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Abstract

Liquid formulations like liquid detergents and fabric softeners are of
significant interest in the consumer product industry. These products are
characterized by the complexity of their composition, which derives from
the presence of several additives to enhance user experience. However, this
complexity also makes the formulations prone to instabilities that impact
both their appearance and performance. Gaining insights into their mi-
croscopic dynamics and flow behavior is therefore crucial, as is developing
frameworks to model their response to various flows and stresses. Such
models are essential for designing formulations with longer shelf-life and
enhanced mechanical properties.

The thesis aims to develop a simulation framework that accurately
characterizes the rheological behavior of liquid fabric enhancers and link
these properties to their microscopic dynamics. To achieve this, we will
combine Brownian Dynamics simulations with experimental techniques,
such as Differential Dynamic Microscopy and rheometry, to validate our
model predictions. This validation will be carried out through various
rheological tests, including steady and oscillatory shear flows, as well as
shear stress applications. The study will focus on both the basis of fab-
ric enhancers, particularly charged vesicle suspensions, and their mixtures
with a non-adsorbing polymer that form the structural network in fabric

softeners.

Keywords: Liquid Fabric Enhancer, Brownian Dynamics simulations,

rheology, microscopic dynamics
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Introduction

Liquid fabric enhancers are complex mixtures of charged particles and
polymers designed to soften fabrics and add fragrance during the washing
process. Due to the large number of additives and their intricate compo-
sition, these products pose significant challenges for manufacturers, both
in creating formulations, and maintaining their stability throughout their
shelf life. As a result, developing simulation frameworks that can accu-
rately model the rheological behavior and yielding properties of fabric en-
hancers, as well as link these behaviors to their microscopic dynamics, is
crucial. This dissertation focuses on addressing this challenge, and it is
organized as follows:

In chapter 1, we begin by introducing the yield stress materials and
their various applications. We discuss the components of Liquid Fabric
Enhancers and the potential instabilities they may face. Additionally, we
provide a general overview of colloidal interactions, the phase diagram of
colloids, gel microstructure, and their linear mechanical properties. Lastly,
we explore the flow behavior and the yielding properties of colloidal deple-
tion gels.

In chapter 2, we describe the materials used in this study, the sample
preparation process, and the methods employed. The experimental meth-
ods include rheometry and Differential Dynamic Microscopy (DDM), while
the computational approach is limited to Brownian Dynamics (BD) simu-
lations. The chapter concludes with potential methods for the analysis of
the structure.

In chapter 3, we investigate the microscopic dynamics of charged vesicle
suspensions. First, we use simulations to study the impact of parameters



such as volume fraction and ionic concentration on the system’s dynam-
ics. Then, we conduct experimental studies using DDM to measure these
systems. The DDM analysis yields decorrelation functions across a wide
range of wavevectors in concentrated and dilute regimes, providing insights
into the different processes involved in the thermal dynamics of vesicles.

In chapter 4, we use BD simulations to track the quiescent evolution of
a gel made of charged particles over time. By analyzing various structural
and dynamic quantities, we gain information about the gel’s morphology,
revealing a continuous coarsening process as the system explores lower en-
ergy states.

In chapter 5, we present a simulation framework developed to model
the rheological behavior of fabric softeners. The model is validated against
rheometry data through various tests, including steady and oscillatory
shear flows, as well as creep tests. In addition to this validation, we exam-
ine how shear rates and stresses affect the gel’s morphology, based on the
microstructure under different flow conditions.

This dissertation concludes with chapter 6, where we summarize the
results of this work.




Chapter

Background and related work

The chapter begins by providing information on yield-stress materi-
als, offering insights into their history and diverse applications. Conse-
quently, the industrial system under investigation—a Liquid Fabric En-
hancer (LFE)—is introduced, along with a description of the potential
instability scenarios it may encounter. The chapter then explores the pos-
sible colloidal interactions, phase diagrams, and linear mechanical proper-
ties, while also examining the relationship between macroscopic properties
and microstructural details. Finally, the yielding and flow behavior of
attractive suspensions, which are comparable to LFE formulations, are
discussed.

1.1 Yield-stress materials

Yield stress materials are a unique class of materials that exhibit both
solid-like and fluid-like behavior depending on the applied stress. These
materials remain solid under stresses below a certain threshold, called the
yield stress, but flow like a fluid when the applied stress exceeds this critical
value. Such behavior is observed in a wide variety of complex fluids, in-
cluding suspensions, emulsions, foams, and biological tissues, making them
essential in both fundamental research and industrial applications. Their
distinct rheological characteristics have attracted significant attention in
fields such as food processing, cosmetics, pharmaceuticals, construction
materials, and even geological phenomena, like landslides and lava flows
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[5, 24].

The concept of yield stress was first formalized by Bingham [30], who
introduced a simple model known as Bingham plastic to describe mate-
rials with a linear relationship between stress and strain rate above the
yield point. Since then, more sophisticated models have emerged to better
capture the nonlinear and often time-dependent behavior of yield stress
materials, including Herschel-Bulkley model and viscoelastic frameworks
[40, 64]. These advancements in modeling have been critical for predicting
the performance of yield stress materials under various flow conditions,
which is crucial for optimizing their use in real-world applications.

In recent years, the study of yield stress materials has expanded to in-
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Figure 1.1. Bingham and Herschel-Bulkley constitutive equations.

clude not only traditional yield stress fluids, like pastes and gels, but also
more complex materials such as thixotropic fluids and soft glasses [45].
These materials exhibit a wide range of mechanical properties depending
on their microstructure and external conditions, including time-dependent
phenomena like aging and stress-induced shear banding [9, 32]. Under-
standing the yield stress behavior at both macroscopic and microscopic
scales has become increasingly important for designing materials with tai-
lored properties for specific applications, from 3D printing to biomedical
devices [23].

Despite the progress in this field, several challenges remain. One of the
main issues is the accurate determination of yield stress, as it is influenced
by various factors such as material composition, deformation history, and
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the testing method used. Different testing methods can give different val-
ues for the yield stress, making standardization difficult. Furthermore,
yield stress materials may exhibit unstable or non-homogeneous flow pat-
terns, such as plug flow, where the material can move as a solid block in
the center, while the liquid surrounding it moves faster, leading to ineffi-
cient and unpredictable flow behavior [24].

1.2 Liquid Fabric Enhancers (LFE) formulation

Yield-stress materials are of particular interest to home-care compa-
nies, which dedicate considerable resources into the development of for-
mulated products. In the present study, we are focusing on Liquid Fabric
Enhancers (LFEs), which are materials used to deliver active ingredients
to fabrics in a controlled and effective manner, often enhancing softness,
fragrance, or other desired properties. They are derived from the mixing of
charged colloidal particles with soluble polymers. These particles, which
are composed of surfactant bilayers are commonly known as vesicles [37].
Solutions of vesicles form the basis for numerous products in fabric care
and healthcare industries, mainly because of their encapsulating proper-
ties. They can be used as carriers for drugs or other substances, depending
on the solvent they are dispersed into [96, 17]. During the washing process,
vesicles interact with fabric surfaces, and their amphiphilic nature allows
them to adhere to dirt and fabric fibers, solubilizing hydrophobic dirt by
surrounding and encapsulating it.

Our vesicles have a wide size distribution (polydispersity), and are dis-
persed into water and salt. The amphiphilic molecules composing the vesi-
cles are made of charged headgroups, causing dissociation of the charged
species when placed into water, and, in turn, the formation of an Electrical
Double Layer (EDL) around the vesicles’ circumference |3|. This specific
type of vesicular suspension forms the foundation of LFEs, and is indus-
trially known as white base.

In a fabric enhancer, we also incorporate non-adsorbing linear polymer
chains into the charged vesicle solution. This addition induces depletion-
attractive interactions between the vesicles, leading to particle aggrega-
tion, and, ultimately resulting in the formation of a space-spanning gel
network. This network is responsible for the stability of the final product,
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Figure 1.2. Schematic representation of the added components until the
derivation of the final product.

as it holds in place and homogeneously distributes throughout the solution
many other components added into a fabric enhancer. These components
include perfume microcapsules, liquid crystals, rheology modifiers, dyes,
halide salts, as well as entrapped air bubbles. Together, they improve
the properties of the final product, such as the solubility in the washing
machine, the appearance, the aroma, the fabric texture, and overall the
consumer experience.

1.3 LFE instabilities

A fabric enhancer, however, can experience different types of instabil-
ities. The most common one is phase separation, where the liquid phase,
consisting of the solvent and the polymer, is visually distinguished from
the gel phase. This can happen when there are large density differences
between the continuous and the vesicular phases. In this scenario, gel com-
pression and collapse cause the two phases to layer on top of each other,
a phenomenon explained by the balance between gravitational and elastic
forces [61]. According to the poro-elastic model, gravity compresses the
colloidal gel, forcing the continuous phase out via filtration flow. The same
type of failure mode (poroelastic compression) can occur when the gel is
subjected to excessive weight. If the gel network’s elastic modulus is in-
sufficient to support the added components that are incorporated into an
LFE, the gel may eventually collapse in a sponge-like way.

The presence of air bubbles can also have an effect on the stability of an
LFE. Thompson et al. [91] investigated the differences in phase separation
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Figure 1.3. Vials of gels followed through time lapse photography over a
period of one month. The particle volume fractions (DPV) and the polymer
concentration (C)) are reported below each image, which are labeled according
to their instability.

between aerated and non-aerated samples in density matched suspensions.
The instability mechanism associated with air bubbles is called tunneling,
and it includes the movement of air bubbles within the gel network, when
the buoyancy force that dictates their motion, exceeds the yield stress of
the network. Vesicle-poor regions are formed at the wake of the rising
bubbles, leading to local density differences. It was found that in the pres-
ence of air bubbles, phase separation occurs rapidly, following poroelastic
consolidation and is driven by density differences between the bubbles and
the surrounding fluid. On the other hand, in the absence of air bubbles,
phase separation is a slow process due to small density differences between
the vesicles and the continuous phase. In this case, phase separation can
be described as viscoelastic, where the volume-shrinking of the transient
gel is most likely driven by the depletion attraction between the vesicles
[89, 52].

In the system without bubbles, Magnetic Resonance Imaging (MRI)
[91] showed that phase separation begins with very small vesicle-poor re-
gions forming in the sample. This type of instability represents the last one
presented here, and it is usually mentioned in the literature as cracking.
These local vesicle-poor regions within the gel network can be either verti-
cal or horizontal and they are influenced by the interplay between gravity,
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viscous drag, and attractive forces within the gel. In MRI [91], they started
appearing on the sample way before phase separation becomes visually de-
tectable, and their formation, close to the container walls, is consistent
with volume shrinking of the gel [89, 52].

Designing and manufacturing these complex materials with the appro-
priate rheological properties, such as yield stress, viscosity, or gel network
elasticity is vital for ensuring their stability throughout shelf life. There-
fore, it’s crucial to understand their microscopic dynamics and how these
are connected to the rheological behavior of LFEs, as well as develop a
framework to effectively monitor this rheological response. By achieving
these objectives, we can improve the design and production of liquid for-
mulations with extended shelf life.

1.4 Colloidal interactions

The type of interactions between colloidal particles significantly influ-
ences their structural arrangement, which in turn affects the rheological
properties of the materials composed of these particles. For instance, van
der Waals forces lead to the formation of strong, rigid bonds [68]. On the
other hand, depletion attractions create flexible bonds that continuously
break and reform due to thermal fluctuations, like in our materials. In this
section, we will explore the various types of inter-particle interactions that
can be met in fabric enhancers, such as van der Waals, electrostatic, and
depletion forces.

1.4.1 Van der Waals interactions

Van der Waals or dispersion interactions are short-range attractive
forces that arise from the polarization of atoms in one colloidal particle
by the atoms in another [64]. The magnitude of this interaction between
two particles, each with a radius R, as a function of the center-to-center
distance r, can be determined using the following equation:

Updw () = —(T,il];R) (1.1)
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where A represents the Hamaker constant, material-specific property in-
fluenced by the polarizability of both the particles and the solvent. It can
be approximated using the following formula [41, 54]:

A= B (52" (i
T4 g e/ T 16v2 (02 +n2)

: (1.2)

where the subscripts p and s refer to the particle and solvent, respectively.
Here, ¢ is the dielectric constant, n stands for the refractive index, h is
the Planck’s constant and v, is the ultraviolet absorption frequency. The
attractive potential that arises from these interactions often leads to par-
ticle aggregation, destabilizing the colloidal suspension—a phenomenon
typically considered undesirable. To prevent coagulation, particles must
be stabilized by introducing a repulsive force that serves as a barrier to
aggregation. This repulsion can be achieved through either electrostatic
stabilization, which utilizes electrical charges, or steric stabilization, which
depends on the configurational entropy of polymers.

1.4.2 Electrostatic interactions

Colloidal particles in a polar medium can acquire charge through var-
ious mechanisms, including surface acid-base reactions, adsorption of free
ions, or surfactant adsorption. In the bulk of the solution, ions are uni-
formly distributed, but counterions with charges opposite to that of the
particle accumulate near the particle’s surface. A stationary layer of these
counterions forms what is called the Stern layer. Beyond this, a diffuse
layer of counterions extends outwards, where the ion concentration grad-
ually decreases with distance from the particle’s surface. Together, these
layers make up the electrostatic double layer. When the electric double
layers of two particles come into contact, a repulsive force is generated.
The potential of this electrostatic repulsion can be calculated as follows
[82]:

Uel (T)

2,/,2
S YA 13

where €j is the permittivity of free space, €, is the relative dielectric con-
stant, 1)y is the surface potential, and k is the inverse of Debye screening
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length which is calculated as follows:

1 [|&€okpT
K =\ aNer (14)

with kp being the Boltzmann’s constant, T' the absolute temperature, e the
elementary charge, N4 the Avogadro’s number, and I the ionic strength
of the electrolyte. The Debye length provides a useful estimation for the
thickness of the diffuse layer. According to eq. 1.4, the screening length
is inversely related to the square root of the concentration of ions. As a
result, the thickness of the diffuse layer can be adjusted by varying the
ionic concentration.

1.4.3 DLVO theory and Electrostatic stabilization

A theory known as DLVO theory, developed by Derjaguin [26] and
independently by Verwey et al. [95], explains the total interaction poten-
tial between two charged particles as the sum of van der Waals attrac-
tion and electrostatic repulsion resulting from the overlap of their double
layers. Consequently, the overall DLVO potential is the combination of
equations 1.1 and 1.3 . This combined potential creates a positive energy
barrier, as shown in fig. 1.4. If the barrier height exceeds a few kT,

Primary Minimum
Double Layer

DLVO
Secondary

Minimum

=]

Distance

Potential energy

van der Waals

T T T T T ™

Figure 1.4. Potential energy as a function of distance for the DLVO potential
as a linear combination of van der Waals attraction and electrostatic repulsion.
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particles are prevented from coming close enough to feel the attractive
forces, keeping the dispersion stable. This interaction can be adjusted by
introducing salt or surfactant into the suspension, which screens the elec-
trostatic interactions. By adding sufficient electrolyte, the electrostatic
repulsive barrier diminishes, allowing van der Waals force to become dom-
inant.

1.4.4 Depletion-attraction interactions

Depletion interactions occur between colloidal particles, when a smaller
species, such as smaller hard /soft spheres or a non-adsorbing polymer, is
introduced into the suspension [2]. As illustrated in fig. 1.5(a), adding
the depletant creates an excluded volume around each particle, with a size
roughly equal to the radius of gyration (R,) of the depletant, within which
the depletant cannot penetrate. When two particles approach each other
and their excluded volumes begin to overlap, the total free volume avail-
able to the depletant increases, resulting in an increase of their entropy.
Consequently, configurations where the excluded volumes overlap are en-

(b

¢ b ¢ 8 o
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S L i t t ~
L & 2R

Figure 1.5. (a) Schematic representation of the excluded volume and osmotic
pressure applied on the colloidal particles, (b) Asakura and Oosawa potential
as a function of the interparticle distance.

tropically favored, leading to an attractive force between the particles.
This effect can also be explained by considering the osmotic pressure of
the depletant. When a single particle is surrounded solely by the polymer,
the depletant exerts isotropic pressure on the particle’s surface. However,
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when particles come close enough for their excluded volumes to overlap,
a region forms between them where the depletant cannot access, causing
a higher concentration of depletant around the particles compared to the
space between them. This difference creates an anisotropic osmotic pres-
sure, resulting in an attractive depletion force that draws the particles
together.

The attractive potential generated by depletants can be derived from
the idealized model proposed by Asakura and Oosawa [1, 2|. This model
assumes that there are no direct interactions between the particles or be-
tween the particles and the polymers. It predicts the effective attractive
potential between colloidal particles as follows:

Usser(R) +00 r<2R

de

ﬁ = kaLTvmrlap(r) 2R <1 <2R(1+ qs) (1.5)
0 r>2R(1+ qs)

where II is the osmotic pressure of the polymer solution, ¢, is the attraction
range where in the ideal theory is reduced to size ration { = Ry/R, which
is the ratio of the polymer to the colloid radius. The depletion potential
is illustrated in figure 1.5(b). The overlap volume between colloids is
determined by the geometric overlap volume of two spheres and can be
expressed as:

Voverlap (’I”) =

3r 1 r 3 &
1= roma 5 (srore ) | 5RROOF (o)

Pressure is calculated by treating the polymer as an ideal gas. In this case,
the polymer pressure depends on the concentration of the polymer in the
free volume, denoted as ¢j,"“, and is calculated using the following formula

1] 1
I 4 \7'von
— == = 1.
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free

with y = 22— = (¢,/c}) /o, where ¢, is the polymer concentration (g/ml)
30y,
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parameter is the ratio of the free volume available for the polymer to the

and ¢, = the overlap concentration of the polymer coils. The «
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total volume (Ve = aV given by Aarts et al. [1]):

a = (1— ¢)exp[—(Ad + Bd* + Cd®)] (1.8)
A =3¢, + 3¢ + 3¢ (1.9)
B = gqﬁ +2¢2 (1.10)
C =3¢ (1.11)
_ ¢
=1 (1.12)

For ideal polymers, considering the interactions between polymer coils, the
range of attraction and the derivative of polymer pressure are calculated
as follows [1]:

6 1/3

gs = (1 - ﬁf + 352) —1 (1.13)
d
81; =& (1.14)

In the semi-dilute regime, the generalized free volume theory (GFVT)
[33] provides more precise results by accounting for the compression of the
depletion zone around each particle in such solutions and incorporating
non-ideal effects into the polymer osmotic pressure. This theory calculates
the variations in the interaction range and polymer pressure as follows [33]:

0.88
go = 0.865 [ —5 (1.15)
1+ 3.95y27

o _ E3[ + 3.7Ty (1.16)

dy
with « being the de Gennes exponent, equal to 0.77.
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1.5 Phase Diagram

1.5.1 Glass transition of HS systems

A fundamental soft matter model system consists of suspensions of
hard spheres, where the particles undergo Brownian motion and interact
solely via a hard-core excluded volume interaction [78|. These particles
do not experience any attraction or long-range repulsion. As a result, the
free energy and, consequently, the phase diagram, are entirely governed by
entropy, which depends on the particle volume fraction, ¢ = (4/3)7R3p.
Here, R represents the particle radius, and p denotes the particle number
density. Based on the volume fraction, the suspension of hard-spheres can
exhibit different responses, from liquid-like behavior (¢ < 0.494) to coex-
isting fluid and crystalline phases (0.494 < ¢ < 0.545) with the crystal-
lites becoming more and more compact until they reach a maximum close
packed configuration at ¢ = 0.74. These are the so called equilibrium
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Figure 1.6. Phase diagram of HS system depicting the attractive and repul-
sive glass transitions. Adapted from Sciortino [83].

phases. However, hard sphere systems can also display non-equilibrium
behavior. When the particles volume fraction exceeds ¢ = 0.58, crys-
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tallization is halted, and the particles become confined by their neighbors,
only able to rattle within these "cages", while long-range movement beyond
cages is restricted. This metastable, kinetically arrested state is referred
to as the glass, with ¢ = 0.58 representing the glass transition volume
fraction. This state endures until ¢ reaches approximately 0.64, known as
the random close-packed volume fraction, which is the highest density that
hard spheres can achieve without forming a crystalline structure.

In the glassy state, where particles are confined by their neighbors, they
can only move within their cages, with displacements typically limited to
about 10 — 20% of their size. This maximum displacement is known as
the localization length or cage size. Now, let’s consider the influence of a
short-range attractive interaction in addition to the hard-core repulsion.
Figure 1.6 illustrates this effect, revealing new and unexpected character-
istics, as predicted by mode coupling theory (MCT) [7, 25, 31], numerical
simulations [76, 99|, and confirmed experiments [28, 72, 74]. At high parti-
cle volume fractions, two distinct glassy states are identified. At high tem-
peratures, where attractive forces are negligible, a repulsive glass forms.
At low temperatures, a different type of glass, known as attractive glass,
appears. Between these two glassy states, at intermediate temperatures, a
reentrant pocket of liquid states is found, occurring at higher ¢ compared
to a hard sphere (HS) glass. Upon cooling, some particles begin to cluster,
creating space for others to diffuse, causing the material to melt. However,
further cooling results in most particles becoming confined within the at-
tractive range, slowing down the system’s dynamics and leading to another
structural arrest called attractive glass. In contrast to the entropy-driven
arrest of repulsive glass, the structural arrest in attractive glass is driven
by energy. The interplay between these two glasses results in reentrance
in the glassy phase diagram.

1.5.2 Gelation

At volume fractions below the glass transition and with sufficiently
high polymer concentrations, mixtures of particles and polymers form gels,
consisting of particle networks that extend throughout the volume and are
capable of supporting their own weight, even with low particle packing
fractions. In the case of strong attractions and very small ¢, gelation occurs
through diffusion-limited cluster aggregation (DLCA) of fractal clusters of
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colloidal particles [13, 98]. At weaker attraction strengths, a homogeneous
fluid phase separates into coexisting gas (colloid-poor) and liquid (colloid-
rich) phases, where the particles in both phases remain ergodic. However,
as the attraction strength increases, the dense phase becomes arrested in
a non-equilibrium glassy state. Various mechanisms have been proposed
to explain gelation, including percolation [36, 86], mode coupling theory
(MCT) for attractive glasses [8], cluster MCT [14], fluid-crystal transition
[78], spinodal-induced gelation [93], viscoelastic phase separation [89], and
bond-arrested phase separation [60]. Two main classes of colloidal gels have
been proposed: "equilibrium gels", which form without phase separation,
and gels formed through spinodal decomposition, leading to an arrested
glass phase at high volume fractions [60].
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Figure 1.7. Phase diagram of non-crystallizing particles with short-range
attractions in reduced second virial coefficient (f2) - particle volume fraction
(¢) space. Adapted from Harich et al. [39].

1.6 Gel microstructure

Before discussing the rheology of colloidal gels, it is essential to under-
stand their microstructure in a quiescent state, as the mechanical proper-
ties are directly linked to structural details. Therefore, we begin by ex-
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plaining the influence of interparticle potential on the microstructure. Fig-
ure 1.8 presents two-dimensional confocal images of the structure at differ-
ent attraction strengths. At the lowest polymer concentration (fig. 1.8(a)),
the suspension consists of dispersed, mobile particles. As the attraction
increases, mobile clusters form, coexisting with free particles (fig. 1.8(b)).
With further increases in polymer concentration, the clusters become less
mobile, eventually forming a network of clusters (Fig. 1.8(d)-(g)). In this
regime, large-scale motion is arrested, and significant voids or inhomo-
geneities develop. The structure with the largest clusters and voids occurs
at ¢y/c;, = 0.46. Beyond this polymer concentration, the heterogeneity
decreases, resulting in more homogeneous structures. Structural analy-
sis reveals that maximum heterogeneity is observed at the gelation point
[27, 51, 56].

Figure 1.8. Confocal images of a colloidal suspension with particle volume
fraction ¢ = 0.2 and varying depletant concentration ¢, /cj = (a)0.15, (b)0.21,
()0.26, (d)0.31, (e)0.33, (£)0.37, (g)0.41, (h)0.46, (1)0.49, (j)0.64, (k)1.03,
(D1.54. Adapted from Dibble et al. [27].
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1.7 Rheology

1.7.1 Linear viscoelastic response

The linear viscoelastic behavior of colloidal gels formed by short-range
attractions depends on several factors, including the particle volume frac-
tion, the strength and range of the attractions, and the quality of the
solvent, as these variables significantly influence the structural details of
the gels. In addition to these thermodynamic factors, the pre-shear history
and the waiting time (aging) after ceasing shear or cooling the gel from
the liquid state are crucial in determining the mechanical properties of
these out-of-equilibrium materials. This section provides a detailed review
of experimental studies and theories that predict the elasticity of colloidal
depletion gels.

Effect of particle volume fraction

Koumakis and Petekidis [49] investigated the linear viscoelastic prop-
erties of attractive suspensions by varying the particle volume fraction (¢)
while keeping the attraction strength constant. Their study ranged from
an attractive glass at ¢ = 0.6 to a low volume fraction cluster fluid at
¢ = 0.2. Since the attraction strength was held constant, their research
reveals the direct effect of particle volume fraction on the viscoelastic char-
acteristics of attractive colloids (fig. 1.9(a)). At low volume fractions, the
behavior resembles that seen with low polymer concentrations, such as the
crossover between G’ and G”, which indicates the formation of a transient
gel network with structural relaxation times observable within the experi-
mental time window. For ¢ > 0.3, the system displays a solid-like response
with no detectable relaxation time within the measurement period. In this
regime, G’ increases slowly with the frequency, and G” reaches a minimum.
The elastic modulus G’ grows with the volume fraction according to two
distinct patterns depending on ¢, as illustrated in fig. 1.9(b). At lower ¢,
the increase in G’ follows an exponential trend, characteristic of cluster
liquids or transient gel networks [56]. For ¢ > 0.3, the elastic modulus G’
is described by G’ = (¢prep — @)V, similar to hard spheres (HS) glasses,
where the power-law exponent v shows weak frequency dependence, rang-
ing from 2.4 at low frequencies to to 2.1 at higher frequencies, which is
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Figure 1.9. Dynamic frequency sweeps for four different volume fractions of
equal attraction strength, i) 0.20, ii) 0.40, iii) 0.52, iv) 0.60, with G’ as solid
and G” as open symbols. The arrow notes the direction of the minimum of
G". (b) Values of G’ as a function of volume fraction at w = 0.1,1,10 and
100rad/s specified by the vertical dashed lines in (a). Solid lines (¢ = 0.40 to
0.60) are fits to G’ = Go(drcp — ¢)~¢. Dash-dot lines are guides for the eye.
Adapted from Koumakis and Petekidis [49].

lower than the value of approximately 4 observed for hard sphere glasses
[50]. At lower ¢, the elastic modulus can be represented as G’ = (Pgei —0)°,
where ¢4¢; denotes the gel transition volume fraction [92].

Effect of attraction strength

The influence of attraction strength on the linear viscoelastic proper-
ties of colloidal gels has been extensively reviewed in studies by Laurati
et al. [56], Ramakrishnan et al. [81], and Shah et al. [86]. Here, we
summarize the key findings from Laurati et al. [56], who conducted a
systematic investigation into how attraction strength affects the rheolog-
ical properties of a gel with an intermediate volume fraction of particles
(¢p=0.4). Their results, illustrated in fig. 1.10, reveal that for polymer con-
centrations less than c¢,/c; < 0.2 (where ¢, is the polymer concentration
and ¢}, the overlap polymer concentration), the system exhibits a viscous
response, with the viscous modulus G” exceeding the elastic modulus G’
across all frequencies. The low-frequency behavior of the moduli resem-
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Figure 1.10. Dynamic Frequency Sweeps with elastic modulus G’
(filled symbols) and loss modulus G” (open symbols) as function
of frequency. (a) Samples below the macroscopic gelation bound-

ary (cp/c; = 0.4), (b) samples above the gelation boundary. c¢,/c; =
0(4),0.1(v),0.2(4),0.25(4),0.32(H),0.4(e),0.5(4),0.7(¥),0.8(4),1.0(a), 1.5(H),
and 2(e). Adapted from Laurati et al. [55].

bles that of simple hard spheres with no interactions, where G” ~ w and
G’ ~ w?. As the polymer concentration increases to 0.25 < e/ cp < 0.4,
a crossover between G’ and G” is observed, shifting to lower frequencies
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with higher ¢,. This crossover signifies the development of a percolated gel
network with structural relaxation times within the experimental time win-
dow. This crossover frequency corresponds to a characteristic time, known
as the "bond" lifetime, which represents the duration particles need to
overcome their interparticle attractions. In the gel region (c,/c; > 0.5),
the elastic modulus G’ exceeds the viscous modulus G across the entire
frequency range, indicating the formation of a network with structural
relaxation time out of the experimental time frame. In this regime, G’
shows only a slight increase with frequency, while G” reaches a minimum.
This minimum has been linked to a transition from « to [ relaxation,
according to the MCT approach, or to the characteristic time a particle
requires to explore its cage [49]. Increasing ¢, or decreasing the particle
volume fraction [49] shifts this minimum to lower frequencies, thus ex-
tending the time scales. As the system approaches the gelation boundary
(0.25 < cp/c;; < 0.4), G’ increases rapidly with c,, following a power-law
with an exponent ranging from 6.2 to about 8.3 at decreasing frequencies.
However, within the gel region (c¢,/cj; > 0.5), G’ increases linearly with
polymer concentration, indicating that the elasticity in the gel regime is
primarily governed by the strength of the attractions.

Effect of attraction range

Experimental studies on colloidal gels and attractive glasses indicate
that increasing the range of attraction leads to a decrease in both the elastic
modulus G’ and the viscous modulus G”, which suggests the formation
of weaker materials [49, 86]. This effect has been anticipated by MCT-
PRISM calculations for colloidal gels [19]. The theory predicts a scaling of
G’ with the localization length as G’ ~ rlzg, where 7, ~ £€R. Thus, as the
attraction range ¢ increases, particles become less localized, leading to a
reduction in the elastic modulus. Alternatively, for a constant attraction
strength, a larger range of attraction £ results in a decrease in the attractive

force between particles, as represented by Fye, = —dUdiep .

Effect of aging

The life cycle of a colloidal gel can be divided into three stages [103]:
the first is gelation, or the formation of the gel; the second is aging, where
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the gel undergoes mechanical or structural changes; and finally, the failure
or collapse of the gel network, often referred to as its "death". After shear
is stopped or the gel is quenched from its equilibrium liquid state, signif-
icant structural changes occur over time due to bond formation, leading
to gel coarsening. As a result, the rheological properties of colloidal gels
are expected to vary over time. The process by which colloidal gels age
has been a long-standing issue in materials science. However, it is widely
accepted that aging is driven by thermal motion as the system explores
minimum energy landscapes |70, 42, 103].

Zia et al. [103] demonstrated that aging and coarsening occur as indi-
vidual particles migrate along the surface of the gel network. Coarsening
follows a three-step process: first, particles move along the network surface
and bond with neighboring particles (cage building); next, they travel be-
tween cages (cage hopping); and finally, they become embedded within the
network strands (cage trapping). This complex interaction between bond
kinetics, particle dynamics, and microscopic structure is closely linked to
the macroscopic mechanical properties of colloidal gels. Coarsening leads
to an increase in the elastic modulus over time, as demonstrated in both
experimental studies [4, 51, 49] and simulations [103]. Drawing from the
Rouse model and its previous application to reversibly networked polymer
chains, Zia et al. [103| derived an analytical expression that relates the
age-dependent stiffening in linear rheological response to the dominant
network size, a key microscopic structural property. Lg(q) which corre-
sponds to the length scale set by the peak of the static structure function
(fig. 1.11), grows over time as a result of the coarsening process.

G' ~G" ~ (wR?/D)*° Ly, (1.17)

According to this model, the dominant length scale is the sole structural
parameter responsible for the age-related increase in elasticity. As a result,
when both the elastic and viscous moduli at any given age are scaled by
the dominant length scale at that age, all curves collapse into a single
universal curve, regardless of the gel’s age (fig. 1.12).
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Figure 1.11. Coarsening with age. The dominant structural length scale set
by the peak of the static structure factor (inset) as a function of gel age for the
5kT and 6kT gels. Power-laws correspond to bulk diffusion (#'/3) and surface
migration £'/%. Adapted from Zia et al. [103].

1.8 Yielding and flow behavior

Colloidal glasses and gels are considered as soft-solid materials. How-
ever, under high enough stress or shear rate, they yield and flow often
in multiple steps due to the existence of spatial heterogeneities [18, 46,
49, 55, 71, 87|, which results in flow-induced structural anisotropy [94],
thixotropy, and aging [9]. In this section, we will explain the transient
and steady state shear flow response of glasses and colloidal gels in both
start-up and oscillatory shear flow, as well as their behavior during creep
tests.

1.8.1 Start-up shear flow response

In start-up shear flow, a constant shear rate is applied, and the stress
is measured as a function of time or accumulated strain. As depicted in
fig. 1.13, hard sphere (HS) repulsive glasses exhibit a single stress over-
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Figure 1.12. Scaling of linear-response elastic moduli with the dominant
structural length scale at each age, plotted over a range of frequencies for (a)
5kT and (b) 6kT gel. Solid lines/filled symbols: Elastic modulus. Dashed
lines/open symbols: Viscous modulus G”/(kT/a3). Adapted from Zia et al.
[103].

shoot, indicative of one-step yielding. For HS glasses, the stress response
is attributed to an elastic energy storage mechanism that increases stress
up to the peak, followed by a dissipative energy release mechanism after the
peak, leading to shear-induced flow and structural anisotropy [47, 48]. This
anisotropy appears along the extensional axis, where the pair-distribution
function reaches a minimum during the stress overshoot.

In contrast, both attractive glasses [49] and colloidal gels [49, 55| dis-
play two distinct peaks, as shown by the vertical arrows in fig. 1.13. In the
case of attractive glasses, the first yield is associated with bond breaking
on a short length scale, while the second yield is linked to the rupture of
the cages. For colloidal gels, the first yield corresponds to the breaking
of bonds connecting clusters, and the second yield involves breaking the
clusters into smaller fragments [49, 55].

Despite these theoretical insights, direct observations confirming this
microscopic behavior in attractive suspensions are still lacking. Experi-
mental imaging of the transient response of colloidal gels during start-up
shear flow, particularly using rheo-confocal microscopy, remains challeng-
ing due to significant wall-slip issues [4]. Brownian dynamics (BD) simu-
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Figure 1.13. Step rate experiments showing stress response as a function of
strain/time performed at a shear rate of 0.5s~! for a repulsive glass of ¢ = 0.60,
an attractive glass at ¢ = 0.60, and a gel at ¢ = 0.44 with attraction strength
at contact Ugep(2R) = —23.5kpT. Arrows indicate single and double yielding
for repulsive and attractive glass/gel, respectively. Adapted from Koumakis
and Petekidis [49].

lations offer an incomplete picture, detecting only a single yielding process
[49, 43]. However, in the case of attractive glasses, BD simulations success-
fully capture two stress peaks, consistent with experimental observations
across a wide range of attraction strengths and shear rates. Colloidal gels,
due to their highly heterogeneous structure, exhibit a variety of structural
transformations under shear, resulting in diverse mechanical properties, as
evidenced by both experiments and simulations [51, 44].

At high shear rates, gel structures experience significant cluster break-
up, while at low shear rates, shear-induced cluster densification occurs, as
observed in bulk systems [4, 51, 102], two-dimensional systems [63], and
microchannel flows [21]. These shear-induced structural changes have a
significant impact on yield stress, viscoelastic moduli [51, 87, 67], delayed
yielding [53, 59], slip [4], and even collapse of the gel network [84].
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1.8.2 Oscillatory shear flow response

Similar to the start-up shear flow, dynamic strain sweep experiments on
colloidal gels and attractive glasses also reveal two-step yielding, evidenced
by two distinct peaks in the loss modulus (G”) (fig. 1.14) [49, 55, 87]. It’s
worth noting that hard spheres (HS) glasses exhibit a complex response
to oscillatory shear flow, which varies depending on the frequency of oscil-
lation. At certain frequencies, HS glasses also undergo two-step yielding.
The first step is related to cage escape assisted by Brownian motion, while
the second is due to shear-induced collisions [47].

For monodisperse particles, under specific conditions of frequency and
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Figure 1.14. Dynamic strain sweep at w = 10rad/s for five different volume
fractions with equal attraction strength as indicated. The arrow shows the
approximate shift of the second G” peak with decreasing volume fractions.
Adapted from Koumakis and Petekidis [49].

strain amplitude, oscillatory shear flow in HS glasses and colloidal gels can
induce shear-driven crystallization, as the shear helps particles find their
minimum energy configurations [50]. In attractive suspensions, such as
silica suspensions [79], and microgel particles [87|, oscillatory shear flow
significantly affects the elastic modulus (G’) after shear cessation, depend-
ing on the preshear strain amplitude [65].
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1.8.3 Creep tests

In a creep test, a constant shear stress ¢ is applied and the evolution
of the strain 7(t) or the creep compliance J(At) = Z are probed over
time. Moghimi et al. [66] investigated the macroscopic deformation of a
depletion gel subjected to a step shear stress, where three different regimes
emerged, depending on the magnitude of the applied stress: i) for stresses
below the yield stress, the gel undergoes a weak creep with a sublinearly
increasing bulk deformation, while for stresses above the yield stress, the
sublinear deformation growth gives way to a superlinear increase, which
signals the onset of yielding. However, the long-time creep exhibits two
distinct behaviors: ii) under strong stresses, a viscous flow is reached,
indicative of the complete yielding and flow of the gel, while iii) under
weak stresses, after yielding, the gel starts to resolidify [53].

Figure 1.15 presents these regimes based on different levels of applied
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Figure 1.15. (a) Creep compliance and (b) the shear rate as a functin of
time at different applied shear stresses as shown in the legend. Results are
for the gel with ¢ = 0.3, Ugep(2R) == 12.7kpT and {* = 0.058. The gel has
been shear rejuvenated with vy = 1000% and w = 10rad/s and aged for the
duration of 1000s before the stress application. Adapted from Moghimi et al.
[66].

stress. In the creep compliance plot, the yield stress corresponds to the
stress value, at which the curves begin to diverge, indicating a shift from
linear to nonlinear behavior. The sharp increase in creep compliance marks
the onset of gel yielding, while a linear time dependence suggests viscous
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flow. Similarly, in the rate of deformation plot, a decrease over time reflects
solid-like creeping behavior, which transitions to a change in slope, marking
the yielding point, when the applied stress exceeds the yield stress. A
constant rate of deformation indicates viscous behavior, while a decrease
following the plateau signals the resolidification process.

Creep tests, along with start-up shear flow measurements, can be used
to estimate the yield stress of our materials, a critical property of our
LFEs, as previously stressed. In the same work by Moghimi et al. [66], the
results from both types of measurements were plotted together (fig. 1.16).
Above the dynamic yield stress, determined from the plateau value of the
flow curve at low shear rates, the gel exhibits viscous behavior. In this
regime, the steady state values from both creep tests (steady state shear
rate response) and constant shear rate measurements (steady state shear
stress response) collapse with one another. Between the dynamic yield
stress and the yield stress predicted by the creep tests, the gel eventually
undergoes resolidification. Finally, at lower stress levels, the solid-like
deformation will never transition to yielding.
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Figure 1.16. Steady state shear stress as a function of the applied shear
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Blue star symbols are the steady state values taken

from creep experiments. The horizontal dashed-dotted line shows the dynamic
yield stress (the stress plateau) whereas the dashed line represents the yield
stress measured from creep experiments. Results are for the gel with ¢ = 0.3,
Uiep(2R) = —5.7kpT, and £* = 0.09. Adapted from Moghimi et al. [66].







Chapter

Materials and methods

This chapter examines the materials and methods used in both exper-
iments and simulations to study the dynamics and rheology of LFEs. It
provides detailed information on the experimental techniques employed,
such as rheometry and Differential Dynamic Microscopy, as well as the
models and methods implemented in our simulations.

2.1 Materials

We used vesicular dispersions, where vesicles are spherical particles
composed of surfactants organized into bilayers, creating an onion-like
morphology. These dispersions are composed of the cationic surfactant
diethylester dimethylammonium chloride, which is made of ionized head-
groups resulting in the formation of EDLs around the vesicles’ circum-
ference. A visual representation of how surfactants construct a vesicle is
given in figure 2.1. These dispersions are polydisperse, encompassing a
wide range of sizes, with particle diameters approximately ranging from
0.1pm to 10um. The particles are dispersed in water with a fixed ionic
concentration of 450ppm CaCls. Although vesicles are generally rigid
structures, the presence of EDLs softens their interactions. Additionally,
they have the ability to encapsulate significant amounts of the surround-
ing solvent, which in this case is water. The pure vesicle solutions, also
referred to as white bases, form the basis of LFEs, and they are repulsive
systems. Depletion attractions are achieved by adding non-adsorbing lin-
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Di-alkyl quat

Figure 2.1. Schematic representation of the morphology of a vesicle and the
type of the surfactant used.

ear chains of a copolymer with molecular weight M,, = 150 000gr/mol, and
radius of gyration R, = 40nm. This copolymer consists of the monomers
acrylamide, which contributes the hydrophylic and neutral properties, and
DMA3 (dimethylaminoethyl methacrylate), which provides cationic sites,
making the copolymer capable of interacting with negatively charged sub-
stances.

2.2 Sample preparation

The white bases were prepared at different surfactant concentrations,
corresponding to different particle volume fractions. A 13% w/w aque-
ous dispersion of vesicles of a double-tailed cationic surfactant (diethyles-
terdimethyl ammonium chloride, diC18:0 DEEDMAC, mol wt = 697.5),
in presence of 450 ppm of calcium chloride, was prepared according to
an extrusion process with an apparatus similar to the one described by
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Corominas et al. [22]. This mother dispersion is then isotonically diluted
and the samples at 0.1,1,4,6, and 11%wt/wt are obtained. The vesi-
cle volume fraction that corresponds to each surfactant concentration was
calculated by Procter € Gamble with a custom method involving a device
called Float-A-Lyzer according to the method described by Seth et al. [85].
This device is a type of dialysis tool that separates the components of a
solution based on their molecular size. It features a semi-permeable mem-
brane that allows smaller molecules (salts, small ions, or water) to pass
through, while retaining larger particles (vesicles) within the chamber. By
measuring the volume of the vesicle suspension before and after dialysis, as
well as a few other parameters of our systems, the particle volume fraction
in the concentrated vesicle samples can be estimated. The corresponding
particle volume fractions are 0.4,0.5, and 0.55, for the 4,6, and 11%wt /wt
dispersions, respectively. For the samples with the polymer, based on the
desired attraction strength between the particles, we added the analogous
quantity, following fig. 2.2. In particular, we selected a polymer level of
1.6%wt/wt to induce weak and reversible bonds in our solution, allowing
us, at the same time, to maintain particle connectivity. This concentration
corresponds to a minimum attraction energy of approximately —4kgT in
the total potential [41].

2.3 Rheology

Rheology is the study of deformation and flow of materials in response
to an applied stress or strain. Ideal solids exhibit a spring-like, elastic re-
sponse, storing energy in the process. In contrast, liquids dissipate energy
through viscous flow. However, for more complex viscoelastic materials,
the behavior can be both solid-like and liquid-like. This dual nature de-
pends on the experiment’s time scale and the material’s structural relax-
ation time.

Materials exhibit displacement d when subjected to an external force
(fig. 2.3). Consider two parallel plates separated by a simple liquid layer of
thickness h. If these plates are moved relative to each other at velocity v
by a force F', Newton’s law states that the resulting shear stress o(=F/A)
is proportional to the shear strain rate 4(=v/h). The constant of propor-
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Figure 2.2. Potential energy as a function of particle distance for the po-
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attractive potentials. The total potential is derived from the superposition of
the aforementioned. On top of each plot the corresponding polymer level in
%w /w is reported. Data provided by Procter and Gamble.
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Figure 2.3. Schematic representation of shear deformation.

tionality is called dynamic viscosity n:

=2-19Q

U (2.1)




2.3. RHEOLOGY

35

On the other hand, when a shear stress is applied to an ideal solid, it
causes an instantaneous deformation d/h. Once a certain strain is achieved,
no further movement occurs, but the deformation remains as long as the
stress is maintained. According to Hooke’s law, the shear stress is propor-
tional to the strain (v = d/h), with the proportionality constant known as
the shear modulus G: o

= (2.2)

The rheological behavior of a system can be characterized by measur-
ing the rate of deformation (steady measurements) or by determining the
shear modulus as a function of frequency (dynamic measurements). An-
other method to investigate the rates of structural rearrangements within a
complex dispersion, without significantly deforming the fluid’s microstruc-
ture, is to apply small amplitude oscillatory shear. This type of deforma-
tion can be achieved using cone and plate geometries, where one plate is
rotated around its axis with an angular velocity that oscillates periodically,
defined as Q = Qg sin (wt), with w being the frequency of oscillation in radi-
ans per second. The resulting shear rate % is a sinusoidal function of time,

given by 4 = 2 leading to a shear strain v = % sin (wt) = 7 sin (wt),
where vy = % represents the strain amplitude. Cone and plate geome-

tries are commonly used to ensure a uniform shear rate throughout the
sample.

If the strain amplitude ~q is kept sufficiently small to avoid disrupting
the structure, the stress observed during oscillatory deformation reflects
the rate of spontaneous rearrangements or relaxations occurring in the
dispersion’s quiescent state. The shear stress o(t) generated by this small
amplitude deformation is proportional to the applied strain amplitude g
and varies sinusoidally over time. Generally, this sinusoidal stress can be
expressed as:

o(t) = %[G' (w) sin (wt) + G"(w) cos (wt)] (2.3)

where G’ is the storage modulus and G” the loss modulus. The storage
modulus G’ reflects a material’s elastic properties, while the loss modu-
lus G” indicates its capacity to dissipate energy. A solid-like response is
observed when G’ > G”, whereas a liquid-like response dominates when
G’ < G". Soft solid materials typically show G’ > G” within the experi-
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mental time window, with the storage modulus increasing gradually with
frequency, while the loss modulus exhibits a minimum, as noted by Mason
and Weitz [62]. In contrast, a liquid-like response is well described by the
simple Maxwell model, which accurately captures the linear viscoelastic
behavior. In this model, the storage modulus scales with frequency as
G’ ~ w?, and the loss modulus scales as G” ~ w. The crossover frequency
we, where G’ = G”, marks an internal long time relaxation process within
the system. The low-frequency liquid-like region, where G’ and G” follow
these power laws, is known as the terminal regime.

To quantify the impact of shear on colloidal systems, a dimensionless
number called the Peclet number is introduced. This number describes the
relative importance of the applied shear rate compared to Brownian mo-
tion. The Peclet number, Pe = 475 = 4R?/D, is defined as the product
of the shear rate 4 and the Brownian time 75 = R?/D, which represents
the time required for a particle to diffuse over a distance equal to its own
size. For dilute suspensions, the Brownian time 75 can be expressed as
6221;3, leading to Pe = "y6g;’];2.

In concentrated suspensions, hydrodynamic interactions reduce the
short-time self-diffusion coefficient compared to that in the dilute regime,
depending on the particle volume fraction (as described by Sierou and
Brady [88]). Since the actual Brownian time of the sample influences all
other relevant timescales, it is crucial to account for hydrodynamic effects
when examining the influence of shear. Thus, we distinguish between two
types of Brownian times and Peclet numbers. The "bare" Peclet num-
ber refers to the dilute regime, where Brownian time can be calculated
using the particle radius and solvent viscosity. The "dressed " Peclet num-
ber accounts for hydrodynamic interactions between particles, reflecting
the reduced short-time self-diffusion coefficients Ds(¢). While calculating
the bare Peclet number is straightforward, determining the dressed Peclet
number requires understanding how Ds(¢)/ Dy varies with the particle vol-
ume fraction ¢. In our BD simulations, which will be discussed in the
following section, we use the bare dimensionless numbers referring to the
dilute regime. However, when comparing simulations with experimental
data, we apply shifting factors to account for the effects of hydrodynamic
interactions.




2.4. DIFFERENTIAL DyNAMIC MICROSCOPY

37

Experimental setup for rheometry

In our rheological measurements, we used an Anton-Paar MCR302
rheometer with cone-plate geometry (50mm and 0.01 rad angle). All mea-
surements were conducted at T' = 20°C using a Peltier system. A solvent
trap was employed during the experiments to prevent solvent evaporation.

2.4 Differential Dynamic Microscopy

Differential Dynamic Microscopy (DDM) is a powerful analytical tech-
nique used to study the dynamics of microscopic particles in a sample,
by analyzing fluctuations in the intensity of light scattered by the sample
over time [16]. DDM combines the principles of dynamic light scattering
(DLS), and microscopy. Below, we outline the series of steps involved in
a DDM analysis, accompanied by the typical workflow (fig. 2.4), which
visually illustrates these steps.

We start by capturing a sequence of images of our sample using a mi-
croscope at specific acquisition rate. Each image gives an intensity signal
I(x,t) = Ipa(x) + 0i(x,t) acquired at time ¢, with di(x,t) the scattered
light due to temporal and spatial fluctuation of the particles, and Ipg(x)
the contribution from the time-independent background. In order to elim-
inate the effect of the static background and bring the particles into light,
we calculate the image difference:

Al (x, At) = I(x,tn) — I(x,ty + At) (2.4)

However, the limited spatial resolution of the optical microscope, mak-
ing difficult to distinguish objects that are very close to one another, does
not allow for a simple analysis of the signal in direct space. Due to this
reason, we calculate the Fourier power spectrum of each image difference
and successively average over all the results obtained with the same time
delay At, but different initial times ¢,,. The result of this average is the
image structure function D(q,t):

Dia, At) = (| I(a,t + A1) — I(a,t) ) (2.5)
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Figure 2.4. Typical workflow for DDM analysis of image sequences. Adapted
from Cerbino et al. [15].

where I(q,t) = FFT{I(x,t)} is the Fast Fourier Transform of the image
at time ¢, q is the wavevector, and the symbol (-) indicates an average over
the initial time ¢. This calculation is iterated for all time delays At that
are needed to properly follow the sample relaxation. The interpretation
of the results is based on the fact that D(q,¢) can be written in terms
of the real part f(q,At) of the intermediate scattering function (ISF),
which is the quantity encoding information on the relaxation of the density
Fourier modes, and whose squared amplitude is typically measured with
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DLS experiments:

D(q,At) = A(q) [1 — f(a,At)] + B(q) (2.6)

where A(q) is an amplitude term that depends on the spatial intensity
correlations present in the images, B(q) accounts for the noise of the de-
tection chain, and f(q, At) represents the intermediate scattering function.
Starting from equation 2.6, the usual strategy in DDM analysis is based
on assuming a suitable functional form describing the time dependence
of f(q,At), and then through a fitting procedure, derive the g-dependent
parameters A(q) and B(q), since the image structure function D(q,t) is
already known. However, in our case, the functional form of the f(q, At)
is not known a priori, but rather than it should be extracted from equa-
tion 2.6. Therefore, we first calculate the parameters A(q) and B(q) in a
way described below [29].

As already mentioned, the amplitude term A(q) is influenced by the
scattering properties of the sample, while the additive term B(q) accounts
for the noise in the detection chain. Since f(q,At — 0) =1, B(q) could
theoretically be estimated as the limit of D(q, At) as At approaches zero.
In practice, we fit a quadratic function to the image structure function
over a short time interval near the origin and estimate B(q) as the inter-
cept of the best-fitting curve. However, it’s important to note that due
to the strong signal coming from the vesicles in our concentrated samples,
the choice of the B(q) parameter has little impact on the final results.
Similarly, given that f(q, At — oo) = 0, one might consider extracting
A(q) from the long-time plateau of D(q, At). Unfortunately, due to the
finite acquisition time imposed by experimental constraints, we often can-
not capture the full relaxation of D(q, At) for all wavevectors.

To address this, we adopted an alternative approach: identifying a
background image Ip(x) that incorporates all the static, sample-independent
contributions to the images. We then estimate the amplitude A(q) directly
from the power spectrum of the raw images, corrected for this background,
using the formula:

A(a) =2(] I(a,t) - Io(a) [2) - B(a) (2.7)
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where the first right-hand term will be referred to as Dy(q) or as the
sample’s static power spectrum. The image structure function D(q, At)
reflects the dynamic power spectrum of the system. With both A(q) and
B(q) determined, we can now invert equation 2.6 to obtain the intermedi-
ate scattering function.

To validate this methodology, as well as overcome any possible issues
that may appear, we used a monodisperse solution of 500nm latex parti-
cles dispersed in water. We start by obtaining a sequence of images of our
solution with an acquisition rate of 1Hz. In figure 2.5, one can recognize
the particles as small white or dark spots, while other larger spots corre-
spond to objects of the background, such as dust particles on the camera
sensor or the optics.

After collecting the sequence of images for a period of time suffi-

Figure 2.5. Image taken with a microscope at ¢ = 0 for a monodisperse
solution of latex particles.

cient for the decorrelation of the particle dynamics (this system is highly
mobile), we compute the image structure function using eq. 2.5. Its 2D
representation for At = 100s is illustrated in figure 2.6. On this image
two artifacts of different origin are visible. The first one corresponds to
the quarter of a ring appeared at each corner of the image (highlighted
in magenta), indicating a correlation between diagonally adjacent pixels,
typical of color cameras. The second artifact is represented by the vertical
and horizontal stripes (highlighted in green) and is attributed to spectral
leakage [35]. To prevent the former issue, the analysis has been limited to
selecting non-adjacent pixels by skipping one pixel in each row and col-
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Color camera pixel correlation

(b)a
(b)a

Figure 2.6. a) 2D image structure function D(q, At = 100s) without win-
dowing for the latex particles suspension. The artifacts of the spectral leakage
and the color camera pixel correlation are illustrated in green and magenta
color respectively. b) 2D image structure function D(q, At = 100s) with win-
dowing and after skipping adjacent pixels for the same suspension.

umn. The latter artifact has been addressed by including windowing [29]
in the DDM algorithm.

After the computation of the image structure function eliminating these
artifacts, we estimate A(q) according to eq. 2.7. Initially, we evaluate
the static background contribution, fo(q), which is normally estimated
as the temporal average Io(q) = (I(q)); of an experimental acquisition
performed by imposing to the sample a deformation amplitude. This am-
plitude should be large enough, so that the signal associated with the
particles is completely averaged out, and only static features of the optical
path, such as dust particles, remain. Since our system is highly mobile,
we don’t need to apply an extra deformation, but rather than average over
the intensity signal of a large enough time span (450sec in this case). The
estimation of I(q,t) is straightforward, and we can finally derive Dg(q).
In figure 2.7(a), we plot the normalized D(q, At) computed according to:

D(q,At) - B

Do(q) — B 28)

DnOTm(qa At) =
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B is a g-independent value accounting for the noise, and it is estimated
so that the normalized image structure functions receive values between
0 and 1. Finally, the intermediate scattering functions (fig. 2.7(b)) are
computed following:

D(a,At) — B

flad)=1-"p -5

(2.9)

The ISFs are then fitted to single exponential decays f = exp(—(At/7)).
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Figure 2.7. a) Image structure function normalized with the statics according
to eq. 2.8. b) Intermediate self scattering functions as a function of time
for different wavevectors. DDM data are shown with squares and the fits to
exp(—(At/T)) as solid lines. The wavevectors increase from blue to red color.

The derived relaxation times are plotted in fig. 2.8, where we compare their
q dependence with the analytical prediction for this system. For a dilute
suspension of particles of known size in a solvent of known viscosity, the
relaxation time is related to the wavevector through the following equa-

tion:
1

Dqg?
where 7 is the relaxation time, D the diffusivity of a single colloid, and
q the wavevector. In the dilute regime, D can be calculated using the
Stokes-Einstein formula D = £8L " where 7 is the solvent viscosity and

6mnR’
R the particles radius. Figure 2.8 demonstrates that our DDM method

7(q) = (2.10)
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Figure 2.8. Relaxation times derived from an exponential fitting to the
DDM data compared with a diffusive scaling using Stokes-Einstein formula,
as a function of the wavevector.

closely matches the analytical solution for this system, confirming the ac-
curacy of our methodology.

For our DDM measurements, we used a Zeiss AXIO Scope.Al micro-
scope with a Sony XCD-U100CR camera attached on it. The image struc-
ture function is calculated using a MATLAB script from the repository of
the Helgeson Lab [6], while the rest of the computations are conducted
with custom MATLAB scripts. All DDM experiments were conducted in
the lab of Molecular, Macromolecular Chemistry, and Materials (C3M) at
ESPCI University in Paris.
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2.5 Brownian Dynamics (BD) Simulations

2.5.1 Simulation methods
Particle dynamics equations

Our simulation model consists of N neutrally buoyant particles (hard
spheres) of radius «, suspended in an implicit Newtonian solvent of vis-
cosity n and density p. The ratio between the fluid inertia and the viscous
forces defines a Reynolds number Re = M, where U is the characteristic
particle velocity. Due to the small size of the particles, which is of the
order of nm — um, Re < 1, meaning that inertia is negligible, and par-
ticle motion is governed by the Stokes equation. The motion of the fluid
is governed by the Navier-Stokes equations, while the particle dynamics
in Stokes flow is described by the Langevin equation, shown in eq. 2.11.
The particle motion in a continuum solvent is dictated by hydrodynamic,
Brownian, and interparticle forces.

nﬁE:FH+FB+W’ (2.11)
dt

where m is a generalized mass/moment matrix, U is the particle transla-
tional /rotational velocity vector, F# is the hydrodynamic force exerted on
the particles due to their motion relative to the fluid, FZ is the stochas-
tic force that implements the thermal motion, and F¥ is the determinis-
tic non-hydrodynamic force which can be either interparticle or external.
Since in BD simulations hydrodynamic interactions between particles are
neglected, the hydrodynamic drag force is given only by the Stokes drag
on an isolated particle, which is proportional to the particle velocity Uj;
relative to the fluid motion (u), and for a particle 4, is given by:

F = —6mna;[U; — (u)] (2.12)
The stochastic Brownian force stems from the thermal agitation of the
solvent molecules, and is given by the fluctuation-dissipation theorem:

FZ =0

SN (2.13)
FF(0)FF (1) = 2kpT(6mm0,)16(2)
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where the overbar denotes an average over the thermal fluctuations in the
fluid, kpT is the thermal energy, I is the unit isotropic tensor, and §(¢) the
Dirac delta function. The interparticle force is derived from a potential
which is selected based on the nature of the particle interactions that is
simulated, and it can be either repulsive or attractive. A particle ¢ will
experience this force as a pairwise sum over all nearby particles,

0Vij(1ij) .
Z I (2.14)

where ;; is the unit vector pointing from the center of particle j to the
center of particle i.

Interaction Potential

In the system where the vesicles are mixed with the polymer, the par-
ticles interact through both electrostatic repulsive and attractive interac-
tions, and the total interaction potential is derived from the summation of
the two individual ones. The Morse potential models the attractive inter-
actions, while the Yukawa potential accounts for the EDL interactions:

Erorse(r) = Eo <2€7A[T7(ai+aj)} — eiQA[Tf(aﬁam) (2.15)

where Ej is the attraction energy set by the potential minimum, A~' the
attraction range, and «; the radius of particle .

A
Egpr(r) = Ee—ﬂ[r—@#am (2.16)

where A = 27r6601/1§a/<;, with e the relative permittivity of the fluid medium,
€o the permittivity of free space, 1y the surface potential, x the inverse of
the Debye length. The Debye length and the surface potential values were
taken from the work of Leivers et al. [57], where they conducted measure-
ments of the electrostatic forces between interacting surfactant bilayers.
Figure 2.9 provides a schematic representation of the potentials, while
in table 2.1, we report the values of the simulation parameters correspond-
ing to the experimental ones. From top to bottom, we present the sur-
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factant concentration translated to particle volume fraction, the polymer
concentration to potential attraction strength, the polymer radius of gyra-
tion to attraction range, the ionic strength to the Debye length, and finally
the polydispersity to the range of particles radii.

10

V(r)/ksT

-10 1 — Morse potential

= EDL potential
= Total potential

09 10 11 12 13 14 15
r/o

Figure 2.9. Potential energy as a function of particle distance. Three inter-
action potentials are illustrated, one for the attractive interactions (Morse),
one for the electrostatic repulsive ones (EDL), and their summation (Total).
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Experiments Simulations
4, 11%wt /wt [surfactant] ¢ =0.4,0.55
1.6%wt /wt [polymer] Udep = —4kpT
Ry = 40nm, &(= ) = 0.27 A = 10a
[CaCly] = 450ppm k1 =0.044c
Polydisperse 5 particles radii with 7% std
Table 2.1. Correspondence between experimental and simulations pa-

rameters. From top to bottom: Particle volume fraction-Surfactant con-
centration, Polymer concentration-Attraction strength, Polymer radius of
gyration-Attraction range, Salt concentration-Debye length of EDL interac-
tions, Polydispersity-Selection of particles radii.

Numerical scheme and stress tensor

In the LAMMPS molecular dynamics software package [90], that we
use for our simulations, the velocity is integrated forward in time via the
velocity Verlet algorithm, where a Langevin thermostat enforces Brownian
statistics. In Verlet integration, the importance of particle inertia is defined
by the ratio of the Stokes number to the Peclet number, % < 1. In this
scheme, while we cannot set this value to zero, we can reduce it enough
to accurately model Stokesian physics. This is done by choosing a high
thermostatting rate and a small time step. A high thermostatting rate
ensures that the thermostat quickly adjusts the particles’ kinetic energy
based on the temperature difference from the desired temperature, so that
the overall kinetic energy remains relatively constant between consecutive
time steps. This rate, also known as the momentum relaxation time of
the colloidal system, reflects how quickly the solvent molecules can relax
a change in the Brownian particle’s velocity back to its initial value.

In a solution of particles suspended within a medium, the bulk stress
is computed as an average stress over the volume V' containing N particles
and is given by:

(2) = — (py) I-nkpTI-nkpT (V- (Rsy - Rpp))—n (Rsy - Ry - FP)—n (xI - FP)
(2.17)
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where the first term corresponds to the contribution of the fluid to the
stresses, with (py) being the average fluid pressure, while the rest of the
terms stem from the particle interactions. nkpgTT is the isotropic stress
associated with the thermal motion of the particles, with n the number
of particles, kg7 the thermal energy, and I the identity tensor. The next
two terms are contributions to the stress coming from the hydrodynamic
interactions of the particles and they are transmitted through the interven-
ing medium. In particular, the former accounts for the disturbance flows
produced by the Brownian motion of nearby particles, while the latter
models the dissipative contributions from interparticle forces, with Rgy
and Rpy being the hydrodynamic tensors. The final term considers the
elastic stresses coming directly from the particle interactions, either re-
pulsive or attractive, with x the interparticle distance between a pair of
particles. F is calculated from the potential functional form, that is ob-
tained based on the particle interactions.

In our freely draining simulations, the third and fourth terms are ne-
glected, while the fluid pressure is also ignored, since we only consider the
stresses coming from the particle phase. The medium is implicitly modeled
as a background solvent and its effect is considered through the hydrody-
namic drag and Brownian forces presented in eq. 2.11. After removing
these terms, equation 2.17 is reduced to:

(2P) = —nkpTT+n(xI-F") (2.18)

This is the sole contribution of the stresses reported in this work.

2.5.2 Structural analysis

Apart from quantities that give us information about the macroscopic
response of our system, like stresses and deformations, equally important
is the characterization of the suspension microstructure. Microstructural
changes can be monitored by both static and dynamic quantities and can
play a significant role in determining the rheological properties.

When it comes to structural characterization, the pair distribution
function, g(?), measures the probability of finding a particle center at
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relative position 7 in real space. It’s given by the following function:

g(7) = % <ZZ§(?—?H)> (2.19)

i=1 j#1

where N and V are the number of particles and the volume of the sim-
ulation cell respectively, while 727 is the vector pointing from the center
of particle i to the center of particle j. However, the incapability of the
pair distribution function to capture well enough the structural hetero-
geneity due to statistical averaging, leads us to the reciprocal space. The
squared amplitude of the Fourier transform of density correlations is the
static structure function:

(2.20)

where N is the number of particles, and the wave number ¢ is the magni-
tude of the scattering wave vector q. The static structure is very handy
in providing information about characteristic length scales in the particle
configuration.

Apart from S(g), another quantity that gives a measure of particles
connectivity, and therefore is only applicable to attractive systems, is
the average number of bonds or contacts. It is, essentially, the num-
ber of particles within the attraction range from their neighbors set at
rij = @i + aj + 2o+ 28a, averaged over all particles. When it’s normal-
ized with its initial value and followed over time, we can conclude based
on its value, if there is bond formation (> 1) or bond loss (< 1) in the sys-
tem. The average potential energy, (V'), normalized with its initial value,
provides similar information, but distinguishes bond stretching (< 1) from
bond compression/relaxation (> 1).

Proceeding, now, to the dynamic quantities, the Mean Square Dis-
placement (MSD) gives a statistical measure of the distance, over which
a particle has moved, in a specific time with respect to a reference posi-
tion. If r; is the position of the particle in the r direction and N is the
total number of particles, then the MSD is generally calculated using the
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following equation:

N
(Ar2(7)) = <}V S lrift+7) - n-<t>]2> (221)

t

Note that when we apply a flow to our system, we should either remove the
affine motion at every time step or just calculate the MSD in the vorticity
direction, where no correction is needed.

Finally, another function that considers dynamic correlations in the
reciprocal space, as well as tracks decorrelations of particles at different
length scales, is the intermediate scattering function. It can be distin-
guished to the coherent- and self- intermediate scattering function, F(q,t)
(CISF) and F(q,t) (SISF) respectively, which can be computed using the
following formulas:

F(g,t) = % <Z > eapl—iq - (X;(t) - Xk(O))]> (2.22)
ik

q-q=¢?

Fiat) =5 <Zexpuq- (%,(t) - Xj<o>>]> (2:23)
J q-q=¢2

where N is the number of particles, q is all wavevectors of magnitude

q = 2n/L, L is the probed length scale, and X; is the absolute position

of a particle j. Physically, the SISF describes single-particle diffusion over

the length scale L ~ 27 /qa, while the CISF represents collective dynamics

of a particle “cluster” of L ~ 27/qa, with « being the particle radius.




Chapter

Microscopic dynamics of
charged vesicle suspensions

This chapter marks the beginning of the results section, focusing on the
microscopic dynamics of charged vesicle suspensions. After a brief overview
of the specific methods used for this system, we present our analysis of the
thermal dynamics of white bases, utilizing both BD simulations and DDM
experiments.

3.1 Methods

3.1.1 Samples and experimental methods

The measured samples, 11, 6, 4, 1, and 0.1%wt/wt [surfactant| were
obtained by isotonic dilution of the initial white base, which has a concen-
tration of 13%wt/wt with an ionic concentration of [CaCly] = 450ppm.

We performed DDM measurements of the aforementioned white bases.
For the concentrated samples (¢ > 4%), we acquired two image series, each
consisting of 120 images, at two different frame rates (f; = 0.1 Hz, and
fo =1 Hz), while the dilute samples (¢ = 1,0.1%) were recorded at three
distinct acquisition rates of 0.1, 1, and 5fps. The distinct steps of this
DDM analysis will be presented in section 3.2.2.
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3.1.2 Simulation methods

We also conducted Brownian dynamics (BD) simulations to get infor-
mation about the dynamics of the system under quiescent conditions. The
electrostatic repulsive interactions between particles were implemented
through the Yukawa potential given by the following relationship:

A .
Egpr(r) = EG_H[T_(%JF 2 (3.1)

where A = 2ﬂeeo¢gaﬁ, with e the relative permittivity of the fluid medium,
€o the permittivity of free space, 1y the surface potential, k the inverse of
the Debye length, and «; the radius of particle i. The Debye length and
the surface potential values were taken from the work of Leivers et al. [57].

Equilibration protocol

Initially, 50 000 particles are inserted in the simulation cell, and an
energy minimization algorithm is applied to separate any overlapping par-
ticles, which could lead to excessively large forces. Following this, the
particles begin to undergo thermal motion and interact with one another.
The system is aged for a duration of 40-1000 Brownian times, tp, de-
pending on the volume fraction. This aging period is sufficient to reach
quasi-equilibrium conditions, which is verified by monitoring the osmotic
pressure until it reaches a constant value over time. The contribution
of interparticle interactions to the osmotic pressure, denoted as II”, is a
scalar quantity related to the trace of the stress tensor arising from these
interactions:

1’ =-1:x%7/3 (3.2)

When the osmotic pressure remains constant, it suggests an isotropic dis-
tribution of stresses in all directions, which indicates that the system is
in equilibrium. With the end of the equilibration protocol, the computa-
tional study commences, which includes passive evolution of the particles
under the influence of electrostatic repulsive forces, and Brownian diffu-
sion, in the absence of any external flow or stress. The configuration of
particles, along with the particle-phase stress, are monitored continuously
and recorded at high frequency throughout the simulation.
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3.2 Results and Discussion

3.2.1 BD simulations

In figure 3.1, we present the particle MSD (Ar2(At)). Each panel
depicts the MSD as a function of time for different ionic concentration,
varied by the particle volume fraction. Across all salt concentrations and
volume fractions, an initial ballistic regime is observed, where the MSD
scales with the time squared. This ballistic behavior aligns with previous
works on hard-sphere systems [100, 78|, while other studies of similar sys-
tems reported that the initial regime was diffusive [75]. We believe that
polydispersity played a role in influencing the early diffusion, as Porpora
et al. |75 simulated a bidisperse system, while in our simulations we in-
cluded a wider distribution of sizes. For ¢ = 0.1, this ballistic regime
is quickly followed by a Fickian diffusive regime, where the MSD scales
linearly with time. In the leftmost panel, corresponding to the highest
ionic concentration, increasing the volume fraction leads to noticeable de-
viations from the linear behavior, manifesting as a sub-diffusive regime at
intermediate times. The duration of this sub-diffusive regime extends with
higher volume fraction, spanning up to three orders of magnitude in time.
We expect that, at even higher salt concentrations, this type of glassy dy-
namics emerges at volume fractions comparable to those of hard-sphere
colloids [11].

[CaCl,] = 4mM [CaCl;] = 0.4mM [CaCl,] = 0.04mM
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Figure 3.1. Temporal evolution of the Mean Square Displacement for three
different ionic concentrations, parametric on the particle volume fraction as
indicated in the legend.

At smaller ionic concentrations, the onset of glassy dynamics becomes
evident at relatively low values of ¢. For instance, at [CaCly] = 0.04mM ,
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a noticeable MSD plateau emerges already at volume fractions as low as
¢ = 0.15. Moreover, this slowing-down occurs in a very narrow range of
¢ = 0.12 to 0.15. This observation suggests that charged vesicle suspen-
sions can be considered as Wigner glasses, where the transition to a glassy
state can occur even in low-density suspensions, due to the presence of
long-range repulsive interactions [58, 101, 10, 75].

Next, we turn our focus to the relaxation dynamics of such glassy sys-
tems, by computing the self-part of the intermediate scattering function

(SISF). We define SISF as:

N
FL(A1) = <Z eapl—ia - (r;(At) - rj<o>>]> (33)

Jj=1

where N is the number of particles, q is the wavevector, and r;(t) is the dis-
placement of a particle j. Figure 3.2 shows the SISF as a function of time

[CaCly] = 4mM [CaCl;] = 0.4mM [CaCl,] = 0.04mM

108 100

At/(a?/D) At/(laz/D) ' At/(a?/D)

Figure 3.2. Temporal evolution of the intermediate self-scattering function
for three different ionic concentrations, parametric on the particle volume frac-
tion.

for the same systems presented in fig. 3.1, at wavenumber ¢ = 27 /0, where
o represents the average particle diameter (set to unity in the BD simu-
lations). The SISF trend closely mirrors that of the MSD. Across all salt
contents and low volume fractions, curves exhibit a single decay, well fitted
by a pure exponential. However, as the volume fraction increases, similar
to the MSD behavior, the SISF develops a two-step decay, characterized
by a plateau at intermediate times. This plateau that is observed across all
ionic concentrations, indicates a slowing down of the dynamics, a hallmark
of glassy behavior. This type of relaxation is commonly explained using
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the cage-jump picture [97, 20, 69]. In this framework, the initial decay,
or S-relaxation, corresponds to particles rattling within the cage formed
by their neighbors, while the later decay, or a-relaxation, occurs when the
particles escape from the cage. Notably, the onset of the two-step decay
in the SISF closely parallels the emergence of the intermediate-time sub-
diffusion in the MSD, both of which can be rationalized within the same
cage-jump picture.

3.2.2 DDM measurements

The system of charged vesicle suspensions was also studied through ex-
periments, which aim at gaining insights into their microscopic dynamics.
However, the high volume fractions of the concentrated samples and the
significant difference in the refractive indices between vesicles and water
make the suspensions optically dense, posing challenges to their character-
ization through Light Scattering (LS) techniques. In this study, we apply
the method of Differential Dynamic Microscopy (DDM) to characterize the
thermal dynamics of our system at different length scales. Thanks to the
optical contrast mechanism, based on incoherent light scattering, we can
access the high concentrations, typical of LFE formulations, remaining in
the single scattering regime. This preserves a one to one correspondence
between the image intensity fluctuations and the sample concentration
fluctuations, so that from the image correlation functions we can extract
the intermediate scattering function associated with the sample dynamics.

As explained in section 2.4, the DDM technique follows a series of com-
putations until the final derivation of the intermediate scattering functions.
We start by obtaining a sequence of images for all samples at specified ac-
quisition rates (see section 3.1). As an indication, figure 3.3 shows two
snapshots of the sample with ¢ = 4% at two different time instants sep-
arated by At = 1200s. One can recognize the vesicles as white or dark
spots, and that the second image differs from the first one, as an indication
of the thermal motion of the vesicles. However, apart from our particle so-
lution also the background contributes to the intensity signal of the images.
Therefore, in order to eliminate its effect and consider only the particles
contribution to the intensity, we calculate the image difference, as already
analyzed (see section 2.4).
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Figure 3.3. (a) Microscope snapshot at time ¢, for a solution of 4%w/w
surfactant concentration, (b) Microscope snapshot at time ¢, + 1200s for the
same sample.

The image differences are then subjected to Fourier transformations,
and averaging over realizations of the same At, but different initial time t¢.
Finally, the primary output of a DDM experiment is obtained, an image
structure function D(q, At) for a ¢ range going from 2%, with L being the
image size, to 1%’ with pix being the pixel size; and for a temporal range
going from the inverse of the frame rate, to the maximum delay consid-
ered (typically one tenth of the full acquisition duration). This process is
applied for all different concentrations ¢ € [0.1%,11%]. As an indication,
the 2D representation of the D(q, At) of ¢ = 4% for two different time in-
stants is illustrated in figure 3.4. These images are derived after including
windowing and excluding adjacent pixels in our computations, in order to
prevent the emergence of the artifacts seen in the solution of latex particles
(section 2.4).

For the concentrated samples ¢ = 4,6, and 11%, the image structure
function D(g, At) and the static power spectrum Dg(q) are obtained for
two distinct frame rates, namely 1 and 0.1Hz. Similarly, for the dilute
samples (¢ = 1,0.1%), the dynamic and static power spectrums are de-
rived from image series of 5,1, and 0.1Hz. No background subtraction is
applied to the static power spectrum of the samples. In the concentrated
samples (¢ > 4%) the signal is dominated by the particles, and hence no
correction is needed, while in the dilute regime, two g-dependent param-
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At =1190s

D(q)

Figure 3.4. 2D image structure functions for two different time instants.

eters are used later on, in the fitting procedure, namely A(q) and B(q),
implicitly accounting for the signal contrast between particles and back-
ground, as well as for the noise. The noise of the concentrated samples
is subtracted from the power spectrum using a baseline value, so that the
curves are normalized between 0 and 1 across the entire g range.

The intermediate scattering functions of the dilute samples are then
computed according to

M A =1 -5

(3.4)
for the two distinct acquisition rates, and are fitted to a single stretched
exponential decay function f = (A(q) — B(q)) - exp{—(t/7(q))*®}. The
ISFs of the concentrated samples are obtained through merging of the
curves calculated for each frame rate. This merging process employs a
function F'(fps, At) = —log(f(g, At)), where fps denotes the frame rate.
For time delays ¢t < 10s, we scale F'(1,t) with the factor k = F(0.1,¢t =
10s)/F(1,t = 10s), using this adjustment up to ¢ = 10s. For delays
t > 10s, we use F'(0.1,¢) directly without adjustment. The merged ISF is
then defined as follows:

e For ¢t < 10s, it is given by exp(—F(1,t) - k)
e For ¢ > 10s, it is simply f(q, At) from the 0.1fps acquisition rate.

The ISF curves are, finally, fitted with either a single or double stretched
exponential decay function, depending on the number of distinct processes
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observed at each () value. This is determined by identifying the number
of different slopes in —log(f(Q, At)), as will be explained.

Below, we present the image structure function D(q, At) as a function
of both time and wavevector (fig. 3.5) after the merging of the curves for
the sample with ¢ = 4%. The image structure function exhibits a behavior

a) 1.2 b) 250

;|

200

D norm (ql At)

= —r = — 0
10° 10’ 10% 10* 107

At[s] qlum™]

Figure 3.5. (a) Normalized image structure function as a function of At for
the same system, parametric in the wavevector, (b) Image structure function
D(q, At) as a function of ¢ for a solution of 4%w/w surfactant concentration,
parametric in At. D(q, At) is calculated from the image sequence of 1Hz
frame rate, while ¢ and At increase in the direction indicated by the arrows.

consistent with the 2D contour plots of fig. 3.4. An initial growth at small
wavevectors takes place, that gives way to a peak value, and then decreases
to zero. As At increases, this peak value rises, reflecting the growing
difference in intensity signals over time (see equation 2.5). Panel (a) of
fig. 3.5 shows the temporal evolution of the normalized structure function
(see eq. 2.8) for different ¢ values. Initially, the function grows until it
reaches a plateau, indicative of the decorrelation of particle dynamics. As
expected, this plateau is attained more quickly for larger wavevector values
(smaller probed length scales).

We start by examining the dynamics of the dilute suspensions with
surfactant concentrations of 0.1% and 1%wt/wt. In this dilute regime,
two distinct diffusive processes are observed according to fig. 3.6(b). Given
the low concentration, particle interactions are expected to be negligible,
so we attribute these two regimes to two different particle families with
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Figure 3.6. (a) ISFs in the dilute regime (open circles) fitted with single
stretched exponential functions (solid curves) for the 0.1% sample. Different
colors correspond to different wavevectors. (b) 7(q) derived from the fitting
for both dilute samples. Red circles illustrate the relaxation times of ¢ = 1%,
while the blue symbols correspond to the ¢ = 0.1% sample. Squares are the
results from the DDM analysis of image series at frame rate of 5H z, the circles
at 1Hz, and the diamonds at 0.1H z.

estimated radii of Ry ~ 1um, and Ry ~ 2um, based on their diffusion
coefficients. Consistent with scattering theory, larger particles dominate
the signal at lower wavevectors, in the interval ¢ € [0.2,0.9] um~!. As ¢
increases, we enter a transition range where the contributions from both
larger and smaller particles merge and become indistinguishable. At higher
q values, smaller particles dominate the intensity signal in a range of q €
[1.5,4] pm~ L.

As we increase the concentration of vesicles, we expect crowding to
start affecting the dynamics. In other words, the thermal diffusion of each
particle is hindered by a temporary cage formed by its neighbors. The
ISFs f(q, At) show two distinct processes. This is clearly visible for low ¢s
plotting:

~log(f(a, AL)) (3.5)

where we can observe a change of slope (fig. 3.7(b)). To capture these two
processes, we fit the ISFs with a double stretched exponential decay:

f=alq) - exp{—(t/m ()} + (1 — alq)) - exp{—(t/72(q))}  (3.6)
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Figure 3.7. (a) ISFs for the sample ¢ = 4%. Different colors correspond to
different wavevectors. (b) Plot of —log(f(q, At)) as a function of time. The
continuous lines are the fits of the ISF with a sum of two stretched expo-
nential decays (eq. 3.6). (c) Amplitude of the fast process as function of the
wavevector. The dashed line corresponds to a a(q) = 1 — exp(—(q/q*)*) fit.
(d) Relaxation times as a function of ¢ for both processes. The solid black
curve illustrates a sub-diffusive scaling 7 oc ¢=2-5.

where the relative magnitude «, and the relaxation times 71 and 7 are
functions of the wavevector ¢, while the stretching exponents are fixed to
f1 =0.75 and B2 = 0.65 (for ¢ = 4%). By definition we take 71 > 7. The
fast process dominates the dynamics at the largest gs and becomes progres-
sively less important at smaller gs (a(g), symbols in (c¢)). This transition
is phenomenologically captured by a(q) = 1 — exp(—(q/q*)*) (dashed line
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in (c)). The associated relaxation time (circles in (d)) changes from being
roughly g-independent at small gs to a subdiffusive scaling at high ¢gs. This
transition is described by 7i(¢) = W. These features suggest that
the fast process can be interpreted as the in cage motion, where ¢* is the
wavevector associated with the cage size, and 7, the lifetime of the cage.
Inside the cage, the dynamics is sub-diffusive with an exponent b ~ 3, and
with a coefficient K = ﬁ. The slower relaxation process (squares in
(d)) dominates the low ¢ regime and it is not visible for ¢ > ¢*, where the
dynamics are dominated by the in-cage motion (a(q) = 1). This second
process is roughly diffusive 7 oc ¢72, and it’s likely linked to the terminal
relaxation of the system, as it corresponds to length scales way larger than
the colloidal particles.

The same picture with two relaxation processes is recognized in samples
¢ =6%,11% (fig. 3.8), despite the fact that for the highest concentration
studied, the range of accessible g¢s is limited by multiple scattering. The
dependence of the two relaxation times 71 and 7o and their relative magni-
tude a on the wavevector ¢ is also compatible with the in-cage/out-of-cage
picture illustrated for ¢ = 4%. In fig. 3.9, the dynamic’s parameters are
compared for the three samples in the concentrated regime.

The cage size can be estimated with two different methods. We
can consider the amplitude of the fast decay o and the characteristic ¢},
for which we have the transition from out-of-cage dominated to in-cage
dominated dynamics. Alternatively, we can take into account the fast re-
laxation time 7 and the wavevector ¢& at which we have the transition
from ¢-independent to sub-diffusive dynamics.

If we assumed that the signal originated from independent particles
undergoing Gaussian dynamics, with in-cage regime, a plateau, and an
out-of-cage diffusive regime, we would expect the fast relaxation time to
strictly follow the model. Additionally, we would anticipate the ampli-
tude « to follow an exponential decay as a(Q) = 1 — exp(—(Q/Q*)?).
However, our data aligns more closely with the phenomenological model
a(Q) = 1 —exp(—(Q/Q*)*). The primary reason for deviations in 7 and
«a from the expected values is that, in our experiments, particle dynam-
ics are strongly correlated. Furthermore, the parameters o and 7 are not
independent, which may also explained the observed difference between
q: (squares) and ¢ (diamonds). We report both values separately in
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Figure 3.8. Intermediate scattering functions f and —log(f) for ¢ = 6% (a-b)

and ¢ = 11% (c-d). The range of accessible wavevectors for 6% is the same as

for ¢ = 4%. For ¢ = 11%, the accessible range of ¢s is limited to ¢ > 1.8um ™1,

because of multiple scattering. The color code is the same of fig. 3.7 and in
particular the highest ¢ shown for 6% corresponds to the higher ¢ for 11% (in
green).

fig. 3.9(e), confirming the same monotonic behavior as function of ¢.
From the fastest relaxation times in the high ¢ regime, we estimate
the sub-diffusion coefficient Kj;,, and the lifetime of the cage 7.. As the
concentration increases, the in cage dynamics becomes slightly slower and
the cage lifetime increases. Quite surprisingly, the out of cage dynamics
display a non monotonic dependence on the concentration, with the dif-
fusivity at 6% being larger than the one at 4%. Systematic studies on
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Figure 3.9. Microscopic dynamics fitting parameters. (a) Amplitude of

the faster relaxation process a(q) for ¢ = 4% (yellow), 6% (violet), and
11% (green). The dashed lines illustrated the associated fits to a(Q) =
1 —exp(—(Q/Q*)*). (b) Relaxation times for ¢ = 4% (yellow), ¢ = 6% (pur-
ple), and ¢ = 11% (green). The dashed lines are fits of the faster relaxation

process (circles) to 71 (Q) = T7@jgr- Lhe solid curves are fits of the slow re-

laxation process (squares) to 72(Q) = 1/(Dows - @%). (c) Out-of-cage diffusiv-
ity Dout)(¢) for all samples investigated in diluted and concentrated regime.
(d) Sub-diffusion coefficient K;,(¢) = ¢*3/7.. (e) Cage associated with the
wavevector ¢*(¢) as estimated from the dependence of the fast decay ampli-
tude a(q) (squares), and from the dependence of the fast decay (diamonds).
(f) Cage lifetime 7.(¢) estimated from (b).

the dynamics of soft particles have shown an unexpected non-monotonic
behavior in the relaxation rate as a function of the volume fraction [73].
In our observations, the terminal behavior slows dramatically compared
to the dilute regime, with dynamics in the concentrated regime being ap-
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proximately 2 orders of magnitude slower.




Chapter

Charged vesicle gels under
quiescent conditions

In this section, we explore the second system under investigation: charged
vesicle suspensions mixed with a non-adsorbing linear polymer. Using
Brownian Dynamics simulations, we study how the gels evolve under qui-
escent conditions. Furthermore, through the calculation of various struc-
tural and dynamic properties, we gain insights into the gel morphology
and the processes that drive microscopic changes over time.

4.1 Methods

4.1.1 Simulation methods

We performed Brownian Dynamics simulations of our colloidal deple-
tion gels composed of charged particles, focusing on the evolving structure
and particle dynamics under quiescent conditions. Initially, 500 000 par-
ticles are randomly distributed within the simulation cell which is period-
ically replicated. We selected a high number of particles for this study to
ensure that the system’s size adequately captures the structural and dy-
namic features being investigated. The gels exhibit a wide range of length
scales and relaxation times, which can be significantly influenced by the
size of the simulation cell. Using a smaller finite simulation cell could dis-
tort the dynamics and affect the accuracy of the measured properties. To
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prevent overlapping particles that could generate excessively large forces,
we employ an energy minimization algorithm to separate them. Follow-
ing this, the particles start interacting through repulsive and attractive
forces, while also experiencing hydrodynamic and Brownian forces. The
gel is aged for three distinct times: 40,400, and 4000tg, before the mea-
surement of various structural and dynamical quantities. The simulation
methods and the model used to simulate such a system are detailed in
section 2.5.1.

4.2 Results and Discussion

4.2.1 Structure

It has been observed both experimentally [34] and by simulations [103]
that in colloidal depletion gels, where particles form weak bonds, restruc-
turing occurs over time, leading to coarsening. In these gels, thermal
fluctuations are sufficiently strong to break existing bonds and reform new
ones, resulting in thicker particle strands, and larger particle-poor voids
between them. Figure 4.1 illustrates this bond mechanics, where a bond
initially forms in a stretched state when two particles approach within the
attraction range defined by the interaction potential. Based on the inter-
play between Brownian motion and attractive forces, the bond may either
relax (when Vp > kpT with V{ the attraction strength) or rupture (when
Vo < kgT), leading to a new bond formation, since the particles continue
performing thermal motion.

Bond
Stretched relaxation
state

if Vo > kT

3

New bond
formation

V(r)/ksT

)

Bond rupture

o -0 if Vo < kT _{_)Brr;’;“:gi“ @—®

rl,/;' o

Figure 4.1. Schematic representation of the bond mechanics based on the
interplay between Brownian motion and attractive forces.
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This ongoing restructuring process is further evidenced by the tempo-
ral evolution of the potential energy, which becomes increasingly negative
over time—a clear indication that the particles are settling deeper into
the potential well in an effort to minimize their free energy. Figure 4.2
shows the temporal evolution of the average potential energy, normalized
to its initial value. Its increase above unity for two different attraction
strengths supports this view. In this section, we discuss this coarsening

14
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Figure 4.2. Temporal evolution of the average potential energy normalized
to its initial value for two different attraction strengths.

process on our charged particle gels using parameters that model an LFE.
In the current computational study, the passive evolution of the particle
configuration takes place under the influence of short-range attractions,
long-range electrostatic repulsion, and Brownian diffusion, in the absence
of external flows or stresses.

Figure 4.3 shows the static structure factor for three different aging
times over a wide range of wave vectors with two distinct peaks appearing
in all curves. The first and higher peak, at the lower ¢ limit, corresponds
to the length scales with the highest particle correlation. For all ages,
the peak appears within the range 0.6 < go < 0.9, where o is the av-
erage particle diameter, corresponding to fluctuations over length scales
7 < lo < 10.5. This range signifies the existence of length scales larger




68

CHAPTER 4. CHARGED VESICLE GELS UNDER QUIESCENT CONDITIONS

older gel Aging time, t/(a?/D):
—_— 40
— 400

10 14 — 4000

S(a)

100 == e A —————

101 4

1071 10° 10!
qo

Figure 4.3. Static structure factor as a function of the wavevector, normalized
with the average particle size, for 3 different aging times. The gel has a volume
fraction of ¢ = 0.4, and Uge, = —4kpT attraction strength.

than the particle size, equivalent to aggregates and network structure. This
peak shifts towards lower g values as the gel ages, suggesting that the char-
acteristic length scales, either strands or network pores, grow with age, as
restructuring takes place. A second age-independent peak appears in the
high ¢ region. It corresponds to a length scale equal to two particles radii
plus their electrical double layers, similar to what is expected also for HS
systems [38].

The BD simulations can also provide us with snapshots of the mi-
crostructure, so we can directly visualize how this changes with time, and
thus verify what we have observed from the static structure function. The
subsequent snapshots (fig. 4.4), corresponding to the same aging times as
in figure 4.3, show an increase in the heterogeneity of the gel structure
over time, with the clusters becoming thicker and the interstitial voids
larger. The color of the particles corresponds to a coordination number,
and specifically to the number of neighboring particles within the bond
range. This “bonded” state is set at r;; < o; + a; + 2akpr + 20kEDL,
where o; and «; are the particle radii, kpy, is the dimensionless depletion
layer thickness, and kgpr is the dimensionless electric double layer thick-
ness, while this coordination number is also called number of contacts or
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bonds. It is evident that, over time, more particles become red, signifying
an increase in the average number of contacts. This number of bonds has
been plotted also as a probability distribution function for the different
aging times in fig 4.5. The curves shift to the right with gel age as the
particles gain bonds with time, again an indication of the restructuring
process. With continued aging, the distribution narrows and sharpens at
N, = 11 as strands grow thicker. Examination of the tails shows that there
are few free diffusers and little crystalline structure.

Figure 4.4. 2D images of the structure for a gel of ¢ = 0.2 and Uyep, = —4kpT
as it evolves under quiescent conditions for different aging times of a) 40tp,
b) 400t and c¢) 4000t taken from BD simulations.
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Figure 4.5. Distribution of contact number at different ages. The gel has a
volume fraction of ¢ = 0.2 and an attraction strength of Ug., = —4kpT.
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4.2.2 Dynamics

Let us now consider the dynamics of the system and the kinetic pro-
cesses that cause it to evolve. It is well known that in glasses, the cor-
relation of particles can last for long periods, whereas in dispersions, the
structural relaxation goes to zero on Brownian time scales [80]. Moreover,
in glassy systems, we can observe a rapid short-time “j-relaxation” corre-
sponding to in-cage diffusion, which gives way to a long-time “a-relaxation”
indicating out-of-cage motion, as already observed for the white bases. Our
reversible colloidal gel exhibits the characteristics of both systems, having
clusters consisting of particles confined in steric cages, and a particle-poor
solvent penetrating these strands. The self-intermediate scattering func-
tion, depicted on fig. 4.6, reveals the diffusive dynamics of a particle, as it
decorrelates from its initial position, over a wave number that corresponds
to the dominant length scale of each age (15! peak of the static structure
function plot).

In a gel system like ours, the relaxation of dynamics at length scales
comparable to cluster sizes requires significant time, making it computa-
tionally demanding in a simulation environment. While we can only ob-
serve the early decorrelation dynamics after the initial plateau, our findings
indicate that relaxation slows down with age, suggesting that the struc-
ture becomes increasingly glassy over time. We have demonstrated that
as coarsening occurs, the particle clusters grow longer and thicker. This
thickening process leads to an increase in particles with higher contact
numbers and low mobility, ultimately resulting in a slowdown of particle
dynamics. Figure 4.6 supports this view.

So far, we have examined the relaxation dynamics at the network length
scale; now we turn our attention to larger wavevectors, which correspond
to length scales comparable to the sizes of the particles and their cages.
Figure 4.7 illustrates the temporal evolution of the SISF at length scales
ranging from 0.5 to 10 particle diameters, as indicated in the legend. Fit-
ting these data to either a single or a double stretched exponential decay
allows us to identify the presence of one or two processes in the relaxation
dynamics of our gel, similar to what we did in the DDM analysis of vesic-
ular dispersions.

The curves corresponding to 0.50 and 1o (where o is the average par-
ticle diameter) are captured by a single stretched exponential, suggesting
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Figure 4.6. Temporal evolution of the intermediate self-scattering function
at the wavevector of the 1st static structure function peak for 3 different aging
times. The gel has a volume fraction of ¢ = 0.2 and an attraction strength of
Udep = —4kpT.

that at length scales comparable to the cage size, the decorrelation func-
tion reflects a single process: in-cage motion. As we move to decreasing
wavevectors corresponding to length scales of 2 — 100, the data cannot be
adequately fitted by a single stretched exponential, indicating the involve-
ment of a second process, namely out-of-cage motion. This behavior aligns
with our observations in the DDM analysis of concentrated pure vesicular
suspensions in section 3.2, where only a single process (in-cage motion) was
captured in the high-¢ limit, while smaller wavevectors revealed a second
process related to out-of-cage particle motion. This implies that, indeed,
our charged vesicle gels show also characteristics of a glassy system.

Another dynamic quantity that can provide insights into the mobility
of particles at the surface of the network strands, as well as deeper in
them, is the mean square displacement. In colloidal dispersions, the short-
time diffusivity reflects the thermal motion of a particle within a local
cage formed by its nearest neighbors. This motion occurs over time scales
that are too short to significantly alter the microstructure. Over longer
times, the colloidal particles exchange neighbors and, in time, engage in
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Figure 4.7. Decorrelation of the self intermediate scattering function at
different wavevectors indicated in the legend. The squares correspond to the
data derived from the simulations, while the solid lines to the fitting curves
using single or double stretched exponential functions. The gel has a volume
fraction of ¢ = 0.2, an attraction strength of Uge, = —4kpT, and an aging
time of 40tpg.

a random walk throughout the suspension, a process known as long-time
self-diffusion. Previous studies |77, 27| have also examined diffusive mi-
gration in gels, as well as in the context of aging [103].

We computed the particles MSD to study how particle dynamics de-
pend on caging. This dependence is revealed by binning the MSD accord-
ing to the contact number, resulting in a "binned MSD", as introduced by
Zia et al. [103]. In figure 4.8, we present the temporal evolution of this
binned MSD over a time span of 100¢g, which is sufficient to observe indi-
vidual particle dynamics while remaining short enough to avoid significant
structural change. Each curve in the plot represents the average MSD for
particles within a specific contact number group, with the contact number
N, indicated next to the curves. The gels studied correspond to three dif-
ferent ages, as noted in the plot legend.

It is not surprising that particle mobility decreases with increasing
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Figure 4.8. Mean Square Displacement as a function of time for each number
of contact and three different aging times. The colored numbers match with
the curves of the same color, indicating the corresponding number of contacts.
The magnified snapshots show the sequence of curves of different age.

contact number at any given age. One might also expect that, for a spe-
cific contact number, particle mobility would decrease with age as the gel
coarsens. This trend holds true for particles with four or more contacts,
establishing a clear relationship between structural coarsening and a deep-
ening dynamic arrest. Interestingly, however, the most mobile particles
located on the outer surface of the gel do not exhibit this reduction in
mobility with age. In fact, free diffusers (N, = 0) demonstrate a marked
increase in mobility, as indicated by the magnified snapshot, which is a
result of the increasing pore size.




Chapter

Rheology and yielding of
charged vesicle gels

The final chapter presents the main focus of this dissertation, demon-
strating the effectiveness of our modeling framework in capturing the rheo-
logical behavior of LFEs. Both simulations and rheological measurements
were carried out on the basis of various tests, including steady and oscilla-
tory shear flows, as well as the application of shear stresses. By combining
macroscopic rheological data with detailed structural images derived from
simulations, we gain valuable insights into the relationship between rheol-
ogy and microstructural morphology.

5.1 Methods

5.1.1 Experimental methods

Samples

For our rheological experiments, we used polydisperse suspensions of
vesicles, with an average diameter of 0.3um, dispersed in water with a fixed
ionic concentration, [CaCls] = 450ppm. We prepared vesicular solutions at
two different surfactant concentrations, 4, and 11%wt/wt, through isotonic
dilution of the initial one (13%wt/wt). Depletion attractive forces were
induced in the system by adding non-adsorbing linear chains of a copolymer
made of acrylamide and DMA3, at a concentration equal to 1.6%wt/wt.
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The polymer has molecular weight M,, = 150 000gr/mol and radius of
gyration R, = 40nm.

Rheometry

Rheological experiments were performed on an Anton-Paar MCR302
rheometer with cone-plate geometry (50mm and 0.01 rad angle). All mea-
surements were conducted at T' = 20°C using a Peltier system. A solvent
trap was employed during the experiments to prevent solvent evaporation.

5.1.2 Simulation methods

We also carried out Brownian Dynamics simulations to get both rheo-
logical and detailed structural information. The system is exactly the same
as presented in chapter 4, with the only difference being the application
of a flow or stress, rather than maintaining quiescent conditions. In the
investigation of our system’s rheology, we imposed steady and oscillatory
shear flows, as well as shear stresses.

Steady shear flows

For the start-up flow tests, a linear shear flow is introduced, defined
as u®(x,y,2) = Jy, by deforming the simulation cell at a predetermined
rate and updating the particle positions accordingly. Here, x represents
the flow direction, and y the flow gradient direction. As the applied de-
formation increases linearly, the cell continuously changes shape and gets
distorted, while the particles are remapped to remain within the periodic
simulation box. The relationship between shear rate and diffusion is cap-
tured by the Peclét number, defined as Pe = 4a?/D, where « is the
particle radius and D the diffusivity. We studied weaker flows within the
range of (0.01 < Pe < 10), investigating values that interpolate between
regimes governed by Brownian motion and those dominated by advection.
Additionally, we explored stronger flows that can completely break the mi-
crostructure (Pe > 100).
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Oscillatory shear flows

For our oscillatory measurements, an oscillatory shear rate was applied,
characterized by the following function: 4 = g cos (wt), where 5q is the
amplitude of the oscillation, w its frequency, and ¢ the time during the
oscillatory cycle. The resultant shear stress o(t) can be also expressed by
a sinusoidal function:

o(t) = ogsin (wt + 0) (5.1)

where og is the stress amplitude, and 0 the loss angle. For small defor-
mations, the shear stress o(t) is linear in the strain and strain rate, with
coefficients that form the real and imaginary parts of a complex modulus
G* given by: G* = G' +1G”, where G’ is the storage modulus repre-
senting the elastic component of the material’s response and G” is the
loss modulus, representing the viscous component. The degree to which
the microstructure is distorted in an oscillatory test is set by two factors:
The strength of the imposed flow relative to the Brownian restoring force,
Pe = #4ya?/D, and the speed of oscillation relative to internal relaxations
in the gel, a = w/(D/a?). The dimensionless displacement is given by their
ratio, ' = Pe/a, and the linear-response regime is probed when I' < 1.

Creep tests

In creep tests, we employed a stress-control method, in order to main-
tain a constant applied stress to the simulation cell. This control method
calculates a difference between the target shear stress and the measured
current stress, modulating the shear rate towards the minimization of this
difference. It’s a proportional controller scheme, coming from the defini-
tion of the shear rate: -

4 = 0 Zmeas (52)

Ui

where o is the target shear stress, opeqs the measured stress (opmeqs =
»P), and ¥ the hydrodynamic viscosity independent of the particle mi-
crostructure without hydrodynamic interactions, nf = n,(1 + (5/2)¢). In
a freely draining suspension, as already presented in section 2.5.1, the in-
terparticle stress 2¥ averaged over a timescale that is long compared to
the momentum relaxation time, has two contributions, the ideal osmotic
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pressure nkTT, and the elastic stress n(rF) coming from the particle in-
teractions, either repulsive or attractive.

Time scales and simulation protocols

The time scales in the simulations and experiments are expected to
differ due to the absence of Hydrodynamic Interactions (HI) in the former.
In the experiments, particles within clusters are expected to slow down by
approximately an order of magnitude, similar to the behavior observed in
dense glasses [88]. Consequently, we adjust the simulation Brownian time
scale, tg = 62;]%3, with 7 being the solvent viscosity, by a factor ~ 1071,
This scaling is applied consistently throughout the figures to the non-
dimensional shear rate Pe = 4tpg, as well as to the dimensionless frequency
a=w(a?/D) and Pegep.

In all measurements, the gel was aged at rest for a certain time that will
be reported in every figure before the application of a shear flow or stress.
For oscillatory shear tests, data were averaged over a single oscillation
cycle after a waiting period of 5 to 100 cycles, which is generally sufficient
to achieve steady state. Similarly, in steady shear simulations, data were
collected once the system reached a steady-state shear stress value.

5.2 Results and Discussion

5.2.1 Linear Viscoelastic Response

We start with the linear dynamic frequency sweep, which shows G’ >
G" over the whole investigated frequency window, indicative of solid-like
response (Fig. 5.1). The two panels show the viscoelastic moduli, G’ and
G", for two gels of different volume fraction, namely 0.4 and 0.55. The
applied strain amplitude is selected as vy = 0.005, within the range of
values in the linear viscoelastic regime, according to what was discussed
in section 5.1.2. In both experiments and BD simulations, the moduli are
nearly frequency-independent, while, as concentration increases, a slight
hardening is observed, indicated by the small increase in the difference
between the moduli. For the 4% sample, the simulation curves appear
horizontally shifted relative to the experimental ones. This is an effect of
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the shifting protocol we employed, where the shifting factors, which as we
said account for the absence of HI in the simulations, were chosen to align
the Newtonian regime of the flow curves more closely between simulations
and experiments. These flow curves will be presented later. Importantly,
the same shifting protocol was consistently applied across all measure-
ments. Since the moduli in our frequency sweeps show minimal variation
for different frequencies, this horizontal translation does not impact these
values.

4%w/w 11%w/w
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Figure 5.1. Viscoelastic moduli as a function of the angular frequency (fre-
quency sweeps) taken from BD simulations (red circles) and experiments (blue
squares). G’ is shown by the solid symbols, while the G” by the open ones. For
the gels: ¢ = 0.4/Uqep = —4kpT (left panel), and ¢ = 0.55/Uqep = —4kpT
(right panel).

5.2.2 Steady shear flow

Another key rheological test that can reveal the characteristics and
type of our materials is the stress response to varying steady shear rates,
commonly known as flow curve. In Fig. 5.2 we present the steady state
shear stress response as a function of shear rate taken from both BD sim-
ulations and experiments. BD simulations closely match the experimental
data, demonstrating the typical response of a colloidal depletion gel that
behaves as a yield stress material. At very low Pe, a yield stress plateau
emerges. This is the dynamic yield stress of the gel corresponding to the
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value of stress that has to be applied to maintain the flow. Conversely,
at very high Pe, there is a linear relationship between stress and shear
rate implying a viscous response equivalent to that of a Newtonian liquid.
Finally, for intermediate values of Pe, a sub-linear relation appears, in-
dicative of shear-thinning behavior.

In the literature [51, 65|, these transitions from low to high shear

A%w/w 11%w/w

102
e Sim
10 m Exp
— TC model

Oy / (KT /a®)

Figure 5.2. Normalized steady-state shear stresses as a function of Pe from
BD simulations (solid red circles) and experiments (blue squares) for both
samples. The dashed lines correspond to Pege, = 1 and the solid lines to the
TC model fits with parameters: o, = 0.2, 4, = 0.14, and n,4 = 0.31 for the
4% sample, and o, = 0.56, 4, = 0.041, and ny, = 0.1 for the 11%. Results are
for gels with Ugep, = —4kpT and ¢ = 0.4, 0.55.

rates, corresponding to different macromechanical responses, are detected
on the flow curve using a dimensionless number, Pegp, as follows [51]:

Fohear 6mnR(2ER)Y 127nE R34
Pegep = = =

Fdep B Udep(2R)/(2£R) B Udep(QR)

(5.3)

When Pege, < 1, shear forces are stronger than attractive forces, which
is expected to result in bond breaking. However, when Pege, > 1, attrac-
tive forces outweigh shear forces and in this case, shear helps the particles
find, through local rearrangements, configurations with lower energy.

Our simulation data are well described by the three component (TC)
model [12], a modified version of Heschel-Bulkley model, commonly used
to represent the flow curve of a yield stress fluid. The TC model accounts
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for the stress dissipation in sheared soft glassy materials as a combination
of elastic, plastic and viscous contributions, and its formula is given below:

C

1/2

with the fitting parameters: oy, ¥, and 7,. Here, o represent the mate-
rial’s yield stress, while 4. and o, /m, denote two critical shear rates. The
first is linked to the relative magnitude between elasticity and plasticity,
while the second relates to the interplay between the viscous and the plas-
tic contributions to the stress.

In fig. 5.3, the flow curve of the gel is accompanied by 2D images of
the structure at different shear rates taken from BD simulations. The
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Figure 5.3. Flow curve for a gel with ¢ = 0.4 and Uy, = —4kpT from BD
simulations. Bottom images depict the gel structure under different Pe taken
from simulations. Particles are colored based on their number of contacts.
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color of the particles corresponds to the number of neighboring particles
within the attraction range, defined as bonded state. Shearing at very low
shear rates with Pege, < 1 results in the formation of heterogeneous struc-
tures (snapshot (7)) characterized by dense clusters resembling gels that
age under quiescent conditions. With increasing shear rate, the structure
experiences shear-induced coarsening with noticeably larger strands and
interstitial colloid-poor voids between them, as illustrated in snapshot (7).
As we approach the Pege, = 1 line, the size of these clusters and voids di-
minishes, which reduces flow resistance and, in turn, decreases the effective
viscosity, displaying shear-thinning behavior. Conversely, shearing at high
rates (Pegep > 1) breaks the bonds between particles, leading to the for-
mation of relatively homogeneous structures that resemble a hard-sphere
liquid with a similar volume fraction. This results in a simple viscous re-
sponse under shear. Thus, based on Pe, two distinct regimes are observed
under shear, as previously shown by Koumakis et al. [51]. In one regime,
clusters break up at high shear rates (Pegep, > 1), while in the other, clus-
ters densify at low shear rates (Pegep < 1).

5.2.3 Strain sweeps

Figure 5.4 shows the steady-state values of the storage and loss mod-
uli, G’ and G”, as a function of the strain amplitude g, for three differ-
ent angular frequencies w, obtained from rheological experiments. Across
all frequencies, two distinct regimes are evident: an initial regime, where
G’ > G”, indicating a solid-like response of the gel, followed by a sec-
ond regime, where G’ < G”, signifying viscous behavior. The first regime
is known as the linear viscoelastic regime, since the viscoelastic moduli
remain independent of the strain amplitude, while the second regime is
non-linear, revealing the gel’s response to higher values of deformation.
As the angular frequency w increases, the values of the moduli rise, and
the yielding point shifts to higher strain amplitudes.

As has been noted in previous studies [65], two yielding points can be
identified in a strain sweep of a gel, at the points where G” exhibits its
maxima. The first one occurs before the crossover point, attributed to the
breakup of weakly connected clusters into smaller ones, while the second
one takes place after the crossover, reflecting the intra-cluster bond break-
ing. In our measurements, the second yielding point is clearly evident at
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Figure 5.4. Steady-state values of the viscoelastic moduli as a function of the
strain amplitude for three different angular frequencies (0.1,1, 10rad/s) taken
from rheological experiments. For the gel: ¢ = 0.4 and Uge, = —4kpT.

the angular frequencies of 0.1 and 1 rad/s, while the first yielding point is
only slightly noticeable for 0.1 rad/s with a small change of the G” slope.

In the previous section we have shown that BD simulations can effec-
tively capture the macroscopic stress response, as well as the fundamental
microstructural changes under steady shear flow, even without the inclu-
sion of hydrodynamic interactions (HI). Focusing now on the oscillatory
measurements, in figure 5.5, we plot the steady-state values of the storage
and loss moduli, G’ and G”, as a function of the strain amplitude, ~g, for
both BD simulations and experiments. The left panel displays the strain
sweep for a gel with a volume fraction of ¢ = 0.4, while the right panel cor-
responds to a gel of ¢ = 0.55. For the gel with ¢ = 0.4, both simulations
and experiments, show that a first maximum of G” appears at a strain am-
plitude of 5%. This peak represents the first yielding process and as it has
already been mentioned, it is associated with the breakup of large, weakly
bonded clusters [49, 55, 87]. As the strain amplitude continues to increase,
both experiments and BD simulations show a crossover between G’ and
G" at y9 = 10%, after which the sample displays a liquid-like response
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Figure 5.5. Steady-state values of the viscoelastic moduli as a function of
the strain amplitude for BD simulations (red circles) and experiments (blue
squares). Solid symbols show the G’, and open symbols the G”. For the gel
on the left panel: ¢ = 0.4 and Ugep = —4kpT. For the gel on the right panel:
¢ = 0.55 and Ugep = —4kpT.

(G" > G'). The second yielding process after the crossover point is only
evident in the experimental data of the gel with ¢ = 0.55 (right panel of
fig. 5.5). This second peak is not observed in our BD simulations, possibly
due to the absence of hydrodynamic interactions, which could influence
microstructural changes under shear.

In figure 5.6, the plot of the viscoelastic moduli is accompanied by four
slices of the microstructure at different strain amplitudes, marked by four
upward arrows. In the linear viscoelastic regime, where the moduli are in-
dependent of v, the microstructure shows no difference from the quiescent
state. However, beyond the yielding point, at v = 20%, it’s clear that
the oscillatory shear causes the formation of denser clusters with larger
voids. This shear induced cluster densification should result in a higher
average number of bonds, as also illustrated by the microstructure slice.
The snapshot of the microstructure at v9 = 100% reveals a significantly
more heterogeneous structure with larger clusters and voids under shear
with respect to those observed at smaller strain amplitude. Unsurprisingly,
the application of much larger strain amplitudes, vo > 200%, leads to the
disintegration of the clusters, as shown in snapshot (iv).

As in the case of steady shear flow, structural changes in oscillatory
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Figure 5.6. Viscoelastic moduli as a function of the strain amplitude at con-
stant angular frequency w = 10rad/s for a gel with ¢ = 0.4 and Ugep = —4kgT
taken from BD simulations. The slices of the microstructure correspond to val-
ues of the strain amplitudes marked by the upward arrows and the color of
the particles represents the number of bonds.

flows can also be quantified using a modified Peclet number, Py, in-
troduced by Koumakis et al. [51]. This number accounts for the relative
magnitude of shear forces versus attractive forces and, for oscillatory shear,
is expressed by the following relationship:

Fshear 67T77R(2£R) Yow 127T77£R3
= = Yow
Fdep Udep/(2§R) 2£R Udep(2R)

Pedep = (5.5)

For Pege, > 1, shear forces are expected to rupture the bonds be-
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tween particles, rendering attractive forces essentially inactive as the gel
behaves like a liquid. In contrast, when Peg., < 1, inter-particle attrac-
tions strongly influence the system, leading to shear-induced rearrange-
ments. This results in the formation of compact clusters, which increases
the heterogeneity and the size of voids or clusters compared to the quies-
cent state, as shown in the BD images of fig. 5.6.

5.2.4 Number of contacts under shear

Apart from the microstructural images, another method to quantify
the structural changes under shear is by measuring the average number of
contacts [51, 103]. This is essentially a coordination number corresponding
to the number of particles within the attraction range from their neighbors,
averaged over all particles, as introduced in the previous section. We have
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Figure 5.7. a) Average number of contacts as a function of Pe number com-
puted from constant shear rate measurements. The inset shows the fluctuation
of the number of contacts, while the snapshots correspond to Pe values marked
by the arrows, b) Average number of contacts as a function of the strain am-
plitude calculated from oscillatory shear rate tests. Results are for a gel with
(b = 0.4 and Udep = —4k‘BT.

plotted (fig. 5.7) the dependence of the average contact number on the Pe
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number for the steady shear case, as well as on 7y for the oscillatory shear
tests. Both cases show a similar dependence with the formation of an ini-
tial plateau at small Pe and g, indicating a (N.) value that corresponds
to the quiescently-aged gel. As the flow strength increases, the number
of contacts drops due to structural breakage. However, in this regime,
snapshots of the microstructure revealed a shear-induced coarsening. One
might expect this restructuring to result in an increase of (N.), but this
does not happen. A possible explanation is that in more heterogeneous
structures, not only do the clusters become denser, but the colloid-poor
voids also enlarge, leading to an increase in the number of free diffusers
((N¢) ~ 0). As a result, the average number of contacts may appear to
change little compared to less heterogeneous structures observed in smaller
Pe.

To observe this increase in heterogeneity, we need to examine the fluc-
tuations (or variance) of the number of contacts, as shown in the inset
of fig. 5.7(a). If the variance is small, then N, does not fluctuate much
around its average, suggesting that the network is relatively homogeneous,
while larger values indicate more heterogeneous structures. In our results,
a fluctuation peak emerges at the Pe value corresponding to snapshot
(i), where the highest heterogeneity is observed. This suggests that the
variance of N, captures better the changes in the structural heterogeneity
compared to the (N.). Ultimately, the drop in (NNV;) levels off to a second
lower plateau, which reflects a particle solution exhibiting Newtonian-like
behavior. At these high shear rates and deformations, the gel undergoes
complete structural breakdown.

5.2.5 Yielding and flow behavior

Start-up flow

Next, we investigate the nonlinear transient response of our depletion
gels during the start-up of a fixed strain rate. Our initial focus will be
on understanding the microstructural origins of yield, and how structural
and rheological yield relate to the release from kinetic arrest. We will
study weak flows (0.01 < Pe < 1), where complete structural breakdown
is avoided, imposed on weakly connected gels (Ugep = 5 — 6kpT'), similar
to the ones used in LFEs. We’ll examine the connections between bond
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dynamics, structure, and rheology and then, apply these insights to in-
terpret the rheological response of our depletion gels. This second part
involves simulations encompassing a wide range of parameters, including
three volume fractions of ¢ = 0.2,0.4 and 0.5, two different attraction
strengths —4kgT and —16kpT, as well as varying shear rates and ages.
This analysis will provide a broader understanding of the parameters that
influence the yielding behavior of Liquid Fabric Enhancers.

In figure 5.8, we plot the temporal evolution of the macroscopic shear
stress response of a gel subjected to different values of shear rate. Regard-
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Figure 5.8. Stress normalized with the Brownian stress as a function of the
diffusively scaled time for different Pe values. The three regimes are numbered
and differently colored. Results are for a gel with ¢ = 0.2 and Ugep = —5kpT.

less of the applied shear rate, we can distinguish three different temporal
regimes. In regime I, which is also called "pre-yield regime", stress grows,
exhibiting a power law behavior. This stress build-up reaches a maximum
stress value, the static yield stress of the gel for the respective Pe, and
corresponds to the stress that has to be applied to the material to initiate
flow. Regime II is the yield regime, where yielding takes place. Key aspects
in this phase include the yield stress, yield strain, and the associated mi-
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crostructure. The stress overshoot gives way to a stress decay, after which,
regime III follows. This region characterizes the gel’s long-term behavior,
which is generally assumed to correspond to a steady, viscous flow.
Focusing, now, on the pre-yield regime, we plot the stress response,
normalized by the ideal osmotic pressure, as a function of the diffusively
scaled time (fig. 5.9). At early times following the onset of the imposed
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Figure 5.9. Shear stress normalized with the ideal osmotic pressure as a
function of time for different Pe values and two attraction strengths 5 and
6kgT. The particle volume fraction is ¢ = 0.2.

strain rate, the macroscopic shear stress rapidly increases and monoton-
ically grows over time, defining the pre-yield regime. Two key factors in
this regime are the rate of stress growth and the magnitude of the stress re-
sponse (vertical shift). The stress growth follows a power law, o, ~ 10-65,
where t = t/(a?/D) represents the diffusively scaled time. As stronger
flows are applied, the magnitude of the pre-yield stress increases, shifting
curves upwards. This can be understood by considering stress as a mea-
sure of energy density; increasing flow strength adds more energy into the
system, resulting in a larger stress response. In an attractive system, like
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in our case, this energy is stored enthalpically through bond stretching,
and entropically as microstructural distortion.

We also observe that, regardless of the attraction strength and the Pe,
all the curves in the pre-yield regime scale with the same time exponent.
This indicates that, at early times when microstructural distortion is min-
imal, Brownian diffusion is the primary influence on particle dynamics,
leading to weak structural rearrangements and determining the temporal
scaling of stress. When stress is scaled by the applied flow strength, the
viscosity is obtained, as illustrated in figure 5.10. The steady-state vis-
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Figure 5.10. Non-dimensional viscosity as a function of time for different Pe
values and attraction strengths.The particle volume fraction is ¢ = 0.2.

cosity values decrease with increasing Pe as expected for a shear-thinning
material, like our gels. Additionally, for all Pe values, the pre-yield regime
is collapsed onto a single curve. However, as time progresses, the curves
begin to diverge, marking the point where microstructural distortion in-
creases and advection becomes dominant.

This macroscopic response can be linked to the gel’s microstructure
using two key quantities: the average number of contacts, (N.), which rep-
resents the average number of neighboring particles within the attraction
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range, and the average potential energy, (V), which indicates whether the
bond between particle pairs is compressed, relaxed, or stretched. Both vari-
ables are normalized by their initial values before start-up, (N.)o and (V')g,
and their temporal evolution is plotted in figure 5.11, with (N.)/(N¢)o on
the right axis and (V')/(V)o on the left axis. The normalized (N.) (solid
lines) distinguishes bond formation (values greater than one) from bond
rupture (values less than one). Similarly, the normalized (V') (dashed lines)
differentiates between bond stretching (values less than one) and compres-
sion (values greater than one).

In figure 5.11, the temporal evolution of these variables is shown across
the entire pre-yield regime for the flow strengths depicted, as well as during
the peak stress phase in the yield regime. Both the average normalized
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Figure 5.11. Average normalized potential energy (left axis) and average
normalized number of contacts (right axis) as a function of time for different
flow strengths. The arrows mark the macroscopic yield point for each Pe.

potential energy and the average normalized number of contacts drop be-
low unity at a certain point, indicating bond stretching and bond loss. It
is not surprising that the potential energy decreases before the number of
contacts, as bonds typically stretch before they break. As expected, higher
flow strengths lead to a quicker and greater percentage of bond stretching
and loss. The vertical arrows indicate the onset of bond loss.

We can now compare this microstructural evolution with the macro-
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Figure 5.12. Shear stress normalized with the ideal osmotic pressure as
a function of time. The arrows mark the peak stresses (macroscopic yield
points).

scopic stress response to see if there is any correlation. In figure 5.12, we
plot again the temporal evolution of the shear stress, marking the macro-
scopic yield point—the point where stress reaches its maximum value for
the respective Pe—with a downward arrow. The comparison reveals that
the time at which the gel starts to lose bonds coincides with the peak
stress, suggesting that a certain percentage of stretched and subsequently
broken bonds must be reached for the gel to begin yielding.

Another key characteristic of the bonds that can be assessed through
BD simulations is their preferable orientation. When dispersions of repul-
sive hard spheres experience steady shear flow, they tend to accumulate
along the compressional axis and deplete along the extensional axis. How-
ever, attractive forces alter the relative trajectories of particles, drawing
some toward the depleted regions. To identify this behavior, we calculate
the fabric tensor R, which tracks the distribution of bonded neighbors:

(5.6)
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where ¢ is the particle volume fraction, N the number of particles, and
r;; the orientation vector that points from the center of particle ¢ to the
center of particle j, for pairs of particles within the attraction range.
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Figure 5.13. Schematic representation of the direction of compressional and
extensional axes around a particle in a shear flow.

To measure the anisotropy of particle bond orientation in the flow-flow
gradient (zy) plane, we calculate the off-diagonal component of the fab-
ric tensor, R;,. A positive R, indicates orientation along the extensional
axis, while a negative R, signifies alignment along the compressional axis.
We track R;, as an average over all particles, computed over time after
the onset of flow. The bond orientation in the flow plane is shown in fig-
ure 5.14 for various flow strengths. Initially, when structural distortion is
small, R;, = 0, indicating an isotropic bond distribution. At such small
deformations, only Brownian diffusion affects the dynamics, smoothing out
any minor distortions caused by advection.

In the yield regime, both the gel’s yield stress and yield strain are key
parameters. In figure 5.15 , we plot the shear stress against the shear
strain, rather than time. Strain represents the accumulated deformation
over time, and the effect is noticeable. While peak stresses spread across
different timescales in the time-based plot, now, they nearly align. The
strain corresponding to each peak is the yield strain for the respective Pe.
The yield strains for the examined Pe values fall within a narrow range of
8% < Vstrain < 13%.

We also present the yield stress values, taken as the peak stresses ob-
served in the macroscopic stress response shown in fig. 5.8. We report
the static yield stress values for different Pe and aging times (fig. 5.16).
As expected, these values increase with stronger flows, as more energy is
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introduced into the system, which the gel stores either through bonds or
microstructural distortion, leading to a higher stress response. Similarly,
aging time increases the yield stress due to the age-stiffening of the gel, as
a result of the ongoing coarsening process analyzed in chapter 4. There-
fore, older gels exhibit larger yield stress values.

2
ol Gil de.a /D older gel

=400

0.01 0.10 1.00

Pe

Figure 5.16. Yield stress normalized with the ideal osmotic pressure as a
function of Pe for different aging times, as shown in the legend.

We now aim to explore the microstructural changes that occur during
the yielding of our gel by examining the evolution of the average normal-
ized potential energy and contact number as functions of the accumulated
deformation (strain). Both variables start to decrease below unity after
the macroscopic yield point, indicated by the vertical arrows (fig. 5.17).
Interestingly, the percentage of lost bonds at this stage is less than 0.1%,
suggesting that, during yielding after weak start-up flows, no cluster break-
age occurs, unlike what we might expect under stronger flows. In this type
of rheological yield, breaking even a small fraction of bonds can lead to
the relaxation of many more, reducing the glassy frustration within clus-
ters and facilitating viscous flow.

The snapshots in figure 5.18 provide a visual representation of the gel’s
microstructure at various deformation levels, as noted. The microstructure
at 10% strain, which corresponds to the yield strain for this gel, shows no




96

CHAPTER 5. RHEOLOGY AND YIELDING OF CHARGED VESICLE GELS

macroscopic yield point
x00 contact 1.00
= =
= = g =
potential &7 oo
099"~ "~ Temergy """ TT7C SEE Y F0.99
o ST ’é‘
- = =
> L = A= ?v
—~— - % - =
= o081 i S rogs =
i % i o=
~ & & s/
(V) (N.) Flow strength, Pe "
0.97 i = 1 0.97
= == Ik
= pi— 0.1
T T 005
0.96 1+ . - - —L 0.96
4 6 10 12 14

y(%)

Figure 5.17. Average normalized potential energy (left axis) and average
normalized number of contacts (right axis) as a function of strain for different
Pe values. The arrows mark the macroscopic yield points for the respective
Pe.

Figure 5.18. Microstructure snapshots at different deformation levels under
a shear flow of Pe = 1. The corresponding deformation levels are written on

the snapshots.

significant change compared to the initial structure, confirming that the gel
yields with an intact network. To observe noticeable structural changes,
we must look at higher deformations, as illustrated in the final snapshot
at 100% strain.

Finally, in order to evaluate the terminal behavior of our gel, we need
to observe its evolution at later times and higher deformations. Figure 5.19
gives snapshots of the structure prior to flow (7 = 0%), at the yield point
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(v = 10%), and post-yield (v = 800%), in the flow-flow gradient plane,
for Pe = 1 (upper snapshots) and Pe = 0.05 (lower snapshots). At the
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Figure 5.19. Microstructure snapshots for two different strain levels and
Pe = 1 (upper row of left panel), as well as Pe = 0.05 (lower row of left
panel). Average normalized number of contacts as a function of strain for
different Pe values (right panel). The asterisks denote the deformation levels
shown in the snapshots.

yield point, the network shows no noticeable difference compared to its
state prior to the start-up. Well after the yield, following the overshoot in
the stress response, pronounced structural evolution at the network-length
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scale emerges. The flow strength influences the structural alignment, and
the network length scale changes in two different ways, as shown in the
rightmost images. For a weaker flow, Pe = 0.05, the network appears
to remain connected, with some pores enlarging and the particle strands
condensing into slightly larger, thicker structures aligned with the flow di-
rection. This indicates that the gel does not transition into a dispersion-like
state; instead, it maintains large, partially connected structures. However,
for Pe = 1, the structural image reveals significant coarsening compared
to the initial state. At this Pe number, the gel undergoes shear-induced
restructuring, where the flow promotes the densification of the particle
strands, resulting in a more heterogeneous gel morphology.

These microstructural changes are further verified by the plot of the
average normalized contact number, which reflects bond formation or loss.
Across the range of applied flow strengths, two distinct terminal regimes
emerge. For Peclet numbers close to one, bond loss begins at 10% strain,
leading to a decrease in the number of contacts before eventually stabiliz-
ing. This behavior is indicative of the viscous characteristics of a liquid.
In contrast, under weaker flows (Pe = 0.05,0.1), a different response is
observed. Following the initial bond rupture, the flow facilitates the refor-
mation of bonds, leading to flow-induced coarsening of the structure and
resulting in a non-equilibrium phase separation. This behavior resembles
the restructuring process taking place during the phase separation of a gel
under quiescent conditions, as shown in chapter 4. However, in this case,
the applied flow amplifies the process, leading to even more coarsened gel
structures, as verified by the snapshots.

We derived some key insights from our previous study on the relation-
ship between bond dynamics, microstructure, and rheology, during the
application of a start-up flow. Our focus was on flows at relatively low
Pe numbers, which do not completely break down the structure, but sig-
nificantly influence the energy and structural evolution of the gel. In this
second phase of our analysis on start-up flows, we will interpret results
from BD simulations across various parameters, including volume frac-
tions, attraction strengths, as well as shear rates and ages.

Fig. 5.20 shows start-up flow measurements taken from BD simula-
tions at different Pe values for three volume fractions of ¢ = 0.2,0.4 and
0.5, constant attraction strength —4kpT', and two different ages. First, we
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Figure 5.20. Start-up shear flow measurements from BD simulations at
different Pe numbers as indicated for the gel with Ugep, = —4kpT and (a)
¢ = 0.2 at the age of 400tz, (b) ¢ = 0.2 at the age of 40000tz, (c) ¢ = 0.4 at
the age of 400tp, (d) ¢ = 0.4 at the age of 40000tz, (¢) ¢ = 0.5 at the age of
400t g, and (f) ¢ = 0.5 at the age of 40000t 5.




100 CHAPTER 5. RHEOLOGY AND YIELDING OF CHARGED VESICLE GELS

discuss the results for young and low-particle volume fraction (¢ = 0.2)
gels (fig. 5.20(a)). In the range of shear rates examined here, the relation-
ship between stress and strain reveals a peak known as the yielding point.
In some works, this yielding point has been related to the disconnection of
the links between clusters [49, 55|. However, Johnson et al. [43] interpreted
this overshoot as a transition from energy storage to energy dissipation,
rather than the occurrence of significant changes in the microstructure.
This transition takes place while the network remains fully intact; only a
small fraction of bonds needs to break to ease the glassy frustration of the
particles. This phenomenon leads to a type of rheological yield, which we
also observed in our results.

The long-time behavior following the stress overshoot reveals two dis-
tinct shear regimes. At low shear rates (0.1 < Pe < 10), a rise of stress
is observed for strains exceeding approximately 100%. This increase in
stress at large strains is attributed to cluster densification under shear, as
discussed in the previous section. As clusters grow larger, they provide
greater resistance to flow, resulting in an increase in stress. In contrast, at
higher shear rates (Pe > 50), this stress increase at large strains is sup-
pressed, leading to the emergence of a stress plateau. For higher volume
fractions (¢ = 0.4,0.5), cluster densification is not observed; instead, the
stress overshoot immediately transitions to a constant stress value. No-
tably, at ¢ = 0.5 and Pe = 100, a sudden decrease in the stress response
occurs at higher deformation values. This drop is an artifact stemming
from the absence of hydrodynamic interactions in our simulations, which
causes particle layering and, consequently, a significant reduction in stress
values.

A secondary yield or second overshoot, observed experimentally in
dense, reversible gels [49, 55| is not present in the post-yield response of
our results. One possible explanation is that a secondary yield may occur
if the structural growth from flow-induced coarsening—following the first
overshoot—breaks, thereby forming a second overshoot. It is also plausible
that hydrodynamic interactions, which are not accounted for in this study,
contribute to the breakdown of structures formed after the first yield peak
due to flow-induced coarsening.

In fig. 5.21, we illustrate the effect of aging time at two different Pe
values, representing weak and strong flows. In both cases, aging time re-
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Figure 5.21. Start-up shear flow measurements from BD simulations for two
different Pe values at different ages as indicated, for the gel with ¢ = 0.4 and
Udep = —4kpT.

sults in a vertical shift of the curves in the pre-yield and yield regime, while
the curves converge in the terminal region. As the gel becomes stiffer over
time, it is expected that its yield stress will increase, requiring a greater ap-
plied stress to achieve rheological yield. In the terminal regime, where high
applied deformation leads to structural breakdown, the stress response re-
mains the same regardless of aging time.

We now examine the effect of attraction strength on the yielding behav-
ior of our gels under start-up flows. Fig 5.22 shows the shear start-up flows
for gels with ¢ = 0.2 at two different aging times and attraction strengths
of —4kpT and —16kpT. Notably, the stronger gel exhibits a higher stress
response compared to the weaker gel with the most significant difference
occurring in the terminal regime. In this region, the steady-state stress
values differ by nearly an order of magnitude, while the peak stresses of
both gels are relatively similar. Additionally, for the gel with —16kBT
attraction strength, we observe an increase in stress at large deformation
values across all investigated Pe numbers. In contrast, the —4kBT gel
reaches a plateau in stress at high Pe. This signifies that cluster densifica-
tion can occur in the stronger gel over a wider range of flow strengths, as
shown in the lower panels of fig. 5.22. Finally, there is a slight horizontal
shift of the peak stress for the stronger gel, indicating that yielding occurs
at smaller strains compared to the weaker gel.
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Figure 5.22. Start-up flow measurements taken from BD simulations for
different Pe values as indicated, at two different aging times, 400 and 40000% 3,
and two different attraction strengths, —4kpT and —16kgT.

Creep tests

Fabric enhancers can be subjected to stresses during manufacturing,
transportation or consumer use. Therefore, understanding how these gels
respond to varying stress levels is crucial. Additionally, creep tests offer
an alternative method for estimating the yield stress of these materials, a
property that is vital for the stability of LFEs, as previously discussed.

The yield stress of such materials is relatively low, approximately 0.01 Pa.
Therefore, we investigate stress levels ranging from 0.005Pa < 0,y < 1Pa,
to capture the full spectrum of the gel’s behavior, from solid-like to viscous-
dominated. One effective method for assessing the response of complex flu-
ids is by measuring their deviation from the ideal elastic response, quanti-
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fied here by the creep compliance, J(At) = v(At) /0y, where 7 represents
the deformation and At is the time elapsed after the stress application. As
the material becomes more compliant, it softens, indicating a transition
from solid-like to liquid-like behavior.

In this study, we monitored the temporal evolution of the creep com-
pliance over an aging period of 400a?/D. The plotted curves (fig. 5.23)
represent a range of applied stress values, made dimensionless using the
Brownian stress. At early times, the creep compliance is independent of
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Figure 5.23. Creep compliance normalized with the inverse of the Brownian
stress as a function of time for different Pe values shown in the legend.

the applied stress and scales with the square root of time, J(At) ~ (At)Y/2,
regardless of gel age. This stress insensitivity suggests that no structural
deformation occurs during these short times. As time progresses, a rapid
increase in creep compliance is observed, marking a shift from elastic to
viscous-dominated behavior. Prior to this transition, there is a delay pe-
riod that decreases as the applied stress increases. For the weakest stresses,
the transition may not occur at all, indicating long-term creep without
yielding.

To identify the different regimes that the gel goes through under the
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application of a shear stress, we track the temporal evolution of the defor-
mation rate (fig. 5.24). The rate of deformation can exhibit two extreme
behaviors: that of a Newtonian solvent, which appears as a horizontal line,
and that of an elastic solid, which decays exponentially to zero. In the case
of a solid, deformation occurs instantaneously, whereas a liquid continues
to deform at a constant rate after the shear stress is applied.
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Figure 5.24. Rate of deformation normalized with the Brownian time as a
function of time for different applied stresses.

The curves display an intermediate behavior that depends on the ap-
plied stress. Initially, the gel deforms at a rate that decreases over time,
which is characteristic of a solid-like response. Power-law fits to the curves,
4 ~ (At)7P, are shown on the plots. Under weak stresses, this creeping
behavior persists throughout the entire time window examined, with a
monotonic decrease in shear rate. However, at intermediate stresses, a
change in the slope occurs. This shift from a negative to a positive slope
corresponds to the gel’s yielding, marking the yield point. After yielding,
when a higher stress is applied, a plateau forms, indicating viscous flow.
The duration of the plateau increases with higher stress levels. Interest-
ingly, at intermediate stress levels, after a brief plateau—such as in the
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case of o,y/(kT/a3) = 0.13—the deformation rate slows again, signaling
a re-entrant solid-like phase.

To illustrate these states, we provide snapshots of the microstructure
at various times (fig. 5.25) under the same applied stress. We chose
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Figure 5.25. Rate of deformation normalized with the Brownian time as a
function of time for different applied stress levels (top plot) accompanied by
snapshots of the microstructure at times marked by asterisks.

0uy/(KT/a3) = 0.13, as this stress level allows the gel to exhibit all the
distinct behaviors. Initially, the gel deforms like a solid until it reaches
t/(a?/D) = 10, at which point it yields. After yielding, it flows briefly
before resolidifying. The snapshots align with our predictions. Notably, at
the yield point, there is no significant change in the microstructure, sim-
ilar to what we observed during yielding after weak start-up flows. This
suggests that only a small number of bond breakages are necessary to re-
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lax other bonds, alleviating the glassy frustration of particles within the
clusters. At t/(a?/D) = 100 (snapshot (iii)), the clusters align with the
imposed flow, indicating viscous behavior, while at ¢/(a?/D) = 300 (snap-
shot (iv)), shear-induced coarsening becomes evident.

As we previously mentioned, creep tests constitute another way of mea-
suring the gel yield stress. This can be extracted from the creep compliance
plot (fig 5.23) as the value of stress where the system transitions from the
linear regime (curves collapsing) to the non-linear regime (curves start
peeling away from one another). In our case, we define o4, /(kT/a®) ~ 0.1
as the gel yield stress. This value can now be compared to the dynamic
yield stress obtained from the flow curve.

Unifying start-up flows with creep tests

In figure 5.26, we show the flow curve for our gel with ¢ = 0.4 (red
circles), along with the steady-state shear values (blue asterisks) derived
from the creep tests. In a creep test, the system only reaches a steady-state
in the viscous regime (at high applied stresses), while at lower stresses,
the rate of deformation continues to evolve, and a steady state is never
attained. In the viscous flow region, both types of tests result in the same
steady-state values, in terms of shear rate or stress response.

The dynamic and creep yield stress values are similar; below these
values, both tests predict that the gel will not yield, but instead maintain
its solid-like response. The resolidification regime is defined from the rate
of deformation plot (fig. 5.24), within the stress range where a second decay
occurs, signifying a re-entrant solid process. In our gel, this regime extends
above the dynamic yield stress plateau, in contrast with a previous study
presented in section 1.8.3 [66], where it extended below the yield stress
plateau. However, as can be seen from the start-up flows at small Pe
(fig. 5.27), and our previous study of gel’s terminal behavior under weak
flows (fig. 5.19), both the stress and the average contact number increase
over time, signifying a cluster densification and in turn, a restructuring
(coarsening) process. We conclude that the start-up flows and the creep
tests can be unified in a single plot, since both predict the same types of
behavior: solid-like response, viscous flow, or resolidification for the same
flow conditions (Pe and stress values).
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Figure 5.26. Steady shear stress response as a function of Pe derived from
constant shear rate measurements (red circles). Steady shear response at differ-
ent applied shear stresses taken from creep tests (blue asterisks). The dashed
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for a gel with ¢ = 0.4, and Ugep = —4kpT.

10°

101 o

10~ 4

Oxy/ (kpT/a®)

1073 . . . -
104 102 10° 107 104 106

y (%)

Figure 5.27. Start-up flows as a function of deformation for low Pe values,
that correspond to the resolidification regime according to fig. 5.26.







Chapter

Conclusions

In this dissertation, we examined the microscopic dynamics and rheo-
logical properties of colloidal depletion gels that are relevant in industrial
applications, i.e., fabric enhancers. Our study employed a combination
of rheometry, Differential Dynamic Microscopy measurements, and com-
puter simulations. We focused on two experimental systems: the first, a
vesicular dispersion, forms the basis of LFEs, while the second system is
obtained through mixing of the white bases with non-adsorbing polymer
chains, representing the structural gel network found in fabric enhancers.

The investigation of the thermal dynamics of vesicle dispersions by
means of Brownian Dynamics simulations revealed that parameters like
particle volume fraction and salt content significantly affect the relaxation
dynamics. In particular, at high salt concentrations—where the EDL in-
teractions are weaker and shorter-range—glassy dynamics were observed
at the upper boundary of the explored volume fraction. In contrast, at
the lowest salt concentration, the onset of glassy dynamics occurred at a
volume fraction of approximately ¢ ~ 0.15, which is notably smaller than
that found for hard-spheres. The hallmark of this glassiness was the ap-
pearance of a plateau in both SISF and MSD during intermediate times,
separating a ballistic from a Fickian diffusive regime. This behavior is
explained through the cage-jump model: early relaxation is caused by par-
ticles rattling within cages formed by neighboring particles, while the later
relaxation is due to particles escaping from their cages through diffusion.
Overall, our results suggest that charged vesicle suspensions can be con-
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sidered as Wigner glasses, where the glass transition can occur even in
low-density suspensions due to the presence of long-range interactions.
The same system was also studied through DDM experiments, focus-
ing on its thermal dynamics across various length scales and concentration
regimes. In the dilute regime, we observed two distinct diffusive processes
at different wavevector ranges, each corresponding to the diffusion of par-
ticles with specific sizes. At lower ¢ values, larger particles with a radius of
Ry = 2pum were detected, while at higher g values, smaller particles of size
Ro = 1um dominated the signal, in line with scattering theory predictions.
In concentrated samples, we identified two regimes with different dynamics,
separated by the typical cage size ¢*. For wavevectors larger than gx, the
in cage diffusive dynamics is observed, characterized by a concentration-
dependent diffusion coefficient. At larger length scales, the intermediate
scattering function showed partial decorrelation with a constant charac-
teristic time and a monotonically increasing amplitude, associated with
the in cage motion, along with a second subdiffusive decorrelation process.
This second process represents the terminal relaxation of vesicles, as it
corresponds to length scales significantly larger than the particle size.
The main focus of this dissertation, however, includes the development
of a simulation framework that accurately captures the rheological and
yielding behavior of charged vesicle gels under various rheological tests.
These tests include steady and oscillatory shear flows, as well as the appli-
cation of shear stresses. In the linear viscoelastic regime, both experiments
and simulations revealed a solid-like response of our gels, as expected for
colloidal depletion gels at volume fractions of ¢ = 0.4 — 0.55. By conduct-
ing strain sweeps, we examined both the linear and non-linear responses
of our material. In the linear regime, the viscoelastic moduli showed an
initial amplitude-independent plateau, followed by their crossover, and a
subsequent viscous region where G” > G’. In both simulations and ex-
periments, we observed a yielding point before the crossover, marked by
a local maximum of G”, typically attributed to the disconnection of large
weakly connected clusters. A second yielding point, as noted by previous
experiments [49], was observed only in the experiments of the gel with
¢ = 0.55, indicating intra-cluster bond breakage. Additionally, our flow
curves showed the characteristic yield stress behavior, consistent with col-
loidal depletion gels at these volume fractions. The simulations closely
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match the experimental data with the formation of a plateau at low Pe,
signaling the presence of a dynamic yield stress. This plateau is followed
by a sublinear stress growth, indicative of a shear-thinning response, that
gives way to a pure Newtonian scaling at even larger Pe.

BD simulations can, additionally, provide detailed structural images
and allow for structural characterization through the measurement of quan-
tities like the number of contacts. Both oscillatory and steady shear flow
tests have similar effects on gel’s morphology. At low Pe numbers or strain
amplitudes g, the gel structure is comparable to a quiescently aged gel.
As the flow strength increases, shear-induced coarsening occurs, leading
to denser particle clusters, and the enlargement of the colloid-poor voids.
This increased heterogeneity is eventually disrupted under even stronger
deformation, where the gel structure breaks down completely, resulting
in a homogeneous particle distribution in the solvent. Interestingly, we
found that while the increase in heterogeneity at intermediate Pe values
was not reflected by the average number of contacts, it was captured by
its variance, exhibiting a peak at the Pe with the highest heterogeneity,
in agreement with the snapshots.

An extensive section of the study focused on the yielding properties of
depletion gels under steady-shear flows and stresses. The temporal evolu-
tion of shear stress under the application of a constant shear rate revealed
the emergence of three distinct regimes: i) an initial stress growth, where
energy is stored both enthalpically (through bond stretching) and entropi-
cally (due to microstructural deformation), ii) a second yield regime, where
the stress reaches a peak value, marking the static yield stress for the given
Pe. At this point energy storage shifts to energy dissipation. And iii) the
final regime, where the stress decreases and levels off to a plateau, indica-
tive of the gel yield and its viscous flow.

A creep test can be useful for the estimation of our gels’ yield stress,
as well as the identification of the different behaviors that a gel exhibits
under constant shear stress. The yield stress is defined as the stress, at
which the creep compliance curves begin to diverge from the others within
the observed time window. This divergence marks the system’s transition
from a linear to a non-linear response, which occurs after a certain de-
lay time, that shortens as stress increases. By tracking the deformation
rate over time under a wide range of applied stresses, three behaviors were
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identified: i) when the applied stress is below the yield stress, the gel un-
dergoes a creeping solid-like deformation that never transitions to yield, ii)
if the applied stress is much higher, then after the initial solid-like regime,
yielding occurs, characterized by a shift from a negative to a positive slope,
eventually stabilizing at a plateau, indicative of viscous flow. However, at
intermediate stresses, iii) after yielding, a temporary plateau forms, fol-
lowed again by a decrease in the deformation rate, signaling a re-entrant
solid behavior.

The gel’s behavior as predicted by creep tests, aligns well with the re-
sults from start-up flows. Both tests indicate that the gel behaves like a
solid below a certain yield stress, without yielding, and this critical stress
is consistent across both testing methods. In the regime where the steady-
state stress from start-up flows matches the steady-state shear rate from
creep tests, the gel undergoes viscous flow. Additionally, both tests show
a resolidification regime within the same Pe number range, where the gel
experiences structural changes, resulting in increased heterogeneity over
time.

Our modeling framework effectively captures the rheological behavior
of LFEs under shear flows and stresses, using parameters that match real
formulations. As a perspective, this model could be extended to include
additional rheological tests, such as shear cessation or step strain tests,
as well as different operating conditions and system parameters. Having a
model that can accurately compute key properties, like the yield stress, the
viscosity, or the viscoelasticity, while providing detailed structural insights,
would be a valuable tool for the desing of LFEs with improved mechanical
properties.
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