
m2 + 1

∣∣∣∣∣
2

(1 + cos2
θ)I0 (1.16)

where m is the refractive index of the particle and a is the radius of the scatterer.

According to the single scattering assumption (the number of scatterers is

small and their separation is sufficiently large), the total scattered field is small

compared to the external field. With this assumption, the total scattered field is

the sum of the scattered electric fields of all the scatterers [82].

If all the scattered particles are identical, the scattered intensity depends

only on the phase differences between the scattered electric fields. Due to the

dynamics of the scatterers in solution, the phase differences between the elec-

tric fields fluctuate with time, resulting in the fluctuation of the scattered inten-

sity. The time required for the intensity to fluctuate between the two extremes

is roughly equal to the time required by two scatterers to move a distance that

is sufficient to change the phase of the scattered light from 0 to π radians [85].

The time between the maxima and minima to occur at the same spot on a

screen therefore gives us information about the dynamics of the scatterers in

the solution. The analysis of the fluctuation of the scattered electric field or

scattered intensity is performed by measuring autocorrelation functions. The

autocorrelation function g1(τ) for a time dependent electric field E(t) is defined

as [84, 85]

g1(τ) = 1
2T

lim
T→∞

∫ T

-T
E(t)E(t + τ)dt (1.17)
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where T is the sampling time and τ is the delay time.

In a dynamic light scattering (DLS) experiment, we measure the autocorre-

lation function of the scattered intensity g2(τ), which is defined as [85, 86],

g2(τ) = 1
2T

lim
T→∞

∫ T

-T
I(t)I(t + τ)dt (1.18)

Here, g1(τ) and g2(τ) are the second order and forth order moments of E(t)

respectively. For a dilute solution, the scatterers undergo random motion. If

the number of scatterers is large, the central limit theorem predicts that E(t)

has a Gaussian distribution. For this case, the fourth order moment of E(t) can

be reduced to an expression in terms of the second order moments of E(t).

This results in the Seigert relation [87]:

g2(τ) = 1+ A|g(1)(τ)|2, (1.19)

where A is the coherence factor which depends upon the scattering volume

and the detector optics. g2(τ) is measured in a DLS experiment and modeled

appropriately to extract the scatterer dynamics.

1.7 Chaotic dynamics in dissipative systems:

Chaos represents the irregular dynamics of a dynamical system which arises

from strictly deterministic laws [88]. Unlike stochastic noise, which has no

predictability, chaotic dynamics are characterized by short time predictability.

In addition, chaotic dynamics are very sensitive to the initial conditions and can

be described by m coupled differential equations [88]:

dxi

dt
= Fi(x1, x2, ...., xN,P) i= 1, 2,..., m (1.20)
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where xi is a phase space variable and P is a control parameter. Depending

upon the value of P, a dynamical system can show either steady state, periodic

or deterministic chaotic behavior. An example of a system showing chaotic

dynamics is the Hénon map, which is described by the following differential

equations:

xn+1 = yn + 1− ax2
n (1.21)

yn+1 = bxn, (1.22)

where a and b are control parameters.

A dissipative system is usually characterized by the presence of an attrac-

tor. An attractor is a low dimensional subset of the phase space to which the

initial non-zero phase space converges asymptotically with the advancement

of time [88]. For a dissipative chaotic system, the attractor often shows a very

intricate geometrical structure that can be characterized in terms of a non-

integer or fractal dimension, the correlation dimension ν0. Such an attractor is

called a strange attractor. One of the most important characteristics of chaotic

dynamics is an exponential sensitivity to the initial conditions. If two nearby

points in phase space have a separation |∇0| at an initial time t = 0, and a

separation |∇t| at time t, then for chaotic dynamics, |∇t|
|∇0| = exp (h t), where h is

positive and is called the Lyapunov exponent.

Chaos was first described mathematically by Lorenz in his work on weather

prediction, where deterministic equations that were previously used to describe

hydrodynamical systems [89] were employed. One example of chaotic dynam-

ics in a classical hydrodynamic system is Rayleigh-Bernard convection, where

a fluid, subjected to gravity, is contained between two plates maintained at a

temperature gradient ∆T. As ∆T is increased gradually, convective circular cur-

rents in the fluid can go from regular to chaotic.[90–92].

Chaotic behavior is also observed in the rheological responses of different

samples in their shear banding regions. Such chaotic behavior is known as
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‘rheological chaos’ or simply ‘rheochaos’ [93]. Rheo-chaos was first observed

in semi-dilute solutions of surfactant cetyltrimethyl ammonium tosylate (CTAT)

which forms giant wormlike micelles in solution. It was observed that when a

CTAT solution is sheared at a constant shear rate that lies in the metastable re-

gion of the flow curve, the stress fluctuation data is found to be characterized by

a finite correlation dimension and a positive Lyapunov exponent. These signa-

tures confirm the existence of deterministic chaotic behavior in these sheared

surfactant solutions [94]. It was seen in another work that CTAT solutions fol-

low the Type-II intermittency route to chaos [95, 96]. Chaotic flow behaviors

were also observed in other systems like shear thickening solutions of micelles

[97], lamellar phases of surfactant solutions [98], concentrated colloidal sus-

pensions [99] etc.

1.8 Thesis Organization

This thesis employs dynamic light scattering and rheological studies to investi-

gate the structure, dynamics and the mechanical properties of some aqueous

soft matter systems including micellar copolymer solutions, biopolymer gels

and concentrated colloidal suspensions. The background material necessary

to understand the thesis work is described in Chapter 1. Chapter 2 presents

a detailed description of the experimental techniques and data analysis meth-

ods that are used. The jamming-unjamming transition of micelle-forming tri-

block copolymer (Pluronic F127) solutions and the effects of surfactant (SDS)

addition on this jamming transition are described in Chapter 3. In Chapter 4,

the effects of drug hydrophobicity, temperature and pH on drug encapsulated

Pluronic micelles in dilute solution are discussed. The microscopic dynam-

ics of the gelation process and the rupture of gel networks of salt induced

biopolymer pectin solutions are described in Chapter 5. In Chapter 6, the non-

linear rheology of concentrated cornstarch suspensions is described. Chapter
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7 summarizes the main results of this thesis and discusses the scope for future

work.
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2
Experimental Techniques and Data

Analysis

2.1 Introduction:

This chapter describes the different experimental techniques and data analysis

methods that have been used in this thesis work. The two main experimental

techniques used in this thesis work are rheology and dynamic light scattering

(DLS). Bulk rheological measurements are performed with the help of a stress

controlled rheometer. A brief description of a rheometer and the measurement

methods of different rheological moduli can be found in section 2.2. Exper-

iments on microscopic dynamics of different soft matter systems are carried

out in a DLS setup, which is described in section 2.3. Other experimental tech-

niques such as cryogenic scanning electron microscopy (Cryo-SEM) imaging,

fluorescence spectroscopy and small angle X-ray scattering (SAXS) are also
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used to support the rheological and DLS results. Cryogenic scanning elec-

tron microscopy (Cryo-SEM) imaging (described in section 2.4) allows direct

visualization of different soft matter systems. Section 2.5 describes fluores-

cence spectroscopy methods, which gives information regarding the micellar

core environment. Small angle X-ray scattering (SAXS) techniques are de-

scribed in section 2.6. In the data analysis section, we describe nonlinear time

series analysis methods, which are commonly used to analyze chaotic dynam-

ics. These analysis methods are used to calculate certain dynamical invariants

to determine whether the irregular time evolution of experimentally measurable

parameters arises due to deterministic chaos or random noise.

2.2 Experimental techniques:

2.2.1 Rheological measurements:

Rheology is a very important technique to characterize mechanical properties

of soft matter by studying their flow and deformation behaviors. The mea-

surements of rheological quantities can be performed using a rheometer. A

rheometer can be either stress controlled or strain controlled, depending upon

the control parameter (stress or strain).

For our work, a modular compact Anton Paar MCR 501 rheometer is used

to perform all the rheological measurements. This is a stress controlled rheome-

ter. In this rheometer, a known stress (torque) is applied to the material under

study and the resultant strain is measured. We can also use this rheometer

to control strain or shear rate by a feedback mechanism [1]. Fig. 2.1 shows

a schematic diagram of the main components of the Anton Paar MCR 501

rheometer. This rheometer includes an air bearing-supported synchronous

motor. The motor of the rheometer consists of permanent magnets. These

magnets are mounted on a small rotor disc and produce a constant magnetic
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FIGURE 2.1: Schematic diagram of the main components of the Anton Paar MCR
series rheometer. The figure is adapted from [1].

field, providing a delay-free response. The rotor moves synchronously with the

stator field produced by a series of coils [1]. The existence of air bearing re-

sults in almost friction free motion of the motor. This helps to achieve very low

torques (upto 2 nN.m with a resolution of 0.01 nN.m) in rheometric measure-

ments. The air bearing also contains a normal force transducer which helps

to detect natural movements of the air bearing due to the presence of normal

forces in the range between 0.01 µN.m to 300 mN.m with a resolution of 0.01

nN.m.

A high-resolution optical encoder is included in this rheometer to measure

the strain. This optical encoder enables precise measurements of the angular

deflection with a resolution < 1 µ rad [1]. All the rheological data are acquired

using the Rheoplus software (version 3.40) provided by the manufacturer. A

water circulation unit Viscotherm VT2 is used to control the temperature of the

sample in the measuring cell in the range between 5◦C and 80◦C with temper-

ature stability ± 0.1◦C.

During measurement, a measuring geometry is attached to the rotating rod

of the rheometer and lowered onto the sample using the TruGapTM technique

providing with the rheometer. Depending on the experimental requirements
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2. EXPERIMENTAL TECHNIQUES AND DATA ANALYSIS

FIGURE 2.2: Different measuring geometries: (a) concentric cylinder, (b) double
gap and (c) parallel plate geometries. The figure is adapted from [1].

and the nature of the system to be studied, we have used different types of

measuring geometries. These different geometries are described below:

Concentric cylinder geometry: The concentric cylinder geometry con-

sists of a co-axially arranged cylindrical cup and a rotating cylindrical bob (Fig.

2.2(a)). The test fluid is kept in the annulus between the cylinder surfaces.

The concentric cylinder CC17 geometry, used in our experiments, has a gap

of 0.71 mm and an effective length of 24.99 mm. This geometry requires a

sample volume of 4.72 ml for every run. In this geometry, one can measure

shear stresses in the range between 771.345×10−6 Pa and 17740.935 Pa,

shear strains above 1.23×10−5 and strain rates between 1.283×10−7s−1 and

3.849×103s−1.

Double gap geometry: The double-gap geometry is a special type of con-

centric cylinder geometry, where the cylindrical bob is replaced by a inner hol-

low cylinder resulting in two gaps between the cylinder surfaces (Fig. 2.2

(b)). This geometry is very useful for low viscosity fluids, as it increases the

total surface area of the sample in contact, and therefore the viscous drag, on

the rotating inner cylinder. The double gap DG26.7/Q1 geometry, which we

have used in our experiments, has a gap of 1.886 mm, an effective length of
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FIGURE 2.3: Experimental setup for a rheo-SALS measurement.

40 mm and requires a sample volume of 3.8 ml for every run. It can mea-

sure shear stresses in the range between 109.407×10−6 Pa and 2516.361 Pa,

shear strains above 2.93×10−5 and strain rates between 3.0697×10−7s−1 and

9.209×103s−1.

Parallel plate geometry: The parallel plate geometry consists of two par-

allel plates separated by a gap (Fig. 2.2 (c)). The upper plate can rotate and

the gap between the plates can be controlled. This parallel plate geometry

is usually used for viscoelastic materials which are unlikely to flow out of the

geometry after the sample is loaded. One of the advantages of this geometry

is that the sample volume can be controlled by changing the distance between

plates. The PP43/GL geometry supplied by the manufacturer has an upper

plate diameter R = 42.89 mm. The required volume of sample for this geome-

try with a plate gap of 1 mm is 1.45 ml.

Rheo-SALS system: Rheo-SALS is one of the most widely used tech-

niques for getting structural information of the sample when the sample is un-

der flow. In this technique, rheological and small angle light scattering mea-

surements are simultaneously performed. This technique is quite useful for un-

derstanding systems whose rheological properties depend on their microstruc-

tures. The schematic diagram of a rheo-SALS setup is shown in Fig. 2.3. This
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FIGURE 2.4: Plot of amplitude sweep measurement of 2.5 g/L pectin sample
containing 6 mM CaCl2 at 25◦C. The angular frequency ω is kept constant at 1 rad/s,
while the amplitude of the strain γ0 is increased logarithmically from 0.1% to 100% .
The figure shows a linear regime for the strain γ0 ≤ 4%.

system includes a parallel plate measuring system which has a glass bottom

plate and a rotating upper glass plate of diameter 43 mm. Polarized light from

a laser diode with a wavelength of 658 nm is incident on the sample in the

measuring system. The light scattered by the sample is collected by a CCD

camera. The angular distribution and the magnitude of the scattered intensity

is measured and analyzed to get structural information of the sample.

Applications of the rheometer:

The Anton Paar MCR 501 rheometer can perform different rheological mea-

surements. Some of the basic applications of the rheometer are discussed be-

low. In an oscillatory rheology measurement, a sinusoidal strain (γ = γ0sinωt) is

applied to the material and the corresponding stress response σ(t)(= γ0eiωtG∗(ω))

is measured, where G∗(ω) is the complex shear modulus [2]. In oscillatory

measurements, rheological properties are characterized by the complex shear
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modulus G∗(ω), which can be written as

G∗(ω) = G′(ω) + iG′′(ω) (1.14)

where G′(ω) and G′′(ω) are the elastic modulus and viscous modulus of the

material respectively. The ratio of these mechanical moduli is called loss fac-

tor tanδ = G′(ω)/G′′(ω). Most oscillatory measurements are performed in the

following different ways:

• Amplitude sweep: In amplitude sweep measurements, the amplitude of the

applied oscillatory strain (γ0) is increased, while the frequency of the strain ω re-

mains constant and the corresponding G′(ω), G′′(ω) and η∗(ω) are measured.

Fig. 2.4 shows a plot of amplitude sweep measurements for an aqueous so-

lution of 2.5 g/L pectin containing 6 mM CaCl2, which is in a soft solid phase at

25◦C. The range of the amplitudes of the applied strain, where the mechanical

moduli show constant values, is defined as linear regime. In this case, the lin-

ear regime is seen when γ0 ≤ 4%

• Frequency sweep: In frequency sweep measurements, the amplitude of

the applied oscillatory strain γ0 is kept constant, the frequency of the oscilla-

tory strain varies with time and the corresponding G′(ω), G′′(ω) and η∗(ω) are

calculated. Frequency sweep measurements are generally performed in the

linear regimes of the viscoelastic materials. Fig 2.5 shows the plots of G′ and

G′′ for a 2.5 g/L pectin solution containing 6 mM CaCl2 at 25◦C, where the am-

plitude of strain is kept constant at 0.2%. As the sample lies in the soft glassy

regime, G′ remains constant in the applied frequency range, whereas G′′ is

weakly dependent on frequency and G′ has a much higher value than G′′.

Flow experiments:

In a flow experiment, a rotational shear strain or shear rate is applied to the

sample to estimate the flow properties of the samples by measuring the shear
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FIGURE 2.5: Plot of frequency sweep measurements of 2.5 g/L pectin sample

containing 6 mM CaCl2 when γ0 is kept constant at 0.2 % at 25◦C.
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FIGURE 2.6: Flow curves of (a) silicon oil and (b) 2.5 g/L pectin gel with 6 mM added
CaCl2. The insets of (a) and (b) show the viscosity vs. shear rate plots of silicon oil
and 2.5 g/L pectin gel with 6 mM added CaCl2 respectively.

stress response (σ) or viscosity (η). The flow properties that are more often

investigated are shear thinning, shear thickening or shear banding behaviors,

creep and recovery behaviors and stress relaxation. The relevant flow experi-

ments are discussed below:

• Flow curves and viscosity measurements: The flow curve is measured
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by increasing the shear rate or stress and measuring the resultant shear stress

or strain rate. This information is used to measure the sample viscosity. Fig.

2.6 (a) shows the flow curve and the corresponding viscosity plot of silicon oil.

The viscosity of silicon oil is independent of the applied shear rate, therefore

revealing Newtonian liquid behavior. Fig. 2.6 (b) shows the shear thinning

behavior of a 2.5 g/L pectin gel with 6 mM added CaCl2 salt with viscosity de-

creasing with increasing shear rate.

• Creep and recovery test: In the creep test, the time-dependence of the

strain that develops due to the application of a constant stress on the sample

is recorded. In the recovery test, the time-dependence of the strain is mea-

sured after the removal of the applied stress. Fig. 2.7 shows the plot of strain

evolution for a 2.5 g/L pectin gel containing 6 mM CaCl2 at 25◦C, when a con-

stant stress is applied. When the applied stress is removed from the sample,

the strain relaxes to a non-zero plateau value indicating the incorporation of

permanent strain in the gel structure.

• Stress relaxation: A stress relaxation measurement is performed by ob-

serving the stress variation when a step shear rate is applied to the system

throughout the experimental duration. For a 39% cornstarch suspension, the

sample does not relax to a steady state for a imposed step shear rate of 30

s−1 and large fluctuations are observed in the stress response, suggesting the

possible existence of chaotic behavior (shown by red line in Fig. 2.8). No such

fluctuation is observed when a lower shear rate (1 s−1) is applied to the same

sample.

2.2.2 Dynamic light scattering:

Experimental setup

In a dynamic light scattering (DLS) measurement, the microscopic dynamics of

the scatterers in solution is studied by measuring the autocorrelation function
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FIGURE 2.7: Strain variation during a creep (black squares) and recovery (red
circles) test for 2.5 g/L pectin gel containing 6 mM CaCl2 at 25◦C is plotted. The
applied stress during this experiment is also plotted (black line).
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FIGURE 2.8: Plot of shear stress variation for 39% cornstarch suspension with
a gap of 1mm at applied shear rates of 1 s−1 (blue solid line) and 30 s−1 (red solid line).
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FIGURE 2.9: A schematic diagram of a dynamic light scattering setup.

of the scattered intensity. A typical setup for this DLS measurements is shown

in Fig. 2.9. A BIC (Brookhaven Instruments Corporation) BI-200SM spec-

trometer is used to measure the scattered light intensity at angles between 10◦

and 150◦ [3]. A 150 mW solid state laser (Spectra Physics Excelsior) with an

emission wavelength of 532 nm is used as a light source. The sample cell is

immersed in decalin, a refractive index matching liquid to avoid the scattering

from the wall of the sample cell. This decalin container is held in a brass ther-

mostat block. The temperature of the sample cell is controlled between 10◦C

and 80◦C with the help of a temperature controller (Polyscience Digital).

A Brookhaven BI-9000AT digital autocorrelator is used to measure the

intensity autocorrelation function of the light scattered from the samples. The

Brookhaven BI-9000AT is a digital, high speed processor which can be used as

autocorrelator or crosscorrelator, operating in real time with very high efficiency

over 10 decades of delay time. The scattered photon pulses are registered in

correlator channels, which are separated by linearly or logarithmically spaced

delay times. The maximum number of channels, which can be used for cal-

culating the autocorrelation function is 522 [4]. The intensity autocorrelation

function g(2)(τ) is calculated by the digital correlator in the following way [4]:
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g(2)(τ) = 1
N

N∑
i=1

nini−j j = 1, 2, ...M

where M is number of the correlator channels, ni is the number of photon

pulses in a sampling time or bin time ∆τ and N is the number of samples

which depends upon sampling time and the measurement time.

DLS data analysis

The intensity autocorrelation function g(2)(τ) is defined as g(2)(τ) = <I(0)I(τ)>
<I(0)>2 =

1+A|g(1)(τ)|2, [5], where I(τ) is the intensity recorded at time τ, g(1)(τ) is the nor-

malized electric field autocorrelation function, A is the coherence factor which

depends on the detector optics, and the angular brackets <> represent an av-

erage over time.

For a dilute solution of monodisperse scatterers, g(1)(τ) ∼ exp(−Γτ) [5–

7], where Γ is the relaxation rate. For a suspension of spheres diffusing in a

solvent of refractive index n, Γ = Dq2, where D is the translational diffusion co-

efficient and q=4πn
λ

sin(θ/2) is the scattering wave vector at a scattering angle θ

and for a wavelength λ. The effective hydrodynamic radius RH of the scatterer

is measured by using the Stokes-Einstein relation D = kBT/6πηRH [8], where

kB is the Boltzmann constant, T is the temperature and η is the viscosity of the

solvent. For suspensions of polydisperse particles, there is a distribution of re-

laxation rates given by g(1)(τ) = ∑m
i=1 Gi(Γi)exp(−Γiτ) =

∫∞
0 G(Γ)exp(−Γτ)dΓ,

where Gi(Γi) is the contribution to the normalized distribution function of the

relaxation rates from the ith scatterer, and
∑

indicates a summation over all

m scatterers in the scattering volume. If the diffusive relaxation rates Γ are

closely spaced, then g(1)(τ) ∼ exp(−Γτ)β, where β < 1.

The DLS measurements for a very dilute solution of standard polysterene

spheres at different wavevectors are shown in Fig. 2.10. The polysterene

particles have a diameter of 92 nm and a polydispersity of 3.7% as quoted
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FIGURE 2.10: Plots of the normalized intensity autocorrelation functions C[τ] vs.

delay time τ for the DLS measurements with 92 nm standard polysterene solution
at different scattering angles: 60◦ (black squares), 75◦ (red circles), 90◦ (blue up-
triangles), 105◦ (green down-triangles) and 120◦ (pink left-triangles). The C[τ] data
all fit to exponential decay functions. In the inset, Γ vs. q2 is plotted. The slope
(solid line) of the linear fit gives the translational diffusion coefficient D = 6.16 × 10−12

m2s−1, which is used to calculate the particle diameter (a = 91.8 ±0.4 nm) using the
Stokes-Einstein relation.

by the supplier (Duke Scientific Corporation). The volume fraction φ of the

polysterene is kept very low (φ ∼ 10−5) to ensure single scattering. Normalized

intensity autocorrelation functions [C[τ] = g(2)(τ) − 1] are plotted in Fig. 2.10

at several scattering angles while varying the delay times. The intensity auto-

correlation data fit well to exponential functions of the form C[τ] ∼ exp(−Γτ)

where Γ is the relaxation time. From the fits, the relaxation rates Γ at all q

values are extracted. The inset of Fig. 2.10 shows that Γ varies linearly with

q2, with Γ → 0 as q → 0. The slope of the straight line fit to the data gives

the translational diffusion coefficient D. This D value gives the diameter of the

polysterene sphere to be 91.8 ±0.4 nm, which matches almost exactly with the

value supplied by the manufacture.
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2.2.3 Cryo-SEM (scanning electron microscopy)

measurements:

The cryo-SEM technique is often used for observing biological substances and

allows the preservation and observation of the sample in the hydrated and

chemically unmodified state [9]. This technique is also used for the observa-

tion of sample phases which are highly dependent on water content. Cryo-

SEM is a special type of scanning electron microscopy technique where the

sample is kept at cryogenic temperatures. Scanning electron microscopy is a

very powerful technique to get images of structures of sizes much smaller than

the micrometer scale. The main components of a typical SEM are electron

column, scanning system, detector, display, vacuum system and electronics

controls (Fig. 2.11) [10]. The electron column of the SEM consists of an elec-

tron gun and two or more electromagnetic lenses operating in vacuum. The

electron gun generates free electrons. These electrons are accelerated to en-

ergies in the range 1-100 keV in the SEM. The purpose of the electromagnetic

lenses is to create a small, focused electron probe on the specimen. Typically

the electron beam is defined by probe diameter in the range of 1 nm to 1 µm

[10]. In order to produce images the electron beam is focused into a fine probe,

which is scanned across the surface of the specimen with the help of scanning

coils. Each point on the specimen that is struck by the accelerated electrons

emits signal in the form of electromagnetic radiation. Selected portions of this

radiation, usually secondary (SE) and/or backscattered electrons (BSE), are

collected by a detector and the resulting signal is amplified and displayed on a

computer monitor [10].

For cryo-SEM experiments, the samples are cryo-fractured by quickly dip-

ping them into liquid nitrogen. The frozen samples are then transferred in

vacuum to the cold-stage of SEM cryo-preparation chamber PP3000T cryo

unit (Quorum Technologies) and cut with a cold knife. The fractured and cut
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FIGURE 2.11: Schematic diagram of a scanning electron microscopy setup. This is
adapted from [10].

FIGURE 2.12: Cryo-SEM images of standard polysterene spheres, where the diam-
eters of the spheres are measured to lie in the range of 40-47 nm.
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samples are sublimated at -130◦C for 5 minutes and then sputtered with plat-

inum for 90 seconds inside the unit. The samples are then transferred to the

main chamber of a Zeiss Ultra Plus SEM and the imaging is performed at a

temperature of -160◦C. Fig. 2.12 shows the images of standard polysterene

spheres of diameters 41±4 nm, which is the value quoted by manufacturer

(Thermo Fisher Scientific). From the images, calculation of the diameters of

the spheres shows a size range of 40-47 nm.

2.2.4 Fluorescence measurements.

Fluorescence spectroscopy describes the photon emission processes that oc-

cur during molecular relaxation from electronic excited states. These photonic

processes involve transitions between electronic and vibrational states of poly-

atomic fluorescent molecules [11, 12]. Electronic states are typically separated

by energies of the order of 10000 cm−1. Optical transition due to the incidence

of light of appropriate wavelength excites the molecules from the lowest vi-

brational level of the electronic ground state to an accessible vibrational level

in an electronic excited state. After excitation, the molecule quickly relaxes

to the lowest vibrational level of the excited electronic state, which is called

Stokes shift. This rapid vibrational relaxation process occurs on the time scale

of femtoseconds to picoseconds. The fluorescent molecules remain in the low-

est vibrational level of the excited electronic state for a period of the order of

nanoseconds, the fluorescence lifetime, and then decay to an allowable vibra-

tional level in the electronic ground state resulting in fluorescence emission.

A typical spectrofluorometer includes a light source, a specimen chamber

with integrated optical components and high sensitivity detectors. The detailed

setup of a typical spectrofluorometer is shown in Fig. 2.13 [13]. The most com-

mon light source for fluorometers are lamp sources, such as xenon arc lamps.

These lamps provide a relatively uniform intensity over a broad spectral range
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FIGURE 2.13: A schematic diagram of the fluorescence measurement setup. This
figure is adapted from [13].

from the ultraviolet to the near infrared. The light shines onto an excitation

monochromator, which selects a band of wavelengths. This monochromatic

excitation light is directed onto a sample, which emits luminescence. The lu-

minescence is directed into a second emission monochromator, which selects

a band of wavelengths, and shines them onto a detector. The optical paths

of the excitation and the detection light paths are along the orthogonal axis.

The obtained emission spectrum in this experiment is the fluorescent intensity

measured as a function of emission wavelength at a constant excitation wave-

length.

The spectroflurometer that we use for the study of the drug encapsulated
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micellization process (described in Chapter 4) is a Horiba Jobin Yvon FluoroMax-

4 Spectroflurometer and the corresponding detector is an R928P photomulti-

plier tube. We use pyrene molecules as the fluorescence probe for our exper-

iments on drug-encapsulated micellar systems. For each fluorescence mea-

surement, 5× 10−7 M pyrene is added to the drug-encapsulated Pluronic mi-

cellar solution. The samples are stirred in an ultrasonicator for sufficient time

to encapsulate the pyrene molecules in the micelles. The samples are then

kept in quartz cells and excited with light of wavelength 339 nm in the spec-

troflurometer and the emission spectrum is measured using a photomultiplier

tube.

2.2.5 Small angle X-ray scattering (SAXS).

The small angle X-ray scattering (SAXS) technique is widely used in soft mat-

ter systems to get information about different macromolecular phases like mi-

celles, lamellar phases of amphiphilic molecules, protein solutions etc. Accord-

ing to Bragg, the position of X-ray peaks follow the following relation [14]:

2dsinθ = nλ

where d is the spacing between the lattice planes and λ is the incident wave-

length of the radiation from an X-ray source. The scattered X-ray is captured

by a detector and the data is analyzed (Fig. 2.14). Most often, normal X-

ray diffraction data for large scattering angles θ is used to extract information

about crystalline structures of the order of angstroms. When the scattering an-

gles are very small (θ < 3◦), SAXS measurements are performed to elucidate

much bigger structures, of the order of 1-100 nm. The schematic diagram of

the SAXS setup is shown in Fig. 2.14 [15]. For our experiment, SAXS mea-

surements are performed using a Hecus S3-Micro System using a Cu Kα(λ =
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FIGURE 2.14: Experimental set up of SAXS measurements.

1.54 angstrom). The scattered intensity is measured with a one-dimensional

position sensitive detector (PSD). The X-ray diffraction studies are carried out

on samples loaded in 1 mm diameter glass capillaries.

2.3 Data Analysis:

2.3.1 Analysis of observed chaotic data:

In this section, we describe some standard nonlinear time-series analysis tech-

niques employed to analyze chaotic time series. The purpose of nonlinear

time-series analysis is the calculation of certain invariants to understand whether

the apparently irregular time evolution of experimentally measurable physical

parameters is due to deterministic chaos or random noise. In our rheologi-

cal measurements, stress fluctuation data is obtained during the experiments

which could be generated due to rheological chaos. The observed stress fluc-

tuation data is analyzed to extract signatures of chaotic dynamics. The two
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FIGURE 2.15: Hénon map for a = 2, b= 0.

main dynamical invariants, calculated from our experimental data to character-

ize possible chaotic dynamics, are correlation dimension and Lyapunov expo-

nent. The calculation protocol of these invariants is described below by using

the example of the Hénon map. The dynamical equations of the Hénon time

series are [21]:

xn+1 = yn + 1− ax2
n

yn+1 = bxn

The plot of the Hénon map for a = 2 and b = 0 is shown in Fig. 2.15.

Correlation dimension calculation

Chaotic dynamics are characterized by the presence of an attractor. A cor-

relation dimension gives us an idea of the geometry of the attractor in phase

space. The attractor is usually a low dimensional subset of the phase space,

to which the initial non-zero phase space converges asymptotically with the
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advancement of time. A numerically simple and widely used method to cal-

culate correlation dimension is described by Grassberger and Procaccia [16].

According to this method, for a given time series Ti = T(i∆t) with i = 1 to N

with a regular interval ∆t, an m dimensional vector Xj= (Tj, Tj+L, Tj+2L, .......,

Tj+(m-1)L with j = 1 to N-(m-1)L is constructed. Here, m is the embedding di-

mension and L is the delay time. The vector Xj defines a trajectory in an m

dimensional phase space in such a way that the original time series can be

described by the following dynamics F: Xj → Xj+1. The delay time L is calcu-

lated from the time when the correlation function of the time series Ti decays

to 1/e of its initial value. According to the algorithm of Kennel et al., one can

estimate the embedding dimension by calculating the number of false nearest

neighbors around the data point [18]. At the optimum embedding dimension

m, the number of the false nearest neighbors decreases to approximately 0.

Next, we calculate the correlation integral C(R) as a function of distance R in

m dimensional phase space. C(R) gives the number of point pairs separated

by a distance less than R and is calculated by the following method:

C(R) = 1
N2

N∑
j,i+1

H(R − |Xj − Xi|)

where H is the Heaviside functions, whose values are 0 for negative arguments

and 1 for positive arguments, and |Xj − Xi| is the distance between the ith and

jth points in the m dimensional phase space. For low values of R, C(R) is

found to follow a power law with R in the form of C(R)= Rν, where ν is called

the correlation dimension [16]. A plateau in the plot of ν vs. log(R) gives the

correct value of correlation dimension for an embedding dimension m. If we

take a large enough embedding dimension m (= m0), then the correlation di-

mension ν will saturate to ν0. If the given time series data owes its origin to

chaotic dynamics, ν0 ≤ m0 [16].

The above recipe is used to calculate the correlation dimension for the
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FIGURE 2.16: A plot of the fraction of false nearest neighbors (FNN) vs. embedding
dimension m for henon map is shown in 2.16(a). The plots of log(C(R)) vs. log(R) are
shown in 2.16(b) for different dimensions: m=1(black square), m=2 (red circle), m=3
(blue uptriangle), m=4 (pink downtriangle) and m=5 (green star). From this plot, the
corresponding correlation dimension ν vs. log(R) is plotted for m=1(black line), m=2
(red line), m=3 (blue line), m=4 (pink line) and m=5 (green line)) in 2.16(c). In the
inset of 2.16(c), correlation dimension ν vs. embedding dimension m is plotted. It is
seen that the embedding dimension m0=2 and the correlation dimension ν0=1.25 for
this map.
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Hénon map. We first calculate the false nearest neighbors around the data

point for different embedding dimensions and plot the fraction of false near-

est neighbors (FNN) vs. embedding dimension m in Fig. 2.16(a). From this

plot, we estimate that the optimum embedding dimension for Hénon map is 2.

Then we calculate the correlation integral C(R) and plot log(C(R)) vs. log(R)

in Fig. 2.16(b). From the slope of log(C(R)) vs. log(R) plot, we calculate the

correlation dimension ν as a function of distance R for different embedding di-

mensions m (shown in Fig. 2.16(c)). The plateau value of ν (ν0) gives the

correct value of correlation dimension for an embedding dimension m. Fig.

2.16(c) shows a plot of correlation dimensions ν vs. log(R) for m = 1-5. The

value of ν, obtained from the plateau in the ν vs. log(R) plot, is found to sat-

urate to a value of ν0 = 1.25 for embedding dimensions m ≥ 2. This satisfies

the criterion of chaos and the value of ν0 perfectly matches with the reported

value for the Hénon map [16].

Lyapunov exponent calculation:

One of the most significant features of deterministic chaotic data is the exis-

tence of a positive Lyapunov exponent. A positive Lyapunov exponent sug-

gests that the Euclidean distance between two neighboring data points di-

verges exponentially with time. This is a characteristic of deterministic chaos.

In this work, Lyapunov exponent is calculated using the TISEAN (Time

series analysis) [17] software package which uses the method proposed by

Rosenstein et al. to calculate the maximum Lyapunov exponent [19]. For this

calculation, we first calculate the Euclidean distance dij(K) between two vec-

tors in an m dimensional space for different numbers of iterations K using the

formula dij (K) =
∣∣∣∣→Xi −

→
Xj

∣∣∣∣ [20]. We plot Λ =< lndij (K)/dij(0) > as a function

of K. The slope of the linear fit to the data gives the Lyapunov exponent λ.

We calculate the maximum Lyapunov exponent of the Hénon map using the

method used by Rosenstein et al. (described earlier). Λ vs. K for the Hénon
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FIGURE 2.17: Plot of Λ vs. K for the Hénon map. Slope of the plot gives the
maximum Lyapunov exponent for the Hénon map for m=2.

map is plotted in Fig 2.17. Slope of the plot gives the maximum Lyapunov

exponent for the Hénon map to be around 0.69.
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3
Jamming Behavior of Triblock

Copolymer Solutions and Triblock

Copolymer-Anionic Surfactant

Mixtures

3.1 Introduction

A wide variety of systems, including polymer solutions, granular media, col-

loidal suspensions and molecular systems, exhibit the jamming phenomenon,

which is characterized by a sudden arrest of their dynamics and the emergence

of an elastic response [1–3]. This is discussed in Chapter 1. According to the
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universal jamming phase diagram proposed by Liu et al. [1], an unjammed

system can undergo a transition to a jammed state when its concentration is

increased. It is known that at high volume fractions, micelle forming triblock

copolymer solutions of Pluronic, of the type PEOxPPOyPEOx (PEO: polyethy-

lene oxide and PPO: polypropylene oxide), that are typically identified by the

generic name Pluronic, can enter a solid-like phase that is characterized by

very large values of the elastic modulus and very slow dynamics, features that

are typically associated with soft glasses [4]. There have been extensive the-

oretical and experimental studies to understand the soft glassy rheology of

materials as diverse as foams, pastes, emulsions and colloidal suspensions

[5–9]. Solid-like mesophases of block copolymers exhibit low yield stresses,

very high zero shear viscosities (∼ 106 Pa.s) and shear-thinning. Lobry et al.

describe the observed behavior as a gelation process involving a percolation

transition between a micellar liquid phase and a solid phase [10]. In contrast,

Castelletto et al. attribute the solidity of the sample to the coexistence of a

close-packed crystal with a fluid [11]. It is now well-known that in the case of

Pluronics of varying chain lengths, the sequence of phase transitions normally

remains the same with increasing concentration, while the relative extents of

the phases depend upon the details of the copolymer architecture [12].

Block copolymers find important uses in diverse industrial and technical

applications and as novel agents in drug and gene delivery [13]. In the work

described in this chapter, rheological measurements are combined with dy-

namic light scattering (DLS) experiments to relate the mechanical response of

Pluronic samples to the microscopic dynamics of the constituent aggregates.

Above a certain copolymer concentration, pure F127 solutions have very high

viscosities (∼ 105-106 Pa.s) and can be characterized as soft glasses. In a

recent publication, our group established the presence of soft glassy rheology

in Pluronic F108 (PEO127PPO48PEO127) solutions, estimated the characteris-

tic relaxation times of the samples and isolated a coexistence of glassy and
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fluid-like regimes in a temperature-copolymer concentration phase diagram [4].

One of the aims of this work was to show that the emergence of soft glassy

rheology in triblock copolymer solutions was accompanied by a slowing down

of the slow relaxation mode of the sample, similar to the results reported in

[15, 27] for concentrated, nonaqueous suspensions of sterically stabilized col-

loidal spheres.

Recent experiments have studied the aggregation of Pluronic micelles in

the presence of the drug Ibuprofen [16]. An understanding of the interaction

between polymers and surfactants is important due to the wide use of polymer-

surfactant mixtures in the manufacture of paints, detergents, cosmetics and

pharmaceuticals [17, 18]. The association of additives with Pluronic molecules

is therefore a very interesting topic and has been studied in detail in the lit-

erature [19–22]. Recent studies find that when the anionic surfactant SDS

(sodium dodecyl sulfate) is added to Pluronic solutions, the micellar gel struc-

ture is altered considerably, and the observed structural changes are strongly

dependent on the length ratios of the PPO and PEO blocks of the Pluronic

sample, the concentrations of Pluronic and SDS and the sample temperature.

Hecht et al. show that for F127 (PEO70PPO100PEO70) solutions, the addition

of SDS can completely suppress the micellization of Pluronic by destroying

the gel phase formed in pure Pluronic micellar solutions [23], while for P123

(PEO21PPO67PEO21) solutions, the addition of SDS initially enhances the sta-

bility of the gel phase before completely destroying this phase at very high SDS

concentrations [24]. It is now well-established that the addition of SDS causes

the hydrophobic tail (DS−) of the surfactant to bind to the hydrophobic core

of the Pluronic micelles [18]. The resulting intra-aggregate repulsion causes

the breakup of the aggregates into smaller mixed micelles. The formation of

such Pluronic-SDS mixed micelles has been studied in detail using calorimetry

[22, 25, 26], light scattering [17, 22, 26, 27], electromotive force measurements
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[22, 25] and rheology [27, 28]. To investigate the effects of an anionic surfac-

tant additive (SDS) on the micellar packing in F127 solutions, the rheological

properties of F127-SDS mixtures are studied here by varying the concentration

of SDS over a very wide range (the mole ratio [SDS]/[F127] is varied between 0

and 35). It is argued here that the shape anisotropy and the size polydispersity

of the constituents of F127-SDS mixtures give rise to dramatic changes in the

packing behavior of the micelles, resulting in micellar unjamming and our ob-

servation of the disappearance of soft glassy rheology in these samples. This

unjamming process causes the complex moduli of the sample to decrease by

almost six orders of magnitude in the SDS concentration range studied. This

is consistent with our DLS data which shows a speeding up of the relaxation

dynamics in F127-SDS mixtures.

3.2 Sample preparation

To prepare pure F127 solutions, appropriate amounts of F127 are dissolved

in deionized and distilled Millipore water (measured resistivity: 18.2 MΩ-cm)

under vigorous stirring conditions. To prepare F127-SDS mixtures, appropriate

amounts of SDS are dissolved in deionized and distilled Millipore water. Next,

F127 is slowly added to the solution and the mixture is stirred in a magnetic

stirrer. Each sample is homogenized by storing it overnight at 5◦C, which is

well below the critical micellization temperature of F127. The concentration of

F127 in all the F127-SDS mixtures is kept constant at 0.25 g/cc (19.8 mM).

3.3 Results

We study the evolution of the mechanical modulus of the F127 solutions with

increase in sample concentration and relate this data to the change in the mi-

croscopic dynamics of the sample. Fig. 3.1 plots the magnitude of the complex

modulus |G?| (black circles) of F127 solutions vs. F127 concentration. |G?| is

defined as |G?| = (G′2+G′′2)1/2 [29], where G′ and G′′ are the elastic (storage)
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FIGURE 3.1: The magnitude of the complex modulus |G?| (◦) at T = 40◦C with
increasing F127 concentration. Inset shows the plot of G′1/3 vs. F127 concentration.
A straight line fit to the data intersects the x axis at cgel = 0.06 g/cc.

and viscous (loss) moduli respectively at an angular frequency ω = 1 rad/s, ac-

quired in oscillatory rheology experiments performed at small strain amplitudes

γ = 0.5% at 40◦C. It can be seen from Fig. 1 that |G?| shows a monotonic in-

crease with F127 concentration, similar to the results in [30]. At the lowest

concentration of F127 (0.05 g/cc), |G?| ≈ 5 Pa. When the concentration of

F127 is increased to 0.20 g/cc, |G?| increases by 4 decades (≈ 5 × 104 Pa).

Similar to the work on near critical polymer gels reported in [31], a straight line

fit to a plot of G′1/3 vs. F127 concentration (inset of Fig. 3.1) intersects the

G′1/3 = 0 axis at cgel ≈ 0.06 g/cc, which gives a reasonable estimate for the

gelation concentration threshold of F127 micellar solution.

Oscillatory frequency sweep measurements for F127 solutions of different

concentrations are performed at T = 40◦C by decreasing the angular frequency

ω logarithmically from 100 rad/s to 0.1 rad/s while keeping the strain amplitude

fixed at 0.5%. For the samples of higher concentrations (data for 0.25 g/cc

F127 solution is denoted by solid symbols in Fig. 3.2), the elastic modulus

G′ (denoted by red squares) is almost independent of ω, the viscous modulus
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FIGURE 3.2: The figure plots the frequency responses at 40◦C for F127 solutions
of concentration (a) 0.05 g/cc (hollow symbols) and (b) 0.25 g/cc (solid symbols). The
squares denote G′ and the circles denote G′′.

G′′ (denoted by blue circles) is weakly dependent on frequency, and G′ >>

G′′ over the entire frequency range. These are typical signatures of jammed

soft solids [4, 7, 8] and indicate the presence of a crowded micellar environ-

ment in this F127 sample. Previous small angle neutron scattering experiments

have demonstrated that the aggregation number of F127 micelles is indepen-

dent of concentration and temperature above the critical micellization temper-

ature [32]. The increased overlap of the PEO chains [10] in concentrated F127

solutions therefore results in micellar jamming and compaction and the large

magnitudes of the characteristic moduli. In contrast to the high-concentration

regime, the magnitudes of G′ and G′′ (hollow squares and circles respectively

in Fig. 3.2) are significantly lower in the dilute samples and indicates the ab-

sence of a predominantly solid-like response in this concentration regime.

Systematic DLS experiments are next performed to study the relaxation

processes of F127 solutions in different concentration regimes. To take care

of sample non-ergodicity, the method proposed by van Megen and Pusey [15]

is employed to measure the intensity autocorrelation functions of the scattered
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FIGURE 3.3: DLS data for F127 solutions of concentrations 0.05 g/cc (�), 0.10
g/cc (◦) and 0.25 g/cc (4). 3.3(a) shows the plots of the intensity autocorrelation
functions C[τ] on a linear-logarithmic scale at T = 40◦C, acquired at θ = 90◦ (data sets
are shifted vertically for better visibility). Fits to this data, whose functional forms are
discussed in the text, are shown by solid lines. 3.3(b) shows the linear fits to 1/τR
vs. q2 for all three samples. Inset of 3.3(b) shows a power law fit with exponent 3 to
1/τ2 vs. q on a logarithmic-logarithmic scale. 3.3(c) shows the plots of the normalized
intensity autocorrelation functions C[τ] vs. τ on a logarithmic-logarithmic scale. The
dashed line in 3.3(c) corresponds to the autocorrelation plot for a dilute aqueous
solution of freely diffusing polystyrene colloidal spheres of size 95 nm at T = 40◦C and
θ = 90◦. The data of Fig. 3.3(c) is recast in 3.3(d), where ln(-ln(C[τ])) is plotted vs. ln[τ].
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light. The unnormalized time-averaged intensity autocorrelation functions are

measured for six different scattering volumes obtained by rotation and vertical

translation of the sample cell. The intensity autocorrelation functions acquired

using this protocol are added and then normalized. Ensemble averaged auto-

correlation functions are acquired at six different scattering angles. For a pure

F127 sample of concentration 0.05 g/cc (the low viscosity regime), the intensity

autocorrelation function C[τ] = g(2)(τ) − 1 is plotted vs. the delay time τ at T =

40◦C and scattering angle θ = 90◦ (red squares) in Fig. 3.3(a). The solid line

fit to this data is C[τ] ∼ exp(− τ

τR
)β, where the stretching exponent 0.9 < β <

0.95 indicates the presence of an approximately single relaxation rate. Fig.

3.3(b) shows that 1/τR (denoted by red squares) varies linearly with q2 with

1/ < τR > → 0 as q → 0, which confirms the diffusive nature of the micellar

relaxation in the dilute regime.

As the concentration of F127 is increased, the intensity autocorrelation

functions do not show stretched exponential decays, but can instead be de-

scribed as two-step relaxation processes. Fig. 3.3(a) also shows the intensity

autocorrelation plot for a sample in the semi-dilute viscosity regime (0.10 g/cc

F127 solution, denoted by blue circles) at θ = 900 and T = 40◦C. This autocor-

relation data is fitted to the form C[τ] = (A exp (−(τ/τR)) + B exp (−(τ/τ2)β)2.

The values of τR (relaxation time for the fast exponential decay) and τ2 (re-

laxation time for the slow stretched exponential process) are estimated for six

different wavevectors. Fig. 3.3(b) shows the plot of 1/τR (denoted by blue

circles) vs. q2. This data fit to a straight line with 1/ < τR > → 0 as q →

0, indicating that the fast relaxation of the micelles in the semi-dilute regime

is diffusive. The slower stretched exponential relaxation process yields a non-

diffusive relaxation time (τ2) that is approximately 10 times slower than τR. τ2

has an approximately q−3 dependence (shown in the inset of Fig. 3.3(b)) and

can be attributed to intraparticle dynamics arising out of large scale sample

heterogeneities/ clusters [33].
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As the F127 concentration is further increased, the overlapping of the PEO

coronas increase and the close-packed micelles undergo a jamming transi-

tion due to the constraints imposed upon their motion. The micelles are now

trapped in cages formed by their neighbors and structural relaxation by micellar

rearrangements becomes less probable. At F127 concentrations ≥ 0.15 g/cc,

the system enters an elastic soft solid phase characterized by G′ >>G′′. The

fluctuations in the intensity of the light scattered by these samples become so

slow that a full decay of C[τ] to zero (or to instrumental noise level) is not possi-

ble within the experimental time window. To highlight the non-ergodic nature of

the relaxation at high sample concentrations, the normalized intensity autocor-

relation function C[τ] is plotted vs. the delay time τ on a logarithmic-logarithmic

scale in Fig. 3.3(c). Fig. 3.3(c) also shows the intensity autocorrelation data

for freely diffusing 95 nm polystyrene (PS) spheres in an aqueous solution

(volume fraction φ ∼ 10−5; shown by dashed line). After an initial exponential

decay, the C[τ] plot for the freely diffusing PS spheres decays to 10−3-10−4 at

τ ≈ 1000 µs which defines the instrumental noise level for our experiments. For

the dilute unjammed F127 sample of concentration 0.05 g/cc (squares in Fig.

3.3(c)), C[τ] decays to the experimental noise level in τ ∼ 1000µs, verifying that

the dynamics in the dilute concentration regime is ergodic. From the rheologi-

cal data for the F127 solution of concentration 0.05 g/cc (hollow symbols in Fig.

3.2), we observe that G′ ≥ G′′, which indicates a weak gel. However, the DLS

data for the same sample (Fig. 3.3) shows a complete decay of C[τ], confirm-

ing fluid like mobility of the micelles. We believe that this discrepancy arises

because rheology and DLS experiments probe very different length scales [34].

For the soft solid-like sample (0.25 g/cc F127, green triangles in Fig. 3.3(c)),

it is seen that C[τ] does not decay to the noise level within our experimental

time window. This indicates a slowing down of the dynamics of the sample and

is a signature of a jammed micellar environment. The data of Fig. 3.3(c) is
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recast in Fig. 3.3(d), where ln(-ln(C[τ])) is plotted vs. ln[τ] for the same sam-

ples. Similar to the PS suspension data (dashed lines), the data for the 0.05

g/cc sample (squares) is a straight line of slope β = 1 at ln[τ] ≤ 5 followed by

a noisy plateau at ln(-ln(C[τ])) ∼ 2, which corresponds to C[τ] ≈ 10−3.5 (noise

level defined in Fig. 3.3(c)). The data for the 0.10 g/cc and 0.25 g/cc samples

(blue circles and green triangles respectively), are characterized by two com-

ponents, a faster straight line component which extends upto 2 ≤ ln[τ] ≤ 4 with

a slope of 1. This indicates a mono-exponential faster relaxation process and

is followed by a slower straight line component of significantly smaller slope.

The systematic decrease in the magnitudes of ln(-ln(C[τ])) and the decreasing

slopes of the straight lines characterizing the slow components on increasing

F127 concentration is a clear indication of the slowing down of the sample dy-

namics.

In Fig. 3.3(a), the faster decay of the autocorrelation function for the 0.25

g/cc sample (green triangles) is fitted to an exponential form C[τ] ∼ exp(−τ

τR
).

The relaxation process associated with this exponential decay is diffusive as

1/τR varies linearly with q2 with 1/ < τR > → 0 as q → 0 (green triangles

in Fig. 3.3(b)). In the soft solid phase, the micellar aggregates are closely

packed and the interaction between aggregates is very strong [35]. The dif-

fusive fast relaxation process is attributed to the constrained diffusion of the

confined F127 micelles.

Next, F127-SDS mixtures are prepared to study the effects of the addition

of the anionic surfactant SDS to the soft solid-like phase formed by concen-

trated F127 solutions. Fig. 3.4 plots the magnitudes of the complex mod-

uli |G∗| (denoted by red circles) of F127-SDS mixtures (concentration of F127

fixed at 0.25 g/cc, SDS concentration is varied in the range 0-700 mM) at 40◦C,

acquired in oscillatory rheology experiments (γ = 0.5% and ω = 1 rad/s). As

demonstrated earlier, the 0.25 g/cc F127 system is a jammed, soft solid. F127-

SDS mixtures exhibit very high magnitudes of the complex moduli |G∗| when

74



3.3 RESULTS

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0
1 0 - 1
1 0 0
1 0 1
1 0 2
1 0 3
1 0 4
1 0 5

 |G
*| [

Pa
]

S D S  C o n c e n t r a t i o n  [ m M ]

 

 

FIGURE 3.4: The magnitude of the complex modulus |G?| (◦) of F127-SDS mixtures
(concentration of F127 fixed at 0.25 g/cc) at T = 40◦C with increasing SDS concentra-
tion.

SDS concentration ≤ 50 mM. For higher concentrations of SDS (∼ 150-500

mM), |G∗| decreases by six orders of magnitude. The non-monotonic depen-

dence of |G?| on SDS concentration at higher SDS concentrations (> 150 mM)

arises due to the complex dependence of the mechanical moduli on the differ-

ent aggregates present in the mixtures.

To further characterize the mechanical responses of the mixtures, G′ and

G′′ are measured while performing strain amplitude sweep measurements at

T = 40◦C. These experiments are performed by ramping up the amplitude of

the oscillatory strain γ at a fixed angular frequency ω = 1 rad/s. The results

are displayed in Fig. 3.5. For the pure F127 solution (denoted by red squares

in Fig. 3.5), G′ (filled red squares) stays almost constant at the lower strain

amplitudes, followed by a power law decrease at strain amplitudes γ > 1%. G′′

(hollow red squares) is significantly lower than G′ and shows a peak at γ ∼

2%, followed by a power law decay. These features (G′ >> G′′ at low strains,

a peak in G′′ at a characteristic strain, and power law decays of both moduli

at higher strains such that G′′ > G′ for very high strains) are typical features of
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FIGURE 3.5: Oscillatory amplitude sweep data for a pure F127 sample (�) and
for F127-SDS mixtures with SDS concentrations 150 mM (◦) and 700 mM (4) at T =
40◦C. The F127 concentration is fixed at 0.25 g/cc. The solid symbols denote G′ and
the hollow symbols denote G′′.

soft solids [5, 7–9]. With increasing SDS concentration, G′ and G′′ decrease

significantly, the magnitude of G′ approaches that of G′′ and the peak in G′′

eventually disappears, signaling the gradual disappearance of soft glassy rhe-

ology and the onset of sample unjamming. For the mixture with 700 mM SDS,

this is clearly indicated by the very weak strain dependence of G′ and G′′ (ma-

genta triangles in Fig. 3.5) and the observation that G′ ≈ G′′ for γ < 10%.

The microscopic relaxation processes contributing to the unjamming of

F127-SDS mixtures are studied by performing DLS experiments. In Fig. 3.6(a),

the normalized intensity autocorrelation function C[τ] is plotted vs. the de-

lay time τ at θ = 90◦ and T = 40◦C for a pure F127 solution (denoted by red

squares) and for F127-SDS mixtures with SDS concentrations 10 mM (blue

circles), 300 mM (magenta up triangles) and 500 mM (green down triangles)

respectively. The DLS plot for freely diffusing 95 nm PS spheres in water is

also incorporated as a reference process that exhibits a complete decay to the

experimental noise level (shown by dashed line). The C[τ] plots for the jammed
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FIGURE 3.6: In (a), the normalized intensity autocorrelation functions C[τ] are plot-
ted on a logarithmic-logarithmic scale for a pure F127 sample (�), for F127-SDS mix-
tures containing 10 mM (◦), 300 mM (4), 500 mM (∇) SDS and a dilute aqueous
solution of 95 nm polystyrene spheres (shown by dashed line) at T = 40◦C and θ =
90◦. The concentration of the F127 solution is fixed at 0.25 g/cc. The inset shows the
linear-logarithmic plots of C[τ] vs. τ for the same data sets, with the corresponding
exponential fits to the faster relaxation processes shown by solid lines (data sets are
shifted vertically for better visibility). The data of 3.6(a) is replotted as ln(-ln(C[τ])) vs.
ln[τ] in 3.6(b). The inset of 3.6(b) shows the linear fits to 1/τR (extracted from the
exponential fits) vs. q2 for all the samples.

samples (the F127 solution and the F127-SDS mixture with 10 mM SDS, de-

noted by red squares and blue circles respectively) do not show complete de-

cays to the noise level within the experimental time window. This confirms the

slowing down of the slow relaxation times of these samples due to the kinetic

constraints experienced by the close-packed micelles. For F127-SDS mixtures

with higher SDS content (300 mM and 500 mM, denoted by magenta up trian-

gles and green down triangles respectively), C[τ] shows a comparatively faster

decay within the experimental time window, indicating that the relaxation times

of mixtures with higher SDS content are much faster than those with lower SDS

content. The data of Fig. 3.6(a) is recast in Fig. 3.6(b) where ln(-ln(C[τ])) is

plotted vs. ln[τ]. For all the samples, the initial part of the plot comprises a

straight line of slope 1, indicating a fast monoexponential component in the

sample dynamics. For the pure F127 solution and the F127-SDS mixtures,
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the plot shows a transition at ln[τ] ≈ 3 to a second slower regime which is

characterized by a change in the slope of the straight lines to very small val-

ues. For the 0.25 g/cc F127 solution (red squares) and the F127-SDS mixture

with 10mM SDS (blue circles), the slope of the straight line in the slow regime

is approximately 0.05. For the F127-SDS mixtures with 300mM and 500mM

SDS (denoted by magenta up triangles and green down triangles respectively),

the slow regime is characterized by a more complex functional form, with the

data eventually increasing rapidly to the experimental noise level set by the PS

spheres at ln[τ] ≥ 10. This indicates a speeding up of the slow dynamics in

these samples.

It is now understood that the addition of SDS to F127 solutions results in

the adsorption of the DS− chains to the hydrophobic PPO cores of the F127

micelles. This imparts negative charges to the mixed aggregates. The re-

sulting intra-aggregate repulsion leads to the breakdown of the large spherical

micelles into smaller mixed micelles comprising both F127 and SDS [18, 19].

Previous experiments [17] suggest that the addition of small amounts of SDS

can result in the formation of large copolymer-rich charged complexes, while

the addition of larger amounts of SDS results in the breakup of these com-

plexes and the formation of smaller surfactant-rich complexes. For high con-

centrations of SDS, the mixtures comprise anisotropic SDS-rich mixed micelles

and pure SDS micelles of smaller sizes [17, 19]. In contrast to pure copolymer

solutions where the micellar aggregates are spherical and monodisperse, the

aggregates present in mixtures are characterized by substantial anisotropy and

polydispersity. Anisotropic particles possess more rotational degrees of free-

dom than spherical particles and therefore require higher numbers of contacts

for mechanically stable close packings. The packing volume fraction required

for the random close packing (φRCP ) of anisotropic particles is therefore sub-

stantially larger than the φRCP of spherical, monodisperse particles [36, 37].

Simulations of colloidal hard sphere systems [39, 40], theoretical models [41]
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and experimental studies [42, 43] show that φRCP increases with increase

in the standard deviation of the particle size. Since smaller spheres can fill

the gaps between larger particles very efficiently in packings of polydisperse

spheres, the increase of φRCP with polydispersity is not surprising. Changes

in SDS content in F127-SDS mixtures result in changes in the number frac-

tions of the different micellar species in solution. This induces large changes

in the packing behaviors of the aggregates. As a result, F127-SDS mixtures

are characterized by φRCP values that are higher than those expected for pure

F127 solutions. Increase in φRCP removes the space constraints previously

experienced by the overlapping micelles and results in the unjamming and

decompaction of the aggregates in F127-SDS mixtures. This manifests as a

speeding up of the microscopic dynamics and the disappearance of soft glassy

rheology of the mixtures as SDS content is increased.

In the inset of Fig. 3.6(a), the intensity autocorrelation functions are re-

plotted on a linear-logarithmic scale (the data is shifted vertically for better visi-

bility) and the fast decays are fitted to the form C[τ] ∼ exp(− τ

τR
) for six different

wave vectors. It is observed that 1/τR varies linearly with q2 (shown in the inset

of 3.6(b)), confirming the diffusive nature of the fast relaxation processes. For

the jammed samples (pure F127 solution and the F127-SDS mixture with 10

mM SDS, denoted by red squares and blue circles in Figs. 3.6(a) and (b)),

the fast processes are attributed to the constrained diffusion of confined mi-

celles. In the F127-SDS mixtures with 300 mM and 500 mM SDS (denoted by

magenta up triangles and green down triangles in Fig. 3.6), the constituent

aggregates tend to unjam due to the anisotropy and the polydispersity of the

constituent aggregates. At high concentrations of SDS, a significant fraction of

SDS molecules exist as pure SDS micelles [19] which, due to their small sizes,

can diffuse easily through the free spaces available in the system. By com-

bining the Stokes-Einstein relation with the measured diffusive relaxation rates

for the mixtures with high SDS content, it is estimated that the fast exponential
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FIGURE 3.7: Cartoon depicting the unjamming of micellar aggregates due to the
formation of mixed micelles and free SDS micelles upon the addition of SDS to 0.25
g/cc F127 solutions. Here, (a) shows closely packed F127 micelles due to jamming
in pure, concentrated F127 solutions, while (b) and (c) show the formation of mixed
micelles and free SDS micelles due to the addition of SDS and the subsequent micellar
unjamming.

decays are due to the relaxation of scatterers of size ∼ 1-2 nm [19, 44] which

can be identified as spherical SDS micelles. This jamming-unjamming transi-

tion due to change in packing behavior in the presence of SDS is summarized

in Fig. 3.7.

Temperature sweep oscillatory rheology experiments are next performed

by ramping up the sample temperatures at a rate of 0.25◦C/minute, while keep-

ing the amplitude of the oscillatory strain constant at γ = 0.5% at an angular

frequency ω = 1 rad/s. This data is plotted in Fig. 3.8. At the lowest tem-

peratures, the samples comprise unimers in solution and are characterized

by low values of the elastic modulus: G′ ∼ 1-10 mPa and G′< G′′ (G′ data

is shown in Fig. 3.8). Above a certain temperature, each sweep is charac-

terized by an abrupt increase of the elastic modulus G′ to a higher value that

decreases sharply with SDS concentration. The increase in G′ is identified with

a liquid-solid phase transition and is consistent with the data reported in a pre-

vious publication [4]. Our observation that the temperature sweep data of the

mixtures are characterized by lower values of G′ at temperatures greater than

the liquid-solid transition temperature is consistent with the picture of micellar
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FIGURE 3.8: Temperature sweep data showing the evolution of G′ in an F127

solution of concentration 0.25 g/cc (�) and when 50 mM (◦), 150 mM (?) and 700 mM
(4) SDS are added to pure F127 solutions.

unjamming in mixtures proposed earlier. This conclusion is supported by the

rheology and DLS data displayed earlier in Figs. 3.5 and 3.6.

To summarize the jamming-unjamming behavior exhibited by the pure

F127 solution and F127-SDS mixtures (F127 concentration is fixed at 0.25

g/cc), we construct a phase diagram in the temperature-SDS concentration

plane (Fig. 3.9). The grey region in this phase diagram indicates the soft solid

regime (comprising jammed aggregates), while the white region represents the

liquid-like response that is typically seen below the critical micellization temper-

ature. The phase boundary corresponds to the temperature at which the liquid-

solid transition occurs in each sample and is found to have a non-monotonic

dependence on SDS concentration. The jammed region is characterized by

different degrees of disorder and metastability and the elasticity of this phase

varies over almost two orders of magnitude as SDS concentration is varied. In-

set (a) of Fig. 3.9 shows the frequency response curves measured at 42◦C for

the 0.25 /cc F127 sample (red squares) and when 150 mM and 700 mM SDS
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FIGURE 3.9: Phase diagram in the temperature-SDS concentration plane when
F127 concentration is fixed at 0.25 g/cc. The grey region denotes the jammed soft
solid phase while the white region represents the liquid-like (unjammed) regime. Inset
(a) shows the frequency responses at 42◦C for a pure F127 solution (�) and for
F127-SDS mixtures with SDS concentrations 150 mM (◦) and 700 mM (4). The solid
symbols denote G′ and the hollow symbols denote G′′. Inset (b) shows the DLS data
for the same samples.

(blue circles and magenta triangles respectively) are added to this sample. G′,

denoted by solid symbols, and G′′, denoted by hollow symbols, are measured

while decreasing the angular frequency logarithmically from 100 rad/s to 0.1

rad/s. The strain amplitude is held fixed at 0.5% to ensure linear response

in all the samples. As expected, the measured moduli decrease sharply with

increasing surfactant concentration. For the pure F127 sample (red squares),

G′ >> G′′ and is independent of the angular frequency over the entire mea-

surement range, while G′′ is weakly frequency dependent. These are typical

signatures of soft glassy rheology [7, 8]. With increasing SDS concentration,

82



3.4 CONCLUSIONS

the soft glassy behavior becomes much less prominent. In the frequency re-

sponse data for the F127-SDS mixture with an SDS concentration of 700 mM

(magenta triangles in inset (a) of Fig. 3.9), G′ and G′′ are almost equal, in-

dicating that the sample displays a weak solid-like behavior over the entire

frequency range investigated here. Inset (b) of Fig. 3.9 shows the DLS data

for the same samples. It is observed that after an initial fast decay, the 0.25

g/cc sample (red squares) slows down enormously and does not decay within

the experimental time window. With the addition of SDS (150 mM SDS and 700

mM SDS, denoted by blue circles and magenta triangles respectively), the slow

decay becomes faster, which is identified as the onset of micellar unjamming.

Our frequency response and DLS data, combined with the amplitude sweep

measurements displayed in Fig. 3.5, confirm the gradual disappearance of

soft glassy rheology in F127-SDS mixtures on increasing SDS concentration.

3.4 Conclusions

Dynamic light scattering is employed to study the microscopic dynamics of

the aggregates that constitute pure F127 solutions and F127-SDS mixtures.

This data is related to the mechanical properties of the samples measured

using oscillatory rheology. Above a critical temperature, the F127 copolymers

in an aqueous solution self-assemble to form micelles with hydrophobic PPO

cores and hydrophilic PEO coronas. The PEO chains, which interact via a

soft potential, overlap and compress with increasing copolymer concentration.

The jamming behavior that arises from such macromolecular crowding at F127

concentration ≥ 0.10 g/cc increases the solidity of the samples. By combining

DLS and rheology data, it is shown that the appearance of soft glassy rheology

in the samples is accompanied by a slowing down of their characteristic relax-

ation time scales. When sufficient quantities of the anionic surfactant SDS is

added to a jammed solution of F127 micelles, the pure F127 micelles break

83



3. JAMMING BEHAVIOR OF TRIBLOCK COPOLYMER SOLUTIONS AND
TRIBLOCK COPOLYMER-ANIONIC SURFACTANT MIXTURES

up to form anisotropic mixed micelles that are typically much smaller than pure

F127 micelles. These anisotropic mixed aggregates, together with the SDS mi-

celles that exist in solution, increase the polydispersity of the sample, thereby

increasing its random close packing fraction and resulting in an unjamming of

the aggregates in F127-SDS mixtures. This unjamming phenomenon man-

ifests as a dramatic decrease in the complex moduli of these mixtures and

is accompanied by a disappearance of the signature features of soft glassy

rheology. Finally, a phase diagram is constructed in the temperature-SDS con-

centration plane to summarize the jamming-unjamming behavior of micelles in

F127-SDS mixtures.
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4
Encapsulation of drugs in Pluronic

F127 Micelles: The Effects of Drug

Hydrophobicity, Solution

Temperature and pH

4.1 Introduction

In recent times, block copolymers have emerged as a potential agent for tar-

geted drug delivery and gene therapy [1–5]. One such block copolymer pro-

posed for controlled drug delivery is Pluronic, which has a triblock PEO-PPO-

PEO structure (PEO: polyethylene oxide, PPO: polypropylene oxide). At high
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4. ENCAPSULATION OF DRUGS IN PLURONIC F127 MICELLES: THE EFFECTS
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temperatures, the central PPO block becomes hydrophobic, while the PEO

blocks remain hydrophilic [6]. Due to this amphiphilic nature, Pluronic molecules,

above a critical temperature and concentration, self-aggregate in aqueous so-

lutions to form spherical micelles with hydrophobic PPO cores surrounded by

hydrophilic PEO coronas. This has been discussed in the earlier chapters.

The formation of micellar block copolymer-drug complexes was first pro-

posed by Dorn et al. [7]. When hydrophobic drug molecules are mixed with

suitable quantities of Pluronic molecules and the temperature is raised, the

drug molecules accumulate in the hydrophobic PPO cores. The hydrated PEO

coronas are non-toxic and prevent the drug molecules from being removed

from the core. The solubilities of the hydrophobic drugs therefore increase

substantially in an aqueous medium, increasing the bioavailability of the drugs

[8]. It has been reported that the passive accumulation of drugs encapsulated

in Pluronic micelles at solid tumor cells is more efficient than that of free drugs

[2]. This arises from the long circulation time of the drug-encapsulated micelles

and the slow dissociation of drugs from these micelles in the blood circulation

system [2]. Drug-encapsulated Pluronic micelles can also enhance the trans-

port of drugs across the blood-brain and intestinal barriers [1, 2]. These and

other pharmaceutical advantages of Pluronic micelles make it a serious con-

tender as a drug carrier [9].

The solubilization of drugs in Pluronic micelles has been extensively stud-

ied in recent times. It is reported in the literature that the presence of the hy-

drophobic drug molecules naproxen and indomethacin in F127 solutions result

in slight decreases in the micellar sizes and aggregation numbers, in addi-

tion to a lowering of the gelation temperature [10]. The aggregation behavior

of F127 micelles has been studied systematically when drugs of varying hy-

drophobicities are incorporated in the micellar cores [11]. It is found that the

most hydrophobic drugs increase the sizes of the micellar core and corona

while generally decreasing the micellar aggregation numbers. Scherlund et
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al. observe a decrease in the critical micellization temperature (CMT) and the

gelation temperature when local anesthetics are added to Pluronic solutions

[4]. These authors further confirm that these temperatures decrease with di-

lution and increase in solution pH. More recently, Foster et al. encapsulated

Ibuprofen molecules in Pluronic P-104 and P-105 solutions and Flurbiprofen

molecules in P103 and P123 solutions. Using SANS and pulsed-field gradi-

ent stimulated-echo nuclear magnetic resonance (NMR) measurements, they

demonstrate that the encapsulation of drugs favors the micellization process,

resulting in an increase in the aggregation number and the micellar core radius

[12, 13]. A strong dependence of the aggregation number and the core radius

on the solution pH is reported when Ibuprofen is added to P104 solutions and

Flurbiprofen to P103 and P123 solutions [14, 15].

In this work, the non-steroidal anti-inflammatory drug Ibuprofen, the salicy-

late analgesic drug Aspirin and the macrolide antibiotic drug Erythromycin are

encapsulated in the hydrophobic cores of spherical Pluronic F127 micelles.

The dilute, completely fluid-like F127 solutions used here are studied at sev-

eral temperatures and pH values and are prepared at concentrations that are

much higher than the critical micellization concentrations of F127 at the tem-

peratures studied. The encapsulation of drugs in Pluronic F127 micelles are

studied using cryo-SEM, DLS, small angle X-ray scattering and fluorescence

spectroscopy. The changes in the CMTs of the solutions, the variations in

the hydrodynamic radii of the micelles containing the encapsulated drugs and

the micellar polydispersities are investigated using DLS. The temperature de-

pendence of the encapsulation process and the penetration of solvent in the

micellar core are studied using fluorescence spectroscopy. Finally, the release

of the drugs from the micellar cores when solution pH is increased is reported.
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4. ENCAPSULATION OF DRUGS IN PLURONIC F127 MICELLES: THE EFFECTS
OF DRUG HYDROPHOBICITY, SOLUTION TEMPERATURE AND PH

FIGURE 4.1: Chemical structures of (a) Ibuprofen, (b) Aspirin and (c) Erythromycin.

4.2 Sample preparation

Pluronic F127, Ibuprofen, Aspirin and Erythromycin are purchased from Sigma-

Aldrich and used as received without further purification. Ibuprofen (mol. wt.

206.29 g/mol), Aspirin (mol. wt. 180.16 g/mol) and Erythromycin (mol. wt.

733.93 g/mol) are three aromatic hydrophobic drug molecules characterized

by different chemical architectures (Fig. 4.1). All these drug molecules are

weakly acidic in aqueous solutions. Aspirin is more acidic (pKa 3.5) compared

to Ibuprofen (pKa 5.38) and Erythromycin (pKa 8.8) [16–18]. To prepare a

pure F127 solution, an appropriate amount of F127 is dissolved in deionized

and distilled Millipore water and stirred vigorously with a magnetic stirrer. The

octanol-water partition coefficients (log Poct/water) [19], which are measures of
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Name of drug log Poct/water Ct

Ibuprofen 3.5 0.03 wt.%
Aspirin 1.19 0.3 wt.%
Erythromycin 3.06 0.05 wt.%

Table 4.1: The octanol-water partition functions log [Poct/water] of the three
drugs used here and the Ct values obtained from the DLS data are tabulated
below.

the drug hydrophobicity, are listed in Table 4.1. This table shows that of the

three drug molecules used in this study, Ibuprofen is the most hydrophobic,

followed by Erythromycin and Aspirin.

The concentrations of the F127 samples used here are fixed at 5.26 wt%,

2.04 wt% and 1.02 wt%. These concentrations are much higher than the CMCs

of the F127 solutions at the temperatures studied in this work. Drug molecules

are incorporated in Pluronic F127 micelles by vigorously stirring aqueous mix-

tures of the drugs and F127 in an ultrasonicator at temperatures between 40◦C

and 60◦C.

4.3 Results and Discussion

Direct visualization of the Pluronic F127 micelles is performed with cryo-SEM.

The samples, initially at room temperature (25◦C), are cryo-fractured in liquid

nitrogen. A representative image of a 5.26 wt% F127 solution is shown in Fig.

4.2(a). The globular structures of F127 micelles, of average sizes 68-70 nm,

are clearly visible. When drug molecules are added to Pluronic micellar solu-

tions, they assemble in the hydrophobic core. The cryo-SEM images of F127

micelles encapsulating 0.1 wt% each of Ibuprofen, Aspirin and Erythromycin

respectively are shown in Figs. 4.2 (b), (c) and (d), respectively. In each sam-

ple, the micelles retain their globular structures. In the concentration range

investigated, cylindrical or lamellar aggregates [20, 21] are not observed. The
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FIGURE 4.2: Cryo-SEM images of 5.26 wt% F127 micelles (a) with no encapsu-
lated drugs, and when (b) 0.1 wt% Ibuprofen, (c) 0.1 wt% Aspirin and (d) 0.1 wt%
Erythromycin are incorporated in the micellar cores.
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FIGURE 4.3: Size distributions, derived from cryo-SEM images of micelles of 5.26
wt% F127 solutions (a) without drugs, (b) with 0.1 wt.% Ibuprofen, (c) with 0.1 wt.%
Aspirin and (d) with 0.1 wt.% Erythromycin.
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FIGURE 4.4: The normalized intensity autocorrelation functions C[τ] are plotted for
a pure 5.26 wt% F127 sample at 20◦C (red circles), 25◦C (blue up-triangles), 40◦C
(green down-triangles) and 60◦C (pink squares). The stretched exponential fits to the
data at 60◦C, 40◦C and 25◦C are shown by solid lines. In the inset, 1/ < τR > is
plotted vs. q2 for data obtained at 60◦C, 40◦C and 25◦C and linear fits to the data are
shown (solid lines).

average sizes of these globular micelles are calculated from these cryo-SEM

images. Assuming elliptical shapes of the micelles, one can calculate the av-

erage radius R as R=
√
ab where a and b are, respectively, the lengths of the

semi-major and semi-minor axes of the micelles. Size distributions of these

drug-encapsulated micelles are plotted in Fig. 4.3.

In contrast to cryo-SEM, DLS is a non-invasive technique and yields sizes

and distributions over the entire scattering volume. Systematic DLS measure-

ments are next performed at several temperatures with 5.26 wt% F127 solu-

tions, both with and without drugs. In these measurements, the normalized

intensity autocorrelation functions [C[τ] = g(2)(τ) − 1] are measured at sev-

eral scattering angles while varying the delay times τ at different temperatures

within the range 12◦C - 60◦C. Fig. 4.4 shows the data at 60◦C (squares),

40◦C (down-triangles) and 25◦C (up-triangles) for 5.26 wt% F127 solutions.
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The data acquired at each of these temperatures fit well to stretched exponen-

tial functions of the form C[τ] ∼ exp(−τ/τR)β (where τR is the relaxation time

and the stretching exponent β ≤ 1 accounts for the distribution of relaxation

times of the scatterers). For every sample, C[τ] is measured at six different

q values and the corresponding τR and β are extracted. The mean relaxation

time < τR > is estimated using the relation < τR > = τR/β ∗ Γ(1/β), where

Γ is the Euler gamma function. The inset of Fig. 4.4 shows that at all three

temperatures, 1/ < τR > varies linearly with q2 with 1/ < τR > → 0 as q → 0,

a signature of the diffusive motion of the nearly spherical micelles. If the sam-

ple temperature is lowered to 20◦C (circles in Fig. 4.4), C[τ] no longer fits to

a stretched exponential form. This indicates the breakup of the spherical mi-

celles into free unimers in solution and indirectly establishes the CMT of the

sample to lie between 20◦C and 25◦C. By systematically inspecting the shape

changes in C[τ] at several temperatures, the CMT of this sample is estimated

to be 23◦± 1◦C. This estimate matches well with previous results obtained us-

ing DSC [22], SLS and fluorescence spectroscopy [23] and is also confirmed

by our cryo-SEM images which show that the F127 solution, quenched rapidly

from 25◦C, is comprised of spherical micelles.

DLS measurements are next performed after incorporating different quan-

tities of drug molecules in 5.26 wt% F127 solutions in the temperature range

12◦C - 60◦C. It is observed that all the C[τ] data in this temperature range fit

well to stretched exponential functions (Fig. 4.5). For all the data acquired,

1/ < τR > varies linearly with q2 (inset (a) of Fig. 4.5), suggesting that the sam-

ples are in the micellar liquid phase. The CMTs of all the drug-incorporated mi-

cellar samples therefore lie below the experimental temperature limit of 12◦C.

The reduction in the CMTs of the micellar solutions observed here due to drug

encapsulation is consistent with previous reports [4, 12]. The hydrophobic-

ity of the PPO cores increases considerably due to the addition of the drug
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FIGURE 4.5: The normalized intensity autocorrelation functions C[τ] are plotted for
5.26 wt% F127 solutions with 0.1 wt% Ibuprofen at 20◦C (red circles), 25◦C (blue up-
triangles), 40◦C (green down-triangles) and 60◦C (pink squares), respectively. The
stretched exponential fits are shown by solid lines. The inset (a) shows that 1/ < τR >
varies linearly with q2 for all the samples. (b) SAXS data showing I(q) vs. q for a 5.26
wt% F127 solution incorporating 0.25 wt% Ibuprofen is plotted at 60◦C (blue circle-line)
and 4◦C (red solid line).

molecules. This favors micellar aggregation at lower temperatures, resulting in

the observed lowering of the CMT.

The acceleration of the aggregation process with increasing hydrophobicity

is also confirmed by our observation that increasing drug hydrophobicity leads

to micelle formation at lower threshold concentrations. The threshold concen-

tration Ct for a given drug is calculated by estimating CMTs of the solutions at

several drug concentrations. For very low drug concentrations, C[τ] changes

from a stretched exponential to a non-exponential form at around 23◦C, the

CMT of pure F127 solutions. When drugs are added to the micellar solutions

above a threshold concentration Ct, a rather abrupt decrease in the solution

CMT is noticed, and the autocorrelation function is always of stretched expo-

nential form in the experimental temperature range of 12◦C - 60◦C. The Ct
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values for all three drugs are estimated and listed in Table 4.1. The compar-

ison between the octanol-water partition coefficients (log Poct/water) and Ct for

different drugs in Table 1, suggests that increase in the hydrophobicity reduces

Ct, thereby favoring the formation of micelles at lower concentrations.

SAXS measurements are also performed to confirm the lowering of the

CMT of an Ibuprofen-encapsulated F127 solution above Ct. The SAXS data

at 4◦C and 60◦C are shown in the inset (b) of Fig. 4.5, where the scattered

X-ray intensity I(q) is plotted vs. q for 60◦C (circle-line) and 4◦C (solid line). At

60◦C, a peak in I(q) at q = 0.004 1/nm is seen, which indicates the presence of

micellar structures with diameters of 2π/q = 15.7±0.1 nm in solution. At 4◦C,

the peak completely disappears, confirming the absence of spherical micelles.

Combining the X-ray and DLS measurements, it is concluded that the CMT

of the Ibuprofen-encapsulated F127 micellar solutions lies somewhere in the

range between 4◦C and 12◦C. This confirms our earlier observation that drug

encapsulation stabilizes F127 micelles over a broader temperature range.

For the addition of Aspirin and Erythromycin to 5.26 wt% F127 solutions

above their respective Cts, the C[τ] vs. τ plots show fits to stretched exponen-

tial forms in the temperature range 12◦C - 60◦C. Such plots are shown in Figs.

4.6(a) - 4.6(d). For every experiment, the relaxation time τR is obtained at

each q. It is seen that 1/ < τR > varies linearly with q2 with 1/ < τR > → 0

as q → 0 in all cases (insets of Figs. 4.6(a) - 4.6(d)). The same trends are

repeated when drugs are incorporated in a more dilute F127 solution. Data for

a 2.04 wt% F127 solution is displayed in Figs. 4.6(e) and 4.6(f). The slopes of

the linear fits to the 1/ < τR > vs. q2 data yield the translational diffusion coeffi-

cients D. The average hydrodynamic radii RH of the micelles can be estimated

from these D values using Stokes-Einstein relation. From the stretching expo-

nent β, one can calculate the size distribution of the micelles by calculating the
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FIGURE 4.6: The normalized intensity autocorrelation functions C[τ] are plotted at
60◦C (red squares) and 40◦C (blue circles) for 5.26 wt% F127 solutions after the ad-
dition of (a) 0.5 wt.% Aspirin, (b) 0.1 wt.% Aspirin, (c) 0.05 wt.% Erythromycin and (d)
0.1 wt% Erythromycin. The data for 2.04 wt% F127 solutions with 0.25 wt.% Ibuprofen
and 0.1 wt.% Ibuprofen are plotted in (e) and (f) respectively. The stretched exponen-
tial fits are shown by solid black lines. In the insets, 1/ < τR > vs. q2 plots show linear
fits (solid line) for all samples.
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FIGURE 4.7: (a) Variation of RH with temperature for a 5.26 wt% F127 solution
without drugs (black squares) and after the encapsulation of 0.1 wt% Ibuprofen
(red circles), 0.1 wt% Aspirin (blue up-triangles) and 0.1 wt% Erythromycin (pink
down-triangles). (b) The plot shows polydispersity index (PDI) vs. temperature for
5.26 wt% F127 micelles with no drugs (black squares), 0.1 wt% Ibuprofen (red circles),
0.1 wt% Aspirin (blue up-triangles) and 0.1 wt% Erythromycin (pink down-triangles).

distribution of the relaxation time ρ(τR) using the formula [26]:

ρ(τR) = τR

πt2
∞∑

k=1

(−1)k
k! sin(πβk)Γ(βk + 1)( t

τR

βk+1
)

As the Stokes-Einstein relation is expected to be valid in these dilute samples,

the average micellar radius is expected to be proportional to the micellar relax-

ation time. We therefore calculate the polydispersity index (PDI) of the micellar

aggregates from the distribution function of relaxation times ρ(τR) using the

formula:

PDI = ( σR

< τR >
)

where σR and < τR > are the standard deviation and mean values of ρ(τR). We

have estimated σR from the calculated values of the full width at half maxima

(FWHM) of ρ(τR) and estimated the micellar PDI using the following formula:

PDI = (FWHM
< τR >

)
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FIGURE 4.8: The plot shows the distributions of relaxation times for F127 micellar
solutions with no drugs (black line), 0.1 wt% Ibuprofen (red circle), 0.1 wt% Aspirin
(blue square) and 0.1 wt% Erythromycin (pink triangle) at (a) 60◦C and (b) 25◦C.

In Fig. 4.7(a), the variations of RH of the micelles in 5.26 wt% F127 solutions,

encapsulating 0.1 wt.% Ibuprofen, Aspirin and Erythromycin respectively, are

plotted vs. temperature. For all the three drugs, RH decreases with increase in

temperature, with the increase becoming sharper at temperatures below 30◦C.

Polydispersities also increase substantially when the temperature is lowered

and when drugs are incorporated in the micellar cores (Fig. 4.7(b)). Fig.

4.8(a) displays size distributions of the micellar aggregates at 60◦C. Aspirin,

which is the least hydrophobic drug used, forms the largest and most poly-

disperse micelles at this temperature. At 25◦C, however, Erythromycin incor-

poration leads to the formation of the largest and most polydisperse micelles

(Fig. 4.8(b)). Greater drug hydrophobicity therefore ensures more compact

packing of the drugs within the micellar cores at temperatures ≥ 40◦C.

The morphologies of the micelles are therefore extremely sensitive to the

molecular architectures and hydrophobicities of the inclusions within the micel-

lar cores. The sizes of micelles along with polydispersity index (PDI) at various

temperatures, incorporating varying quantities of drug solutes, are plotted in
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FIGURE 4.9: The mean hydrodynamic radius RH and polydispersity index (PDI) for
5.26 wt% F127 solutions after the encapsulation of different concentrations of drugs
are plotted vs. temperature in the main figures and in the insets respectively. The
different symbols correspond to different quantities of added drugs: in : (a) Ibuprofen-
0 wt% (black squares), 0.1 wt% (red circles), 0.25 wt% (blue triangles), 0.5 wt% (pink
down-triangles), 0.75 wt% (green diamonds), 1 wt% (violet left-triangles); (b) Aspirin-
0 wt % (black squares), 0.16 wt% (red circles), 0.3 wt% (blue triangles), 0.5 wt% (pink
down-triangles), (c) Erythromycin- 0 wt%(black squares), 0.05 wt% (red circles), 0.1
wt% (blue triangles).
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FIGURE 4.10: The mean hydrodynamic radius RH and polydispersity index (PDI)
vs. temperature for (a) 1.02 wt% and (b) 2.04 wt% F127 solutions after the encap-
sulation of different concentrations of drugs are shown in the main figures and insets
respectively. The different symbols correspond to different quantities of added drugs:
Ibuprofen- 0 wt% (black squares), 0.1 wt% (red circles), 0.25 wt% (blue triangles).

Fig. 4.9. For all the drugs, both RH and PDI increase with decrease of temper-

ature. The incorporation of drugs increases the radii of the micelles, in agree-

ment with previous experiments involving the encapsulation of drug molecules

in Pluronic block copolymer micelles [10–12]. It is, however, not possible to

extract any systematic correlations between average micellar sizes and incor-

porated drug concentrations due to the very high micellar polydispersities. It

is important to note that the small sizes of the drug-encapsulated micelles es-

timated here indicate that they may be sterilized by a simple filtration process

and may be easily delivered to the blood stream through intravenous injection.

All the experiments are repeated for the drug encapsulated micellar aggre-

gates in solution, where Pluronic micelles are formed at a lower concentration

of F127. In Fig. 4.10, RH and PDI are plotted vs. temperature for 1.02 wt% and

2.04 wt% F127 solutions after the encapsulation of different concentrations of

Ibuprofen. The data for the lower F127 concentrations also display the same

trends as 5.26 wt% F127, with both RH and PDI increasing with decrease in

temperature.

To confirm the increased hydration of the micellar core due to decrease in
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FIGURE 4.11: (a) Pyrene emission spectra for 5.26 wt% F127 solutions at 40◦C
(blue solid line) and 8◦C (red circle-line). The variation of I1/I3 vs. temperature when
0 wt% Ibuprofen (black squares), 0.2 wt% Ibuprofen (blue triangles), 0.5 wt% Aspirin
(green left-triangles) and 0.05 wt% Erythromycin (violet stars) are incorporated in
F127 solutions, is plotted in (b).
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solution temperature, fluorescence spectra of the samples are recorded using

aromatic pyrene molecules as the fluorescent probe. This method is widely

used to study micellization phenomena [25–30]. Pyrene molecules, being hy-

drophobic, stay encapsulated in the PPO cores of the micelles. The samples

are excited at a wavelength of 339 nm with a bandwidth of 1 nm. The emission

spectra, recorded at 40◦C and 8◦C, are shown in Fig. 4.11(a). In both these

spectra, the first peak, I1, occurs at around 372 nm and the third peak, I3, oc-

curs at around 383 nm.

Earlier studies have shown that the intensity ratio between the first and

third emission peaks of the pyrene spectrum (I1/I3) depends upon the dipole

moment of the solvent [29–31]. A significant enhancement in the intensity of

the 0-0 vibronic band (which results in the I1 peak) in the presence of a polar

solvent has been reported. The I3 peak, in contrast, is solvent-insensitive. A

transition from a non-polar to a polar environment therefore results in a signifi-

cant increase in the I1/I3 ratio in the pyrene emission spectrum. In Fig. 4.11(b),

the ratios I1/I3 are plotted vs. temperature for different concentrations of drugs

added to F127 solutions. For every sample, the ratio increases with decrease

in temperature. This indicates an increase in the aqueous content of the micel-

lar core region at lower temperatures. Increased solvent penetration into the

micellar cores should result in a looser packing of drug molecules in the core.

In the present case, this also increases the values of RH at lower temperatures.

The increase in RH with decreasing temperature has already been reported in

Figs. 4.7(a) and 4.9. For the samples with CMTs above 12◦C (F127 micelles

encapsulating 0 wt% Ibuprofen and 0.05 wt% Erythromycin, denoted by black

squares and violet stars respectively in Fig. 4.11(b)), I1/I3 shows a very high

value of around 1.7 at 8◦C which indicates that the pyrene molecules are in

a fully aqueous environment [31]. The high values of I1/I3 seen in our mea-

surements for low drug encapsulation indicate that the pyrene molecules are
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released into the aqueous environment at 8◦C due to the breakup of the mi-

celles into unimers. For the other samples with higher drug encapsulation, the

increase in I1/I3 at lower temperature is much less, which indicates only a small

amount of solvent penetration in the micellar core at these temperatures.

The addition of the weakly acidic Ibuprofen molecules to non-ionic F127

solutions results in a monotonic decrease in the sample pH. For example, the

addition of 0.5 wt% Ibuprofen to a 5.26 wt% F127 solution decreases the so-

lution pH from 7.00 to 4.65. Small amounts of NaOH are added to change

the solution pH and systematic DLS measurements are next performed. The

normalized intensity autocorrelation functions C[τ], obtained in DLS measure-

ments with 5.26 wt% F127 solutions containing 0.5 wt% Ibuprofen at 40◦C for

different solution pH values, show fits to stretched exponential functions. The

circles in Fig. 4.12(a) represent data at pH = 11.36. When the temperature is

decreased to 15◦C, the micelles dissociate into free unimers and C[τ] [squares

in Fig. 4.12(a)] does not fit to a stretched exponential form. This is consistent

with the high I1/I3 ratios obtained in fluorescence measurements on the same

sample at 15◦C [plotted in the inset of Fig. 4.12(a)]. The inset of Fig. 4.12(b)

shows that as solution pH is changed between 4.65 and 11.36, 1/ < τR >,

extracted from DLS data acquired 40◦C, shows a power law dependence on q:

1/ < τR > ≈ qα. Here, the exponent α gives information about the micel-

lar dynamics. Fig. 4.12(b) plots the values of α and 1/ < τR > vs. solution

pH. At the low pH of 4.65, the power law fit gives α ≈ 2, suggesting that the

system consists of homogeneous, spherical, diffusive structures. This is con-

sistent with the results displayed in Fig. 4.5. With an increase in solution pH to

6.10, α increases to 2.57, indicating the presence of heterogeneous micellar

structures in solution. This increase in α is accompanied by a simultaneous

decrease in 1/ < τR >, which indicates the presence of bigger aggregates.

When solution pH is increased to 11.36, a decrease of α to 2.19 and an in-

crease in 1/ < τR > are observed.
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FIGURE 4.12: (a) The normalized intensity autocorrelation functions C[τ] for 5.26
wt% F127 solutions with 0.5 wt% Ibuprofen at 40◦C (circles) and 15◦C (squares) re-
spectively, when the solution pH is adjusted to 11.36, are shown. I1/I3 vs. temperature
is plotted in the inset of (a). The values of α (red squares) and 1/ < τR > (blue circles)
at θ = 90◦ and 40◦C are plotted vs. solution pH in (b). Inset of (b) shows the plots
of 1/ < τR > vs. q and the corresponding fits to 1/τR ≈ qα (solid lines) at 40◦C for
different pH values: 4.65 (red squares), 6.10 (blue circles), 11.36 (green triangles).
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As changing pH should not affect the non-ionic F127 micelles, the observed

changes are brought about by the Ibuprofen molecules present in solution.

With increase in solution pH, the Ibuprofen molecules in the micellar core are

ionized [14, 15]. The repulsive interactions within the core leads to the forma-

tion of bigger, more anisotropic micelles at pH = 6.10. When the pH of the

system is further increased to 11.36, the Ibuprofen molecules, which are fully

ionized, are released from the micellar cores to the aqueous medium due to

their enhanced water solubility. The encapsulation of drug molecules is not

favored under these conditions and pure F127 micelles coexist in solution with

free drug molecules. This results in the observed decrease in α. It is to be

noted here that the hydrodynamic radii RH of the micelles estimated in DLS

measurement is 10.4 nm at T = 40◦C at pH = 11.36, almost identical to the

value extracted when no drugs are added (Figs. 4.7(a) and 4.9). Further-

more, by observing changes in the shapes of C[τ] from stretched exponential

to non-exponential as temperature is decreased, the CMT of the sample at pH

= 11.36 is estimated to be 24◦C, the value expected for pure F127 micellar

solutions. This observation is similar to the findings of Scherlund et al., who

observed that if the the active ingredients (drugs) are mostly in ionized form

at a certain pH, the CMT of the sample is almost the same as that of pure

F127 micellar systems [4]. The release of drugs at high pH was previously

also reported for Flurbiprofen-encapsulated P103 solutions [15].

4.4 Conclusion

In this work, three different drugs, Ibuprofen, Aspirin and Erythromycin, are

encapsulated in F127 micelles in aqueous solution. Cryo-SEM imaging shows

the presence of globular structures even after drug-encapsulation. The drug

molecules, when added above a specific threshold concentration Ct, enhances
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the stability of the micellar phase over a broad temperature range. DLS experi-

ments are performed on the drug-encapsulated micellar systems to determine

changes in the hydrodynamic radii and micellar polydispersities. The aver-

age hydrodynamic radii of the micelles calculated here are seen to increase

upon drug incorporation, with the polydispersity being inversely correlated to

the drug hydrophobicity at the higher temperatures. The hydrodynamic radii

of the micelles increase with decrease in temperature. This is consistent with

data presented in [10, 11]. The observed increase in micellar sizes observed

when temperature is lowered is accompanied by an increase in the hydration

of the micellar core and is verified by pyrene fluorescence spectra measure-

ments. Increasing the temperature excludes the solvent from the micellar core

due to enhanced core hydrophobicity and results in more compact micelles.

The drug-encapsulated micelles also show a strong pH dependence. When

the solution pH is increased from 4.65 to 6.10, the ionization of the drug

molecules leads to the formation of larger micelles. Increasing the pH to 11.36

triggers the release of drug molecules into the solvent.

Drug-incorporated F127 micelles have enormous potential as drug carriers

in the area of nanomedicine [9]. However, before these formulations are made

available commercially, several clinical and scientific issues regarding toxicity

and stability still need to be addressed.
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5
Formation and Rupture of Ca2+

Induced Pectin Biopolymer Gels

5.1 Introduction

Pectins are major components of the primary plant cell wall, where they

sometimes comprise 30-35% of the cell wall dry weight [1]. Ca2+ ions in the

plant cell wall form pectin gel structures via ionic crosslinking. Ca2+, which

plays a crucial role in determining the structural rigidity of the cell wall, is a

crucial regulator of growth and development in plants [2]. Low concentrations

of Ca2+ result in cell walls that are more flexible and therefore easily ruptured,

while high concentrations of Ca2+ increase the rigidity the wall, making it less

plastic [3]. To understand cell wall behavior, it is important to understand the

formation and rupture of pectin gels. Furthermore, knowledge of the mechan-

ical properties of pectin gels has practical implications in the food industry,
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mainly in the production of jams, preservtaives etc. [4]. Ion-induced hydrogels

are also used for many application related to pharmaceuticals and for tissue

engineering, glucose transport, cell encapsulation, drug delivery etc [5–8]. The

various applications of pectin gels, therefore, necessitate a detailed study of

their formation and mechanical stability under different conditions.

The mechanical properties of these ion induced hydrogels can be improved

by the addition of block copolymers in bioengineering applications [9]. Calcium-

ion induced gelation of LM pectin depends upon various parameters like pectin

concentration, salt concentration, the degree of methylation of pectin molecules,

the pH and temperature of the solution. The effects of these parameters on the

gelation process of pectin solutions have been studied by rheological meth-

ods [10–17], dynamic light scattering (DLS) [18, 19], nuclear magnetic reso-

nance (NMR) [20] and circular dichroism [21, 22]. Conductometric and po-

tentiometric studies show that decreasing the degree of methylation of pectin

molecules and the ionic strength of the solution can increase the affinity of

pectin molecules towards Ca2+ ions. This results in a decrease in the amount

of calcium chloride required to obtain a sol-gel transition [10, 23]. The sol-gel

transition in solutions of pectin and other biopolymer molecules can also be

triggered by irradiating the samples with ultraviolet radiation [24]. Durand et al.

reported the gelation times of pectin solutions for various pectin concentrations

and stoichiometric ratios of salt and pectin and estimated sol-gel diagrams for

calcium-pectin systems for a range of calcium levels, solution temperatures

and pectin concentrations [12]. Lootens et al. showed that the lowering of the

solution pH weakens the Ca2+ induced gel formation process [15]. DLS mea-

surements exhibit an increase in the characteristic relaxation times of pectin

solutions when the concentration of Ca2+ in solution is increased [18].

In this work, the microscopic dynamics of gelling LM pectin solutions are

investigated by measuring intensity autocorrelation functions in DLS measure-

ments. The relaxation timescales of the samples, which are extracted from
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the decays of the autocorrelation functions obtained from the samples before

gelation, are compared with their bulk viscosities. Next, the effects of applied

stresses on pectin gels of various strengths are studied and the critical stresses

required to break the gel networks are estimated using rheological measure-

ments. The dependence of the critical stress on the pectin gel strength is

investigated systematically by changing the CaCl2 concentration. The results

are explained in terms of the fractal nature of the pectin gel structure using a

scaling theory that was first introduced by Shih et. al. to describe the elastic

properties of colloidal gels [25]. It should be noted that while the colloidal gels

investigated in this work [25] were formed by increasing the volume fraction of

boehmite alumina particles of Catapal and Dispal respectively, our work stud-

ies the process of ion-mediated gelation of pectin solutions that is triggered

by increasing the CaCl2 concentration in solution. Analysis of our experimental

data shows a strong power-law dependence of the elasticity of individual pectin

flocs on the added salt concentration. Our data suggests that when pectin and

salt concentrations are both increased, the number of aggregates increases

simultaneously with the density of crosslinks and that the inter-aggregate links

are stronger than the intra-aggregate links.

5.2 Sample preparation

Pectin, a 20-34% esterified potassium salt extracted from citrus fruit and cal-

cium chloride anhydrous (molecular weight 111 g/mol) are purchased from

Sigma-Aldrich and used as received without further purification. Stock solu-

tions of calcium chloride of appropriate concentrations are prepared. Pure

pectin solutions are prepared by dissolving appropriate amounts of pectin in

deionized and distilled Millipore water and by stirring the mixture vigorously

with a magnetic stirrer. Stock solutions of CaCl2 of known concentrations are

mixed with pure pectin solutions to prepare gel samples of several strengths.
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FIGURE 5.1: Plots of the normalized autocorrelation functions C(τ) vs. delay time
τ at scattering angle θ = 90◦ for 2.5 g/L pectin solutions at 25◦C with different CaCl2
concentrations: 0 mM (violet squares), 2 mM (red circles), 6 mM (blue right triangles),
8 mM (brown left triangles), 10 mM (green vertical lines). The stretched exponential
fits to the data for 0 mM and 2 mM CaCl2 concentrations are shown by solid black
lines. In the inset, the time evolutions of the storage moduli G′ (solid symbols) and the
loss moduli G′′ (hollow symbols), after the addition of 2 mM CaCl2 (blue circles) and 6
mM CaCl2 (red squares) to 2.5 g/L pectin solution at 25◦C, are plotted.

The mixtures are stirred overnight before loading the samples for the experi-

ments. All experiments are performed at 25◦C.

5.3 Results and Discussions

5.3.1 Gel Formation:

Systematic DLS studies are performed with aqueous solutions of pectin of con-

centration 2.5 g/L with different concentrations of added CaCl2 salt. Fig. 5.1

shows the plots of the normalized intensity-intensity autocorrelation functions
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C(τ) vs. delay times τ for different CaCl2 concentrations. It is observed that for

pectin solutions with low or no salt, the C(τ) plots show complete decays. To

estimate the distributions of relaxation rates, the correlation decays are fitted

to stretched exponential functions

C(τ) ∼ exp(−ΓRτ)β (5.1)

where ΓR, the relaxation rate, is the inverse of a relaxation time τR and β ≤ 1

is the stretching exponent. The mean relaxation time < τR > for a particular

scattering angle is estimated using the following relation [26]

< τR >= τR/β ∗ Γ(1/β) (5.2)
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FIGURE 5.2: Plots of the normalized autocorrelation functions C(τ) vs. delay times
τ for 2.5 g/L pectin solutions at 25◦C containing 1 mM CaCl2 for different scattering
angles: 60◦ (black squares), 75◦ (red circles), 90◦ (blue up-triangles), 105◦ (green
stars) and 120◦ (magenta solid circles). The stretched exponential fits to the data are
shown by solid black lines.
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where Γ(1/β) is the Euler gamma function [26].

As the CaCl2 concentration, and hence the gel strength, is increased, a sys-

tematic slowdown in the decay times of the correlation functions is observed,

with the correlation plots eventually showing incomplete decays at the high-

est salt concentrations. The observed transition of the sample to a regime of

non-ergodic dynamics beyond a threshold salt concentration marks the onset

of the gelation process [27]. The concentration of CaCl2, above which an in-

complete decay in C(τ) is observed in the present experiments, is assigned as

the critical concentration ‘Ccr’ of CaCl2 salts required for the gelation of pectin

solutions. By studying the measured autocorrelation decays, Ccr is estimated

to lie between 3.5-4 mM for the 2.5 g/L pectin solutions. Gel formation, due

to an increase in CaCl2 concentration above Ccr, is confirmed by plotting the

time evolutions of the rheological moduli. It is seen from the inset of Fig. 5.1

that when the CaCl2 concentration (2 mM data represented by circles) lies be-

low Ccr, the sample shows predominantly viscous response to small oscillatory

strains at the angular frequency that has been probed here (1 rad/sec), with the

loss modulus G′′ always higher than the storage modulus G′. When the CaCl2

concentration is above Ccr (6 mM data represented by squares), G′ >> G′′

from the start of the measurement. The structure of the sample with 6 mM salt

is, therefore, far more rigid than the one with 2 mM salt, with gelation being

initiated immediately after the addition of salt in this case.

Changes in the wave vector dependence of the sample dynamics due to

the addition of CaCl2 are explored by studying the fits to the stretched expo-

nential correlation decays (Eqn. 5.1) at different scattering angles. C(τ) vs. τ

data for several scattering wavevectors q is shown in Fig. 5.2. In the inset of

Fig. 5.3, the inverse of the mean relaxation times < τR >, extracted from the

stretched exponential fits of C(τ) for samples with CaCl2 concentrations below
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Ccr, are plotted vs. q. This data is fit to the relation

1/ < τR > ≈ qα (5.3)

The power law exponents α (squares), extracted from fits to Eqn. 5.3, and the

stretching exponents β (solid circles), obtained from fits to Eqn. 5.1, are plotted

in Fig. 5.3 for different CaCl2 concentrations. At low CaCl2 concentrations, α

≈ 2 and β ≈ 0.9. This indicates the presence of pectin flocs of approximately

equal sizes diffusing freely in the solution. With increase in CaCl2 concentra-

tion, α shows a gradual increase from 2. This points to an increase in the

spatial inhomogeneity of the system. It is observed that the polydispersity in
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FIGURE 5.3: Plots of the power law exponents α (extracted from the fits of the mean
relaxation time < τR > to Eqn. 5.3 and represented by �) and the stretched exponents
β (•) (extracted from fits of C(τ) vs. τ to Eqn. 5.1 and represented by solid circles),
vs. CaCl2 concentration at 25◦C for 2.5 g/L pectin solutions. The inset shows the plots
of 1/ < τR > vs. q for different CaCl2 concentrations : 0 mM (blue circles), 1 mM
(red squares), 2 mM (green triangles) and the corresponding fits to Eqn. 5.3 (fits are
represented by solid lines).
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the floc sizes increases simultaneously with the increase in α as CaCl2 con-

centration is increased, with β dropping to values much lower than 1 for the

highest CaCl2 concentrations used in this work. A stronger-than-diffusive q-

dependence of the estimated relaxation time and β < 1 with increasing pectin

and divalent salt concentrations have been observed in LM-pectin solutions

in earlier reports [18, 19]. Furthermore, it has been verified that the relation

α = 2
β

seen in these earlier reports holds in the salt concentration range 0-2.5

mM investigated in this work.

The mean relaxation times < τR > of pectin gels (represented by squares)
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FIGURE 5.4: Plot of the mean relaxation time < τR > (�) and complex viscosity η∗

(•) vs. CaCl2 concentration for gelling pectin solutions (concentration of pectin is kept
fixed at 2.5 g/L) at 25◦C.

show a monotonic increase when plotted vs. CaCl2 concentration (Fig. 5.4).

The pectin floc sizes therefore increase with increasing salt, causing the sys-

tem to become increasingly heterogeneous and resulting in the observed dy-

namical slowdown. Clearly, as the CaCl2 concentration is increased, the in-

creased availability of Ca2+ ions in biopolymer pectin solutions increases the
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cross-link density between pectin molecules, thereby accelerating the forma-

tion of polydisperse pectin flocs. A further increase in the concentration of

CaCl2 towards the critical value Ccr initiates the formation of links between the

pectin flocs, with a percolating gel network being formed at CaCl2 concentra-

tions greater than Ccr. Due to an increase in the number of links with increas-

ing CaCl2 concentration, this dynamical slowing down is accompanied by an

increase of the complex viscosity η∗. This is shown in Fig. 5.4 (circles). The

FIGURE 5.5: Cryo-SEM images for 2.5 g/L pectin with different CaCl2 concentra-
tions: (a) 1 mM, (b) 3.5 mM, (c) 6 mM and (d) 10 mM.

complex viscosity η? is defined as η? = (G′2+G′′2)1/2

ω
, where G′ and G′′ are the

elastic and viscous moduli respectively, measured at an angular frequency ω

= 1 rad/s and at a strain amplitude γ = 0.5% [28].

The existence of flocs in pectin solutions and the formation of links be-

tween flocculated structures at higher salt concentrations is confirmed from

cryo-SEM images displayed in Fig. 5.5. In Fig. 5.5(a), which shows an im-

age of a pectin sample with CaCl2 concentration below Ccr, small, polydisperse
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and un-interconnected pectin flocs are observed. Near the critical concentra-

tion Ccr (an image of a sample in which 3.5 mM CaCl2 added to 2.5 g/L pectin

solutions is shown in Fig. 5.5(b)), an increase in the average floc size and

a development of inter-floc links are observed. The formation of links (CaCl2

bridges) between pectin molecules results in gelation and the observed diver-

gence of relaxation time scales seen in Fig. 5.1. Cryo-SEM images of pectin

samples containing CaCl2 at even higher concentrations (6 mM and 10 mM

data are plotted in Fig. 5.5(c) and 5.5(d) respectively) show the presence of

bigger flocs and a remarkable increase in the density of interlinks. It is to be

noted here that while the sizes of the pectin flocs do not increase substantially

in the salt concentration regime C >> Ccr, the density of interlinks increases

sharply with increasing CaCl2 concentration.

The SEM images presented here provide direct evidence of the growth of

flocs with increasing CaCl2 concentration, followed by the percolation of the

flocs to form gel networks, and are in agreement with the DLS data presented

earlier. As pectin gels are formed due to the development of interlinks between

flocs of different sizes, static light scattering (SLS) measurements are per-

formed to confirm the fractal nature of the pectin gels. In these measurements,

the scattered intensity I(q) is plotted vs. wave vector q for pectin solutions con-

taining CaCl2 at concentrations that lie above the critical gelation threshold Ccr.

The fractal structure of the pectin gel results in power law decays of I(q) with q

according to the following relation [29]

I(q) ≈ q−D (5.4)

where D is the fractal dimension of the gel. I(q) vs. q data has been recorded

for 2.5 g/L pectin solutions containing CaCl2 in the concentration range 5-10

mM . The data for the pectin gel containing 6 mM CaCl2 is plotted in the inset

of Fig. 5.6. The exponent of the power-law fit to the decay (solid line in the
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FIGURE 5.6: Fractal dimensions D of the pectin gels are plotted vs. CaCl2 concen-
tration for 2.5 g/L pectin solutions containing CaCl2 at concentrations greater than Ccr.
In the inset, I(q) vs. q plot and the corresponding fit to Eqn. 5.4 (solid line) for a 2.5
g/L pectin solution containing 6 mM CaCl2 at 25◦C, are plotted.

inset) gives the fractal dimension D of the gel. The fractal dimensions, ob-

tained from power-law decay fits for the entire salt concentration range above

Ccr investigated here, are plotted in Fig. 5.6. D is seen to always lie between

1.9 and 2.4, suggesting that size-polydisperse pectin gel flocs are formed by

a process of three-dimensional reaction-limited aggregation (RLA) [30] in this

CaCl2 concentration range. Unlike in globular protein gels, where the aggrega-

tion process changes from reaction-limited to diffusion-limited with increase in

ionic concentration [31], the approximately constant values of D reported here

indicates that the interaction mechanism triggering the gelation of pectin does

not change within the experimental range of CaCl2 concentrations investigated

here. This is in sharp contrast to the ion-mediated gelation of globular proteins,

where the probability of collisions between protein molecules and the subse-

quent formation of interlinks increase rapidly at higher ionic strengths due to
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the increased shielding of surface charges on the protein molecules.

5.3.2 Gel Rupture:
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FIGURE 5.7: Strain evolution during creep and recovery tests for 2.5 g/L pectin gel
containing 6 mM CaCl2 at 25◦C. Data for applied stresses 0.4 Pa and 2 Pa are plotted
in (a) and (b) respectively. The vertical dotted line denotes the time when the stress is
set to zero.

To complement the data on pectin gel formation due to the addition of

CaCl2, rheological experiments are performed to study the rupture of these

gels following the application of shear stresses. Creep and recovery tests

are performed to investigate the response of the cross-linked pectin flocs to

externally-imposed shear stresses. It is observed that the rheological response

of pectin gels is very strongly dependent upon the amplitude of the applied

stress. In Fig. 5.7(a), the development of strain for a pectin gel network, when

a low constant stress (σ = 0.4 Pa) is applied for 7200 seconds to a 2.5 g/L

pectin gel with 6 mM CaCl2, is plotted. It is seen in Fig. 5.7(a) that the sam-

ple deforms almost immediately after the application of the stress. After an

initial instantaneous deformation, the strain continues to develop slowly with
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time and reaches a value of γM after 7200 seconds. When the applied stress

is removed from the sample, it is observed that most of the strain recovers al-

most immediately. This is followed by a slow and continuous process of strain

recovery, with the strain eventually reaching a plateau value γnr. Here, γnr is a

measure of the irreversible or permanent strain incorporated in the sample dur-

ing these creep experiments. The recoverable strain γr in these experiments is

calculated as γr=(γM − γnr). When the applied stress is above a critical value,

the deformation increases linearly during the time period of stress application.

This is shown in Fig. 5.7(b). When the applied stress is removed, the strain

does not recover at all. This signals the rupture of the Ca2+ induced pectin gel

networks at these high stresses.

The ratios of the recoverable and non-recoverable strains (γr/γnr) estimated

in these experiments quantify the responses of the gel networks to applied
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FIGURE 5.8: Plots of strain-evolutions during creep and recovery tests for 2.5 g/L
pectin gels containing 6 mM CaCl2 at different applied stresses: 0.1 Pa (red squares),
0.5 Pa (blue circles), 0.7 Pa (green down-triangles) and 0.8 Pa (magenta up-triangles).
The vertical dotted line denotes the time when the stress is set to zero. In the inset, the
plot of γr/γnr vs. applied stress for 2.5 g/L pectin gel containing 6 mM CaCl2 is shown.
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stresses. Creep and recovery plots for different applied stresses are shown in

Fig. 5.8, and the ratio γr/γnr is calculated for each experiment. It is observed in

the inset of Fig. 5.8 that γr/γnr decreases with increase in the applied stress.

The gel network therefore weakens with increase in applied stress, with a per-

manent strain being built into the gel structure. This eventually leads to the

rupture of the gel network, resulting in the behavior observed in Fig. 5.7(b).

The applied stress, above which the creep behavior of the type shown in Fig.

5.7(a) changes to a fluid-like response as seen in Fig. 5.7(b), is assigned as

a critical stress (σcritical) required for completely rupturing the gel network. The

existence of a critical stress is a common feature of jammed soft materials and

is related to the strength of the junctions between the clusters [32]. The value

of σcritical for a 2.5 g/L pectin gel with 6 mM CaCl2 is estimated to be approxi-

mately 0.81 Pa. The relevant plots are shown in Fig. 5.9.

Next, the values of σcritical are estimated from creep and recovery mea-
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FIGURE 5.9: The critical stress σcritical is estimated by plotting the strain variation
during creep and recovery tests for 2.5 g/L pectin gel samples containing 6 mM CaCl2
due to the application of different stresses: a) 0.8 Pa (red circles), b) 0.82 Pa (navy
down-triangles) and c) 0.85 Pa (magenta up-triangles). This indicates that σcritical ∼
0.81 Pa. The vertical dotted line denotes the time when the stress is set to zero.
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FIGURE 5.10: (a) Plot of critical stress (σcritical) (denoted by •) vs. CaCl2 concen-
tration for 2.5 g/L pectin solutions with added salt. (b) Plot of G′ vs. oscillatory strain
amplitude γ (angular frequency ω fixed at 1 rad/s) for 2.5 g/L pectin solutions with
CaCl2 concentrations of 5mM (red squares), 8mM (blue circles) and 10mM (green tri-
angles) is shown. The start of non-linearity in each case is shown by vertical dotted
lines.

surements for 2.5 g/L pectin solutions containing several different CaCl2 con-

centrations. This is plotted in Fig. 5.10(a). It is observed that σcritical decreases

monotonically with added CaCl2 concentration. To understand the effects of

CaCl2 on gel elasticity and the observed decrease in σcritical, amplitude sweep

experiments are performed for 2.5 g/L pectin gels with different concentrations

of added CaCl2. In these experiments, the amplitude of the applied oscillatory

strain γ is increased logarithmically from 0.1% to 100%, keeping the angular

frequency ω constant at 1 rad/second at room temperature. In Fig. 5.10(b),

the elastic modulus G′ is plotted vs. γ for 2.5 g/L pectin solutions containing

different amounts of CaCl2. For the lowest γ values, the elastic modulus show

a linear regime with G′ ≈ G′0. This is followed by a strongly non-linear response

with increasing γ, where G′ decreases rapidly from G′0. The loss modulus G′′,

measured simultaneously with G′, is plotted vs. γ in Fig. 5.11 for 2.5 g/L pectin

solutions containing different amounts of CaCl2. The loss modulus shows a
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FIGURE 5.11: Plots of the loss modulus G′′ vs. strain amplitude γ for 2.5 g/L pectin
solutions with CaCl2 concentrations of 5mM (red squares), 8mM (blue circles) and
10mM (green triangles). The yield strains (γys), which are the strains corresponding to
peaks in G′′, are shown by vertical dotted lines. In the inset, a plot of yield strain γys
for 2.5 g/L pectin solutions is shown vs. CaCl2 concentration.

peak at a certain strain γys. γys is a measure of the yield strain, above which G′

and G′′ both show approximately power-law decreases.

The limit of linear rheological response (or the limit of linearity), γ0, which

marks the start of non-linearity in the response of the gel network to applied

shear strains, is defined as the strain amplitude above which the elastic mod-

ulus G′ decreases more than 5% from its maximum value of G′0 in amplitude

sweep measurements (Fig. 5.10(b)). If G′0 is plotted vs. increasing CaCl2 con-

centration C, a power law increase (G′0 ∼ CK) is observed in G′0 (squares in Fig.

5.12). In the proposed egg-box model of pectin chain junctions [33], Ca2+ ions

form cross-linking bridges between two adjacent non-methylated galacturonic

units of two pectin chains. The number of cross-links, Nc, increases with in-

crease in CaCl2 concentration for a constant pectin concentration due to the in-

creased availability of Ca2+ ions. Following the argument of Lootens et al. [15],

if the elastic modulus G′ depends only on the system entropy, G′ ∝ ν, where
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FIGURE 5.12: Plots of the linear elastic modulus G′0 (�) and the limit of linearity γ0
(◦) vs. CaCl2 concentration for 2.5 g/L pectin solutions with added salt. The corre-
sponding power law fits (G′0 ∼ CK and γ0 ∼ C−L with K= 1.78 and L=2.90) to the data
are shown by solid lines.

ν is the molar concentration of the elastically active network chains (EANC).

For pectin gels with added calcium ions, ν = 2Nc − Cp/Mn [15, 34, 35], where

Cp and Mn are, respectively, the concentration and the number average molar

masses of the pectin chains. Increasing the CaCl2 concentration, keeping the

pectin concentration fixed, increases the value of ν due to an increase in Nc.

This results in the observed increase of the elastic modulus G′ of pectin gels

with increasing CaCl2 concentration. It is observed in Fig. 5.12 that while

G′0 increases with added CaCl2 concentrations, the non-linearity in G′ starts

to appear at lower strains in samples with higher added CaCl2 concentrations

(circles in Fig. 5.12). This is also shown by vertical dotted lines in Fig. 5.10(b).

The decrease in γ0 with CaCl2 concentration can be fitted to a power law of

the form γ0 ∼ C-L. The start of a non-linear elastic response in a cross-linked

gel indicates the onset of plastic rearrangements in the network. As a lower

critical stress is also observed with higher added CaCl2 concentration (Fig.
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5.10(a)), it is concluded that the onset of non-linear behavior and the subse-

quent rupture of the gel network are accelerated significantly by an increase in

CaCl2 concentration. The yield strains, γys, extracted from the peak positions

of the plots of G′′, are also observed to decrease with the added CaCl2 con-

centration C. This data is plotted in the inset of Fig. 5.11.

The simultaneous lowering of σcritical and γ◦ for highly elastic pectin gels

gives important information about the nature of the links that form between the

pectin flocs. To explain the simultaneous power-law decrease of the limit of

linearity and the power law increase in G′0 of elastic pectin gels with increas-

ing salt concentration, a scaling approach proposed by Shih et al. for fractal

colloidal gel in the strong link regime [25] is followed here. It must be noted

here that fractal concepts have previously been employed to analyze rheo-

logical data for biopolymer pectin gels [36], protein gel networks [31, 37] and

colloidal gels [25, 38]. In lysozome protein gels, for example, the inverse strain-

dependence of the upper limit of the linear viscoelastic region is attributed to

the strong link behavior of protein gels [39]. In all these previous studies, gela-

tion was induced by changing the volume fractions of the gel-forming macro-

molecules. In this work, in contrast, gelation is triggered not by an increase

in the volume fraction of pectin, but by an increased availability of Ca2+ ions

which enhances the formation of crosslinking bridges between pectin chains.

It is observed in Fig. 5.4 that the mean relaxation time < τR > increases

with increase in CaCl2 concentration. This arises due to an increase in floc

sizes before gelation. The increase in floc sizes with increasing salt concen-

tration is also verified from cryo-SEM images (Fig. 5.5). For a reaction-limited

fractal structure, simulation studies show that the radius of a cluster or floc,

ξ, increases with cluster mass S according to a power law [40]. As the num-

ber of pectin chains increases inside a floc due to the increased formation of

ion-induced crosslinks, it is reasonable to assume that the cluster mass S in-

creases with salt concentration C. The floc size ξ can therefore be expected to
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show the following power-law relation with CaCl2 concentration

ξ ∼ CM (5.5)

where C is the concentration of CaCl2 and M is a power law exponent. As floc

sizes grow due to an increase in CaCl2 concentration, the flocs start to behave

like weak springs [41], with the links within a floc becoming weaker due to a

growth in floc sizes. For the pectin gels studied here, the links between the

flocs (inter-floc links) can be characterized by higher elastic constants com-

pared to the links within the individual flocs (intra-floc links). In this regime,

when the applied stress is above a critical value, the links within the individual

flocs can be assumed to break more easily than those between flocs. This is

called the ‘strong-link’ regime [25]. If Kξ is the individual elastic constant of a

floc of size ξ, then the macroscopic elastic constant G′0 for a system of size L

can be written as G′0 ∼ [L
ξ
]d−2Kξ, where d is the dimension of the system [25].

For a 3-dimensional system, G′0 can be written as:

G′0 ∼ (Kξ/ξ) (5.6)

The macroscopic elastic constant G′0 therefore increases with the increase in

individual floc elasticities but decreases with the increase in floc sizes. For a

macroscopic deformation ∆L, the deformation of an individual floc is (∆L)ξ =

(∆L
L )ξ. The force on a floc is therefore Fξ = Kξ(∆L)ξ = Kξ(∆L

L )ξ. In the ‘strong-

link’ regime, the intra-floc links will break when the force on a floc is above a

critical constant value. The limit of linearity γ0 in this regime can be written as

[25]

γ0 = ∆L
L
∼ (Kξξ)−1 (5.7)

From Fig. 5.12, it is observed that G′0 ∼ CK and γ0 ∼ C-L. These power law
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relations are used along with Eqns. 5.6 and 5.7 to conclude that the individual

floc elasticity Kξ also follows a power law with CaCl2 concentration:

Kξ ∼ CN (5.8)

Here, K+L
2 = N. Increase in the individual floc elasticity Kξ with C is clearly due

to an increase in cross-linking density within a floc. As ξ ∼ CM and Kξ ∼ CN,

Eqns. 5.6 and 5.7 can be written as G′0 ∼ CN−M and γ0 ∼ C−(N+M). From the

experimental data of Fig. 5.12 for 2.5 g/L pectin solutions with added salt,

N-M = 1.78 and N+M = 2.90, which implies M = 0.56 and N = 2.34. This in-

dicates that in a probable scenario wherein both ξ and Kξ exhibit power-law

variations with CaCl2 concentration, ξ ∼ C0.56 and Kξ ∼ C2.34 for Ca2+ induced

2.5 g/L pectin gel. The floc size ξ is therefore weakly dependent on C. The

individual floc elasticity Kξ, in contrast, shows a much stronger dependence

on C. These results are in agreement with the cryo-SEM images of 5.5(c) and

5.5(d), where the individual floc sizes do not appear to change significantly with

C when C > Ccr, while the density of crosslinks clearly increases. A stronger

dependence of the elastic modulus on individual floc elasticity, rather than the

floc size, was also observed in the reaction limited aggregation regime of glob-

ular protein gels [31].

Finally, all the experiments reported earlier are repeated for aqueous

pectin solutions of a higher concentration (5 g/L) to investigate the depen-

dence of the power law exponents on pectin concentration. In Fig. 5.13,

the elastic modulus G′ is plotted vs. γ for 5 g/L pectin solutions containing dif-

ferent amounts of CaCl2. This plot is used to extract the macroscopic elastic

constant G′0 and the limit of linearity γ0 for 5 g/L pectin solutions containing

different amounts of CaCl2. When the extracted values of G′0 and γ0 are plot-

ted, power-law behaviors of both the macroscopic elastic constant G′0 and the

limit of linearity γ0 are observed with increasing salt concentration. This data
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is shown in Fig. 5.14. For 5 g/L pectin gels, ξ and Kξ are described by the

following relations: ξ ∼ C0.71 and Kξ ∼ C2.52. Interestingly, even for this higher

pectin concentration, it is observed that while ξ is only weakly dependent on C,

Kξ shows a much stronger dependence, corroborating our earlier observation

that individual floc elasticities have a strong dependence on salt concentration.

For the 2.5 g/L pectin sample with 5 mM salt (squares in Fig. 5.10(b)), G′◦ ≈

7 Pa. Increasing both pectin and salt concentration by a factor of 2 (data for

the 5 g/L pectin sample containing 10 mM salt, plotted in Fig. 5.13, is denoted

by triangles) increases the value of G′◦ to approximately 60 Pa. As the depen-

dences of ξ and Kξ on C do not change significantly with pectin concentration,

the large increase in G′◦ can be explained by considering a simultaneous in-

crease in the number of pectin flocs and in the density of inter-floc links when

the pectin concentration is increased.

5.4 Conclusions

Pectin is an important ingredient of plant cell walls, where ion-mediated pectin

gels are known to contribute to the cell wall rigidity. Pectin is also often used

in gel form in the areas of food science and pharmaceuticals. These factors

make a study of the mechanical properties of pectin gels extremely important.

In this work, the gelation of pectin with increasing CaCl2 concentrations and the

rupture of the gel networks due to the imposition of shear stresses are studied

systematically. Dynamic light scattering experiments are performed to study

the formation of ion-induced pectin gel networks at different CaCl2 concentra-

tions. It is seen that the relaxation dynamics of the system shows a gradual

slowdown with increase in CaCl2 concentration due to the formation of larger

pectin flocs. This increase is accompanied by an increase in complex viscosity,

with the samples eventually entering a non-ergodic state that is characterized
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by incomplete decays of the measured autocorrelation functions. The polydis-

persity of the flocs and the system inhomogeneity are seen to increase with

CaCl2 concentration before the onset of gelation. Cryo-SEM images are used

to verify these results qualitatively, while SLS studies confirm that the forma-

tion of pectin gels is governed by a 3-D reaction-limited aggregation process.

Next, systematic rheological studies are performed to understand the rupture

of pectin gels. It is seen that when a constant stress is applied to pectin gels,

the gel structures weaken due to the development of permanent strains and

eventually break when the applied stress is above a critical value that de-

creases with salt (CaCl2) concentration. Furthermore, the rheological studies

reveal that increasing CaCl2 concentration increases the elasticity of the gel,

but decreases the limit of linearity of the strain response of the samples. This

feature, together with the observation that the elastic moduli of the gels show a

power-law increase with salt concentration, is used to establish that pectin gels

can be categorized to lie in a ‘strong link’ regime in which inter-floc links are

much stronger than intra-floc links. The existence of the strong link regime in

pectin gels supports our observations that smaller critical stresses are required

to break gel networks formed with larger CaCl2 concentrations. In contrast to

earlier reports where gelation was induced by increasing the volume fraction

of the gel-forming molecule, our work investigates the process of ion-mediated

gelation keeping the pectin concentration fixed.
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6
Chaotic Rheological Response in

the Shear Banding Region of

Cornstarch Suspensions

6.1 Introduction

The mesoscopic structures of different soft matter systems can be affected by

shear flow. Above a critical applied shear rate or shear stress, shear flow may

become unstable due to the nonmonotonic dependence of shear stress σ on

shear rate γ̇. Due to the coupling between structure and flow, many complex

fluids may separate into bands of widely different viscosities under these rheo-

logical conditions. This phenomenon, where macroscopic bands with different

shear rates or shear stresses coexist in the sample, is known as shear banding

[1–3]. The shear banding effect is observed in wormlike micellar systems [4–6],

lamellar systems [7], polymer solutions [8], liquid crystal systems [9, 10] and
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many other soft matter systems. Along with rheological measurements, the

existence of inhomogeneous structures in shear-banded flows is investigated

using birefringence studies [5, 11–13], turbidity and light scattering measure-

ments [14, 15], small angle x-ray scattering (SAXS) measurements [9, 16],

small angle neutron scattering (SANS) measurements [6, 11, 17], nuclear mag-

netic resonance (NMR) measurements [18], heterodyne dynamic light scatter-

ing measurements (DLS) [19, 20] and particle imaging velocimetry [21].

The presence of shear banding is usually associated with complex rhe-

ological features. One such feature is the occurrence of chaotic rheological

responses in the shear banding regime, which is known as “rheochaos” [22–

26]. The phenomenon of rheochaos is generally attributed to the presence of

spatial and temporal inhomogeneities in the shear banding system. Fielding et

al. describe a theoretical model for systems showing shear bands. Their model

shows that a coupling between flow and microstructure in the shear banding

region can result in possible chaotic dynamics [27]. Complex dynamics char-

acterizing rheochaos in the shear banding region are observed in wormlike

micellar solutions [22–24], lamellar phases in surfactant solutions [19], poly-

mer solutions [8] etc.

Recently non-Newtonian flow behaviors of concentrated cornstarch sus-

pensions, which show both shear thinning and shear thickening, have attracted

huge interest. Fall et al. have performed rheological measurements along

with MRI imaging of cornstarch suspensions to understand the mechanism of

shear thickening in the system [28, 29]. They identify the shear thickening phe-

nomenon as a re-entrant jamming transition. They describe the mechanism

of shear thickening as a dilation effect in a confined geometry. It is believed

that dilation in a confined volume results in the formation of shear induced

hydroclusters, which cannot flow due to space constraints. The resultant jam-

ming transition therefore gives rise to the observed shear thickening behavior.

The theoretical work of Cates et al. [30] on dilatancy and jamming discusses
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the discontinuous shear thickening phenomenon in colloidal suspension by in-

voking two parameters: ‘glassiness’ and ‘jammability’. According to these au-

thors, such samples ultimately show yielding behavior at sufficiently high shear

stresses. One can expect that the shear thickening behavior of cornstarch sus-

pensions, described by Fall et al., should be followed by a yielding response.

In this work, we study the rheological responses of cornstarch suspensions

at high shear rates in a regime that follows the previously observed shear thick-

ening region. Using rheo-optical techniques, we observe that the suspension,

which initially shows a regime that can be identified as shear banding, ulti-

mately shows an yielding behavior. The extent of the shear banding regime of

cornstarch suspensions is found to depend on cornstarch concentrations and

sample volumes. The shear banding region is accompanied by the presence of

fluctuations in the stress response to applied shear rates, which can be related

to rheochaos.

6.2 Sample Preparation

To prepare a cornstarch suspension, an appropriate amount of cesium chlo-

ride (CsCl) is added to double distilled Millipore water to prepare a 55 wt%

CsCl solution. CsCl has a molecular weight of 111 g/mol. The density of

the prepared CsCl solution matches with that of cornstarch, which makes the

cornstarch suspensions stable. Appropriate amounts of cornstarch are added

slowly to the CsCl solution and the samples are ultrasonicated at room tem-

perature. Both CsCl and cornstarch powder are purchased from Sigma Aldrich

and used as received. For all the experiments, the temperature is kept constant

at 25◦C.
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FIGURE 6.1: Plot of viscosity (◦) and shear stress (solid line) vs. shear rate for a
40% w/w cornstarch suspension in a parallel plate geometry with 1 mm plate gap at T
= 25◦C. The plot shows three different shear regions: (a) region I (shear thinning), (b)
region II (shear thickening) and (c) region III (shear banding followed by yielding).

6.3 Results and Discussions

Fig. 6.1 shows the typical flow behavior of a highly concentrated cornstarch

suspension. Cornstarch suspensions show three different regions of contrast-

ing flow behaviors depending upon the magnitude of the applied shear rate.

At low shear rates, cornstarch suspensions show a shear thinning region (re-

gion I), where the viscosity decreases with applied shear rate. This region is

followed by one in which the viscosity increases abruptly (region II). It must

be noted that discontinuous shear thickening transitions (such as in region II)

have been observed in previous studies [28, 29]. A confined system under

shear, which has a tendency to dilate, may undergo a jamming transition in a

process that may be identified as shear thickening. If the applied shear rate is

further increased (above 35 s−1) (region III), an unstable region in the viscosity

plot and a nearly plateau region in shear stress plot are observed, which is

ultimately followed by an yielding region, characterized by a sudden decrease
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in viscosity.

To confirm the nature of the plateau region in the flow curve, small an-

gle light scattering (SALS) measurements are performed simultaneously with

rheological measurements. We acquire 300 images for each shear rate and

calculate the intensity variance ∆I using the following formula:

∆I = (1− (< I(n) > /I(n)))2 (6.1)

where I(n) is the intensity of nth image and < I(n) > is the average intensity

over all 300 images at a fixed shear rate. The plot of intensity variance (circles)

in different rheological regimes of the flow curve is shown in Fig 6.2. Intensity

variance (circles) is found to increase by more than a decade in the plateau

region of the flow curve of region III, when compared to that in the shear thin-

ning and thickening regions (regions I and II). Previous MRI measurements
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FIGURE 6.2: Plot of shear stress (solid line) and intensity variance (◦) vs. shear
rate for a 40% w/w cornstarch suspension in a parallel plate geometry with 1 mm plate
gap.
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show that the sample is homogeneous in the shear thinning and shear thick-

ening regions [28]. In agreement with the previous studies, we see here that

the intensity does not vary appreciably in these two regions during flow. This

results in the very low observed values of intensity variances in Fig. 6.2 in

the shear thinning and thickening regions. In region III, due to the coexistence

of bands of different viscosities, the samples are heterogeneous. Therefore,

images from different viscosity regions are captured during flow in the SALS

measurements. The high viscosity regime results in dark images, while the low

viscosity region results in bright images. The intensities of the images therefore

fluctuate largely due to the existence of bands, resulting in the higher values of

intensity variance observed here. The high intensity variations reported in Fig.

6.2 therefore confirms the presence of inhomogeneous banded structures in

the sample. The plateau region of region III can therefore be identified as a

shear banding region. This region is followed by the yielding region, where

the intensity variance decreases significantly as the system settles down to a

relatively uniform state at very high shear rates. We note here that the plateau

region in the flow curve has previously been associated with the shear banding

region [5, 17, 31].

Due to dilation in the shear thickening region, cornstarch particles aggre-

gate to form hydroclusters [29]. The sizes of the hydroclusters increase with

shear and can span the sample. The close contacts between the clusters

can result in a jamming transition and the observed shear thickening behav-

ior [29, 32]. With increasing shear rate, these hydroclusters fracture to form

granules with typical sizes in the range of ten to hundreds of microns. The

presence of granules makes the sample inhomogeneous, resulting in distinct

mesoscopic bands of different viscosities in the shear banding regime. Even-

tually, higher shear stresses transform the granules to flowable droplets [30]

resulting in the yielding transition.

The contrasting rheological regimes described above are highly dependent
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FIGURE 6.3: 3D phase diagram of cornstarch suspensions in shear rate - corn-
starch concentration - gap size planes consisting shear thinning (I), shear thickening
(II) and shear banding followed by yielding (III) regions. The samples are sheared in
parallel plate geometry.

on the concentration of the cornstarch suspensions and the sample volumes.

From the shear rate vs. viscosity plots for cornstarch suspensions of different

concentrations and for different gap sizes in parallel plate geometry, the critical

shear rates above which shear thickening and shear banding occur are calcu-

lated for all samples. These critical shear rate values are used to construct

a 3D phase diagram in the shear rate - cornstarch concentration - gap size

planes. This phase diagram is shown in Fig. 6.3, where extents of different

shear regimes (shear thinning (region I), shear thickening (region II) and shear

banding followed by yielding (region III)) are indicated. Shear thickening and

shear banding are observed at lower shear rates for higher concentrations.

When the plate gap is decreased, the shear thickening phenomenon becomes

more abrupt at lower shear rates, thereby extending the regime of shear band-

ing. The decrease of critical shear rate for shear thickening with decrease in

plate gap has been observed before [28, 29]. When cornstarch concentration
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FIGURE 6.4: Plot of stress fluctuation data for a 40% w/w cornstarch suspension
sheared in a parallel plate geometry with 1 mm plate gap at different shear rates: (a)
10 s−1, (b) 35 s−1 and (b) 50 s−1. The data becomes increasingly time dependent
with increase in shear rate.
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is decreased and the gap size is increased, the critical shear rate for shear

banding regime increases to higher shear rates, sometimes beyond our exper-

imental limit. Higher concentrations of cornstarch suspensions and increased

confinement of the sample causes the hydroclusters to fracture into granules

and flowable droplets at lower shear rates. This results in extended regions of

shear banding and yielding in the phase diagram under these conditions.

To understand the nature of the shear banding regime, stress relaxation

measurements are performed by imposing step shear rates of different magni-

tudes to the samples. The data is shown in Fig. 6.4. For low shear rates, γ̇ =

10 s−1, corresponding to the onset of the shear thickening regime (region II) in

Fig. 6.1, the stress relaxes monotonically to a steady state value. For higher

shear rates γ̇ = 35 s−1 and 50 s−1 lying in the shear banding regime (region

III), the stress does not relax to a steady state and, instead, shows huge fluc-

tuations throughout the duration of observation.

Following previous studies on a variety of other samples [22], we analyze

the stress fluctuation data for the sample lying in region III to estimate whether

the observed fluctuations are deterministic in nature or are stochastic noise.

One of the methods to establish the presence of chaos is the calculation of a

correlation dimension ν, a dynamical invariant that quantifies the fractal di-

mension of the attractor. The attractor is a low dimensional subset of the

phase space of a dynamical system to which the initial phase space converges

asymptotically with the advancement of time. The time series of the acquired

stress fluctuation data can be written as σi = σ(i∆t) with i = 1 to 8000 spaced

at a regular interval ∆t = 1 s. From the time series data, we construct an m

dimensional vector Xj = (σj,σj+L,σj+2L, .......,σj+(m-1)L) with j = 1 to N-(m-1)L,

where m is the embedding dimension and L is the delay time [33]. The vector

Xj defines a trajectory in an m dimensional phase space in such a way that the

original time series can be described by the following dynamics F: Xj → Xj+1.

The delay time L is calculated from the time at which the correlation function of
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FIGURE 6.5: A plot of the fraction of false nearest neighbors (FNN) vs. embed-
ding dimension m for the stress fluctuation data of a 40% w/w cornstarch suspension
sheared in a parallel plate geometry with 1 mm plate gap at a shear rate 50 s−1, where
the sample lies in shear banding regime (region III). The fraction of FNN falls to zero
at m= 8. In the inset, the plot of correlation function vs time is shown. The correlation
function decays to 1/e of its initial value at approximately 5 s, giving delay time L= 5 s.

the time series decays to 1/e of its initial value (inset of Fig. 6.5). According to

the algorithm of Kennel et al., the embedding dimension m can be calculated

by estimating the number of false nearest neighbors in the neighborhood of the

data point (Fig. 6.5) [34]. False nearest neighbor points are those points that

appear to be the nearest neighbors of the data point because the embedding

dimension is too small to unfold the attractor [34]. At an optimum embedding

dimension m0, the fraction of the false nearest neighbors decreases approxi-

mately to 0. From Fig. 6.5, m0 for the stress fluctuation data for a 40% w/w

cornstarch suspension sheared at a constant shear rate 50 s−1, where the

suspension lies in the shear banding regime (region III), is estimated to be 8.

Next, we calculate the correlation integral C(R) for the same data as a func-

tion of distance R in an m dimensional phase space. C(R) gives the number

of point pairs separated by a distance less than R and is calculated using the

150



6.3 RESULTS AND DISCUSSIONS

0 . 5 1 . 0 1 . 5
1
2
3
4
5
6
7
8

 

 

log
(C

(R
))

l o g ( R )
0 2 4 6 8 1 00

1
2
3
4
5
6
7

 

 

n

m

( a ) ( b )

FIGURE 6.6: (a) The plots of log(C(R)) vs. log(R) are shown for the stress fluctuation
data of a 40% w/w cornstarch suspension lying in shear banding regime (region III),
sheared in a parallel plate geometry with a 1 mm plate gap, at shear rate 50 s−1

for different embedding dimensions: m=2 (red squares), m=4 (blue circles), m=6 (pink
uptriangles)and m=8 (green downtriangles). The black solid lines show the linear fits to
the data. From the slopes of the linear fits, the correlation dimensions ν are calculated
for different embedding dimensions and plotted in (b). The value of ν is found to
increase with increasing m and eventually saturates at m0. The saturation value of ν

is the correlation dimension ν0.

following formula:

C(R) = 1
N2

N∑
j,i+1

H(R− |Xj − Xi|)

where H is the Heaviside function and |Xj − Xi| is the distance between the

ith and jth points in the m dimensional phase space. For low values of R, the

correlation integral C(R) ∼ Rν [33]. We have plotted log(C(R)) vs. log(R) in Fig.

6.6(a) for different embedding dimensions. From the slopes of these plots at

low R, the correlation dimensions ν are calculated and plotted for different em-

bedding dimensions in Fig. 6.6(b). For a large enough embedding dimension

m (=m0), ν saturates to ν0 and is independent of m. ν0 is the fractal dimension

of the attractor. Fig. 6.6 (b) shows the plot of ν vs. embedding dimension m

for the stress fluctuation data at shear rate 50 s−1. It is seen that ν increases

to a saturation value of approximately 6.3 for the embedding dimensions m ≥

8. Therefore, for a shear rate 50 s−1, ν0 = 6.3 and m0 = 8. If a time series

is generated due to deterministic chaos rather than random noise, it follows

the relation ν0 ≤ m0 [33]. For the shear rate 50 s−1, the stress fluctuation
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FIGURE 6.7: The plot of correlation dimension ν0 vs. imposed shear rates for the

stress fluctuation data of 40% w/w cornstarch suspensions lying in shear banding
regime (region III), sheared in a parallel plate geometry with 1 mm plate gap at T=
25◦C.

data fulfills this criterion and the observed dynamics therefore arises due to

deterministic chaos. We acquire more stress fluctuation data in region III and

repeat the above analysis for all the data sets. We observe chaotic behavior in

the stress response at all shear rates lying in the shear banding regime. If ν0 is

plotted vs. applied shear rate for the shear banding regime (region III) of 40%

w/w cornstarch suspensions, we observe a monotonic increase in ν0. The data

is plotted in Fig. 6.7. The criterion ν0 ≤ m0 has been verified in all cases.

One of the most important features of deterministic chaotic data is the

existence of a positive Lyapunov exponent. Positive values of Lyapunov ex-

ponents suggest that the Euclidean distance between two neighboring data

points diverges exponentially with time. In this work, the Lyapunov exponent is

calculated using the TISEAN (TIme SEries ANalysis) software package [35].

This software package uses the method proposed by Rosenstein et al. to

calculate the maximum Lyapunov exponent [36]. In this calculation, the Eu-

clidean distance dij(K) between two vectors in an m dimensional space for K

iterations is calculated using the formula dij(K) =
∣∣∣∣→Xi −

→
Xj

∣∣∣∣ [37]. In Fig. 6.8,
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FIGURE 6.8: The plot of Λ (K) vs. iteration K for the stress fluctuation data acquired
from 40% w/w cornstarch suspensions lying in the shear banding regime (region III),
sheared in parallel plate geometry with 1 mm plate gap at different applied shear rates:
35 s−1 (◦), 40 s−1 (�) and 50 s−1 (4). Linear fits with slopes s to the plots are shown
by solid lines.
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FIGURE 6.9: The plot of Lyapunov exponent λ vs. imposed shear rate for the
stress fluctuation data acquired from 40% w/w cornstarch suspensions lying in the
shear banding regime (region III), sheared in parallel plate geometry with 1 mm plate
gap.
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Λ =< ln(dij(K))/dij(0) > is plotted for stress fluctuation data acquired from 40%

w/w cornstarch suspensions sheared at three different shear rates as a func-

tion of K. Linear fits to the data are performed (solid lines in Fig. 6.8), and the

Lyapunov exponents λ are derived from the slopes s of these linear fits using

the relation λ = s/∆t ln 2. We observe positive Lyapunov exponents for all

the shear rates lying within the range 35 s−1 - 60 s−1 for 40% w/w cornstarch

suspensions. This confirms that the stress fluctuation data, when the suspen-

sions are in the shear banding regime, indeed show deterministic chaos. The

Lyapunov exponent values are plotted vs. applied shear rates in Fig. 6.9 for

40% w/w cornstarch suspensions. Similar to the behavior of the correlation di-

mension ν0, the Lyapunov exponent is seen to increase with increase in shear

rates. This suggests an enhancement in the chaotic response at higher shear

rates.

Similar analyses are repeated on the stress fluctuation data acquired from
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FIGURE 6.10: Plot of viscosity (◦) and shear stress (solid line) vs. shear rate for a
39% w/w cornstarch suspension in a parallel plate geometry with 1 mm plate gap at T
= 25◦C. The plot shows three different shear regions: (a) region I (shear thinning), (b)
region II (shear thickening) and (c) region III (shear banding followed by yielding).

shear banding regimes of cornstarch suspensions of different concentrations,
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FIGURE 6.11: The plot of (a) correlation dimension ν0 and (b) Lyapunov exponent
λ vs. imposed shear rate for the stress fluctuation data acquired from 39% w/w corn-
starch suspensions lying in shear banding regime (region III), sheared in parallel plate
geometry with 1 mm plate gap.

sheared at different gaps of parallel plate geometry. Fig 6.10 shows the plots

of shear stress and viscosity vs. shear rate for a 39% w/w cornstarch suspen-

sion in a parallel plate geometry with 1 mm plate gap. This plot shows a shear

banding regime (region III) at imposed shear rate γ̇ ≥ 40 s−1. Stress relaxation

data acquired after imposing shear rates lying in region III of this sample are

found to be highly time dependent. This is reminiscent of the observed rheo-

logical chaos discussed earlier. Using the previously discussed methods, the

values of the correlation dimensions ν0 and the Lyapunov exponents λ are ex-

tracted for the stress fluctuation data acquired from the shear banding region

of the 39% w/w sample. Fig 6.11 shows the plots of correlation dimensions

ν0 and Lyapunov exponents λ, extracted from the stress fluctuation data for

39% w/w cornstarch suspensions, with the variation of applied shear rate in

the shear banding regime. These plots show that both correlation dimension

ν0 and Lyapunov exponent λ increase with increasing shear rate, which is iden-

tical to the 40% w/w cornstarch data.
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6.4 Conclusion

We use simultaneous rheological and SALS measurements to investigate

the shear banding regime of cornstarch suspensions. These measurements

confirm the existence of band structures in the shear banding regime. This

regime is associated with a stress plateau in flow curve [5, 17, 31]. A phase

diagram in shear rate - cornstarch concentration - gap size planes shows that

both increasing cornstarch concentration and decreasing sample volume favor

the occurrence of shear banding regime at lower shear rates. Rheological ex-

periments show huge stress fluctuations at imposed shear rates for the sample

lying the shear banding regime. Non linear time series analysis on the stress

fluctuation data indicates the presence of rheological chaos, which is a com-

mon feature of the dynamics of shear banding.

As already suggested by Fall et al. [28, 29], shear thickening of the corn-

starch suspensions studied here is triggered by a jamming of cornstarch par-

ticles to form large, immobile aggregates. Increasing the shear rates further

leads to the break up of these aggregates, with ‘aggregate-rich’ areas coexist-

ing with ‘aggregate-poor’ areas. This picture is consistent with the formation

of shear bands [3, 27]. Stick-slip between these bands can give rise to the

chaotic rheological responses observed here. As the shear rate is increased

even further, the aggregates begin to flow. The homogeneity of the medium is

thereby restored. This regime comprising flowable aggregates [30] is identified

as yielding regime.
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7
Summary and Future Directions

The purpose of this chapter is to summarize the main results reported in this

thesis and to briefly discuss the scope for future work. This thesis focuses

on the jamming transition of micellar solutions and the applications of these

micelles in dilute solutions as candidates for drug delivery. The formation and

rupture of biopolymer gel networks and the non-linear rheology of concentrated

cornstarch suspensions are also investigated. For these studies, rheological

techniques are applied to investigate the macroscopic behaviors of the sys-

tems, while the microscopic dynamics are predominantly investigated by dy-

namic light scattering measurements.

In Chapter 1, we review the theoretical background required for an under-

standing of the work described in this thesis. This includes a discussion of in-

termolecular interactions in soft matter systems and the various physical prop-

erties of our systems of interest, viz. micelle forming triblock copolymer sys-

tems, biopolymer gels and colloidal suspensions. This discussion is followed

by an introduction of the techniques of rheometry, dynamic light scattering and

nonlinear time-series analysis that have been employed in this thesis work.
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The detailed descriptions of the experimental methods used in this the-

sis are presented in Chapter 2. This chapter describes the rheological and

dynamic light scattering techniques used in our studies. Other experimen-

tal techniques such as cryogenic scanning electron microscopy (Cryo-SEM)

imaging, fluorescence spectroscopy and small angle X-ray scattering (SAXS),

which has been used to investigate the different systems probed here, are also

described here. The chapter ends with a description of some standard tech-

niques of nonlinear dynamics that have been used to analyze rheological data

presented in Chapter 6.

In Chapter 3, we report the jamming behavior of Pluronic F127 micelles

and the jamming-unjamming transition of these micellar systems in the pres-

ence of the anionic surfactant SDS. Pluronic F127 is a triblock PEO-PPO-PEO

copolymer which exhibits amphiphilic nature at high temperatures. Above a

critical concentration and temperature, Pluronic molecules self-aggregate to

form spherical micelles in aqueous solution with a hydrophobic PPO core, sur-

rounded by a hydrophilic PEO corona. This micellization process is very sensi-

tive to the presence of additives and temperature. At high concentrations, F127

micelles close pack to form a jammed solution that shows soft glassy rheology.

The addition of an anionic surfactant to this solution results in a decrease in the

elasticity and viscosity of the solution by several decades. This is due to the

formation of anisotropic and size polydisperse mixed micelles that change the

packing behavior and results in the unjamming of the micellar aggregates. For-

mation of Pluronic-SDS mixed micelles is expected to be affected by pH and

the salt content of the solution. A detailed study of the effects of pH and salt

concentration on the jamming-unjamming transition of Pluronic micellar solu-

tions in the presence of the anionic surfactant SDS needs to be performed to

obtain a better understanding of the packing of the micellar aggregates under

different conditions.
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Pluronic micelles have emerged as a potential agent for targeted drug deliv-

ery. Chapter 4 discusses the encapsulation of different drug molecules (Ibupro-

fen, Aspirin, Erythromycin) in Pluronic micelles and the dependence of the en-

capsulation process on temperature, pH and drug hydrophobicity. Our studies

show that the micellization temperature decreases with the addition of drug

molecules above a critical concentration Ct. This Ct value also decreases with

the increase in drug hydrophobicity. The mean hydrodynamic radii and poly-

dispersities of the micelles are found to increase with decrease in temperature

and in the presence of the drug molecules. The hydration of the micellar core at

lower temperatures is verified using fluorescence measurements. Experiments

performed after increasing solution pH indicate the ionization of the drugs in-

corporated in the micellar cores. This causes rupture of the micelles and the

release of the drugs into the solution. The effects of drug encapsulation on

Pluronic micelles and the critical concentration Ct for different drug molecules

should also depend upon the PPO/PEO ratios of Pluronic molecules. Similar

experiments on drug encapsulation by micelles formed by Pluronic molecules

of different PPO/PEO ratios need to be performed. Small angle neutron scat-

tering (SANS) experiments on drug encapsulated Pluronic micellar systems

will provide quantitative information about the encapsulated drug molecules in

these micelles. This will provide further insight into the correlation between the

quantum of encapsulated drugs in the micelles and the change in CMT of the

micellar solutions under different conditions.

In Chapter 5, the formation and rupture of Ca2+ induced pectin biopolymer

gels have been studied. It is seen that the relaxation dynamics of the system

shows a gradual slowdown with increase in CaCl2 concentration due to the

formation of large pectin flocs. The polydispersity of the flocs and the system

inhomogeneity are seen to increase with CaCl2 concentration before the on-

set of gelation. A further increase in the concentration of CaCl2 initiates the

formation of links between the pectin flocs, which results in a percolating gel
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network at CaCl2 concentrations greater than Ccr. Rheological studies of gel

breakage show that the critical stress required to break the gel network de-

creases with increase in CaCl2 concentration. Further rheological experiments

reveal that increasing CaCl2 concentration increases the elasticity of the gel,

but decreases the limit of linearity of the strain response of the samples. Using

a scaling analysis, it is shown that ion-mediated pectin gels can be categorized

to lie in the ‘strong link’ regime, where interfloc links are stronger than intrafloc

links. To complement this work, the study of the dynamics of pectin gels after

gelation need to be performed. For this investigation, DLS experiments per-

formed over much longer delay times, along with diffusive wave spectroscopy

(DWS) measurements, may be employed. Such DLS and DWS experiments

on pectin gels may also be performed while simultaneously shearing the pectin

gel in a shear cell. Such studies will help to address the issue of the correla-

tion between the mechanical properties and microscopic dynamics of bipoly-

mer pectin gel solutions.

Cornstarch suspensions are known for their complex mechanical response.

Chapter 6 presents rheological measurements on concentrated cornstarch

suspensions. The flow curve measurements on cornstarch suspensions show

a shear thinning region, followed by a shear thickening and a shear banding

region with increasing shear rate. The extents of the different regions of corn-

starch suspensions depend upon the concentration and sample volume. Small

angle light scattering experiments, which are simultaneously performed with

rheology, show huge intensity fluctuations in the shear banding region. Non

linear time series analysis of the stress fluctuation data acquired from sheared

cornstarch samples lying in the shear banding region indicates the presence

of rheological chaos. The route to rheochaos in the shear banding region of

cornstarch suspensions remains to be explored. For this investigation, SALS

and stress fluctuation data have to be acquired and analyzed. The power spec-

tra of fluctuations near the critical shear rate where the thickening to banding
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transition occurs have to be investigated.
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