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Summary and motivation

Most of the materials we encounter in our everyday life, such as food or personal care
products, are complex fluids with a non-trivial mechanical behavior, including coexis-
tence of viscous and elastic features and different responses on various time scales or
to different stress levels. These properties represent a constitutive part of the action of
such materials and of our perception, from spreadability to mouth or skin feeling, from
release of active ingredients to stability or failure over time.

In particular, yield stress fluids (YSF) are materials which resist like solids when they are
subjected to small stresses, while they flow like liquids when the stress exceeds a thresh-
old value (the yield stress). The structural and dynamic precursors of this transition are
widely debated, as well as its reversibility, its local scale counterparts and the role of
microstructure.

YSF are typically based on space-spanning networks, such as gels of fibers or attractive
colloidal particles, or on space-filling building blocks like microgels, i.e. micrometric,
swollen cross-linked polymer particles. Better understanding the interplay of structure,
microscale response and macroscopic behavior is of critical importance also for design-
ing better and more sustainable materials.

Among the several questions currently investigated in the field, we focused on a few key
questions regarding the connection between very different length scales:

* How do changes at the molecular level, like different degrees of solvation, de-
termine the microscopic behavior of individual microgels and the mechanical re-
sponse of packed microgels at the macro-scale level?

* How does yield stress, a quantity typically estimated through bulk measurements,
propagate down to the micro-scale, namely determining the trapping or motion of
solid inclusions?

e How do heterogeneities at the meso-scale affect the macroscopic response?

To address these issues, during my PhD research I mainly focused on Carbopol, a
microgel model system for simple YSF, and investigated its yielding transition across
different length scales and upon changing its swelling state, tuning pH or changing sol-
vent, as summarized below and described throughout the chapters of the thesis.

xi
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Microgel rheology in aqueous and non-aqueous solvents

By tuning pH values, we studied how the degree of swelling of the microgels determines
the effective volume fraction and yield stress of the samples. In aqueous systems, max-
imum swelling is found at neutral pH values, as widely reported in the literature. To
explore the generality of such behaviour in other solvents, we conducted a systematic
investigation of the dispersibility of Carbopol samples in a wide range of solvents with
different molecular structure and polarity.

Overall, we find that, as expected, polar solvent are better solvents for microgel particles.
Moreover, we also find that it is possible to tune pH values and swelling by addition of
NaOH or other strong bases also in non-aqueous systems, and obtain homogeneous,
transparent YSF in several of them. The maximum degree of swelling upon neutral-
ization is readily identified as the maximum in the yield stress value at a certain mass
concentration.

By means of full equilibration of the samples against pure solvent or a set osmotic pres-
sure, we could reconstruct the full dependence of yield stress and linear viscoelastic
moduli on concentration for different polar solvents. We find specific threshold concen-
trations and high concentration yield stress values for the various solvents, which can
be correlated to the degree of swelling and aggregation within the system.

Trapping of solid inclusions in yield stress fluids

This study investigates the stable entrapment of particles in YSF, focusing on how the
equilibrium between yield stress and gravitational stress is influenced by the size and
density of the particles and the microstructure of the material. We determined the local
microscopic yielding of materials and compared it with their bulk rheological features.
To explore conditions of stability and instability of glass microspheres in YSF, we can
tune and enhance gravitational stresses via centrifugation, which allows to efficiently
investigate a broad range of experimental parameters. We studied Carbopol samples at
different concentrations and pH values, in both aqueous and non-aqueous solvents with
varying polarity. We find that the number and size of non-sedimenting microparticles,
along with their distribution within the vial, depend on the degree of swelling and on
the solvent. However, for most of the samples the critical gravitational stress can be
rescaled with the bulk yield stress of the matrix.

To access the transient dynamics of the samples under gravitational stress, we are de-
veloping a centrifuge equipped with optical access, to perform turbidity measurements
online. We could reconstruct the profile of the tracers within the YSF sample in a semi-
quantitative way, and monitor the approach to the steady state, identifying the threshold
values for stability. A paper is currently in preparation.

Large field-of-view heterogeneity maps

The bulk rheology of microgel suspensions and other soft materials can be severely af-
fected by the size and degree of clustering of the building blocks, which on turn can
depend on preparation protocols.

Here a simple and efficient approach is introduced to evaluate the sample structural het-
erogeneity up to the millimeter scales, inaccessible to typical microrheology approaches.
The technique is based on low magnification microscopy of semi-dilute microgel suspen-
sions subjected to capillary forces. The motion of a large number of dispersed tracers is
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tracked and the scaling of their mean square displacement with time enables the classi-
fication of the prevailing regime of motion, from arrested to diffusive to flowing, in each
sample region.

We applied this method to various microgel suspensions and quantified the degree of
heterogeneity of samples undergoing different preparation protocols at lab and plant
scales. The analysis captures different degrees of sample inhomogeneities and cluster
size distributions in the samples, which result from the overall applied shear, in turn
impacting the viscosity of the sample. A paper is currently in preparation.

Motion of yield stress fluid droplets on lubricated surfaces

Droplets of YSF hardly move on solid surfaces, even on dry superhydrophobic ones, due
to their high effective viscosity, while highly slippery lubricated surfaces disclose the full
investigation of their dynamic wetting.

The spreading and motion of millimeter-sized droplets of aqueous Carbopol samples
were studied on lubricant-infused surfaces. Dynamical phase diagrams were established
by varying the concentration of the dispersions and the inclination angle of the surfaces.
Carbopol droplets can move even at very low inclination angles, with a velocity deter-
mined by the shear flow of the oil film that covers the solid substrate. However, as the
speed of the droplets increased, they transitioned from sliding to rolling motion, with
rolling becoming more pronounced at higher inclination angles and lower solution con-
centrations.

A simple criterion based on the ratio between the yield stress of the Carbopol suspen-
sions and the gravitational stress acting on the YSF droplets was found to identify the
transition between the two regimes: while a solid-like droplet can only slide, a partially
fluidized one can deform and roll down.

These findings may have implications for the control of the motion of YSF droplets in
microfluidic devices and in the investigation of the dynamics of soft and biological flu-
ids. This research, performed in collaboration with the Lab of Physics of Surfaces and
Interfaces at Universita di Padova, has been published as:

Mattia Carneri, Davide Ferraro, Afshin Azarpour, Alessio Meggiolaro, Sebastian Cre-
maschini, Daniele Filippi, Matteo Pierno, Giuliano Zanchetta, Giampaolo Mistura "Slid-
ing and rolling of yield stress fluid droplets on highly slippery lubricated surfaces" Jour-
nal of Colloid and Interface Science 644, 487 (2023)

(Link)

Complementary research activity: Rheo-microscopy on viscoelastic sur-
fact solutions

Wormlike micellar (WLM) solutions are widely studied for their peculiar viscoelastic
properties, also relevant for their applications. In particular, the well known surfactant
cetylpyridinium chloride, when mixed with diclofenac sodium, can form micrometer
long micelles displaying interesting nonlinear rheology.

In parallel to bulk rheology, I have conducted rheo-microscopy measurements on a lin-
ear, strain-controlled shear cell coupled with a microscope, to reconstruct the flow pro-
files across the gap for start-up experiments at different shear rates. At low rates, the
measured stress response is monotonically increasing, up to a steady state value, and
the resulting velocity profile is stable. At high enough shear rates, pronounced strain
hardening emerges, with a stress peak, accompanied by the onset of shear banding and


https://doi.org/10.1016/j.jcis.2023.04.075

Xxiv

elastic instabilities.

A paper regarding this study, performed in collaboration with the Rheology lab at the
Universita di Napoli "Federico II" has been submitted to Journal of Colloid and Inter-
face Science. The outcomes of this research contribute to a deeper understanding of the
behavior of surfactant solutions in pharmaceutical applications and other fields, high-
lighting the significance of shear-induced changes in microstructure.



CHAPTER 1

General introduction to materials and methods

1.1 Probing the mechanical response of materials

Rheology, the study of material flow and deformation, is crucial for understanding the
behavior of diverse materials ranging from liquids to solids. Its foundation lies in the
idealized models of elasticity and viscosity. Hooke’s law describes ideal elastic solids,
where extension is directly proportional to the applied force, and complete recovery
occurs upon force removal. Conversely, Newton’s law defines ideal fluids as exhibit-
ing irreversible flow under shear, with a shear rate directly proportional to the applied
force. However, many materials don’t neatly fit these ideal classifications; instead, they
display a combination of elastic and viscous properties, i.e. viscoelasticity. This arises
from microscopic structural rearrangements under deformation, making the material
response highly dependent on the timescale and amplitude of applied stress!2!. There-
fore, a comprehensive rheological experiment aims to fully characterize a material’s me-
chanical properties across a broad spectrum of timescales and deformation magnitudes,
linking these properties to the material’s internal structure Bl

This chapter introduces the fundamental principles of rheology as a concise overview
of key concepts and material functions used in subsequent analyses. In particular, yield
stress fluids are described, together with the main approaches to their characterization.
Moreover, microgel suspensions are introduced as benchmark yield stress fluids which
have been thoroughly used in this thesis. In particular, Carbopol microgels, their prop-
erties, and preparation protocol are described.

1.1.1 Shear deformations

Complex fluids are often classified according to their stress response to externally in-
duced deformation. The response governed by their microstructure establishes a direct
connection between this microstructure and macroscopic flow behavior. This is often
obtained by imposing well-defined flow fields to the material. One of the main types of
flows used to describe complex fluids is shear flow, characterized by tangential defor-
mation, to each fluid element, for example, with a parallel-plate geometry (Fig. [T.1).

For a fluid confined between parallel plates separated by a distance dy, with the upper
plate moving with velocity v, in the x direction, the shear strain and shear stress
are defined as:

o= — (1.1)

1.2)
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dy ——) V,

Figure 1.1: The sample is confined between two parallel surfaces, separated by a distance dy and
cross-sectional surface area A. A deformation ds, corresponding to a shear strain y = Z—; is applied
to the sample by moving the top plate, and the force F exerted back from the material is measured,
from which it is possible to obtain the shear strain (y ) and the shear stress (o = F'/A).

where ds is the infinitesimal displacement of a fluid element in time dt. The shear
rate [1.3]is then:

. dy 1ds du,
TTW T dtdy | dy
Rheological measurements, frequently performed with rotational shear rheometers,
are crucial for characterizing this behavior. These rheometers control torque and mea-
sure angular displacement (or vice versa), depending on sample properties and geome-
try.
Measurements can be either strain-controlled (applying a defined strain and measuring
the resulting stress) or stress-controlled (applying a defined stress and measuring the re-
sulting strain). The relationship between shear stress o (N m~2), shear strain, and shear
rate constitutes the fluid’s constitutive equation, which varies significantly depending
on the fluid’s properties.

(1.3)

1.1.2 Viscoelasticity

Understanding the behavior of complex soft materials can be achieved by studying sim-
pler, ideal materials. We can model these materials using springs (for elastic behavior)
and dashpots (for viscous behavior), as shown in Fig. This Figure illustrates two
common rheological tests: creep and recovery (applying constant stress, then removing
it), and stress relaxation (applying a sudden strain and observing the stress response).

Ideal elastic solids respond instantly to a step-stress with a constant strain propor-
tional to stress ( Figure|l.2|al):

o(t) = Goy(t) (1.4)

where G is defined as the elastic modulus (Pa). The stored energy is fully recover-
able upon removal of the deformation and the strain fully recovers. In contrast, ideal
fluids exhibit a linearly increasing strain under constant shear stress, with strain rate
proportional to stress|1.2{a2 ):
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Figure 1.2: The left column depicts creep and recovery tests. (a0) shows a step stress applied at
time t0 and released at time ts. Subsequent figures illustrate strain responses: (al) ideal elastic
solid; (a2) ideal viscous fluid; (a3) ideal viscoelastic solid; (a4) ideal viscoelastic fluid. The right
column shows stress relaxation tests. (b0) illustrates a step strain applied at time t0. Subsequent
figures show stress responses: (b1) ideal elastic solid; (b2) ideal viscous fluid; (b3) ideal viscoelastic
solid; (b4) ideal viscoelastic fluid. el

o(t) =ny(t) (15)

where 7 is the dynamic shear viscosity (Pa-s). Here, energy dissipation is irreversible
and the cumulated strain is retained upon stress removal.

Viscoelastic materials show a more complex behavior, which in some cases can be
described as a combination of elastic and viscous elements. The Kelvin-Voigt model
(spring and dashpot in parallel) represents a viscoelastic solid, like, e.g., a colloidal gel,
an elastic matrix embedded in a viscous background. Its response to a step-stress is not
instantaneous; strain increases slowly to a constant value, and recovery is also gradual.
This is illustrated in Fig. [T.2]a3.

The Maxwell model (spring and dashpot in series) describes a viscoelastic fluid, like
e.g. entangled polymers, whose response can be mainly elastic or mainly viscous de-
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pending on the timescale of perturbation. Here, a step-stress causes an instantaneous
strain followed by a linearly increasing strain due to the dashpot’s viscous contribution.
Strain recovery is incomplete (see Fig. [1.2]a4).

The responses of Hookean solids and Newtonian fluids to step-strain are shown in
Fig. bl and b2, respectively: for ideal materials, a step-strain causes an instanta-
neous, constant stress in a solid and an instantaneous, short-lived stress peak in a fluid.
The responses of Kelvin-Voigt and Maxwell elements are shown in Fig. [1.2]b3 and b4,
respectively. In a Kelvin-Voigt material, the initial stress relaxes to a constant value. For
a Maxwell fluid, a step-strain results in initial solid-like behavior followed by exponen-
tial stress relaxation®®l. For small applied stress values, which do not trigger additional
structural changes, the stress-strain relationship can be expected to be linear. Material
response is thus better described in terms of compliance (strain over applied stress, J(t))
or shear modulus (stress over applied strain, G(t)), allowing data from different stress
levels to be combined into a single curve.

1.1.3 Oscillatory rheology

Since many materials exhibit a complex, time-dependent mix of elastic and viscous prop-
erties, a complete rheological investigation requires characterizing mechanical proper-
ties across a wide range of timescales and deformation amplitudes, ultimately connect-
ing these macroscopic properties to the underlying microscopic structure.

Oscillatory shear rheometry, a technique pioneered by Andrew Gemant in 1935, of-
fers a particularly powerful approach to investigate viscoelasticity”. This method si-
multaneously probes both the solid-like (elastic) (Fig. a) and liquid-like (viscous)
(Fig. [1.3]b) aspects of material behavior. Unlike steady-state shear measurements, oscil-
latory shear independently controls both the amplitude and frequency (representing the
timescale) of the applied strain or stress, providing access to a broader spectrum of mate-
rial properties. Critically, it enables the study of transient and nonlinear responses under
steady-state conditions. The material response within each cycle can reach equilibrium,
even during repeated loading and unloading cycles. This capability has established os-
cillatory shear as a widely used technique for the simultaneous characterization of mi-
croscopic dynamics®12. " Despite its advantages, interpreting the data obtained from
oscillatory rheological experiments can be complex. The cyclical nature of the applied
deformation — with its repetitive acceleration and deceleration phases — makes the di-
rect link between the macroscopic response and microscopic dynamics challenging.

At a microscopic level, the deformation within a sheared material can be decomposed
into two components: affine and non-affine. Affine deformation directly mirrors the
macroscopic, externally imposed deformation. Non-affine deformation, however, arises
from heterogeneities in the local elastic response or from plastic rearrangements within
the material 3. In the following, we assume only affine deformations. Although steady-
state material behavior is independent of the control method, we will use the standard
strain-controlled approach for oscillatory rheology P14131,

Under small perturbations, following the Boltzmann superposition principle!®, a
linear viscoelastic (LVE) response can be expressed in general as the sum of the infinites-
imal, linear stress responses to strain deformations:

U(t):[ G(t —t')y(t)dt (1.6)
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I Elastic |
a solid

'

b I Viscous

fluid

c Viscoelastic 0<d<m/2
fluid
1
0 v Time t

Figure 1.3: Oscillatory shear experiments: Schematic diagrams of shear strain vy (blue curve) with
the resulting shear stress response o (red curve). (a) For a phase angle of 6 = 0, the sample
behaves as an elastic solid. (b) For a phase angle of § = 7, the sample behaves as a viscous fluid.

(c) viscoelastic fluid shows a phase angle between 0 and § = 7.

where G(t) is the stress relaxation modulus. In Fourier space, this simplifies to:

6(w) = GWH(w) = 6" (W) (1.7)

where the hat denotes the Fourier transform and G*(w) is the complex modulus
(G*(w) = iwG(w)). Applying an oscillatory strain ~(t) = o sin(wt) allows experimental
probing of the LVE regime. This yields:

a(t) = |G’ sin(wt) + G"w cos(wt)] (1.8)

The storage modulus, G’ = R(G*), and loss modulus, G = 3(G*), represent the in-
phase and out-of-phase components of the complex shear modulus G*. G (w) relates to
the energy stored per unit volume, while G” (w) is proportional to the energy dissipation
rate7! (see Fig. [1.3|c for the viscoelastic fluid response).

Equation|1.8can be rewritten as:

a(t) = G'y(t) + G" (¥(t) /w) (1.9)
For an ideal solid, G* = G’ = G, and for a Newtonian fluid, G* = iG” = iwn. G’ and

G" thus relate to the stored and dissipated energy (Ws;oreq and Wdiss) per unit volume
per cycle 1819

G’(w) _ 4(Witorea(w)) _ 2(o(t)v(t)) (1.10)
% % '
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G (w) = 2<Wdis;(w)> _ 2<U(t)Z(t)> (1.11)
wg wg

where the average is calculated throughout the oscillation period. The frequency
dependence of these moduli fully characterizes the LVE response. Frequency sweep ex-
periments can fully characterize the LVE response of materials across a broad range of
timescalesP2). These experiments involve applying a sinusoidal strain of fixed magni-
tude (o) to a material and measuring the resulting storage (G’) and loss (G”) moduli as
a function of oscillation frequency (w)®2122, The ratio G” /G’ (tan §) can indicate whether
elastic or viscous behavior dominates at a given frequency!?23l. Substituting a sinu-

soidal strain into Equation[I.8|(and removing time dependence) gives:

0_2 o 2G/U"}’ + ’)/2(G/2 + GIIQ) —_ (GH'YO)z (112)
A similar equation can be derived using the strain rate:
w2o? = 2G" 0w + (G + G"?) = (G'40)? (1.13)

These parametric equations represent ellipses in the stress-strain and stress-strain
rate planes, known as Lissajous-Bowditch figures (Fig. [T.4). In the stress-strain represen-
tation, the response of an ideal viscous fluid appears as a perfect circle, while an ideal
elastic solid shows a diagonal line. Correspondingly, the area enclosed by these curves
relates to the dissipated and stored energy %4

(@ — (b) N\

f’, I‘I

. / : o ;/
- w /.

L wlko ™
o gl it
& , al /

‘/” [
[ > \
1'\77 A ™ viscous \ _~ ™ Elastic
&
0 - 0
Strain, y Shear rate, y

Figure 1.4: Lissajous plots for ideal materials where (a) stress versus strain or (b) stress versus
shear (strain) rate can be plotted with LAOS data. 24]

T
w@amzétmwwﬁz/dwm (1.14)

Wstored(w) = £/0<7)d'}’ (115)

These integrals are directly related to G” (Equation(l.11) and G’ (Equation|1.10).
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Idealized viscoelastic models, such as the Kelvin-Voigt (solid-like) and Maxwell (fluid-
like) models (Fig. a,b), illustrate distinct frequency dependencies. The Kelvin-Voigt
model displays a frequency-independent G’ and a linearly increasing G, with G’ dom-
inating at low frequencies and remaining finite at w = 0, characteristic of a solid. In
contrast, the Maxwell model shows G’ dominance only at high frequencies, while G”
dominates at low frequencies and increases linearly, typical of a fluid.

However, real materials rarely exhibit such idealized behavior. For instance, dense
emulsions!®! (often classified as soft glassy materials, Fig. c) typically demonstrate
an almost frequency-independent G’, but a non-linear G’ with a shallow minimum, indi-
cating additional low-frequency dissipation mechanisms. Similarly, worm-like micellar
systems?22¢ (viscoelastic fluids; Fig. [1.5d) only display Maxwell fluid behavior at low
frequencies; at higher frequencies, G” increases due to segmental fluctuations within
the micelles. Therefore, accurately predicting and interpreting frequency-dependent re-
sponses necessitates considering all relevant dynamic contributions within the system.
Frequency sweep tests are thus a crucial tool, not only for fundamental understanding

but also for applications such as modeling and process optimization of complex materi-
als P22

viscoelastic solid
T

viscoelastic fluid
T T

10' ¢ T
= 100 (a) — b)
S A m w (b)
= 10! e — 7N
o - = oonh - ~ 3
o - O e ~
< 10 — < Ve N
= = 102 §
S wfp 7 i =
— - — N 1,
O 102 F  Kelvin-voigt 4 O 10°F Maxwell L,_I E!
10 : . L 104 . . .
102 107 10° 10' 10? 102 107 10° 10! 107

G'lw), G"(w)

G'(w), G"(w)

P T A 10 100 10! 10

o [rad/s] o [rad/s]

Figure 1.5: Frequency dependence of G’ (red continuous line) and G” (black dashed line) for (a) an
ideal viscoelastic solid and (b) an ideal viscoelastic fluid, adapted from Roberto (2023) 6 The plots
illustrate the frequency dependence of G’ (red squares) and G” (black triangles) within the linear
viscoelastic regime for (c) a dense emulsion and (d) entangled wormlike micelles, as described by
Gurnon? (2014)

1.1.4 Nonlinear regime

Equation states that in the linear viscoelastic (LVE) regime, a sinusoidal deforma-
tion produces a perfectly sinusoidal stress response directly proportional to the applied
strain amplitude. However, as the strain amplitude increases, the material response
becomes nonlinear 2228l resulting in distorted stress profiles, higher harmonics, and dy-
namic moduli that depend on the deformation amplitude. In this nonlinear regime,
Equation [1.7)is no longer strictly valid.

Nonlinear oscillatory tests, specifically strain sweeps (amplitude sweeps), are power-
ful tools for characterizing the nonlinear rheological behavior and yielding mechanisms
of soft materials/™!. These tests involve applying an oscillatory strain with a constant
frequency (w = wp) and measuring the resulting storage (G’) and loss (G”) moduli as a
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SAOS

LAOS

log G', G"

e mmm e e s e ————— e m———————(—————

Figure 1.6: Strain sweep characterization of the viscoelastic response. (a) The transition from
the linear viscoelastic (SAOS) to the non-linear viscoelastic (LAOS) regime is identified by a strain
sweep performed at a fixed frequency. (b) In the SAOS regime, the storage (G’) and loss (G"') mod-
uli remain independent of strain amplitude, and the stress response is sinusoidal. (c) Conversely,
the LAOS regime exhibits strain-amplitude-dependent moduli and a distorted stress response.
This transition is further illustrated by the Lissajous plots: (d) an ellipse in the SAOS regime, and
(e) a distorted ellipse in the LAOS regime. !

function of the applied strain amplitude. This allows for a detailed investigation of the
material’s response across different strain regimes.

A typical result of a strain sweep is schematically shown in (Figure a). Atlow
strain amplitudes, falling within the linear viscoelastic region (SAOS, small amplitude
oscillatory shear), the material exhibits linear behavior. Both G’ and G” are indepen-
dent of the strain amplitude, and the stress response remains sinusoidal, as depicted in
(Figure[L6]b). In this regime, the oscillatory shear measurements effectively probe the
material’s inherent microstructure and intermolecular interactions without significantly
perturbing its equilibrium structure (the Lissajous curve is an ellipse).

However, upon increasing the strain amplitude beyond the linear viscoelastic limit,
the material enters the large amplitude oscillatory shear (LAOS) regime. Here, both G’
and G” become strongly dependent on the strain amplitude. Accordingly, the stress re-
sponse deviates significantly from a sinusoidal waveform (Figure[T.6f), exhibiting higher
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harmonic contributions and leading to distorted Lissajous curves. Despite the mechan-
ical moduli being poorly defined, the first harmonic components of the stress response
are often used as estimates for energy storage and dissipation to define the viscoelastic
characteristics of the system. 2.

Many soft matter systems in their arrested states, including dense emulsions, mi-
crogels, foams, colloidal glasses, and self-assembled polymer gels, exhibit a so-called
type-III behavior2¥, as illustrated in (Figure a). This is defined by an overshoot
in the loss modulus (G”), exceeding the storage modulus (G’) above a certain strain
value. Beyond this point, both moduli decrease with increasing strain amplitude, al-
beit at different rates, leading to an increase in the G"//G’ ratio. These characteristics
are often associated with the onset of yielding and plastic deformation®®l. Several
models have been proposed to explain the type-III behavior, considering factors such
as strain-induced microstructural changes, alterations in interparticle interactions, and
forced relaxation processes 9201, Figure compares the responses of two systems — a
polysaccharide gel (panel a) and a dense micellar packing (panel b) — that exhibit quite
similar type-III behavior in their first harmonic responses.
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Figure 1.7: Strain dependence of (G’) and (G”) (a) a polysaccharide gel formed from 4 wt% Xan-
than gum in water and (b) a dense packing of micelles formed from 20 wt% PEO-PPO-PEO triblock
copolymers in water (201

The Xanthan gel (Figure [1.7] a) displays a steeper overshoot of G/, associated to a
brittle yielding mechanism. In contrast, the micellar system (Figure b) exhibits a
smoother, more gradual growth, indicative of ductile yielding[®l. Overall, the robust
observation of type-III behavior across diverse materials suggests that the first harmonic
response is relatively insensitive to the specifics of the yielding mechanism. These finer
details of the yielding process are likely encoded in the higher harmonic components of
the stress response, appearing in the features of Lissajous curves .

1.2 Yield stress fluids

Yield stress fluids (YSF) are among the most widely used rheologically complex soft
materials®%. These materials exhibit a fascinating duality: they reversibly transition
between solid-like and fluid-like behavior. At low stresses, they behave as solids, re-
sisting deformation and maintaining shape; however, they flow like liquids when the
applied stress surpasses a critical threshold — the yield stress?®182. This yielding tran-
sition is a defining characteristic with implications across diverse industries, including
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food, cosmetics, pharmaceuticals, and manufacturing. Everyday examples range from
mayonnaise and toothpaste to paints, foams, and wet cementF!¥4. Applications also
include drug delivery, batteries, surface coatings, 3D printing and biomaterials (see Fig.
1.8).

The term "yield stress’ finds its roots in British Standard 5168 (1875), defined as "that
stress below which the substance is an elastic solid and above it a liquid’ 3. For decades,
a central question in the field of YSF was whether the yield stress is a genuine physi-
cal phenomenon or merely an artifact, corresponding to a very high, yet finite, viscos-
ity 333 Although the robustness of the phenomenon is now well established, possi-
ble issues can arise on how to accurately determine the threshold value and on how to
model the behavior of YSF across transition. Over the past 80 years, various, albeit not
entirely equivalent, terms have been used to describe YSF in the literature. Rheologists
have described them as viscoplastic, equivalent to Herschel-Bulkley fluids®23, elasto-
viscoplastic/, or thixotropic (time-dependent) viscoplastic®®l. Physicists, on the other
hand, often classify them within the broader category of ‘soft matter’, encompassing soft
solid particles, soft glassy materials, soft colloids/jammed systems, and soft particle sus-
pensions/pastes/glasses. Chemical engineers and polymer chemists utilize a different
set of descriptors, including polymer/colloidal gels/dispersions, and latex/carbomer
dispersions/suspensions, or hydrogels.

As evidenced by the abundance of terminology, YSF behavior can be obtained us-
ing a wide array of chemistries and material structures. Fig. illustrates various mi-
crostructures possibly giving rise to yield stress. Two main categories emerge: “glasses”
(e.g., foams, microgel suspensions, emulsions, pastes, granular suspensions) character-
ized by crowded, repulsively interacting particles at high volume fractions, and “gels”
(e.g., polymer networks, colloidal gels, capillary suspensions, magneto-rheological flu-
ids) featuring attractive interactions and percolated networks even at low volume frac-
tions. However, this distinction may become hazy when mixtures of repulsive and at-
tractive interactions are available in the design space, as with ’attractive glasses’ made
of locally packed attractive colloidal particles.

The macroscopic behavior of YSF is a direct consequence of their disordered mi-
crostructure®. Unlike crystalline solids with their ordered atomic arrangements, these
materials are amorphous, lacking long-range order. This amorphous nature complicates
understanding the microscopic mechanisms underlying yielding. While plasticity in
crystalline solids is well-understood in terms of dislocation motion®8, the lack of such
defined structure in amorphous materials makes identification and analysis of struc-
tural fingerprints of yielding challenging. The concept of a unified ‘jamming’ phase dia-
gram # suggests that temperature, applied stress, and packing fraction all influence the
transition from a jammed (solid-like) to an unjammed (liquid-like) state. This framework
has spurred research connecting macroscopic rheological properties with microscopic
dynamics across various amorphous systems ™l and investigating the possibility of a
unifying theoretical framework for the yield stress phenomenon 22,

However, the complexity is further amplified by the wide diversity of yield-stress
materials, with particle sizes ranging from nanometers to millimeters #2321 This vari-
ation in length scales leads to distinct contributions of thermal fluctuations and differ-
ences in inter-particle interaction potentials®®¥. For example, dry granular materials are
dominated by friction, while surface tension plays a crucial role in foams and emul-
sions. Colloidal glasses are governed by entropic forces®®, whereas physical gels in-
volve stronger attractive interactions. Understanding the yielding transition thus neces-
sitates considering material-specific microscopic details alongside universal aspects of
the transition.
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Figure 1.8: Diverse applications of yield-stress fluids. Examples include: (a) building mortar, (b)
modeling clay, (c) Flemish paint medium, (d) toothpaste, (e) peanut butter, (f) whipped cream, (g)
Orbitz beverage, (h) snail slime, (i) shear-thinning biomaterial (image adapted from), and (j) 3D
printing in a yield-stress fluid bath (image adapted from®). Images a, b, d, e, and f are in the
public domain (CCO0). Photographs courtesy A.Z.N. (g) and R.H.E. (h). En
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Figure 1.9: Diverse microstructural classes of yield-stress fluids for direct-write 3D printing. De-
spite belonging to distinct microstructural classes (inset schematics), these materials exhibit sim-
ilar performance characteristics. Examples include: (a) foams for porous ceramics ¥, (b) fibrillar
networks for bioprinting ¥, (c) crowded microgels within a supporting hydrogel ¥, (d) colloidal
particulate gel networks !, and (e) crowded emulsions®. Image (b) adapted with permission
from Markstedt et al. !,
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1.2.1 Measuring yield stress

The determination of yield stress (o) in yield stress fluids remains a significant challenge
despite their widespread use in various applications. While the fundamental concept —
a critical stress marking the transition from elastic solid-like behavior to fluid-like flow —
is simple, its consistent modeling is not straightforward; moreover, practical definition
and measurement are inherently ambiguous and context-dependent. This ambiguity
leads to substantial discrepancies in reported o, values, preventing the development of
predictive models and robust engineering designs. The main rheological approaches to
yield stress determination are stress- or strain rate-based and include:

Steady shear (flow curve): This established method consists in the application of a
constant shear rate, in the range 1073 to 10% s7!) and measuring the resulting steady-
state shear stress; fitting the resulting flow curves (shear stress versus shear rate) to a
suitable model provides the yield stress as a parameter (see below for a more systematic
description).

Oscillatory shear: This method employs oscillatory strain or stress sweeps at a fixed
frequency to measure the storage (G’) and loss (G”) moduli. Several criteria exist for
identifying the yield point from oscillatory data, each with limitations as highlighted by
Dinkgreve et al. .

* Characteristic modulus (G’ = G”): This method identifies the yield point as the
intersection of G’ and G”. Dinkgreve et al. found this criterion consistently yielded
the highest o, and yield strain (v,) values, likely because viscous dissipation is
already substantial at this point®?. This approach can overestimate o, due to the
onset of yielding occurring before the modulus crossover (Fig. a).

e Power-law fitting: Fitting power-law functions to G’ data well above and below
the yield point, and determining their intersection, provides another yield point
estimate 7], The sensitivity of this method to the chosen fitting range requires
careful consideration (Fig. [1.10]b).

* Log-log plot intersection: Analyzing a log-log plot of the total stress versus strain
from oscillatory data, and identifying the intersection of low-strain linear and high-
strain power-law regionsP$¢l often produces values closer to steady shear results

(Fig. [0

Startup: This transient technique involves imposing a constant shear rate and mea-
suring the stress evolution as a function of time/strain (see Figure[I.11). The yield stress
can be defined from the departure from linearity, the stress overshoot (if present), or the
attainment of steady-state stress[®2%3, each leading to different values. The influence of
the imposed shear rate and time resolution, along with the ambiguity in identifying the
elastic limit prior to yielding, requires a wide range of shear rates. The sensitivity to the
presence or absence of a stress overshoot, as observed in Carbopol microgel samples ™,
also needs to be considered.

Creep compliance: Creep experiments, involving the application of constant stress
and monitoring the resulting strain over time (see Figure[1.12), infer the yield stress from
the transition between elastic deformation (constant strain plateau) and viscous flow
(strain linearly increasing with time) B9, through a region with sub-linear growth. The
inherent challenges of creep experiments — requiring an a priori estimate of yield stress
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Figure 1.10: Rheological characterization of Carbopol Ultrez U10 samples. (a) Storage (G') and loss
(G"") moduli as functions of strain (y). Open symbols represent G’, and filled symbols represent
G". The black line shows the power-law fit above the yield point, and black circles indicate where
this line intersects the horizontal line marking the linear viscoelastic G’ region. A black square
highlights the characteristic modulus at which G’ = G”. (b) G’ and G" as functions of stress (o).
Solid lines denote power-law fits above and below the yield point; their intersection is indicated
by a black circle, and a black square again denotes the characteristic modulus where G =q".
(c) Stress (o) versus strain (y) from the same oscillatory measurements in (a) and (b). The lines
are power-law fits capturing the behavior well above and well below the yield point, with black
circles marking their intersection ®.

and being sensitive to structural changes during long measurement times — require
reassessment with systematic variations in applied stress and measurement duration.

Existing research highlights the significant variability in yield stress measurements
obtained using different rheological techniquesP 8l These studies reveal variations
exceeding an order of magnitude, even for seemingly simple, non-thixotropic materials
(although in many cases, yield stress parameters determined using different methods ex-
hibit similar scaling with, e.g., concentration). This discrepancy arises not only from the
choice of the rheological method but also from the complexities of data analysis and the
influence of material-specific properties. A comprehensive and systematic comparison
of multiple experimental techniques and data analysis approaches is crucial to obtain
consistent estimates.
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Figure 1.11: Sketch of the stress response in a startup experiment at a constant shear rate, with

various associated definitions for the yield stress 641
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Figure 1.12: Typical deformation vs time for different stress values applied to a hair gel, from 0.8
(bottom curve) to 100 Pa (top curve). The dotted line is the curve of slope 1, corresponding to

viscous flow €.

1.2.2 Modelling of flow curves

Given the transition from solid-like to fluid-like behavior, a convenient and widely used
approach to determine the yield stress is based on measuring the strain rate-dependent
stress, creating a flow curve. Although practically useful, the precise yield stress (defined
at zero shear rate) is impossible to measure directly. Instead, o, represents the stress
threshold required to initiate viscous deformation by breaking down the material’s in-
ternal structure. Below this threshold, the material behaves elastically with effectively
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infinite viscosity. The simplest flow curve model for YSF is the Bingham model l:

0 =0y + Mgy (1.16)

where 1, is a viscosity linked to the continuous phase viscosity. The Bingham model
contains both elastic and viscous dissipation processes. Elastic dissipation is strain-
dependent (stress is strain-rate independent), while viscous dissipation exhibits a lin-
ear, Newtonian stress-strain rate connection. At low shear rates, elastic dissipation is
dominant, but viscous dissipation is dominant at high shear rates.

However, for systems like concentrated colloids and soft glassy materials, plastic re-
arrangements must be considered. The Hebraud-Lequeux model ™ incorporates local
rearrangements triggered when local stress exceeds yield stress, leading to stress redistri-
bution and further rearrangements, creating a strain rate-dependent plastic dissipation.
Bocquet et al.7ll extended this to a kinetic elastoplastic model:

o =0, + AY/? (1.17)

where A = 7,\/%; and t;, is a stress relaxation time”2l. This model predicts a square
root dependence of stress on strain rate at high strain rates, also predicted in models con-
sidering viscous friction” or interparticle lubrication forces 74l. Equation[1.17describes
rather well many soft glassy materials 747°,

However, many YSF exhibit shear-thinning behavior that deviates from both linear
and square root dependencies, often following an intermediate power law 7678l Such
discrepancy is so common that has led to the widespread use of the empirical Herschel-

Bulkley (HB) model to describe their flow curves 72

o=o0y+Ky" (1.18)

where K is the so-called consistency coefficient and n is the flow behavior index.
Although K and n lack clear physical interpretations and deviations are often observed,
the HB model remains widely used to describe viscoplastic fluids such as emulsions,
suspensions, polymeric gels, foodstuffs, and pastes 2.

The HB model exponent n often exhibits a strong and systematic dependence on
the continuous phase viscosity (decreasing n with decreasing viscosity), indicating that
this parameter is not solely a material property but is also influenced by experimental
conditions®. This highlights a limitation of purely empirical models. For this reason, a
three-component (TC) mechanistic model was developed by Caggioni et al. to describe
the flow behavior of YSF3, This model incorporates elastic, plastic, and viscous stress
contributions, integrating aspects of Bingham and kinetic elastoplastic models:

L\ 1/2
o=0,+0, (J) " (1.19)

where 7. is a critical shear rate, and 7, is the background viscosity. This model ac-
counts for deviations from purely plastic dissipation models observed at experimentally
attainable shear rates where viscous dissipation becomes significant. The TC model pro-
poses that the total stress is caused by the cumulative contributions of three separate
processes, which correspond to the three components in Equation[T.19
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1. Elastic dissipation: Soft glassy materials exhibit elasticity; their structure deforms
reversibly under stress. At low shear rates, stress primarily causes elastic defor-
mation, proportional to strain but independent of strain rate. Upon stress removal,
the material recovers its original shape, releasing stored elastic energy. The model
provides this as a constant stress at low shear rates (Figure [1.13).

2. Plastic dissipation: Increasing shear rate leads to stress exceeding o, causing ir-
reversible structural rearrangements and dissipating energy ¥2. The rate of energy
dissipation is related to 4'/2, reflecting the non-linear stress-shear rate relationship
characteristic of soft glassy materials beyond the yield point (Figure 7724

3. Viscous dissipation: At high shear rates, the continuous phase viscosity (1,4) dom-
inates stress contribution, exhibiting Newtonian fluid behavior with linear increase

(Figure[1.13[70),
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Figure 1.13: Schematic representation of the three-component (TC) model for the flow curve of a
5 wt% aqueous suspension of C971 NF (filled blue circle). The model decomposes the stress into
three contributions: an elastic component (red dotted line), a plastic component scaling with /2
(green dashed-dotted line), and a viscous component scaling linearly with < (dark blue dashed
line). The blue curve represents the total stress, the sum of these three components (the blue
dots are experimental data). The intersection of the elastic and plastic components defines 7.,
while the intersection of the elastic and viscous components defines o, /my. The regions above
the intersections are labeled to indicate dominance by elastic, plastic, and viscous dissipation,
respectively.

The critical shear rate (%.) is a key parameter, scaling the plastic contribution and
reflecting the timescale of structural rearrangements. A larger +. indicates that a higher
shear rate is required for significant plastic deformation.

The TC model provides a physically-based description of flow behavior, fitting exper-
imental data (Figure as well as the Herschel-Bulkley model but offering parameters
(0y, Yer Mbg) With clear physical interpretation.
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Figure 1.14: Flow curves for 75 wt% oil emulsions (6 Pa's 0il) measured at 20°C (circles), 30°C
(squares), and 40°C (triangles). Solid black lines represent the best fits to the Herschel-Bulkley
(HB) model; dashed red lines represent the best fits to the three-component (TC) model. The
fitting range is restricted to shear rates (¥) > 1 s™' to exclude data (open symbols) affected by
slip.lssj.

1.2.3 Rheology experiments

The rheological properties of all materials were characterized using an Anton Paar MCR302
stress-controlled rheometer (Fig. equipped with a Peltier temperature control sys-
tem and a 50 mm diameter cone-plate geometry (Fig. (1° truncation angle). The
experiments were conducted at a constant temperature of 22 °C. To minimize tempera-
ture gradients and solvent evaporation, an active temperature-controlled hood (achiev-
ing temperature gradients < 0.1 °C) was employed.

Figure 1.15: Rheometer

A standardized pre-shear protocol was implemented prior to each series of rheolog-
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Figure 1.16: Cone

ical tests to ensure reproducibility and eliminate the influence of sample history. This

involved a three-step preshear with the application of a constant shear rate of 100 s

-1

for 120 s, followed by oscillations with a decreasing strain ramp from 500% to 0.1% at
a constant angular frequency of 10 rad/s. A subsequent 120 s rest period allowed for
complete stress relaxation before starting the test.

Subsequently, three distinct rheological tests were implemented in the experiment

phase to comprehensively characterize the samples:

* Frequency Sweep measurements: These experiments investigated the linear vis-

coelastic response of the samples to oscillatory shear deformation. A constant
strain amplitude of 0.1%, verified to remain within the linear viscoelastic region
for all samples, was applied across a decreasing range of angular frequencies (w)
from 100 to 0.01 rad/s. The duration of each interval was set to ensure a steady-
state response and a suitable number of cycles for each frequency. The resulting
storage modulus (G’), representing the elastic component of the material response,
and loss modulus (G”), representing the viscous component, were recorded and
analyzed to determine characteristic relaxation times and identify any transitions
in the microstructure.

Large Amplitude Oscillatory Shear (LAOS) measurements: LAOS tests were con-
ducted to probe the non-linear viscoelastic behavior of the fluids. These measure-
ments were performed at a constant angular frequency of 1 rad/s, while system-
atically increasing the strain amplitude () from 0.1% to 300%. This range encom-
passed both the linear viscoelastic regime and the non-linear regime, allowing for
the identification of any yield stress or significant structural changes induced by
large deformations. The resulting stress responses were analyzed to determine the
extent of non-linearity and to extract parameters describing the material’s behavior
under large deformations.

Flow curves: Steady shear experiments were conducted to determine the shear-
thinning or shear-thickening behavior of the fluids. A constant shear rate sweep
from 0.1 to 100 s~! was applied, and the resulting shear stress (o) was recorded
once a steady state was reached at each shear rate (¥). The resulting flow curves
(shear stress (o) versus shear rate (7)) were analyzed to determine the yield stresses.
Data obtained at shear rates below 0.1 s~! were excluded from the analysis due to
the presence of wall slip (owing to the utilization of a non-roughened cone-plate
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geometry). This slip, evidenced by deviations from expected flow behavior (e.g.,
non-monotonic shear stress increase with shear rate), was deemed to compromise
the reliability of the low shear rate measurements.

1.3 Microgels

Microgels are crosslinked polymer networks that can expand in good solvent condi-
tions 7 or, as defined by Rodriguez et al. (1994)#8], "aqueous dispersions of inter-
nally cross-linked, acid-containing lattices". Their attractiveness arises from the ability
to control their swelling behavior in response to environmental stimuli, such as pH,
ionic strength, or temperature. For example, pH-sensitive microgels can be made from
poly-acids like poly(carboxylic acid) and poly(sulfonic acid), as well as poly-bases like
poly(amine). However, the crosslinks restrict the maximum degree of swelling (Fig.
[1.17). Microgel particle diameters typically range between a few nanometers to tens of

micrometers 8221
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Figure 1.17: Schematic visualization of Carbopol particle. (a) in solid state with COOH groups,
(b) after neutralization in an alkali aqueous solution with dissociated COO— groups where solid
circles represent one particular crosslinked node shown in (c) in more detail ¥

Microgels form a suspension of soft elastic particles exhibiting rheological proper-
ties similar to both polymer gels (high elastic modulus) and particle suspensions (yield
stress) 7891 Rheology is primarily tuned by the effective volume fraction ¢, of the
suspension, which develops yield stress when reaching random close packing. For mi-
crogels, the growth of o, typically exhibits two power-law regimes vs. concentration
()P4, with very different exponents (Figure . Immediately above the threshold
concentration, o, steeply increases with C, with a significant influence of inter-particle
forces. For concentrations approaching ¢.;s = 1, the rate of increase of o, diminishes
considerably. This shift indicates a change in the dominant yielding mechanism. At
higher concentrations, yielding is likely governed by larger-scale microstructural rear-
rangements.

The rheology of microgel suspensions is tuned by several factors, including inter-
particle interactions®2%%, particle size, and solvation3l. Microgel softness and particle
interactions are particularly important, both being influenced by the polymer network’s
chemistry, crosslinking density, and solvent quality. Crosslinking density significantly
impacts a microgel’s elastic modulus and softness. Highly crosslinked microgels are



20 1.3 Microgels

8

Yield stress (Pa)
=

-y

0.1
0.01 0.1 1 10

Concentration (%)

Figure 1.18: Yield stress as a function of weight concentration for neutralized Carbopol 940 dis-
persions. Lines represent different rheological regimes #4.

stiffer and behave similarly to hard-sphere colloids, while low crosslinking allows for in-
creased chain mobility, resulting in behavior closer to core-shell particles with potential
inter-penetration®“¢l. Intermediate crosslinking allows shape retention at low densities
and deformation at high volume fractions. At high densities, where particle compression
and deformation occur, lower crosslinking leads to greater deviations from hard-colloid
behavior due to increased compressibility 7.

The effect of these parameters can be experimentally evaluated by examining the
phase behavior (liquid-to-solid transition and threshold concentration) as the volume
fraction increases. Figure shows a rheological characterization of six Carbopol types
at 0.1 wt%, 0.5 wt%, and 1.0 wt% (23°C), illustrating the influence of crosslinking density,
interparticle interactions, and particle size on the liquid-to-solid transition and critical
concentration. This analysis provides insights into the underlying mechanisms and aids
in selecting appropriate Carbopol types for rheological modeling.

The figure is structured to provide a thorough understanding of Carbopol’s rheolog-
ical response across a broad range of conditions:

(a) Steady Shear Flow Measurements: This section (Figure [1.1%) illustrates the re-
lationship between shear stress and shear rate, directly reflecting the fluid’s viscosity.
The plots clearly demonstrate the strong dependence of viscosity on both Carbopol type
and concentration. At low concentrations (0.1 wt%), the differences between Carbopol
types are minimal, with only slight shear-thinning, suggesting low viscosities. How-
ever, as concentration increases (0.5 wt% and 1.0 wt%), significant viscosity variations
emerge among the different Carbopol types. Some display markedly higher viscosi-
ties and pronounced shear-thinning, highlighting the considerable influence of micro-
gel composition on viscous properties. Higher concentrations exhibit more pronounced
non-Newtonian behavior.

(b) Amplitude Sweep Tests: This section (Figure [[.19) analyzes the viscoelastic
properties (storage modulus, G/, and loss modulus, G”) as a function of strain amplitude.
This analysis is crucial for determining the linear viscoelastic region (LVR), the strain am-
plitude range where the material responds linearly and elastically. Across all Carbopol
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Figure 1.19: Rheological characterization of 6 different Carbopol samples at concentrations of 0.1
wt.%, 0.5 wt.%, and 1.0 wt.% at a constant temperature of 23 °C. (a) steady shear flow measure-
ments, (b) amplitude sweep tests, and (c) frequency sweep tests. Results are presented graphically,
with different symbols representing the specific Carbopol type used. Darker colors denote sam-
ples with lower Carbopol concentrations. In the frequency and amplitude sweep test results (b
and c), filled symbols represent the storage modulus, G’, and open symbols represent the loss
modulus, G"'. 8l

types and concentrations, G’ consistently exceeds G”, indicating predominantly elastic
behavior. However, significant differences in G’ and G” values appear across Carbopol
types and concentrations. Higher concentrations lead to substantially increased G’ and
G" values, signifying enhanced elasticity and structural integrity. The crossover point
between G’ and G”, varying across Carbopol types and concentrations, marks the onset
of non-linear behavior and provides key insights into material strength and structure.
The LVR range also expands with increasing concentration.

(c) Frequency Sweep Tests: Finally, this section (Figure [I.19) examines the fre-
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quency dependence of G’ and G” within the LVR established in the amplitude sweep
tests. This frequency-dependent behavior reveals information about the structural re-
laxation timescales of the hydrogels. The consistent trend of increasing G’ and G with
concentration further reinforces the enhanced elasticity and structural integrity of more
concentrated samples. Notably, the distinct frequency-dependent responses observed
for the different Carbopol types underscore the influence of polymer composition on the
complex viscoelastic structure.

Figure[1.19[s detailed rheological characterization, encompassing steady shear flow
and oscillatory measurements, provides critical insights into the effects of concentration
and Carbopol type on the rheological properties. This comprehensive analysis demon-
strates that the nature of the liquid-to-solid transition and the threshold concentration
are strongly influenced by the interplay between crosslinking density, interparticle inter-
actions, and particle size, all factors which are directly affected by the specific Carbopol
composition. This detailed characterization forms a robust foundation for selecting ap-
propriate Carbopol types for various rheological modeling applications.

1.3.1 Carbopol

Poly(carboxylic acid) gels have weak anionic properties and swell in basic solutions. 2?1001

Above their pKa (about 4.5-5 for poly(acrylic acid)), carboxyl groups (—COOH) ionize
to carboxylate anions (—COO—) and promote interaction with water dipoles as well as
electrostatic repulsion between the charged groups, causing expansion. In contrast, re-
ducing pH leads to protonation of the negatively charged groups, causing gel collapse.
Salt addition also promotes shrinking by decreasing the osmotic pressure difference be-
tween the gel interior and the surrounding fluid. The addition of salt screens the elec-
trostatic interactions between the charged groups, reducing the osmotic pressure within
the gel and causing it to shrink. Poly(carboxylic acid) gels are commonly composed of
poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), and poly(2-ethylacrylic acid)
(PEAA).

Carbopol, the main microgel system used throughout this thesis, is a brand name for
crosslinked PAA polymers, also known as carbomers. Initially synthesized by Goodrich
in the 1950s, these polymers are crosslinked with polyalkylene ethers or divinyl gly-
coll The crosslinking density significantly impacts the final gel properties, influenc-
ing its swelling capacity, mechanical strength, and rheological behavior. Carbopol syn-
thesis typically involves inverse emulsion polymerization in an organic solvent 102103
resulting in a structure with a denser core and thinner outer shell due to a two-stage
polymerization process. Carbopol, produced by Lubrizol, is widely used in cosmetics
as a thickening, stabilizing, suspending, and emulsifying agent; moreover, it is used in
pharmaceuticals "™1%1 and various other industrial applications due to its non-toxicity
and stability. The broad range of applications highlights the versatility and desirable
properties of Carbopol, stemming from its unique structural and rheological characteris-
tics. In their anhydrous state, they are powders with an average particle size of hundreds
of nanometers and a molecular weight of around 100 MDa 0,

Despite its charged nature, its tunability makes it a valuable model system for study-
ing YSFPHIUZA0T while its transparency allows optical access ¥, Its elastic properties
primarily result from jamming rather than other crosslinking mechanisms; it can be con-
sidered a microgel-based soft glass, often described by the Herschel-Bulkley model P#1111112],
However, thixotropy has been observed in some systems?U3HA  jnfluenced by mi-
crostructure variations arising from preparation methods or additives E10IOLISIIGl The
thixotropic behavior, characterized by the time-dependent recovery of viscosity after
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shear, highlights the complex interplay between the microstructure and the rheological
response of Carbopol gels, influenced by preparation conditions and additives.

Carbopol neutralized physical gels have been used in numerous applications over
the past 40 years *#24107710 These materials are inexpensive, transparent and harmless,
easy to prepare and clean. Carbopol aqueous gels are also quite popular for researchers
involved in rheology and non-Newtonian fluid mechanics.

1.3.2 Dispersion protocol

Various commercial formulations exist, differing in size, softness and presence of other
species. This section details the preparation of Carbopol dispersions using Carbopol
971 NF (Lubrizol) (C971NF), used for most of the experiments reported in this the-
sis!7l, C971INF is a flocculated powder consisting of particles averaging 0.2 pm in di-
ameter 1%, forming agglomerates up to 7 um. C971NF increases its solubility and swells
significantly in water (up to 1000 times its original volume) at pH around 6-8. Due to
C971NF tendency to form clumps and to the dependence of rheological properties on
shear history or presence of heterogeneities, a careful dispersion protocol is necessary, as
described in detail below.

Preparation in water

C971NF dispersions are highly pH-sensitive. To prepare water-based dispersions, C971NF
powder was added to Milli-Q water. The initial mixture was dispersed using a LABINCO
L46 vortex mixer at maximum speed (2500 rpm) for 2 hours to achieve a homogeneous
distribution of the polymer. This result in a strongly acidic dispersion (pH ~ 3).

To promote swelling of the microgel particles and enhance homogeneity, the pH of
the dispersion was adjusted using 10M NaOH. NaOH was added dropwise, with each
addition followed by one hour of mixing with the vortex mixer at 22°C to ensure com-
plete homogenization. The pH was monitored with a pH meter after each addition,
and the total added NaOH was recorded for each sample. Preparation time varied de-
pending on the desired Carbopol concentration; higher concentrations (above 5%) re-
quired longer processing times, up to 10 hours of mixing with a vortex mixer. In some
cases, for optimal homogenization of high-concentration dispersions, samples were fur-
ther treated with an ultrasonic cleaner (CEIA CP104 Standard Ultrasonic Cleaner) for
one hour at 22°C. Following preparation, dispersions were stored at room temperature
in 20 ml batches.

Preparation in non-aqueous, neutralizable solvents

The dispersibility, swelling behavior and rheological properties of C971NF were inves-
tigated in various solvents, with various degrees of polarity. Dispersibility was verified
through visual inspection and rheological characterization was performed only in fully
homogeneous and transparent samples. This section describes the preparation of ho-
mogeneous C971NF dispersions using two classes of solvents: protic solvents, in which
neutralization is possible, and aprotic solvents, not susceptible to neutralization. All
solvents were purchased from Sigma-Aldrich.

These solvents not only disperse C971NF but also exhibit pH-dependent properties
upon neutralization. Carbopol powder was added to Propylene Glycol (PG)
(CH3;CH(OH)CH>OH, MW = 76.09 Da), Glycerol (HOCH,CH(OH)CH,OH, MW =
92.09 Da, >99%), Polyethylene Glycol 400 (PEG400, H(OCH2CH,),OH, MW =400 Da),
and Polyethylene Glycol 200 (PEG200, H(OCH2CH3),OH, MW = 200 Da). As for the
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water-based dispersions, initial mixing was performed using a LABINCO L46 vortex
mixer at 2500 rpm for 2 hours. For concentrations exceeding 3% in each solvent, the
higher viscosity required the use of an ultrasonic bath for 1 hour at 50°C to promote
homogenization. Once a transparent and homogeneous mixture was obtained, the pH
was estimated using Whatman indicator papers. Although proper measurement with
a pH-meter was not possible in non-aqueous solvents, consistent reading with different
type of strips was verified. In the following, such estimates are referred to as ‘apparent
pH’ and reported in Table

Table 1.1: Apparent pH Values of Solvents Before and After Neutralizer

Solvent | Apparent pH | pH after adding C971 NF (5 wt%) | pH after adding NaOH
PEG 200 6.5 6 7
PEG 400 6.5 6 7
PG 6 4.5 7
Glycerol 7 5 7

NaOH powder was then added incrementally, with 1 hour of mixing following each
addition. The apparent pH was measured after each addition. For comparison, the ap-
parent pH of the pure solvents and their mixtures with NaOH powder are also reported
in Table[L1]

Note that neutralized PEG400 and PEG 200 samples were discarded due to a color
change (yellowing) observed in the pure solvents upon addition of NaOH. All prepa-
rations, except those requiring ultrasonic treatment at 50°C, were conducted at room
temperature (22°C).

In selected cases (aqueous suspension 1 wt%), the same procedure was applied for
the addition of an alternative base, namely Triethylamine (TEA) , for comparison.

Preparation in non-aqueous, non-neutralizable solvents

Certain solvents effectively disperse C971NF, although pH cannot be defined nor tuned.
This category includes Dimethyl sulfoxide (DMSO)((C'H3)2SO, MW = 78.13 Da) and
N,N-Dimethylformamide (DMF) (HCON (C'H3)2, MW =73.09 Da). Additional solvents,
such as Methanol (CH;OH, MW = 32.04 Da) and 1-Methyl-2-pyrrolidone (NMP) (C5s HyNO,
MW = 99.13 Da), exhibited less effective dispersion of C971NEF, with a milky appearance,
and their properties remained unchanged addition of NaOH. Dispersion preparation for
all these solvents involved adding C971NF powder, followed by mixing with the vortex
mixer at 2500 rpm for at least 2 hours. All preparations were carried out at room tem-
perature (22°C).

1.4 Dynamic Light Scattering
Determining the size distribution of microgels is crucial for understanding their behav-

ior and optimizing their applications COBISIOILIOLINIZH - Thege soft, cross-linked poly-
meric networks exhibit significant size variability influenced by factors such as solvent
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Table 1.2: C971 NF in different solvents (wt%)

Solvent C971 NF Concentration (wt%)
Water + NaOH 5 4 3 2 1 07 05 04
Water + NaOH 0.3 0.2 0.15 0.12 0.07 0.05 0.03 0.01

Water 5 4 3 2 1.5 1 0.8 0.6
Water 05 04 03

PG 5 4 3 2 1.75 1.5 1

PG + NaOH 4 3 2 1.75 1.25 1 0.8 0.75
PEG 400 6 5 4 3 2 1.75 1

PEG 200 6 5 4 3 2 1

Glycerol 3 2 1 0.5

DMF 6 5 4 3 2 1 0.7 05
DMF 0.3

DMSO 10 6 5 4 3 2 1 0.8

quality, pH, temperature, ionic strength, and monomer composition 1712212431281~ Con-
sequently, appropriate size measurement techniques must be carefully selected based on
the required information and the limitations of each method.

While direct imaging techniques like electron microscopy (SEM, TEM) and confocal
microscopy provide detailed morphological information, including particle shape and
surface characteristics 1128129 they often require extensive sample preparation, are ex-
pensive and may not readily yield statistically robust size distributions from large popu-
lations H0112210291 Eyrthermore, they are not readily applicable to non-aqueous solutions
and do not have access to the associated solvent layers.

Dynamic Light Scattering (DLS) represents a complementary, non-invasive technique
measuring the motion of colloidal particles in solution HWH2H2002202851301 - From fluc-
tuations in scattered light intensity over time, DLS allows to determine the mobility
and thus the size and shape of particles in a solution. In concentrated polymer so-
lutions, these fluctuations reflect diffusion within a complex environment, potentially
including collective motions. However, in dilute solutions, diffusion is mostly deter-
mined by Brownian motion, i.e. the random movement caused by collisions with solvent
molecules. Such motion leads to a mean square displacement ((z?)) that grows linearly
with time, Equation[T.20}

(z*) = 6Dt (3-dimensional space) (1.20)

where D is the diffusion coefficient, linked to particle size, medium properties, and
thermal energy via the Stokes-Einstein equation (Equation [1.21)):

kT
- 6mR),

Here, kp is the Boltzmann constant, T is the absolute temperature, 7 is the medium
viscosity, and R}, is the hydrodynamic radius (the radius of a sphere with an equivalent
volume to the particle, including the solvent dragged by the particle).

In DLS, scattered photons from an ensemble of particles (not too big as compared to
light wavelength) interfere constructively or destructively depending on their relative
position, creating a speckle pattern of fluctuating light intensity. These fluctuations of
the light detected at a certain angle - and thus correspond to a typical lengthscale - are
used to compute the intensity correlation function, G»(7) (Equation[1.22):

(1.21)



26 1.4 Dynamic Light Scattering

Gao(1) = I(®)I(t + 7)) (1.22)

where () denotes a time average, /() is the intensity at time ¢, and 7 is the lag time
between two acquisitions. Gz (7) decays from (I2(0)) to (I)?, and is normalized to g2(7)

(Equation|[1.23):
I@It+7))
92(T) = ———
)=y
Particle motion can also be described in terms of the electric field correlation function,
g1(7) (Equation [1.24):

(1.23)

BB+ 7))
o

g1(7) and g2(7) are related by the (Equation [1.25), assuming homodyne scatter-
ing and random Gaussian photon counting;:

(1.24)

92(r) = b+ Blgr (7)[? (1.25)

where b is the baseline (typically 1) and /3 is the coherence factor, which depends on

the scattering properties of the particles and the features of the collection setup (detector
area, optical alignment, etc.). g1(7) decays exponentially (Equation|1.26):

g(r)=e'" (1.26)

where I' is the decay constant. Substituting this into the Siegert relation gives:

g2(7) =14 Be™?'7 (1.27)

In the monodisperse case, I is related to the diffusion coefficient and the Bragg wave
vector, ¢ (Equation[1.28):

I' = D¢? (1.28)

Finally, combining these equations yields:

ga(7) = 1+ Be2Pe*" (1.29)

By fitting experimental data to exponential decays, the decay time constant can be
determined, allowing for calculation of D and subsequently Rj, using Equation [1.21} if
the viscosity is known.

For polydisperse samples, g1 (7) becomes an intensity-weighted integral over a dis-
tribution of decay rates (Equation [1.30):

g1(1) = / G()e 'mdr (1.30)
0
In such cases a simple exponential decay is insufficient to accurately model the dy-
namics. Instead, g; can be expressed as a stretched (Kohlrausch) exponential function,
incorporating a stretching exponent 8 and thus expressed as:

B
- <T) ] (1.31)
70

g1(1) =C + Aexp
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where 19 is a characteristic relaxation time, and 5 (with 0 < g < 1) describes the
degree of stretching. A value of 3 = 1 recovers the standard exponential decay, while
B < 1indicates a broader, more heterogeneous distribution of decay processes. This ap-
proach provides a more nuanced representation of the dynamics in complex fluids, such
as microgel dispersions, where multiple relaxation processes contribute to the observed
behavior.

DLS efficiency, suitability for dilute and semi-dilute dispersions, and non-destructive
nature are advantageous. However, polydispersity and multiple scattering, especially in
concentrated samples, can lead to size determination inaccuracies 1221 Fyrthermore, the
measured Rj, may differ from other size measures depending on the microgel-solvent
interaction. Studies highlighting the influence of polymerization conditions on microgel
morphology and size and the challenges in accurately measuring microgel sizes under-
score the importance of considering the limitations of each technique and the value of

multiple methods for comprehensive characterization 1221281,
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CHAPTER 2

Microgel rheology in aqueous and non-aqueous solvents

The rheological behavior of Carbopol dispersions in aqueous systems has been exten-
sively investigated 7"I. On the contrary, research on Carbopol microgels in non-aqueous
solvents is limited 112 In particular, previous studies have explored the effects of sol-
vents and co-solvents on Carbopol dispersions! %, revealing variations in viscoelas-
ticity. However, the factors governing solvent suitability for Carbopol, solvent-induced
swelling and its impact on intermolecular interactions are not fully elucidated.

This chapter aims to identify key parameters determining solvent suitability for Car-
bopol 971 NF formulation. We first thoroughly study aqueous systems before examining
the impact of various non-aqueous solvents on the rheological properties of Carbopol
dispersions. We discuss the effect of neutralization in polar solvents and the behavior of
aprotic solvents, where neutralization is not possible.

2.1 Introductory concepts and tools

Chapter|[I|provided a general introduction to microgels and rheology. The first section of
this chapter will address additional concepts related to the swelling of microgels upon
variation of solvent properties. Moreover, it will present a computational model used
for the estimate of Carbopol compatibility with different solvents.

2.1.1 pH effect on Carbopol microgels

Carbopol microgels, composed of cross-linked polyacrylic acid, exhibit remarkable pH-
responsive behavior that significantly impacts their swelling and packing characteristics.
This responsiveness originates from the numerous carboxyl groups (—COOH) present
along the polyacrylic acid backbone (see Figure2.T). These carboxyl groups act as weak
acid residues, making Carbopol a pH-responsive polyelectrolyte 1.

Figure 2.1: The chemical structure of (poly)acrylic acid.
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At low pH values, carboxyl groups are predominantly protonated, thus in their neu-
tral or weakly positive (~COOH) form. The resulting electrostatic repulsion between
these groups is minimal, leading to a relatively compact and shrunk microgel struc-
turel722l. This compact state facilitates denser packing of the microgels.

As the pH increases (e.g., around 7), the carboxyl groups progressively deprotonate,
transforming into negatively charged (—COO™) groups. The increased electrostatic re-
pulsion between these negatively charged %roups causes the polymer chains to expand,
resulting in significant microgel swelling’l. This swelling is a consequence of both os-
motic pressure driving water influx into the charged microgel network and the increased
volume occupied by the expanding polymer chains. The magnitude of swelling is am-
plified in low ionic strength solutions where electrostatic repulsions are not effectively
screened, in contrast to high ionic strength solutions containing salts like NaCl2¥l. The
addition of basic excipients further enhances swelling by increasing the degree of ion-
ization and thus electrostatic repulsion 2®l, whereas acidic excipients have the opposite
effect.

In aqueous environments, the final swollen state of Carbopol, such as C971 NE, is in-
fluenced by the concentration of uncompensated ions along the polymer backbonel. A
higher density of these ions leads to greater internal osmotic pressure, facilitating water
influx and swelling. The pH-dependent swelling profoundly affects the close-packing
behavior of Carbopol microgels. At high pH, the significant swelling increases the effec-
tive volume of each microgel, thereby enhancing crowding. This is further coupled to the
viscoelastic properties of Carbopol, which are also pH-dependent?2428l. The increased
swelling at high pH may alter the microgel’s deformability, influencing its ability to in-
terpenetrate with neighboring microgels and thus affecting the overall packing density.

Carbopol’s sensitivity to even minor pH or ionic strength changes is well-documented 2.
At high pH, while some deswelling might occur due to osmotic effects, the particles
generally do not return to their initial size but rather relax, allowing greater particle mo-
tion??l. The addition of ions, particularly positively charged ions at high pH, can further
influence swelling by interacting with the negatively charged groups, reducing osmotic
pressure and causing additional deswelling.

The strong interplay between pH, swelling behavior, and particle packing density
in Carbopol microgels offers significant potential for applications demanding tunable
material properties, including controlled drug release and rheological modification. Our
study also focuses on elucidating the influence of pH on Carbopol microgels in both
aqueous and non-aqueous media.

2.1.2 Osmotic pressure in microgel suspensions

A proper description of osmotic pressure is crucial for explaining microgel swelling be-
havior and the resulting macroscopic properties of concentrated suspensions, including
rheological characteristics and glass transition phenomena¥l. The unique compressibil-
ity of microgels, allowing for both shape and volume changes, makes them exceptional
model systems for investigating the fundamental physics of soft matter under confine-
ment 1551,

The ability to control osmotic pressure, either by adding polymers in solution (such
as polyethylene glycol or dextran) or by modifying solvent conditions (pH, temperature,
ionic strength) B/l enables systematic investigation of microgel swelling across a wide
range of states, from highly swollen to completely collapsed .

At low concentrations, equilibrium swelling can be reasonably predicted using es-
tablished theories, such as Flory-Rehner theory®? and its extensions. However, for
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higher and hi%her concentration, microgels transition from ideal swelling to more com-
plex behavior 1l including deswelling and shape changes (faceting)®®l. This transi-
tion is particularly sensitive to the interplay between osmotic pressure and the intrinsic
mechanical properties of the microgel network, which dictate its ability to withstand
compression while maintaining structural integrity. Furthermore, in ionic microgels,
swelling equilibrium is significantly influenced by the distribution of counterions within
and surrounding the particle network B3#243],

In dilute conditions, where microgel interactions are minimal, the total osmotic pres-
sure (7) within a single microgel can be modeled as the balance of three primary contri-
butions #2l:

* Mixing pressure (7,,): This arises from the mixing entropy of polymer chains and
solvent molecules. Within the Flory-Huggins framework, it is given by:

Tm d)O 2

—=—|= In(1 — 2.1
ipT oF (x5 +In(1 = ¢o) + o) (2.1)
where kp is the Boltzmann constant, 1" is the absolute temperature, ¢ is the poly-
mer volume fraction in the unswollen state, « is the swelling ratio, and x is the
Flory interaction parameter, representing polymer-solvent interaction energies. A
positive x indicates unfavorable interactions, thereby reducing swelling.

* Elastic pressure (7.;): This pressure results from the elasticity of the crosslinked
polymer network. As the microgel swells, the polymer chains are stretched, gen-
erating a restoring force that opposes further expansion. A simplified Gaussian
model approximates it as:

Tel N, e
kpT — 3a?

where N, is the effective number of polymer chains in the network. This term
opposes swelling.

2.2)

* Jonic pressure (7;): This accounts for the osmotic pressure of ions. In dilute solu-
tions, most counterions reside inside the microgel to maintain electroneutrality. A
simplified model is:

T Q

ksT vpad

where @) represents the total charge of the microgel, and v, is the volume of the
unswollen microgel.

2.3)

At equilibrium in dilute conditions, these pressures balance:
T = Ty + Ty + m; = 0. (2.4)

Bouhid de aguiar et al. introduced an extension to the classical description of Flory-
Rehner, incorporating non-ideal chain elasticity at high swelling ratio®. The osmotic
pressure within a microgel particle results from two opposing terms. The first is a mixing
term, describing the mixing entropy and the enthalpy of solvent-monomer interactions,
which promotes swelling. The mixing pressure is balanced by the elasticity of the chain
segments between crosslinks.

Scotti et al.B¥ provide further insights into these complexities, demonstrating that
osmotic pressure is substantially affected by counterion concentration, particularly at
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high concentrations where non-ideality becomes significant. Their membrane osmom-
etry and dialysis experiments revealed that osmotic pressure is primarily governed by
free ions escaping the microgel perimeter. Their model, which balances osmotic pressure
terms with microgel bulk modulus to predict deswelling, shows a weak dependence on
microgel size. The onset of deswelling is influenced by multiple factors, including mi-
crogel crosslinking density, interactions with the surrounding medium, and the osmotic
pressure gradient. At even high microgel concentrations, significant mechanical interac-

tions between particles set in, determining faceting and compression 4,

2.1.3 Computational model for solubility prediction

Predicting solvent solubility, particularly for complex polymers like Carbopol, involves
numerous factors, including polymer architecture, crosslink density, and the inherent
polyelectrolyte nature of the polymer backbone. Such complexity makes accurate sol-
ubility prediction a non-trivial endeavor. While no universally reliable method exists
to handle every intricacy, the COnductor-like Screening MOdel for Realistic Solvation
(COSMO-RS) has emerged as a promising approach for capturing essential solvation
phenomena #4¢ Tts efficiency and reliability in predicting solubility across diverse sol-
vent systems make it a suitable computational tool for exploring Carbopol’s solubility
behavior and guiding solvent selection.

COSMO

The COnductor-like Screening MOdel (COSMO) is the quantum chemical continuum
solvation framework upon which COSMO-RS is built. In COSMO, the solvent is repre-
sented as a polarizable dielectric continuum rather than a collection of explicit solvent
molecules. The solute molecule is placed in a cavity defined by overlapping atomic
spheres, and the interaction between solute and solvent is evaluated by solving the Pois-
son equation with a conductor-like boundary condition. This boundary condition sim-
plifies the treatment of solute-solvent electrostatic interactions, greatly reducing compu-
tational cost compared to more explicit continuum solvation methods.

The result of a COSMO calculation is a distribution of surface charges on the solute
cavity (often referred to as the COSMO surface). This distribution reflects how the solute
is polarized in the presence of the dielectric continuum. The surface charges are then
collected into the so-called o-profile, describing the charge density distribution over the
solute surface.

COSMO-RS

COSMO-RS (COnductor-like Screening MOdel for Real Solvents) combines COSMO’s
quantum chemical foundation with statistical thermodynamics to predict the thermody-
namic properties of liquid mixtures (Fig. 2.2) B35l At the heart of COSMO-RS is the
use of the surface charge density distribution (o-profile) generated by the COSMO cal-
culation. This o-profile effectively encapsulates how a molecule interacts with its envi-
ronment, capturing both electrostatic and non-electrostatic contributions (e.g., hydrogen
bonding and dispersion forces).

By employing a statistical thermodynamic formalism, COSMO-RS evaluates the free
energy of mixing based on pairwise interactions of molecular surface segments. These
surface segments are classified by their local charge densities, enabling the model to
account for complex intermolecular interactions. As a result, COSMO-RS can predict a
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Figure 2.2: Flowchart depicting the computational steps within the COSMO-RS model, from input

parameters to final property prediction #7.

range of thermodynamic properties relevant to solubility, including activity coefficients,
partition coefficients and phase equilibria.

Unlike Hansen solubility parameter methods#%, which rely on group contribution
concepts and can be less accurate for large, complex molecules, COSMO-RS offers an
a priori predictive capability for a wide range of compounds, including polymers, re-
lying solely on their molecular structures®. The element-specific parameterization in
COSMO-RS further enhances its versatility: once the model is parameterized for a given
element, no additional calibration is required when new molecules containing that ele-
ment are introduced Bl. This feature is particularly advantageous in screening a large
chemical space or investigating novel solvent systems.

Key advantages of COSMO-RS for solubility prediction include:

® A priori prediction: No experimental data are required beyond the molecular
structure.

* Applicability to complex molecules and mixtures: The continuum approach and
statistical treatment allow for modeling of polymers, ionic liquids, and other com-
plex systems.

e Computational efficiency: Compared to explicit solvation approaches, COSMO-
RS is relatively fast while retaining high accuracy.

® Predictive power for a broad range of thermodynamic properties: It can estimate
activity coefficients, phase equilibria, and partition coefficients in addition to solu-
bility.

Despite these strengths, it is important to acknowledge that the accuracy of COSMO-
RS is still governed by the underlying model assumptions. For highly crosslinked or



44 2.2 Materials and Methods

polyelectrolyte polymers such as Carbopol, additional complexities — such as ioniza-
tion effects, polymer chain entanglements, and potential phase behavior — may intro-
duce discrepancies between computed and experimental results. Consequently, while
COSMO-RS provides a powerful first-principles method for solubility ranking and pa-
rameter estimation, experimental validation remains essential to verify and refine com-
putational predictions.

2.2 Materials and Methods

Chapter[l|provides a comprehensive overview of the general materials and methods em-
ployed throughout this thesis. This section details the specific experimental procedures
used in this chapter, especially focusing on the following key aspects: solvent investi-
gation; tuning of osmotic pressure and/or pH and rheological characterization of the
resulting systems; estimates of microgel size from DLS or microscopy approaches.

2.2.1 Carbopol dispersibility in various solvents

The inherent dispersibility of C971 NF in various solvents, in the absence of a neutralizer,
was investigated by adding Carbopol powder, corresponding to 0.5 to 1 % in weight
fraction, and mixing in the vortex mixer for several hours, as for the preparation protocol
discussed in Chapter([T} Sample observation after 24 hours allowed to detect whether the
powder was fully dispersed, remained as aggregates, or settled.

The influence of neutralizer addition on C971 NF dispersibility was tested in water
and several non-aqueous solvents.

A Mettler Toledo Sevencompact 5220 pH/Ion meter provided precise pH values for
aqueous samples, prepared as described in Chapter(l| Instead, fine-tuning neutralizer
concentration in non-aqueous media presented a challenge due to the limitations of pH
measurements. Whatman® indicator papers (WHA2613991, Colour Bonded, 0.0-14.0
range) provided a semi-quantitative measure of pH, with colorimetric responses com-
pared against the manufacturer’s color chart. The reliability and consistency of the esti-
mates for PG and Glycerol were validated with titrations with known amounts of NaOH.

Sodium hydroxide (NaOH) or triethylamine (TEA) were used. NaOH was added in
both aqueous and non-aqueous samples, while TEA was added only in aqueous sam-
ples. Aliquots of the stock solutions were added to the C971 NF dispersions to achieve
the desired final concentrations. For non-aqueous samples, solid NaOH was added di-
rectly to the solvent to prepare 1 M solutions. These solutions were then added to the
C971 NF dispersions to achieve neutralization. The amount of neutralizer added was
recorded for all samples.

To determine how prior neutralization with NaOH affects the subsequent dispersibil-
ity in non-aqueous, aprotic solvents, aqueous samples of C971 NF 2% were neutralized
with NaOH and then lyophilized, resulting in a dry powder mixture of C971 NF and
NaOH. This powder was then added to DMSO and DMF but failed to get dispersed,
while it could be dispersed in water again.
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2.2.2 Tuning of osmotic pressure

To investigate the degree of expansion or contraction of Carbopol suspensions when ex-
posed to different osmotic pressures, Thermo Scientific™ Slide-A-Lyzer™ MINI dialyz-
ers (3.5 kDa MWCO) were employed. To measure the free expansion, i.e., the maximum
equilibrium swelling of the microgels under zero osmotic pressure, the following proce-
dure was used:

1. Initial Weighing: Empty dialysis tubes were weighed to obtain a reference mass.

2. Sample Loading: Approximately 0.2 mL of aqueous C971 NF suspensions at dif-
ferent concentrations (1, 0.5, 0.4, and 0.2 wt%) was introduced into each dialysis
tube. The loaded tubes were reweighed to accurately determine the initial sample
mass.

3. Dialysis Setup: The filled tubes were carefully placed in 50 mL vials containing
Milli-Q water. This relatively large volume of water was used to ensure negligible
pH changes over the course of the experiment. The vials were sealed to prevent
evaporation.

4. Equilibration Period: The vials were stored at a constant temperature for at least
45 days to allow the system to reach equilibrium swelling.

5. Final Weighing and Data Collection: After equilibration, the dialysis tubes were
removed, briefly blotted to remove any excess liquid on their surfaces, and reweighed.
From the mass change, the final concentration of the Carbopol suspensions within
the tubes was calculated (see Figure2.3).

Throughout these experiments, the sample’s pH was checked before and after ex-
pansion, and remained unchanged. Furthermore, using neutralized water rather than
Milli-Q water did not affect the degree of expansion.

The same procedure was repeated for 1 wt% C971 NF suspensions in PG and DMSO,
with the dialysis carried out against their respective pure solvents. This approach al-
lowed the determination of the equilibrium swelling ratio for each sample, providing
direct insight into the extent of Carbopol expansion or contraction under zero osmotic
pressure.

To tune the osmotic pressure, microgel suspensions were placed in contact with aque-
ous solutions of polyethylene glycol (PEG, with average molecular mass of 8000 Da),
a hydrophilic polymer. By varying PEG 8000 concentration, we can precisely control
the osmotic pressure across the semipermeable membrane, following established meth-
odsP, as plotted in Figure As in the free expansion procedure, aqueous C971 NF
samples (0.2 and 1 wt%) were placed within the dialysis tubes and put in contact with
PEG 8000 solutions at different concentrations for at least 45 days.

2.2.3 Rheological characterization

The rheological properties of the various samples (whose preparation was detailed in
Chapter 1| were characterized using similar procedures. Each sample underwent a pre-
shear protocol followed by a series of rheological tests. Frequency sweep measurements
were performed over a decreasing range of 0.1-100 Hz at a fixed strain of 1% within
the linear viscoelastic regime. Large amplitude oscillatory shear (LAOS) measurements
were conducted from 0.1% to 300% strain amplitude at a fixed frequency of 1 Hz, and
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(a) (b) (c)

Figure 2.3: Schematic of osmotic experiments, (a): sample and solution bath before test (b): sample
kept for 45 days at room temperature while they were sealed, (c): sample and solution bath after
45 days
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Figure 2.4: Plots of osmotic pressure vs. PEG 8000 weight percentage at 22 °C 521,

flow curve measurements were performed over a shear rate range of 0.01-100 s~ 1 (the
0.01-0.1 range was often discarded because of slip onset). To ensure data reliability, sev-
eral rheological experiments were repeated at least twice; the reproducibility of the data
points was consistently within 2%.

Figure 2.5/shows a representative flow curve for various concentrations of C971 NF
in neutralized water.

In frequency sweep tests (see Figure[2.6), the low-frequency value of the storage mod-
ulus G was used as an estimate for the 0-frequency modulus G and its dependence on
concentration or pH was compared to yield stress dependence.

The yield stress (o,) was determined from TC model fitting. An alternative way in-
volves large amplitude oscillations: identifying the onset of nonlinearity in the storage
modulus, a deviation from the small-strain linear viscoelastic region, and the following
stages can provide access to o,. However, this transition is often gradual, hindering
precise critical strain determination®3, A practical approach involves the horizontal
line representing the behavior of G’ well below the yielding point with the power-law
equation representing the behavior of G’ well above the yielding point. The intersec-
tion point of these lines, shown as orange circles in Figure 2.7 can be considered an
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Figure 2.5: Flow Curve Measurements of C971 NF. Fitting with the TC Model. The graph uses the
following markers for different weight percentages: Red Square (0.2 wt%), Yellow Diamond (0.3
wt%), Purple Triangle (0.4 wt%), Green Inverted Triangle (0.5 wt%), Blue Circle (1 wt%), Blue Star
(2 wt%), Orange Cross (3 wt%), Yellow Dot (4 wt%), and Purple Crooked Cross (5 wt%).
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Figure 2.6: Frequency sweep data for C971 NF (5 wt%). The low-frequency storage modulus (G,
blue circles) provides an estimate of the zero-frequency modulus (Go ~ 369 Pa), demonstrating
modulus stability below the initial value. Loss modulus (G”, red squares) is also shown.

approximation of the critical strain at which the material transitions to liquid-like be-
havior®¢l. The corresponding stress value provides an estimate for o,,. On the other
hand, the second approach based on this test is the intersection of G’ and G” (shown as
a blue circle), which tends to overestimate ¢,. A more unambiguous approach involves
analyzing the full o-y response in LAOS, with two different power-law regimes clearly
emerging in both the low-strain linear viscoelastic region and the high-strain nonlinear
region (Figure 2.8). The intersection point can be used to define yield strain and stress.
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Figure 2.7: Results of large amplitude oscillatory shear measurements for C971 NF 5 wt%. The
storage modulus (G’) and loss modulus (G”) are plotted as functions of shear strain (v). Blue
circles correspond to G’, while red squares correspond to G”. The orange dashed lines represent
power-law fits of the behavior well above the yield point, with the intersection of these fits and
the horizontal line through the linear G’ data indicated by the orange circles. The dark blue empty
circle represents the intersection of G’ and G”.
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Figure 2.8: Results of large amplitude oscillatory shear measurements for C971 NF 5 wt%. The
stress (o) is plotted as a function of shear strain (y). The orange dashed lines are power-law fits
of the behavior well above and well below the yielding point, whose intersection is shown by the

orange circle.

2.2.4 Dynamic Light Scattering

DLS was used to estimate the hydrodynamic size of diluted microgels dispersed in var-
ious media. To optimize measurement accuracy and minimize the influence of aggre-
gates, a systematic preparation protocol and investigation of the effect of microgel con-
centration were undertaken.

Several microgel concentrations were tested to identify the optimal range for DLS
analysis. To remove larger aggregates, samples were subjected to centrifugation. The
centrifugation speed was carefully optimized; excessively high speeds resulted in com-
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plete sedimentation of all particles, while insufficient speeds failed to adequately remove
aggregates. As a compromise, 0.025 wt% was chosen for all samples, and the tests were
conducted using neutralized water, PG, DMSO, and DMF microgels. The required cen-
trifugation speed and time were found to be strongly dependent on the sample viscos-
ity. Consequently, all samples except the PG (whose viscosity is about 50 times that of
other solvents) were centrifuged at 3500 RPM for 1 hour, while the PG samples were
centrifuged at 3500 RPM for 50 hours.

The DLS measurements were performed on a ST100 SciTech Instruments appara-
tus, equipped with a solid-state Nd:YAG laser operating at a doubled continuous wave-
length of 532 nm. The laser intensity was controlled using the combination of a half-
wave plate, rotating the light polarization, a polarization-maintaining optical fiber, and
a Glan-Thompson polariser that set the incident light polarization as vertical.

Scattered light was collected at a 90-degree angle using a multimode fiber coupled
to a vertical polarizer. The collected light was split and detected by two photomulti-
plier tubes (PMTs). The PMT signals were processed using a digital correlator (Flex-03D,
correlator.com) to obtain the intensity pseudo-autocorrelation function, g2(g, t). Data ac-
quisition and analysis were performed using a custom LabVIEW (National Instruments)
program.

To ensure consistent experimental conditions, the temperature was maintained at
22 °C using a water bath. Samples were contained in either quartz square cuvettes or
round glass vials immersed in the water bath to optimize thermal stability and mini-
mize refractive index mismatch. For individual measurements, samples were loaded
into flame-sealed cylindrical borosilicate glass capillaries (outer diameter: 3 mm; inner
diameter: 2.4 mm). Five to ten correlation measurements were acquired for each sample
and averaged. Subsequent data analysis was performed using custom Python scripts.

Depending on the optimized centrifugation protocol for different solvents, we ob-
tained either bidisperse suspensions (containing distinct smaller and larger particle frac-
tions) or broadly polydisperse Carbopol suspensions. To extract the average microgel
sizes from these complex distributions, we fitted the measured correlation functions us-
ing either a stretched exponential or a double exponential model. The stretched expo-
nential function, given by Equation accurately captures a broad and continuous
distribution of particle relaxation times, commonly observed in highly polydisperse or
heterogeneous systems.

Figure [2.9|shows the correlation function plotted against lag times for a dilute aque-
ous Carbopol suspension, with its corresponding stretched exponential fitting.

2.2.5 Optical microscopy

Fluorescence microscopy, which commonly employs dyes or pigments for enhanced vi-
sualization 7760 encounters limitations when imaging fully swollen Carbopol micro-
gels. The refractive index of swollen microgels closely matches that of water, resulting
in low contrast and hindering observation even with added colorants. While direct vi-
sualization of fully swollen microgels is challenging, the addition of a dye can aid in
visualizing partially swollen, non-fully neutralized microgels. This approach was im-
plemented by incorporating Rhodamine B into a non-neutralized C971 NF aqueous mi-
crogel suspension. Clearly, this approach only provides access to the size and structure
of aggregates rather than individual microgels.

A neutralized 0.5 wt% suspension was diluted to 0.01 wt%, and 50 pl was deposited
onto a glass slide. Subsequent addition of 10 pl of a 1 mM Rhodamine B solution in-
duced observable changes in the microgel morphology. This dye addition lowered the
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Figure 2.9: Correlation function versus lag time with corresponding stretched exponential fit for
Carbopol in water (0.025 wt%). The stretching exponent 5=0.42.

pH (to approximately pH 4), leading to a decrease in microgel swelling and increased ag-
gregation. Similar experiments were conducted with PG and DMSO solvents, in which
Rhodamin B was found to be soluble; however, no microgels were visible under these
conditions, suggesting that microgels do not shrink nor aggregate upon addition of Rho-
damin B in these solvents.

2.2.6 Particle tracking for microgels size measurement

To obtain an independent, qualitative assessment of microgel size and aggregate struc-
ture, the micro-rheo-mapping approach (later discussed in Chapter [4) was employed.
Neutralized water and PG and DMSO samples were selected. For each sample, a con-
centration about 1.5 times above the corresponding critical concentration for onset of
yield stress was used: 0.11 wt% for neutralized water, 1.1 wt% for neutralized PG, and
0.45 wt% for DMSO. Monodisperse carboxylated polystyrene (PS-COOH-B1477) tracer
particles (diameter 0.816 + 0.005 pm; 5% w /v aqueous suspension) were added to each
sample to achieve a final tracer concentration of 0.01 wt%. Subsequently, 50 ! of each
sample was placed between two glass slides under a microscope, allowing the sample to
spread. After a 30-second equilibration period to allow for dissipation of initial sample
inhomogeneities, a video was recorded and analyzed according to the methodology de-
scribed in Chapter[d This analysis provided semi-quantitative information on microgel
aggregate size and distribution.

2.3 Results

2.3.1 Aqueous microgel suspensions
Neutralization and tuning of osmotic pressure

The influence of pH on the C971 NF microgels behavior was first investigated through
a series of experiments addressing the effect of neutralizer type and amount on the
swelling degree. Figure shows titration curves obtained by adding a neutralizer
(NaOH) to C971 dispersions at two different concentrations. The curves display a char-
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acteristic triphasic profile, consistent with previously reported findings P19l Initially, a
gradual pH increase occurs as NaOH is added, reflecting the deprotonation of Carbopol
monomers. This is followed by a region centered around pH 7 with a sharp pH increase
with minimal neutralizer addition, indicating high sensitivity to charge changes as neu-
tralization nears completion; nearly all monomers are compensated for the addition of
every acid or base unit directly affecting the pH value. Finally, the curve transitions to a
region of reduced slope, reflecting the protonation of Carbopol monomer at higher base
concentrations.

pH

T T T T T T T 0 T T T T T T T
00 01 02 03 04 05 06 07 0 2 4 6 8 10 12 14

(a) NaOH (wt%) (b) Concentration of OH- ions (Million /microgel)

Figure 2.10: pH measurements as a function of (a) added NaOH (wt%) and (b) the number of
hydroxide ions (OH™) (millions) per microgel unit, for 0.5 wt% (red squares) and 1 wt% (blue
circles) C971NF dispersions.

When adding NaOH, Sodium ions are introduced in solution, which may affect the
overall behavior. To assess the impact of the neutralizer type and examine the influence
of salt rather than only evaluating the pH, triethylamine (TEA), a base from a distinct
chemical family, was also employed. The resulting pH vs. molarity plot (Figure
shows remarkable consistency between the two neutralizers, indicating that the type of
base has a negligible impact on the overall pH response.
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Figure 2.11: Comparison of pH response in 1 wt% C971 NF dispersions using NaOH (red squares)
and TEA (blue circles).



52 2.3 Results

At pH 7, we further explored the extent of microgel swelling, by tuning osmotic
pressure from zero to very high values and assessing the resulting regimes of microgel
concentration.

Free expansion Free expansion experiments, ideally reaching the maximum possible
swelling of each single microgel present in the solution, also provide a simple yet ef-
fective method for determining the critical concentration of microgels for the onset of
yield stress properties (see below). Indeed, Figure 2.12] presents the results of such ex-
periments conducted in neutralized, water-based samples: whatever the initial concen-
tration, the microgel suspension reaches a common final equilibrium concentration, cor-
responding to full volume occupancy of swollen microgels.

0.09
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- } }
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0.04

Final Concentration (%)

0.03

02 03 04 05 0.6 07 0.8 09 1.0
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Figure 2.12: Free expansion of C971NF microgels in neutralized water after 45 days. The initial
concentrations versus final concentration showed that all concentrations converge towards ap-
proximately 0.06 wt%.

Regulation of swelling and concentration through osmotic pressure By tuning the
osmotic pressure, we can induce swelling or deswelling of microgels, even reaching a
significant packing, which was assessed by comparing relative changes in concentration.
Experiments involved exposing neutralized C971NF aqueous suspensions at a certain
initial concentration to various osmotic pressure values, by using different concentra-
tions of PEG 8000 (Fig. , and determining their final equilibrium microgel concentra-
tion.

Atlow to moderate osmotic pressures, the suspensions can undergo expansion, while
high enough osmotic pressures (around 30 wt% PEG 8000 for 1 wt% C971NF) result in
higher final concentrations, corresponding to microgel shrinking.

The correspondence between osmotic pressure and microgel equilibrium concentra-
tion is summarized in Figure Two distinct phases are evident: an initial region of
slow concentration increase (up to approximately 20 atm), followed by a sharp increase.
This biphasic behavior can be explained by considering the microgel response to osmotic
pressure in relation to its bulk modulus P8

* Low Osmotic Pressures: The pressure exerted by counterions leaving the microgel
periphery is less than the bulk modulus. The microgel maintains its swollen vol-
ume (vo) due to sufficient internal pressure to balance the external pressure. This
represents ideal swelling.
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Figure 2.13: Final C971NF suspension concentration (wt%) as a function of osmotic pressure (atm).
A biphasic response is observed, characterized by an initial slow increase in concentration fol-
lowed by a rapid increase above ~20 atm. Data points represent suspensions with initial concen-
trations of 1 wt% (red squares) and 0.2 wt% (blue inverted triangles). Inset: Relative degree of
swelling, expressed as the ratio of initial to final concentration, plotted against osmotic pressure.
Symbols correspond to the same initial concentrations as the main plot.

* High Osmotic Pressures: As osmotic pressure exceeds bulk modulus, the external
pressure overcomes the internal forces maintaining the swollen state. The microgel
gets compressed, initially through shape changes (faceting), and subsequently by
deswelling (volume reduction). This marks the transition from ideal to non-ideal
swelling. The exact pressure at which this occurs depends weakly on microgel size
and crosslinker concentration, factors influencing bulk modulus 1381,

Onset and growth of yield stress

The rheological behavior of concentrated Carbopol 971 NF dispersions, where particle
packing is significant, is characteristic of soft glassy materials 262!, defined macroscop-
ically by the presence of a yield stress. Using the three-component TC model which is
detailed in the chapter [631 and systematically varying Carbopol concentration across a
wide range under both neutralized and non-neutralized conditions, reveals a character-
istic rheological response as illustrated in Figure oy only appears above a critical
mass concentration, at which microgels start to significantly overlap, and approaches a
plateau value through two main regimes.

As mentioned in chapter|[I} alternative approaches to the estimate of yield stress are
available, e.g. based on large amplitude oscillatory tests. The resulting values, reported
in Figure display a very similar behavior to flow curve data, although they are
slightly different. Additionally, this approach allowed for the extraction of the yield
strain values, as illustrated in Figure m

Yet another quantity, the low-frequency plateau modulus, G — 0, associated to the
elastic properties of the suspensions and derived from frequency sweep measurements,
displays a similar concentration dependence, as shown in Figure for both neutral-
ized and non-neutralized aqueous suspensions.

To describe the onset and growth of a stress-bearing network (we’ll use, in the fol-
lowing, the yield stress values from flow curves), we can utilize a power-law model 4l
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Figure 2.14: Yield stress values determined using the TC model for aqueous dispersions at varying
concentrations. Data points represent neutralized (blue circles) and non-neutralized (red squares)
samples. Dashed lines show power-law fits to the data according to Equation
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Figure 2.15: (a): Yield stress of neutralized aqueous dispersions as a function of concentration
(b): Yield strain (critical strain) of neutralized aqueous dispersions as a function of concentration
(determined via amplitude sweep).

o, = A[C — C,)B (2.5)

where C' is Carbopol concentration and C} is the critical concentration at which the
yield stress becomes measurable. This represents the concentration threshold where a
continuous stress-bearing network structure begins to form, corresponding to full vol-
ume occupancy of microgels, which behave as soft spheres in their swollen state at neu-
tral to basic pH values. A and B are fitting parameters reflecting the system’s inherent
properties and the nature of interparticle interactions. In particular, the B exponent re-
flects the efficiency of network formation and the sensitivity of the yield stress to changes
in concentration. Fitting this model to the experimental yield stress data allows for quan-
titative determination of B, and C;. These parameters provide valuable insights into
the magnitude and concentration dependence of the yield stress. Specifically, two main
regimes are observed:
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Figure 2.16: Gy values obtained from frequency sweep tests of aqueous dispersions at varying
concentrations. Data points represent neutralized (blue circles) and non-neutralized (red squares)
samples.

* Onset of stress-bearing network: A steep increase in yield stress above a criti-
cal concentration (C;) is observed. This marks the transition from a semi-dilute
regime where individual microgels exert primarily steric repulsion of the shells to
a regime where particle interactions begin to dominate®. Analysis of C; reveals
information about the system’s microstructure: a lower C; indicates a higher de-
gree of swelling but can also be affected by aggregation phenomena. The degree of
cross-linking significantly impacts the mechanical properties of microgels and also
the onset of yield stress. Highly cross-linked microgels swell less and, therefore,
display, in general, higher C; values while reaching higher yield stress values than
their uncross-linked counterparts?’l. However, throughout this work, the same
Carbopol 971 NF samples were investigated, which allows us to explore the role of
different neutralization states and solvents on swelling.

¢ Slow growth: Beyond the first regime, the yield stress exhibits a progressively
slower increase with increasing concentration, approaching a plateau at high con-
centrations. This behavior is indicative of denser packing and compression of the
microgels!®!. The values of the B exponent can provide an indication of the degree
of interpenetration and compaction of the microgels.

pH effect on rheological properties

As reported in Figure we observe the onset and growth of yield stress even in the
absence of neutralization, albeit at significantly higher microgel concentrations. There-
fore, we systematically investigated how the neutralization state affects the mechanical
properties of Carbopol microgels. Specifically, we measured flow curves at various mi-
crogel concentrations while systematically varying the amount of neutralizer, thus alter-
ing the pH.

As shown in Figure the yield stress exhibits a nonmonotonic, bell-shaped de-
pendence on pH, reaching maximum values around neutral conditions (pH = 7). This
behavior arises from competing physicochemical factors influencing microgel particle
interactions, specifically particle swelling, electrostatic repulsion, ionic screening, and
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microgel deformability 0],

At low pH values, the microgel particles are highly protonated, rendering them rel-
atively compact due to limited electrostatic repulsion. Although the compact structure
facilitates tighter particle packing, the diminished repulsive forces limit the rigidity and
connectivity of the particle network, resulting in lower yield stress 1722,

As pH increases to moderate values (approaching neutrality), enhanced deprotona-
tion significantly increases the charge density on the microgel particles (-COO-) groups,
substantially increasing electrostatic repulsion and causing the particles to swell. The en-
larged, swollen particles occupy greater volumes and create a jammed network structure
with reduced free space and increased interparticle friction, consequently maximizing
the yield stress!?l.

Further increasing the pH into basic conditions introduces additional complexities,
including counterion effects and partial deswelling. The presence of excess counteri-
ons, notably Nat, partially screens the electrostatic interactions and can induce the par-
tial collapse of the swollen particles. These effects reduce the overall particle repulsion,
loosen the network structure, and lower the interparticle friction, leading to decreased
yield stress values at higher pH.

Hence, the observed nonmonotonic yield stress behavior reflects the intricate bal-
ance among particle swelling, electrostatic interactions, ionic screening, and structural
rearrangements, all of which evolve differently across the examined pH range.

S
1
——
o
—

Yield stress (Pa)
(=]
1
——

»
1
5 3

pH

Figure 2.17: Yield stress as a function of pH for C971 NF 1 wt% in water

2.3.2 Non-aqueous microgel suspensions

Based on the observed effects of pH and concentration on the swelling of microgels in
aqueous solutions and on their rheological properties, and intrigued by previous reports
about the behavior of Carbopol in Glycerol and low-molecular-weight PEGHY, we ex-
tended our investigation to a much wider range of solvents.

Investigation of the solvent space

The selection of appropriate solvents for C971 NF dispersion was guided by the fact
that, in general, polar solvents like water are expected to be effective for solvating PAA
chains and swelling Carbopol microgels. Indeed, its hydrophilic nature, attributed to its
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numerous carboxyl groups, facilitates strong interaction with polar solvents, bearing sig-
nificant partial charges. The associated partial dissociation of the carboxyl groups gives
rise to an osmotic pressure gradient that drives water uptake and enhances swelling.
Certain organic polar solvents may exhibit an even greater affinity for the Carbopol net-
work than water, thereby promoting internal solvent diffusion even at low degrees of
carboxyl group dissociation. Furthermore, the ability of highly polar solvents to form
hydrogen bonds with the carboxyl groups can enhance the thermodynamic convenience
for the interaction 1. For these reasons, it is useful to map solvents on the basis of their
polarity. Because the dielectric constant, a well-established measure of polarity 2564l js
an average value, it easily misses the molecular details. We thus turned to the more
complete, yet simple, COSMO-RS computational approach ™!, thanks to the courtesy of
Prof. Jean-Marie Aubry, as illustrated in section[2.1.3]

Over 160 common solvents were selected to be examined through the COSMO-RS
model. The resulting predictions provided a qualitative overview of solvent suitability
and formed the basis for further experimental investigation, performed with long equi-
libration times.

In Figure the predicted logarithmic solubility (log,(S)) values from COSMO-
RS are plotted against the dielectric constant for several tens of solvents. Such values,
showing a broad correlation, clearly identify clusters of solvents with expected C971 NF
dispersibility and others with poor predicted dispersibility; however, several solvents
present conflicting predictions. Among these lies water, which indeed has various de-
grees of compatibility with Carbopol depending on pH. We thus experimentally tested
Carbopol dispersibility for a significant number of solvents, (See Table

The results are presented in Figure the green dots represent solvents that can
effectively disperse C971NE, the orange dots solvents with intermediate ability (corre-
sponding to stable but turbid solutions) and the red dots solvents that cannot disperse at
all. Gray dots denote solvents that have not been experimentally evaluated in this study:.
The resulting graph reveals four distinct solvent categories:

1. Low log;,(S) and low dielectric constant: These solvents, as expected, failed to
disperse C971 NF.

2. High log;4(5) and low dielectric constant: Despite favorable predicted solubility,
these solvents also proved ineffective.

3. High log;,(S) and high dielectric constant: Consistent with expectations, many
solvents in this group could successfully disperse C971 NFE.

4. Low log,((S) and high dielectric constant: Surprisingly, several solvents within
this category effectively dispersed C971 NEF, but only in the presence of a neutral-
izer, a phenomenon detailed later in this chapter.

Based on these results, some of the protic and aprotic solvents demonstrating effec-
tive dispersion (besides water, PG, PEG 400, PEG 200, Glycerol, DMSO, and DMF) were
selected for further characterization. These solvents were used to prepare C971 NF dis-
persions at concentrations ranging from 0.05 to 10 wt% for comprehensive analysis.

Neutralizable solvents

The behavior of Carbopol in polar, protic solvents was mainly investigated in PG and
Glycerol, to assess the effect of different polarity on swelling properties and structure



58 2.3 Results

Table 2.1: Solvent

Compound Formula Molecular Weight Dielectric Con-
(g/mol) stant
Water H,O 18.015 80.10
Dimethylsulfoxide C,y,HgOS 78.13 46.68
(DMSO)
Glycerol C3HgOs3 92.09 46.50
Dimethylformamide CsH;NO 73.09 36.70
(DMF)
Acetonitrile CoH3N 41.05 36.60
Methanol CH3;0OH 32.04 33.00
N-Methyl-2-pyrrolidone ~ CsH7NO 99.15 32.00
(NMP)
Propylene glycol (PG) C3HgO 76.09 32.00
Ethanol CoH;OH 46.07 25.30
Acetone C3HgO 58.08 20.70
2-Propanol C3HgO 60.10 18.30
1-Butanol C4H100 74.12 17.80
1-Pentanol CsH:,0 88.15 15.30
1,2-Diaminoethane CyHgN, 60.10 14.20
Polyethylene glycol 400 (C.H40), 380 - 420 14.10
(PEG 400)
1-Hexanol C¢H140 102.17 13.30
1-Octanol CsH;150 130.23 11.70
1-Decanol C19H220 146.29 9.70
Ethyl acetate C4HgO, 88.11 6.00
Chloroform CHCl; 119.38 4.80
Toluene C,Hg 92.14 2.38
Hexane CegHiy 86.18 1.89
Polyethylene glycol 200 (C.H,0), 190 - 210 -
(PEG 200)

buildup. Neutralization curves were measured at various C971NF concentrations by
dissolving NaOH in PG, finding a qualitatively similar response to aqueous samples,
with a steep increase from acidic to basic pH at a specific NaOH concentration, as shown
in Figure

However, important differences emerge between water and PG dispersions. First,
Carbopol itself has a stronger buffering effect in water than in pH, as appreciated from
the smaller pH value at 0 added NaOH. Moreover, if we consider the different densi-
ties of water and PG and convert both Carbopol and NaOH concentrations in molar
units (the molar mass of the Carbopol monomer unit is 72 g/mol according to Lubri-
zol technical data sheets!®”l), we can compare the titration curves expressed in terms of
molar ratios. Figure [2.20| presents this molar ratio for both aqueous and PG samples. A
linear relationship is observed for both systems, indicating a consistent neutralization
stoichiometry. Interestingly, the slope for the aqueous samples is approximately 1, indi-
cating a 1:1 stoichiometry, i.e. that each C971 NF unit requires one NaOH molecule for
neutralization. Instead, for PG samples, the very different slope indicates that each C971
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Figure 2.18: Correlation between COSMO-RS predicted log;,(S) and dielectric constant. The
markers represent different dispersion categories: light green for well-dispersible, orange for
poorly dispersible, red for non-dispersible, and grey for untested.
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Figure 2.19: pH values of C971 NF dispersions in PG as a function of NaOH concentration. The
data points correspond to a Carbopol concentration of 1 wt%. .

NF microgel unit requires approximately 14 monomer units of NaOH molecule for neu-
tralization This distinct neutralization behavior in the non-aqueous environment, likely
related to altered solvation and interactions within the microgel network is consistent
with the different pKa values of C971 in water versus PG. Overall, fewer charges are
switched on in PG, leading to a lower degree of swelling and smaller microgel size, in
turn affecting the rheological properties of the dispersion.

As for water-based samples, we investigated the onset and growth of yield stress at
increasing Carbopol mass concentration in PG, for acidic and neutral conditions. Once
again, we could observe a qualitatively similar behavior but with rather different thresh-



60 2.3 Results

100 4 -
- | |
104 u
% .
= | | ..
o . o®
2 " .
z 14 ] ..
| |
u ®
014 m
0.1 1 10 100

C971 NF (mM)

Figure 2.20: Molar ratio of added NaOH to C971 NF in aqueous (blue squares) and propylene
glycol (PG) (red circles) suspensions.

old concentration and high-concentration regime, as reported in Figure as well as
the clear swelling effect of adding NaOH.
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Figure 2.21: Yield stress of PG dispersions as a function of concentration, determined via the TC
model. Neutralized samples (blue circles) and non-neutralized samples (red Squares) are shown,
along with power-law fits (dashed lines).

We also studied how pH impacts yield stress for given microgel concentrations, as
shown in Figure A non-monotonic dependence occurs, with peak values, corre-
sponding to the maximum degree of swelling, around pH =7.

For Glycerol, since strong slip effects during flow curve measurements prevented ac-
curate yield stress determination, the low-frequency limit of storage modulus G’ from
small amplitude oscillatory measurements was used as an alternative metric for the on-
set and growth of elastic properties (see Figure [551. Again, qualitatively similar
behavior can be observed, but with different values for threshold concentration and ex-



Microgel rheology in aqueous and non-aqueous solvents 61

25 | [ X}
[}
[} )
20 A
= °
o
» 15
] A
k] A0
S 104 AA
3
>_
R A
i [ ]
5 - [ ]
A
04 ]
T T T T T
2 4 6 8 10 12
pH

Figure 2.22: Yield stress of C971 NF microgel in PG as a function of pH. Data points represent
concentrations of 0.8 wt% (red squares), 1 wt% (green stars), 1.5 wt% (pink rectangles), and 3 wt%
(blue circles).

ponent. Moreover, in o, vs. pH measurements, the peak value lies around 7, again corre-
sponding to maximum swelling occurring upon neutralization (see Figure . This is
a further confirmation of the fact that Carbopol microgels reach a state of maximum sol-
vation upon pH tuning also in non-aqueous solvents and that rheological measurements
can be exploited as a sensitive "mechanical titration" for swelling state.
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Figure 2.23: Low-frequency storage modulus (Gp) as a function of concentration for neutralized
(blue circles) and non-neutralized Glycerol-based C971NF microgels.

Non-neutralizable solvents

Even in the case of aprotic solvents, in which neutralization of microgels is not possible,
these can be dispersed providing a yield stress material above a threshold mass con-
centration, as shown for DMSO and DMF in Figure As compared to neutralized
aqueous dispersions, the measured threshold concentrations are higher, but the curves
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Figure 2.24: Storage modulus as a function of pH (based on pH strips) for C971 NF 1wt% in

Glycerol.

reach higher values at large concentrations.

2-t
-8 -
-
%
L)
= v
g 10" ‘7,
8 | &
@ /
2 »
° [
£ bR
104 |
o
I
(]
L]
107"
1 2 4 5 6

Concentration (%)

Figure 2.25: Yield stress of DMSO (blue circles) and DMF (red squares) dispersions as a function
of concentration, determined via the TC model. Dashed lines represent power-law fits to the data.

Free expansion experiments against zero osmotic pressure allow to independently as-
sess the critical concentration of microgels in various solvents. Figure presents the
results of such experiments conducted on neutralized water-based, neutralized PG, and
DMSO C971NF microgels. Interestingly, the critical concentrations obtained from these
free expansion tests exhibit excellent agreement with those derived from fitting yield
stress versus concentration data (Figure using a power-law model, thus validat-
ing the accuracy of these findings. Furthermore, the consistency of final concentrations
obtained from free expansion tests in water, initiated at various initial concentrations

(Figure[2.12), confirms the reliability of this experimental approach.
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2.3.3 Comparison of microgel behavior in water and other solvents

We observed several common features between water-based dispersions and non-aqueous
systems at different pH values. Free expansion experiments against zero osmotic pres-
sure allow to independently assess the critical concentration of microgels in various sol-
vents. Figure presents the results of such experiments conducted on neutralized
water-based, neutralized PG, and DMSO C971NF microgels. These values are in good
agreement with those derived from the power-law fit.
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Figure 2.26: Free expansion of 1 wt% initial concentration C971NF microgels in neutralized water,
neutralized PG, and DMSO after 45 days. Green bars represent final concentrations (0.062 wt% in
neutralized water, 0.57 wt% in neutralized PG, and 0.47 wt% in DMSO).

Scaling of microgel rheological properties

In order to get a unified description of the microgel behavior, we compared the fitting
parameters obtained from the power-law model in the various samples. Figure
presents the critical concentration (C;) and scaling exponent (B) for each sample. The
neutralized aqueous dispersion exhibits the lowest C; but also a relatively small B, while
the non-neutralized aqueous dispersion exhibits both bigger C; and larger B. Interest-
ingly, dispersions in PG, both neutralized and non-neutralized, exhibit even higher C
values but lower B compared to the water-based systems. Finally, dispersions in DMSO
and DMF are characterized by relatively small C; values and high exponents. To better
compare the curves, Figure shows a plot of yield stress vs. the rescaled concen-
tration C' — C; for all samples, providing a more direct visualization of the yield stress
growth rate above the critical concentration.

The rheological behavior of microgel dispersions is significantly influenced by sol-
vent conditions and degree of neutralization. These effects primarily stem from a com-
bination of degree of microgel swelling and aggregation.

The role of microgel size

We can estimate the average size of the microgels, or their aggregates, at the onset of
yield stress from the critical concentration C; of Carbopol C971 NF, assuming it to be
close to the overlap concentration in a homogeneous dispersion. Using the molar weight
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Figure 2.27: Critical concentration and exponent of power-law fitting for various samples. The
orange bar represents the critical concentration, while the green bar denotes the exponent of the
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Figure 2.28: Log-log plot of yield stress vs. C' — C, for various samples. This plot illustrates
the yield stress growth rate above the critical concentration C;. Data shown: PG (blue circles),
neutralized PG (red squares), neutralized Water (orange diamonds), water (purple stars), DMF
(green hexagons), and DMSO (light blue crosses).

of Carbopol 941, reported by Carnali and Naser to be approximately 3300 monomer units
(or 237,600 g/mol)™!, which is equivalent to C971 NF data 671 we can estimate the num-
ber density of microgels and thus their size.

The radius (r) of a spherical microgel particle can be calculated using the following

equation:



Microgel rheology in aqueous and non-aqueous solvents 65

3NAm
_ 3
r=y/ 74‘/pr (2.6)

where 7 is in cm, N4 is Avogadro’s number (6.022 x 10** mol™!), m is the mass frac-
tion of Carbopol 941 (wt%), V' is the total volume of the microgel suspension (g/cm?),
and M, is the molar mass of Carbopol 941 (g/mol).

The figure .29 reports the so-extracted microgel radius in various solvents and con-
ditions. No published data are available for the size of Carbopol 971 NF microgels. How-
ever, considering Carbopol 974 NF as the closest analogue based on Lubrizol reports21l,
we find the estimates in literature to closely match our findings for the neutralized water
system PU68] thus corroborating the observed differences in other solvents.
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Figure 2.29: Comparison of estimated microgel radius based on critical concentration (Ct) (red
circles) and average hydrodynamic radius determined by DLS (blue circles) in various solvents.

Alternatively, we can estimate the typical size of microgels from DLS experiments on
diluted samples in the respective solvents (Figure 2.29). In all samples, the measured
hydrodynamic radii of diffusing particles are significantly larger than those extracted
from threshold concentrations, indicating a non-negligible, persistent contribution from
aggregates, despite the careful procedure to minimize their presence. However, the typi-
cal size measured in neutralized water, about 2.2 ;4m, is significantly larger than in other
samples, consistent with its critical concentration, the lowest among the measured sam-
ples.

We can further compare the size estimates through optical microscopy, either by di-
rect imaging or through particle tracking. Microscopic analysis of non-neutralized aque-
ous C971 NF microgels revealed round aggregates (Figure[2.30). Size distribution ranged
from 1.5 to 4 wm, with an average radius of approximately 2.5 pm. It is noteworthy that
dye addition induced the gradual appearance of smaller particles, which subsequently
aggregated to form larger structures of microgel aggregates. Indeed, pH increae upon
addition of NaOH caused these particles to disappear, confirming that the visualized
structures are composed of partially swollen, dye-stained microgels.

This aggregation tendency was not observed in e.g. PG or DMSO, which partially ex-
plains the higher homogeneity and lower contrast of microscopy images in these sol-
vents.
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Figure 2.30: Microscopic image of a 50 pL drop of 0.01 wt% C971 NF with 10 pL of 1 mM Rho-
damine B added, showing an average aggregate microgel size of approximately 4 ym at pH 4. The
raw image (top) is thresholded (bottom) to determine the microgel size distribution.

To characterize the heterogeneity of the samples and the size distribution of micro-
gel clusters in semi-diluted samples, we exploited the approach described in chapter [4
based on tracking the motion of tracers upon application of a weak flow. The result-
ing heterogeneity maps provided a semi-quantitative assessment of the polydispersity
of microgel aggregates on larger scales. Figure displays heterogeneity maps for
neutralized water, neutralized PG and DMSO samples. In these maps, blue regions rep-
resent fluid areas with mobile tracers, red regions are predominantly elastic areas with
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immobile tracers, while green regions represent intermediate, viscoelastic or intermit-
tent areas. The extent and spatial distribution of red regions thus provides an estimate
of the microgel clusters present in the sample (in the specific conditions of testing).

The water sample exhibited red regions in the 5-20 um size range and extended green
regions. Conversely, PG and Glycerol samples displayed considerably smaller red ar-
eas, while the DMSO sample showed larger green areas, somewhat indicative of looser
structures. However, the semiquantitative nature of this analysis limits its comparison
to other approaches (we provide examples of its fruitful application in chapter [4).

2.4 Conclusions

In this chapter, we have characterized the dispersion of Carbopol microgels in water and
several other solvents. We have investigated the effect of pH on the degree of swelling
and aggregation of microgels, as well as the dependence of rheological properties on con-
centration and neutralization state. A strong, non-monotonic pH dependence is found
in aqueous dispersions: while non-neutralized dispersions form aggregates and only
partially swell, at increasing neutralization negative charges promote more and more
significant microgel swelling, which on turn leads to microgel packing and onset of
yield stress at lower critical concentrations (C;). When pH = 7 is exceeded, reduced
swelling leads to a drop in yield stress. The state of the building blocks also reflects the
power-law dependence of yield stress on concentration: denser microgel aggregates in
non-neutralized samples lead to steeper growth, while in fully swollen microgels, inter-
actions among the shells allow smoother growth.

Qualitatively similar behavior is reported for the first time in other solvents, like Propy-
lene Glycol: neutralization promotes swelling and onset of yield stress at lower con-
centrations, yet higher than for neutral aqueous suspensions. By assessing the size of
microgels in dilute and semi-dilute suspensions through various approaches, we find a
good correspondence between the degree of swelling and aggregation and the rheology
of the samples. However, direct assessment of density profiles of the microgels, through,
e.g., SANS, will be necessary to capture the structural and interaction contributions to
rheology, from semidilute to fully packed microgels. Finally, some aprotic solvents like
DMSO and DMF also prove to be good solvents for Carbopol microgels, despite the im-
possibility of tuning pH in these solvents. A distinct concentration dependence is found
for yield stress in aprotic solvents, with low critical concentration and strong increase
with concentration.
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CHAPTER 3

Trapping of solid inclusions in yield stress fluids

3.1 Introduction

The sedimentation of particles in yield stress fluids (YSF) differs significantly from that
in Newtonian fluids. In Newtonian fluids, sedimentation is governed by the balance
between gravitational forces and viscous drag. However, YSF introduces the crucial pa-
rameter of yield stress (c,), the minimum stress required for flow initiation ™. Below
o, the fluid behaves as a solid™, profoundly impacting particle settling. A settling
particle generates shear stresses in its vicinity. When these stresses exceed o, a local-
ized yielded region forms around the particle™l. This region, where fluid flow occurs,
enables particle sedimentation. The boundary of this yielded region, the yield surface,
separates the flowing fluid from the rigid, solid regions!!!. In Bingham plastics, stagna-
tion points can lead to the formation of solid "caps" attached to the sphere! (Figure.
This localized yielding and its dependence on particle and fluid properties is central to
understanding sedimentation in YSF.

While extensive research has investigated and simulated particle sedimentation in
YSF for various materials ™73 the sedimentation of small beads within microgel sus-
pensions—especially under high yield stress conditions—remains relatively unexplored.
Addressing this gap could yield significant insights into the interplay between microstruc-
ture and bulk rheological properties. This study aims to investigate this relationship and
proposes a method to connect bulk rheological properties with small-scale behavior in
structured fluids.

Holenberg et al. (2012) provided valuable insights into the shape and characteristics
of yielded regions around sedimenting particles 1%, Their work examined how parti-
cle properties, including surface roughness, weight, and sedimentation velocities, affect
these regions. For rough, slow-moving particles, the yielded region exhibited a fore-and-
aft symmetrical, peach-like shape, aligning with findings from numerical simulations !
(see Figure3.2).

The size and shape of the yielded region are dynamic and influenced by particle size
and shape, fluid yield stress (o), fluid rheology (e.g., Bingham plastic, Herschel-Bulkley
fluid), particle concentration, and wall effects!®. Higher particle concentrations can
lead to overlapping yielded regions, which alter flow patterns and sedimentation rates,
potentially causing aggregation or flocculation?. Wall effects are particularly significant
at low Reynolds numbers (where flow is laminar), diminishing below a critical sphere-
to-tube diameter ratio!.

The interaction between sedimenting particles and the surrounding fluid is governed
by the formation of a yielded region, which occurs when local stresses induced by a
moving particle exceed the yield stress of the fluid. This results in localized flow while
adjacent areas remain solid-like ", Understanding this process is crucial for elucidating
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Figure 3.1: Plastic and solid regions for the flow surrounding a solid sphere falling in a Bingham
plastic material ©.
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Figure 3.2: Yielded region boundaries for: (a) light rough bead; (b) heavy rough bead; (c) light

smooth bead; (d) heavy smooth bead. Various markers correspond to separate runs. .
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sedimentation dynamics in YSF, marking a departure from the behavior of Newtonian
fluids, which lack yield stress. Moreover, recent investigations have revealed the break-
down of fore-aft symmetry in the flow field around the settling sphere, the development
of a negative wake, and an extended upstream flow region>1¢l.

3.1.1 Sedimentation of a particle in a yield stress fluid

Microgels, viscoelastic YSF components behaving like solids under modest forces like
gravity, exhibit fascinating sedimentation phenomena, including delayed sedimenta-
tion17201 Extensive research on colloidal particles and microgels reveals a complex in-
terplay between equilibrium thermodynamics and nonequilibrium dynamic processes,
but[the lj"elationship between their microstructure and macrostructure remains challeng-
ing 21426 .

Predicting particle sedimentation requires understanding the balance of forces and
the fluid’s complex response. This section introduces dimensionless parameters quanti-
fying these interactions, going beyond bulk yield stress.

Net gravitational stress

The primary external force on a sphere in a fluid is the net buoyant force:

4
Fy = 3mRi(pp = ps)g 3.1)

where p,, is the sphere density, p; is the fluid density, Ry is the sphere radius, and g is the
gravitational acceleration. The gravitational stress can be obtained by dividing the force
by a proper surface, which is taken as half of sphere surface:

2
oy = 310 (Pp — Ps)g (3.2)

Dimensionless yield stress (Y)

Sedimentation in YSF is governed by the interplay between the fluid’s yield stress and
the stress exerted by the sedimenting particle. The dimensionless yield stress, Y/, is the
ratio of the fluid’s yield stress (o) to the gravitational stress !

oy %WR%(PP —ps)g Rolpy = ps)g

Equation compares the yield stress magnitude with the applied gravitational
stress??/l. Sedimentation occurs when particle stress significantly exceeds the fluid’s
yield stress, initiating flow; sufficient yield stress prevents sedimentation 12283311,

The exact value of Y depends on a suitable description of the rheology of the material.
Early models of the yielded region around a sedimenting particle utilized Bingham #8532
or Herschel-Bulkley B3l fluid models. Beris et al. (1985) predicted a critical Y value (Y¢ri:)
of approximately 0.14 above which sedimentation ceases; however, experimental obser-
vations show significant variability (0.12 to 0.60) 4. The Y values smaller than 1 corre-
spond to the fact that the gravitational stress exerted by the particle must exceed a value
large enough to “fluidize” a portion of material surrounding the particle. In other words,
the effective radius over which the particle exerts its gravitational stress is larger than the
particle’s physical radius. This variability is attributed to wall effects®®, microstructural

v . % oy2m R2 1.50y

(3.3)
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time-dependence 1550l particle shape”, deviations from ideal fluid behavior/, and

sensitivity to whether Y., is measured during cessation or onset of flow B4 This high-
lights the limitations of relying solely on bulk yield stress, underscoring the crucial role
of the fluid’s microstructure®. More sophisticated models incorporating microstruc-
tural details are necessary F240,

Sedimentation in YSF is a coupled process: particle motion drives yielded region for-
mation, while the fluid’s response determines the settling velocity ™. Sedimentation
occurs only when Y is below a critical valuelll, with a plastic boundary layer forming
near the critical yield stress!!l. This contrasts with Newtonian sedimentation, which is
primarily determined by the balance between gravity and viscous drag. In YSF, sed-
imentation is governed by a complex interplay of gravity, yield stress, and the fluid’s
dynamic response within the evolving yielded region 12451,

In theory, a practitioner could design a suspension using Y.,;; to predict the maxi-
mum particle size and density a given fluid yield stress can stabilize. However, if struc-
tural effects make the Y,,;; vary too widely, such an approach is not general. In fact, the
range of Y,.;; = 0.170.6 cited above represents a fascinating idea: Two different fluids
with the same bulk yield stress can differ in their ability to offset a given particle stress
by about six times.

In other words, two fluids with similar yield stresses could differ significantly in
their dissipation of particle gravitational stresses, and the bulk yield stress does not fully
characterize the fluid response to particle stress at small length scales. This highlights the
importance of considering the yielded region’s formation and evolution for a complete
understanding of sedimentation in yield stress fluids.

Centrifugation studies have further elucidated the relationship between the critical
force for motion initiation and particle diameter!?l. This chapter investigates the condi-
tions governing the stability or sedimentation of slightly polydispersed glass micropar-
ticles within a suspension of swollen Carbopol microgels. The use of centrifugation
allows for precise control of the effective gravitational stress, enabling exploration of a
wide range of conditions. This approach offers advantages over traditional sedimenta-
tion experiments, where precise control over the applied stress is more challenging.

3.1.2 The role of microstructure

The limitation of bulk yield stress in predicting sedimentation within YSF arises from
the complex interplay between macroscopic rheological properties and microscopic fluid
structure B4l While bulk yield stress (o,) represents the minimum stress required for
overall fluid flow, it fails to fully capture the heterogeneous nature of YSF at the particle
scale. Sedimentation isn’t simply a matter of exceeding o,,; rather, it depends critically
on the fluid’s microstructural response to the localized stress field generated by a settling
particle #H1,

The dimensionless yield stress, Y, defined as the ratio of the fluid’s yield stress (o) to
the stress exerted on the fluid by a particle, quantifies this microstructural influence on
sedimentation. A higher Y value indicates a greater ability of the YSF to resist particle
sedimentation. The size of the yielded region around a sedimenting particle is directly
related to Y. A smaller yielded volume implies less stress dissipation and potentially eas-
ier sedimentation. Conversely, a larger yielded volume leads to greater stress dissipation
and resistance to sedimentation.

To illustrate this, consider different types of yield stress materials with varying struc-
tures (Figure 3.3). Glasses, like aqueous Carbopol, are highly loaded systems with a
sponge-like consistency. Gels, such as shampoos, are more dilute suspensions with
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strongly interacting particles exhibiting thixotropy. These microstructural differences
significantly influence the minimum yielded volume required for particle movement.
For example, microfibrous cellulose, with its more open structure, requires a smaller
yielded volume compared to the densely packed Carbopol. This difference in minimum
yielded volume directly impacts Y,,;;; microfibrous cellulose can suspend a particle at
a lower overall yield stress (and hence a lower Y value) resulting in a lower Y,.;;. A
fluid with a significant minimum yielded volume will have a Y.,;; value smaller than
unity, as predicted by Beris et al. (1985) for Bingham fluids and confirmed in Carbopol
systems!!l. However, variations in microstructure lead to different minimum yielded
region sizes and, thus, variations in Y.

Carbopol swollen particle glass Cellulose fiber colloidal gel

Figure 3.3: Cartoon representation of the two main types of microstructures of YSF: a glassy sys-
tem of tightly packed, swollen polymer microgel particles with a sponge-like consistency B2 and
a gel of high aspect ratio fibers (like microfibrillated cellulose) at low volume fraction®!.

This underscores the importance of considering microstructure when predicting sed-
imentation in YSF, as bulk yield stress alone is insufficient to fully characterize the fluid’s
response to localized particle stresses.

3.2 Material and methods

3.2.1 Sample preparation

The microstructure of YSF can be examined using micron-sized particles, either as pas-
sive tracers smaller than the fluid constituents or as inclusions larger than the building
blocks. In this study, we utilized particles nearly ten times the dimensions of the building
blocks (see figure[3.4).

It was explained in chapter|l|that water-based samples were prepared in two states,
neutralized and non-neutralized. Then about 0.05 wt% of 50 pym microbeads (Soda-
lime glass GL0191B5/45-53 from Mo-Sci Specialty Products, L.L.C, density 2.5 g/cm?,
diameter 50 = 3 pm) were dispersed into each prepared YSF sample. These samples
were mixed for 10 minutes using a power mixer (at 2500 rpm) to ensure uniform tracer
distribution.

Each sample was then analyzed by taking multiple images, which were processed
using Image] software. The analysis provided data on the number and size distribution
of micro-beads within the samples, revealing a Gaussian distribution centered around 52
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Figure 3.4: (a): A schematic representation of microbeads within the structure of Carbopol sus-
pensions, (b): An actual picture of 0.05 wt% polydispersed glass microparticles inside C971NF 0.5
wt% was taken under a microscope

pm in diameter. Figure[3.5illustrates a representative distribution from sample C971NF
at 0.5 wt%.

Number of Tracers

44 46 a8 50 52 54 56 58 60
Diameter (Micron)

Figure 3.5: Size distribution of soda lime glass microspheres in sample C971NF at 0.5 wt%.

3.2.2 Centrifugation

Centrifugation allows us to select an effective "artificial gravity" for a density-mismatched
particle suspended in a medium and thus to tune the force acting on it (see Figure [3.6)

4
Ferp = gng(pp — ps)w?r (3.4)
where r is the radius of the rotor and w the rotational speed. Centrifugation was per-
formed using an Eppendorf® Centrifuge model 5702 (Max. RCF: 3000 x g, Rotor length
12 cm ), capable of angular speeds ranging from 100 to 4400 rpm, generating effective
accelerations from 1g to 3000g, depending on speed and radial distance.
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Figure 3.6: demonstrating effective gravitational influence on the sample, dependent upon dis-
tance, velocity, and mass of the particle

By introducing the microparticles into YSF samples and subjecting them to centrifu-
gal forces provides a controlled method to investigate trapping mechanisms within the
fluid’s structure. A centrifuge allows for precise tuning of the applied stress over a wide
range. This method offers two degrees of freedom for manipulating the stress experi-
enced by the tracers: (1) radial position within the centrifuge, with greater centrifugal
force exerted on microparticles farther from the center of rotation; and (2) rotation speed,
with higher speeds generating greater forces. By varying both radial position and rota-
tion speed, a range of forces can be applied to the tracers, enabling systematic study of
their trapping behavior within the YSF microstructure.

Importantly, in this work, it was verified that, within the range of centrifugation
speeds employed, no significant compression or restructuring of the specimen occurred.

3.2.3 Capillary test

This section visually demonstrates the concept of gravitational effects on microparticles
using capillary. Thin rectangular hollow glass capillaries (internal dimensions: 0.50 mm
x 5.00 mm, wall thickness: 0.35 mm + 20%, CM Scientific) were filled with a well-mixed
sample containing microparticles. Both ends of each capillary were sealed with Norland
Optical Adhesive 81 (NOAS81) and cured using UV light for 5 minutes.

The capillaries were positioned vertically within centrifuge tubes, oriented radially
to expose them to a gradient of gravitational stress. This setup produced a spectrum
of particle sedimentation within each capillary, allowing for direct observation of how
varying gravitational forces influence particle distribution (see Fig. 3.7|a, b, and c). The
images illustrate the filled and sealed capillary, the trapped microparticles observed un-
der a microscope, and the resulting spectrum of microparticle distribution, respectively,
which indicates a decrease in particle concentration towards areas of higher gravitational
stress due to centrifugation.

This experimental approach utilizing capillaries (Figure provided clear visual
confirmation of size-dependent sedimentation behavior.The gradient of gravitational
stress within the capillary allowed for observation of a clear spatial distribution of mi-
croparticles along the length of the capillary. Furthermore, concentrations below 0.05
wt% beads were tested; reducing the bead concentration did not affect the threshold
location in the capillary.
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(]

Figure 3.7: (a): The appearance of filled and sealed capillary; (b): The highlighted portion of the
capillary imaged in the microscope before centrifugation; (c): The same portion after centrifuga-
tion.

3.2.4 Assessment of particle trapping

The samples were transferred into 1.5 ml microtubes, which were then placed within
larger centrifuge tubes; each larger tube accommodated four microtubes. This arrange-
ment allowed for the simultaneous application of varying centrifugal forces within a sin-
gle centrifuge run, creating four distinct zones of differing stress. Prior to centrifugation,
the initial distribution of tracers in each microtube was characterized. A droplet from
each microtube was sandwiched between two glass slides and imaged using a Nikon TE
200 inverted microscope equipped with Nikon objective lenses (5x), a TE-PSE100 lamp,
and a Nikon DS-Fi3 camera. A TANGO 3 Desktop device (Marzhauser Sensotech) con-
trolled automated stage movement for image acquisition. All imaging was performed
under incoherent spatial illumination achieved by opening the condenser aperture di-
aphragm to obtain a relatively narrow focal depth and, thus, a better resolution across
the sample gap. By using Image] software, all recorded images were analyzed, and the
number and size distribution of the tracers were recorded for each microtube.

In the following step, each sample was subjected to a variety of forces to evaluate the
maximum capacity of their structure to capture tracers.

To ensure that steady-state conditions were achieved in each experiment, the possible
sedimentation time was calculated using a numerical solution to the equation of motion.
This equation considered the average particle size located at the highest part of the sam-
ple, which must traverse the entire vial. The calculation was performed by equating
gravitational stress and yield stress, where yield stress is a function of shear-dependent
viscosity and shear rate (the viscosity sets the sedimentation velocity of untrapped parti-
cles, which on turn determines the shear rate and thus the effective viscosity experienced
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by the particles).

In a sedimentation scenario, sedimentation occurs when the effective gravitational
stress exceeds the yield stress of the material and the particle proceeds at constant veloc-
ity, with equal viscous drag and gravitational drive. In a rotating system with angular
frequency w and radial position R, = X, the effective gravitational force is obtained by
replacing g with the centrifugal acceleration w?R,:

2
04 = 3 Rolpy = pJ’ X (3.5)

Equating the gravitational stress to the viscous stress, which is modeled as o, =
n(%)7y where 7(¥) is the shear-dependent viscosity and + is the shear rate, yields:

2 N

3 Rolpp = po)® X = (%) (3.6)
The shear rate is estimated as:

X
2Ry

Substituting this into Equation we obtain a differential equation for the particle
position X (¢):

y= (37)

AX _ ¢ _ ARG(pp — o)X
dt 3n(7)
Assuming a constant viscosity 7, the equation is separable and can be integrated to
yield:

(3.8)

sznal dX 4R2
Xinitial
This leads to the final expression for the sedimentation time ¢:
31 < Xfinal >
t= In 3.10
AR3(pp — ps)w?  \ Xinitial 10

This equation provides an estimate of the time required for sedimentation of un-
locked particles. Note that this model assumes a fixed value for viscosity 7; the acceler-
ation equation allows us to calculate the sedimentation time by applying the equations
of motion for a particle. These calculations presume a constant centrifugal force at the
nearest point to the center of the centrifuge, which approximates the maximum force
necessary for the entire sample.

This method corresponds to a maximum sedimentation time of 16 hours for the
smallest microparticles at the highest concentration. The 16-hour duration is a conser-
vative upper bound, as the actual time to reach steady state depends on factors such as
concentration, density mismatch, particle size, and applied gravitational stress. To guar-
antee steady-state conditions for all samples, each was centrifuged for at least 16 hours
before resampling.

Control experiments were performed using 3 wt% neutralized C971NF samples. These
samples were placed directly into larger centrifuge tubes, without the use of microtubes,
and their sedimentation behavior over time was compared to theoretical calculation (Fig.
B.8). Resampling involved collecting samples from the midpoint of each microtube to
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determine the number and size distribution of the remaining microparticles. Given the
known distance from the center, the precise gravitational force may be determined. All
samples were sampled from the middle of the tube, and all experiments and sampling
were conducted at room temperature (22°C).

“GIIIIM )i

Before Centrifuge After 5 minutes After 10 minutes After 30minutes After 60 minutes After 16h hours.

Figure 3.8: Evolution of sedimentation of dispersed microparticles in 3 wt% C971 NF suspension
in water over 16 hours centrifugation

Pre- and post-centrifugation samples were analyzed to establish a baseline and mon-
itor microparticle retention. Prior to centrifugation, microparticle size distributions were
influenced by microparticle concentration and the number of images acquired. Figure
illustrates a representative distribution from sample C971NF at 0.5 wt%. To ensure
consistency across samples and minimize errors in the study, the same number of eight
images was maintained for all samples, and efforts were made to keep particle concen-
tration consistent. The post-centrifugation analysis focused on the remaining micropar-
ticle number and size distribution. A threshold for microparticle retention was defined
as the point at which the number of microparticles decreased to 50% of the initial count
(Figure [3.9| a), identifying the critical gravitational stress. The analysis demonstrated
consistent agreement between this threshold and the observed changes in the size dis-
tribution. Beyond the 50% drop in the number of remaining microparticles, we also see
a decrease in their average size. However, because many microparticles have been lost,
the remaining sample size is smaller. This smaller sample size leads to a higher degree
of variability or uncertainty in the average size calculation. Essentially, the reduced sta-
tistical power of the smaller sample size makes it difficult to accurately determine the
true average size and increases the likelihood that the smallest tracers might not be re-
liably detected within the remaining population. The biggest remaining tracer diameter
is plotted, which is systematically larger than but has the same trend as the average
diameter (Figure[3.9)b).

Using this 50% retention threshold as a criterion, the experiment was repeated for
various concentrations of C971NF, both with and without neutralizer, resulting in a com-

prehensive data set[3.17}

3.2.5 Optical assessment of particle trapping during centrifugation

To explore the time-dependent concentration of suspended particles in the yield stress
fluid (YSF), which is influenced by the shear-thinning nature of the material, we de-
signed a modified centrifuge setup that provides optical access to the rotating samples.
This arrangement enables real-time turbidity measurements during centrifugation.
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Figure 3.9: (a):The graph shows the normalized number of microparticles from the initial sampling
before centrifugation, plotted versus effective gravity. (b): The plot shows how the maximum
(squares) and average (circles) radii of microparticles dropped as gravity increased after reaching
the critical gravitational stress.

Experimental setup. A Thorlabs LC100 Smart Line Camera (USB 2.0) was used, featur-
ing a 2048-pixel linear Si CCD array (350-1100 nm detection range, pixel size: 14 ym x
56 pum, pitch 14 ym). The camera was mounted on a bench centrifuge with a modified
open lid, allowing direct optical access to the sample. Sedimentation experiments were
conducted in BrandTech™ BRAND™ plastic spectrophotometer cuvettes (2mm path
length, 2mL volume). A custom 3D-printed cell holder was designed to secure the cu-
vette and provide unobstructed illumination paths (Figure [3.10).

Illumination and optical access. An LED strip beneath the cuvette provided homoge-
neous illumination, with multiple diffusing layers to minimize light intensity variation.
A custom circular plate with a rectangular aperture was used as a mask, confining the
illuminated region and creating a dark background elsewhere. The entire setup was
placed in a dark room to reduce ambient light interference. However, because there
were no collection optics above or below the cuvette, the final recorded signal lacked
optimal resolution.
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Figure 3.10: (a) Schematic of the device showing the LED source, the sample in the centrifuge
holder and the line camera. (b) Top view of the custom-built cuvette holder: a circular aperture
plate with a rectangular window restricts illumination to the region of interest.

In our setup, some factors were not fully optimized:

* Lack of collection optics: Close positioning of the line camera to the sample al-
lowed to estimate transmitted light through different layers of the sample but the
absence of illumination or collection optics hindered a proper imaging scheme and
significantly reduced effective spatial resolution.

¢ Camera speed and triggering: The Thorlabs LC100 camera has no built-in trig-
ger option, so we recorded continuously during centrifugation. This continuous
recording averaged the transmitted light signal, reducing temporal resolution.

¢ Illumination intensity: Although an LED strip and diffusers provided uniform
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illumination, the intensity was not optimized for maximum contrast.

Initial calibration. Before each experiment, a blank cuvette (filled only with solvent)
was recorded to establish a baseline intensity profile (Figure[3.11). Subsequent turbidity
profiles were normalized by this baseline to correct for systematic intensity variations
and to focus on relative changes caused by particle sedimentation.

Transmitted light intensity
Normalized transmitted light intensity

16 18 20 22 24 26 28 30 32 34 3B 16 18 20 22 24 26 28 30 32 34 3

(a) Radial distance (mm) (b) Radial distance (mm)

Figure 3.11: Illustration of baseline correction at 2000 rpm. (a) Raw data. (b) Normalized data.

Spatial resolution and concentration calibration. To determine the effective spatial
resolution, we placed black masks of known dimensions and positions on the cuvette
(Figure 3.12). The transmitted light profile served as calibration, indicating how dis-
tinct features were determined. As shown in the Figure, severe smoothing of profiles is
observed.

light i
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Figure 3.12: Spatial resolution assessment at 2000 rpm using black markers of known width. The
measured width in the image helps estimate effective system resolution.

A semi-quantitative intensity—concentration relationship was also determined by mea-
suring transmitted light through serial dilutions of microparticles (Figure [3.13). The
measured intensity / scales as I o< ¢~%, where o = 0.07.
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Figure 3.13: Calibration curve showing the relationship between transmitted light intensity and
microparticle concentration.

Sedimentation dynamics. When the centrifuge speed exceeded a critical threshold,
particle sedimentation in the YSF was observed, altering the transmitted light inten-
sity both spatially and temporally. Despite the aforementioned limitations in camera
speed, triggering, and optics, continuous intensity profiles recorded by the line camera
provided valuable real-time insights into the evolving distribution of particles during
centrifugation.

3.3 Results and discussion

This chapter investigates the stable entrapment of microparticles in YSF, focusing on
the equilibrium between yield stress and gravitational stress. We explore the conditions
of (in)stability of glass microspheres (50 um diameter, 2.5 g/cm?® density), which are
smaller than previously investigated inclusions but still larger than the building blocks
of the YSF, thus enabling a continuum description. Centrifugation allowed tuning of
the gravitational stress, enabling a wide range of applied stresses. The samples com-
prised Carbopol suspensions at varying concentrations and pH levels, using both aque-
ous (water-based) and non-aqueous (PG) solvents.

In Figure3.14, we provide a schematic overview of the particle trapping experiments
using centrifugation. Figure [3.14(a) provides a simplified representation of the exper-
imental setup and the particle trapping principle, illustrating the relationship between
particle size and force experienced during centrifugation. Larger microparticles, sub-
jected to greater centrifugal forces, are depicted as being more readily untrapped. Figure
B.14(b) shows a Cryo-SEM image of the C974NP microgel structure, very similar to the
C971 used in these experiments H3l.

Panels [3.14(c) and [3.14(d) depict the effects of increasing gravitational stress (o) on
density-mismatched particles within the YSF matrix. These figures simulate the behavior
observed during centrifugation, effectively representing a localized creep experiment.
Below the yield stress (o) of the YSE, the material behaves as a solid and all tracer par-
ticles remain trapped (Figure [3.14(c)). Increasing the centrifugation speed (and thus o)
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leads to sedimentation of larger particles first, while smaller particles remain trapped
(Figure [3.14(d)). Further increases in o,, exceeding o, result in sedimentation of all
tracer particles (Figure 3.14(d)). This observation highlights the relationship between
applied stress, particle size, and the trapping capacity of the YSFE. The effect of particle
size on sedimentation in YSF, showing larger particles sedimenting and small particles
remaining trapped, is consistent with the concept of an "inverted sieve" separating par-
ticles based on their size, with the threshold set by the applied stress 2.

paddeu]

(d)

paluswipsas

Figure 3.14: (a): A cartoon illustration of the trapped tracers in Carbopol gels (b): Cryo-SEM
pictures of Carbopol 974P NF at 0.25 wt% adjusted to pH 7.4 83 Depending on particle size and
applied stress, the outcomes are varied: (c) all particles remain trapped; (d) only smaller particles
remain trapped, while larger ones get untrapped; or (e) all particles sediment through the sample.

3.3.1 Correlation between bulk yield stress and critical gravitational stress

Chapter 2| detailed bulk yield stress (o,) determination using a rotational rheometer and
the TC model. We now explore the relationship between o, and the critical gravita-
tional stress (0 ¢rit) initiating sedimentation, determined as the stress at which 50% of
microparticles remained entrapped.

Experiments across various Carbopol concentrations showed a linear correlation be-
tween critical gravitational stress (o4, cri+) and yield stress (¢,) for both neutralized and
non-neutralized aqueous samples (Figure 8.16). The slope of about 5.3, corresponding
to a dimensionless yield stress (Eq. , i.e. the ratio of o, to o crir of 0.19 £0.02, in-
dicates a fluidized region extending beyond the particle surface P#4. A simple scal-
ing argument based on this stress ratio leads to an estimate of an effective radius of
Fhuidized = VD.3Ro ~ 2.3 Ro. In classical creeping-flow analyses, a similar stress ratio
lead to an estimate of raydiged ~ 1.7 Ry 191
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Figure 3.15: The graph illustrates the relationship between gravitational stress and the quantity of
remaining particles in Carbopol samples at varying concentrations. As the concentration increases,
the remaining particles diminish under higher gravitational forces. The critical gravitational stress,
defined as the point where 50% of particles remain, shows a increase with concentration. Symbols
represent different concentrations: circles for 1 wt%, squares for 0.5 wt%, triangle for 0.3 wt% and
stars for 0.15%.

However, this may be influenced by the degree of swelling??!. Indeed, the relation-
ship between bulk yield stress and critical gravitational stress for sedimentation, while
approximately linear, demonstrates the importance of considering microstructural de-
tails, as evidenced by small deviations between samples with identical o, but differing
solvents or pH 7.

Specifically, at equivalent yield stresses, neutralized suspensions (with larger, more
swollen microgels) typically exhibit slightly lower o4 . than non-neutralized suspen-
sions (with smaller, denser microgels). In fact, Figure shows that neutralized sus-
pensions have a slope of 0.19, but non-neutralized suspensions have a slope of 0.15. The
20% slope difference implies a larger fluidized region in non-neutralized suspensions.
This suggests that the smaller, denser microgels in the non-neutralized suspensions, de-
spite requiring higher C971 NF concentrations to achieve the same yield stress (Chapter
Figure [2.14), exhibit superior particle trapping ability, explaining the slightly higher
0g4.crit Observed in Figure @ In other words, larger, more swollen microgels (in the
neutralized suspension) with the same bulk yield stress are less capable of trapping and
releasing particles than smaller, dense microgels.

Experiments conducted using non-aqueous solvents (PG) also exhibited a linear cor-
relation between yield stress and critical gravitational stress (Figure [3.17). Remarkably,
this behavior closely resembles that observed in aqueous samples. The slopes of the lin-
ear fits (Figure are similar, approximately 0.15 for neutralized samples and 0.13 for
non-neutralized samples. While this difference is not statistically significant, it aligns
with the discussion in Chapter 2] regarding the reduced influence of pH on non-aqueous
solutions compared to aqueous solutions.

A comparison of aqueous and non-aqueous systems reveals the significant effect of
solvent choice. As discussed in Chapter[2} microgel size is larger in aqueous suspensions
than in non-aqueous suspensions. Consequently, the fluidification region is broader in
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Figure 3.16: The correlation between critical gravitational stress (og,ri¢) and bulk yield stress (o)
in water-based suspensions. Data are shown for neutralized (black squares) and non-neutralized
(purple circles) samples, with linear fits indicating slopes of 5.3 and 6.8, respectively (correspond-
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non-aqueous solvents due to the higher density of microgels in these samples. These
observations underscore the influence of microstructural factors on sedimentation .
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for PG suspensions. Data are presented for neutralized (black stars) and non-neutralized (purple
triangles) samples. Linear fits yield slopes of 6.6 and 7.7, respectively, corresponding to inverse
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3.3.2 Centrifugation as a localized creep experiment and particle size separation

Applying gravitational stress (o ) via centrifugation mimics a localized creep experi-
ment®2. Indeed, previous active microrheology experiments, applying optical stress on
microparticles embedded in YSF and mimicking a localized creep experiment, showed
a good correlation between small-scale experiments and bulk yield stress values®l.
Here, the controlled increase in o, reveals sequential sedimentation based on particle
size (Figure[3.14]d and e). Larger particles sediment first, with smaller particles remain-
ing entrapped until higher o, is reached. This corresponds to an inverted sieve, holding
small particles rather than larger ones. The numerical challenges in accurately resolving
the surface of the yielded region, as highlighted in studies of creeping flow around a
sphere B2l are also relevant to interpreting the results obtained via centrifugation.

Figures d, e and [3.7|]c show a systematic decrease in the average size of remain-
ing particles with increasing o,. However, the reduction in particle number increases
uncertainty in the average size estimate due to decreased sample size. Therefore, higher
o4 leads to higher variability in the average size of remaining tracers. This highlights a
limitation to the technique [3.15}

3.3.3 Sedimentation transient in YSF

The sedimentation kinetics of a 1 wt% C971 NF aqueous suspension were investigated
as a benchmark system to elucidate microparticle behavior within a yield stress fluid.
Figure [3.18] presents tracer concentration profiles under three different centrifugal force
regimes. These were derived from the intensity profile of transmitted light, using the
calibration procedure detailed in Figure In these profiles, blue traces indicate early
stages of centrifugation, while red regions indicate later time intervals (2 hours).

Figure3.18]illustrates a scenario where the centrifugal force is below the critical yield
stress at any position along the sample, resulting in no observable sedimentation and
a constant intensity profile. In contrast, Figure b shows that sedimentation occurs
along the whole monitored portion of the sample, because centrifugal forces slightly
exceed the yield stress. The concentration profiles decrease over time as particles leave
that part of the vial (on the left side of the image). The sedimentation velocity exhibits
a radial dependence, increasing with distance from the centrifuge’s center (which lies
on the right of the image), because of two concurring factors: Firstly, the centrifugal
force acting on each bead increases linearly with its radial distance from the rotation axis
(F. o< 7). This results in a radially increasing outward force, accelerating beads towards
the outer wall of the cell. Secondly, the Carbopol suspension exhibits shear-thinning
behavior. The increased bead velocity resulting from the centrifugal force leads to a
reduction in the apparent viscosity of the suspension. This decrease in viscosity further
enhances the bead sedimentation rate, creating a positive feedback loop where increased
centrifugal force leads to higher velocities and lower viscosity, accelerating the overall
process.

The complexity of the observed sedimentation profile arises because, upon exceeding
the yield stress, particles near the center must traverse the entire sample length to sed-
iment, while particles at the periphery sediment more readily (as the particles settle at
different rates depending on their position within the centrifuge, the upper particles re-
place the lower particles). Figure 3.18|c shows rapid sedimentation under a significantly
higher centrifugal force across the whole sample. These profiles offer valuable quali-
tative insights into the transition from solid-like to liquid-like behavior in the sample,
although the full quantitative analysis of the profiles in Figures and is im-
paired by two primary limitations: (1) inhomogeneities in the illumination system; (2)
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poor space resolution; and (3) the camera’s insufficient frame rate to accurately resolve
particle motion at higher rotational speeds (e.g., 3000 rpm). To address these limitations,
future experiments would require a more homogeneous illumination system, better cou-
pling of the detector, and a high-speed camera capable of capturing individual rotational
cycles or, alternatively, a system to obtain an accurate average over many cycles via op-
tical triggering.

3.4 Conclusion

The trapping of microscale particles within yield-stress fluids (YSF) was investigated,
focusing on Carbopol microgel suspensions. While previous research extensively ex-
plored sedimentation in YSF for mm-scale particles, this work addressed the behavior of
microparticles in highly concentrated microgels, bridging the gap between macroscopic
rheological properties and microscopic structure. Our methodology employed two cen-
trifuge systems: a steady-state system using microtubes and capillary tests to determine
0g,crit and a time-resolved system incorporating a line camera and custom apparatus for
real-time sedimentation kinetics observation. The steady-state measurements revealed
a linear correlation between o, and o, ¢+ across various Carbopol concentrations, pH
levels, and solvents (aqueous and propylene glycol). For aqueous systems, the slope
of this correlation is 0.19 + 0.02, consistent with theoretical predictions and suggesting
a fluidized region around the particle approximately five times its volume. Deviations
from this theoretical slope were observed in non-neutralized samples and non-aqueous
solvents, likely due to microstructural differences in microgel swelling. Neutralized
suspensions (with larger, swollen microgels) showed slightly lower o .;; values com-
pared to non-neutralized suspensions at equivalent o, highlighting the impact of mi-
crostructure. Importantly, we observed a consistent linear proportionality between o,
and oy i+ across the entire concentration range, from the initial onset of sedimentation
to the plateau region. Centrifugation effectively emulated a localized creep experiment,
demonstrating size-dependent sedimentation; larger particles sedimented first, followed
by smaller ones with increasing o4 .ri+. In conclusion, this study demonstrates a robust
correlation between bulk yield stress and critical gravitational stress for microparticle
sedimentation in Carbopol microgel suspensions. Our findings thus suggest a rapid,
indirect method for estimating yield stress (o) using centrifugation to determine a crit-
ical gravitational stress (o4, cri¢). This method involves dispersing microparticles within
the YSF and then measuring the gravitational stress required to initiate significant parti-
cle sedimentation (defined here as 50% particle retention). The method’s effectiveness is
limited by particle size and suspension concentration. When the particle size approaches
that of the microgels, or when high concentrations necessitate excessively high centrifu-
gal forces, the method becomes unreliable due to potential microgel structural collapse.
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CHAPTER 4

Large field-of-view heterogeneity maps

41 Introduction

From an industrial perspective, material uniformity is often perceived as the outcome
of a well-designed process. However, many consumer products, such as skin creams
and toothpaste, exhibit complex microstructures with local compositional and rheolog-
ical properties that can vary significantly across 0.1-1 mm length scales. Contrary to
conventional assumptions, these rheological heterogeneities often contribute positively
to both the appearance and performance of these products!'*!. Moreover, in industrial
process development, a scale-up problem often occurs: the development of a product
is done with pilot scale processing, producing a limited quantity of prototype products
and then the process is changed to produce large quantities at manufacturing scale. Dur-
ing scale-up it is important to maintain the same resulting properties and quality of the
product, which is correlated with its microstructure.

Several approaches are available to analyze the microstructure and particle size in
a given sample at different scales®®, from Static and Dynamic Light Scattering (SLS,
DLS) 78l or X-ray diffraction® for the nm scale up to granulometry for the mm scale.
However, in situations when the system contains substantial aggregates or interaction
among nano- micro-particles, light scattering data interpretation is difficult. Video-based
microscopy techniques are attractive in such situations because they provide a more
direct and reliable way to gain insights on the sample microstructure.

Indeed, video-based microrheological techniques for studying rheological hetero-
geneities in soft materials "3l have advanced our understanding of how formulation
and processing decisions impact the final properties (e.g., viscosity, yield stress) and be-
haviors (e.g., stability, spreadability) of complex soft matter systems.

For example, this methodology has been employed in studies aiming at classifying
Carbopol microgel suspensions!™!. Tracking the Brownian motion of tracers, the au-
thors were able to unveil the presence of heterogeneities in a model aqueous dispersion
of Carbopol, which they attributed to the microgel polymer preparation process. How-
ever, the limited field of view imposed by the high magnification, required to achieve
the space resolution to track Brownian motion and infer viscoelastic behavior, limits the
ability to explore rheological heterogeneity beyond 10-100 pm length scales. This limita-
tion motivates us to seek an approach able to extend the observed length scale, to gain
quantitative information on rheological heterogeneity at larger length scales.

We propose here a simple approach that fills this gap based on low-magnification
microscopy, tracking of dispersed tracers, and effective classification of the prevailing
regimes of motion in sample regions following a weak pressure gradient induced within
the sample. In this chapter, we present measurements on weak gel obtained with Stabylen
301411 3 common thickener polymer in industry, and different Carbopol samples. We
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quantify the impact of different preparation protocols on rheology and microstructure
and we highlight how heterogeneity in the range of 100-1000 ym can be used to control
the final texture of formulated products.

4.2 Materials and methods

42,1 Sample preparation

For this study, water-based yield stress fluids composed of Acrylates/Vinyl Isodecanoate
Crosspolymer, a cross-linked acrylic polymer with enhanced lipophilic characteristics,
commonly known as Stabylen 30, were received by 3V Sigma US and used as received.
Our investigation focused on two main objectives: evaluating the effect of different
preparation procedures on the mesostructured samples and comparing the properties of
lab-scale samples with those produced at the plant scale to address industrial demands.

We compare four distinct powder incorporation processes; two of the processes are
performed at the “pilot scale”, the learning scale for industrial processes, used during
the research and development phase of a project. The other two processes are the relative
manufacturing scale used for industrial production.

The utilized equipment was from two different suppliers:

The Quadro, pilot scale HV0 model mill was purchased from Quadro USA (High
Shear Mixer Manufacturer | Quadro Liquids). It allows the continuous addition of pow-
der ingredients to a liquid stream. To optimize the dispersion of the powder, it employs
a rotor-stator mill with a gap of >1 mm, considered “large gap” in this study. With a mo-
tor power of about 5.5 kW, Quadro is considered in this study a pilot scale unit, used in
research and development environments, with a maximum flow capacity of 9.5 1/min.
The Manufacturing scale version is the model HV3 with a motor power of 44 kW and a
maximum flow rate of 280 gallons/min.

The dry blender, pilot scale model AC+2116 mill was purchased from Ampco USA. It
allows the continuous addition of powder ingredients to a liquid stream. To optimize the
dispersion of the powder, it employs a rotor-stator mill with a gap <1 mm, considered
a “small gap” in this study. With a motor power of 5 Horse Power, the dry blender
is considered in this study a pilot scale unit, for research and development use, with
a maximum flow rate capacity of ~37 gallons/min. The manufacturing scale, Model
AC+4329, has a 22 kW motor and a maximum flow rate of 460 1/min.

For simplicity, we will refer to the different processes as:

* Small gap mill pilot scale: Quadro pilot scale powder incorporation system 6000
RPM, 8 liters per min flow rate. 100 g/min powder dosing;

e Large gap mill pilot scale: Dry blender pilot scale powder incorporation system
8000 RPM, 8 liters per min flow rate. 100 g/min powder dosing;

* Small gap mill manufacturing scale: Quadro manufacturing scale powder incor-
poration system 5000 RPM, 250 liters per min flow rate. 100 g/min powder dosing;

* Large gap mill manufacturing scale: Dry blender manufacturing scale powder
incorporation system 6800 RPM, 250 liters per min flow rate. 100 g/min powder
dosing

Four solutions of Stabylen 30 thickening polymer were prepared in water with the
same concentration, 0.5% w/w Stabylen 30 and 99.5% DI water, with the different pro-
tocols.
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(b)

Figure 4.1: Schematic representation of two mixing methods: (a) small-gap mill (Quadro) and (b)
large-gap mill (dry blender).

The typical concentration at which it is commonly used in many products because of
its yield stress and viscoelastic properties. To further validate our proposed approach,
Carbopol® 971P NF Polymer, Carbopol® 974P NF Polymer, and Carbopol® Ultrez 20
Polymer samples were also prepared as discussed in Chapter [1| and used as reference
materials.

4.2.2 Bulk rheology of Stabylen 30

To standardize system evaluation, a flow curve test was performed using a DHR3 stress-
controlled rheometer from TA Instruments, equipped with a cone and plate geometry
(60 mm radius, 1 degr angle). The temperature control is provided by the plate. Steady-
state viscosity measurements were performed on a shear rate (¥) range of 0.001 to 100
s~!. For each measurement point, the instrument verifies the steady state by repeating
the measurement of the average stress over a 3 s interval for consecutive intervals. The
measurement point is accepted if the average stress remains within a 2% variation over
3 consecutive intervals. The resulting flow curves (shear stress versus shear rate) were
analyzed to determine viscosity as a function of shear rate and to identify any yield stress
or non-Newtonian behavior.
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In this study, we are especially interested in the effect of the sample preparation pro-
cess on the final rheological properties of Stabylen 30 formulations and dense microgel
systems. The expected microstructure for the 4 samples of 0.5% w/w Stabylen 30 in wa-
ter is a jammed microgel system in which the polymer microgel particles volume frac-
tion exceeds the random close packing, inducing the kinetic arrest of the system with
the resulting onset of yield stress. However, the rheological properties are significantly
influenced by sample heterogeneities, a direct consequence of the sample preparation
method. Stabylen 30 exhibits shear-thinning behavior: high applied shear stress leads to
microgel cluster fragmentation into smaller particles. On their turn, variations in cluster
size distribution directly impact viscosity. The overall impact of cluster size distribution
on bulk mechanical properties is not obvious and may depend on the specific properties
of different systems. In microgels, increased ionic strength, which induces both shrink-
ing and aggregation of microgels by screening electrostatic repulsion, has been reported
to decrease viscosity 1. However, in both colloidal and microgel suspensions, a positive
correlation is in general observed between larger clusters and increased viscosities and
elastic moduli of suspensions [©171,
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Figure 4.2: Flow curve, viscosity as a function of shear rate measured at room temperature for the
4 samples described. Note that the composition is the same for all samples, but the rheology varies
significantly as a function of the processing equipment type and scale.

Rheometer data reveal viscosity variations across samples prepared using different
scales (manufacturing vs. pilot scale in the small gap mill, see Figure £.2). These dif-
ferences clearly indicate variations in microstructure. Analysis of flow curves highlights
these differences, emphasizing the critical influence of processing on the final rheolog-
ical outcome. The near-identical rheological profiles observed at different scales in the
Large gap mill suggest that the specific processing conditions while differing in scale,
yielded comparable microstructures. The aim of the experimental characterization is to
assess such correlation.



Large field-of-view heterogeneity maps 103

4.3 Microrheological mapping

4.3.1 Microscopy and imaging

A dilution process was applied to ensure that the samples did not exhibit characteris-
tics of the jammed regime, crucial for tracer movement across the dense microgel layer.
The concentration of Stabylen 30 was reduced 16-fold (Figure [4.3p), achieving a final
concentration of 0.031 wt%. Although dilution is clearly affecting the bulk rheology, we
observed that it allows to capture and preserve micro- and meso-structural features of
the material, which would be otherwise hidden in concentrated samples. 0.05 wt% of
1.5 pm fluorescent polystyrene tracers were evenly dispersed within the diluted sam-
ples. The size of particles was chosen to be big enough to be easily detectable at low
magnification, yet small enough to passively follow the solvent motion.

The samples were placed between two slides (Figure [4.3p,c), allowing stabilization
of the upper slide for 2 minutes. In the following minutes, convective displacement of
tracers in the accessible areas of the sample sets in, initiated by capillary forces. We
utilized a Keyence VHX 7000 digital microscope that allows a large field of view, This
process was recorded with the integrated video camera at 30 fps, producing a 60-second
video.

<
(a)

(b) (c)

Figure 4.3: Schematic representation of the video microscopy experimental setup. The three steps
are indicated: a) sample dilution b) microscopy slide loading c) video acquisition.

4.3.2 Particle tracking

The acquisition of time-resolved images for particle tracking yielded comprehensive in-
sights into the sample’s microstructure. Single frames reveal a homogeneous distribu-
tion of tracers within the transparent gel (Figure £.4p). Care was taken to optimize the
contrast of the tracers, as well as to get the best trade-off between space resolution and
large field-of-view. Moreover, long exposure allows to highlight the overall motion of
the tracers (Figure[4.4b). It is apparent in the Figure that certain areas are not reached by
tracers, revealing structural heterogeneity.

4.3.3 Space-resolved dynamics

The combination of these image sequences with particle tracking algorithms allowed
for in-depth analysis of particle motion in each video . The main objective was to
classify particle trajectories on the basis of their mean square displacement (MSD) 920,
As shown in Figure tracers not only span the sample in a spatially heterogeneous
way, but also display different types of motion. Indeed, a fraction of the particles, which
we deem as trapped, display a fixed position, vibrating around it. Another group of
particles, which we term diffusive, moves with linear scaling of MSD with time, possibly
correlated to intermittent binding to clusters and diffusion in isolated portions of the
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Figure 4.4: Example of microscopy video results for sample large gap mill- manufacturing scale:
a) single frame showing the presence of tracers dispersed in the optically transparent gel, b) long
exposure image from the same video showing the projection of all frames into a single frame
showing the movement of the tracers. It is evident that some regions are inaccessible by tracers,
indicating the presence of rheological constraints.

sample. A third fraction of tracers, termed ballistic, freely follow the streamlines in a
persistent, viscous motion. The algorithm begins the process by generating a logarithmic
plot that compares the MSD as a function of the lag time for each particle trajectory. The
slope of the log-log plot is subsequently computed, and based on this slope, trajectories
are classified into one of three separate groups (see colors in Fig. [£.5): trapped, with MSD
slope = 0 0.5; diffusive, with MSD slope = 1 0.5; or ballistic, with MSD slope =2 0.5.
These categories provide a visual representation of the different modes of motion, with
distinct MSD patterns, which reflect different microstructural features in the sample.

Subsequently, we plot all the trajectories followed by the particles, assigning a color
determined by their motion type (Figure f.6p), which helps to grasp the movement of
particles in the system and makes it easier to identify areas with unique motion charac-
teristics. However, several trajectories may overlap.

Therefore, to explore and visualize the microstructure of the system, we use a method
where each pixel acts as a local rheology indicator in a 2D map. We count the classified
trajectories passing through each pixel and assign distinct RGB colors based on their
occurrence. This color map graphically represents the spatial arrangement of different
regimes of motion and indicates the rheological variation within the sample, from the
most accessible to the most inaccessible regions (Figure £.6p). The areas inaccessible to
tracers or characterized by trapped particles indicate the presence in the samples of gel
regions; with this approach, we can also estimate their size distribution.

4.3.4 Validation

While our proposed technique does not directly characterize the microstructure of micro-
gels, it can quickly estimate gel domain sizes in the samples and reveal new insights into
the structure at the mesoscale. Indeed, we could observe microgel clusters reaching sizes
over a hundred micrometers, which are often overlooked by traditional approaches for
different reasons: bulk rheology requires a gap size much larger than the largest building
blocks of the material but is typically limited to tens of microns; instead, typical video-
based microrheology requires high magnification to obtain good resolution, at the cost
of a reduced field-of-view.
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Figure 4.5: (a): An illustration of how tracers were classified into three categories (b): Classified
MSD of tracers versus lag times, (c) Histogram of MSD exponents.

Moreover, it is worth noting that the proposed approach is based on the power law
exponent of tracers” MSD, which is not influenced by the absolute velocity. This strategy
is particularly advantageous for investigating fluids spanning very different viscosities:
higher viscosities only require the acquisition of longer videos, but the classification cri-
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Figure 4.6: (a) Classified particle trajectory map based on MSD slope for Stabylen 30 made in a
large gap mill - manufacturing scale. White regions: inaccessible area, Red regions: trajectories
of trapped particles, green regions: trajectories of diffusive particles, blue regions: trajectories of
ballistic particles. (b) Heterogeneity map: The color pixel map is displayed as a gradient that tran-
sitions from red to blue, organized in increasing order from the least flexible to the most flexible
area.

teria do not change.

However, several parameters require accurate control and testing, to ensure the ro-
bustness of our analysis. For instance, the right extent of sample dilution is essential to
allow tracer movement without losing access to structural features, and sufficient tracer
concentration is necessary for adequate resolution of the reconstructed maps. Proper
timing of acquisition can also be critical because a 2 minute delay allows for most of the
strong internal flows, due to the mechanical stress upon sample squeezing, to relax.

Separate channels for tracer trajectories

To better understand the role of different tracer populations, each family of trajectories
was plotted separately (see Figure [£.7). These single-channel maps reveal that trapped
(red) particles are localized rather homogeneously throughout the whole sample, except
in some regions, which are almost empty. A few particles occasionally appear in such
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inaccessible regions, probably trapped between the sample and the substrate. Diffusive
(green) tracers are mostly present at the boundaries of the red regions, possibly corre-
sponding to an exchange between the trapped population and the freely moving ones.
Ballistic (blue) particles form "rivers" of persistent flow permeating through the sample.
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Figure 4.7: Separate classified trajectory maps: (a) Trapped particles in red, (b) Diffusive particles
in green, (c) Ballistic particles in blue.

Time dependence

Various time intervals were examined within the same sample after the first 2 minutes to
verify the consistency of the proposed analysis and its possible time dependence and to
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determine the optimal acquisition length. Initially, the proportion of constrained tracers
is higher, decreasing over time as the number of diffusive and ballistic tracers increases
(Figure [£.8). Around 140 seconds, the relative population fractions stabilize, indicating
that from that time on the analysis reflects the steady state behavior. Shorter acquisitions
may misinterpret regions due to insufficient observation time.
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Figure 4.8: Percentage of trajectories over time, classified as trapped (red), diffusive (green) and
ballistic (blue).

Reproducibility

To evaluate the reproducibility of the method, a single sample (Carbopol C971 Nf 0.05%
wt) was tested multiple times. Figure shows quantitatively similar, although not
identical, heterogeneity maps upon repetition, with consistent size distributions.

4.4 Microstructural heterogeneity mapping

44.1 Stabylen 30

Heterogeneity maps were extracted for Stabylen 30 samples at the same concentration
but with different preparation protocols, as shown in Figure The clear difference
among the maps is best captured by considering the size distributions of microgel clus-
ters, which display significant variations depending on the adopted protocol. We can
confirm that Stabylen 30 exhibits strong shear sensitivity, as the polymer microgel clus-
ters get fragmented into smaller sizes upon exposure to high-stress processes. At the
same time, a clear pattern in viscosities emerges from bulk rheology measurements (flow
curves in Figure [4.2): with the small gap mill method, the viscosity of the pilot scale is
significantly larger than in the manufacturing scale. On the contrary, the Large gap mill
produces nearly identical results at two distinct scales. Microrheology mapping can pro-
vide some insights about the microstructural origin of the viscosity variation: small gap
mill samples exhibit a marked decrease in average cluster size when scaling the protocol
from pilot- to manufacturing scale, from 330 yzm to 80 pm, impacting the material’s over-
all rheology (see Figure|4.10). Conversely, the Large gap mill samples are characterized
by similar average cluster sizes.
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Figure 4.9: Carbopol 971NF and its distribution of sizes, same sample repeated two times.

4.4.2 Carbopol

Different microgel types within the Carbopol family can yield significantly different rhe-
ological performance, which may be beneficial or detrimental for a given application. We
tested the ability of the proposed heterogeneity maps to quantify structural differences
at the mesoscopic scale. In particular, we compared Carbopol 971 NF and Ultrez 20 at
0.5 wt%, which display rather different flow curves (Figure[4.11). After 10-fold dilution,
down to 0.05 wt%, heterogeneity maps were extracted for the two samples (Figure[#.12).

Also in this case, the cluster size distributions show a direct correspondence with
bulk rheology. Ultrez 20, the sample with larger viscosity, also exhibits larger aggregates
than C971 NF at the same concentration and with the same preparation protocol.

4.5 Conclusions

We have proposed and validated a simple approach to evaluate large-scale heterogene-
ity, based on tracking of dispersed tracers and classifications of sample regions according
to the time dependence of the mean square displacement of tracers, from trapping to dif-
fusion to persistent flow. This method offers a straightforward and efficient means to as-
sess the heterogeneity of different microstructures, particularly in systems with complex
features that are difficult to interpret. We have employed this technique to rationalize the
observed bulk rheology variation in a set of samples with the same composition but pre-
pared with different processes. Indeed, we find a good correlation between the observed
drop in viscosity induced by high-shear, and microstructural heterogeneity.

Application to Carbopol samples further validated the ability of microrheology-based
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maps to reconduct measured differences in rheology behavior to different microstruc-
tural counterparts. The method could overcome the limitations of traditional rheology
and microscopy techniques, providing a rapid and insightful assessment of mesoscale
heterogeneity crucial for optimizing industrial processes and predicting product perfor-
mance.
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Figure 4.10: Heterogeneity maps and size distributions of inaccessible areas. (a, b) Mini-scale
small-gap mill (average size: 338.56 um). (c, d) Mini-scale large-gap mill (average size: 202.90
pum). (e, f) Manufacturing-scale large-gap mill (average size: 333.13 pm). (g, h) Manufacturing-
scale small-gap mill (average size: 77.19 um). The results illustrate the influence of mill type and
scale on the size and distribution of inaccessible areas.
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CHAPTER 5

Motion of yield stress fluid droplets on lubricated surfaces

Droplets of yield stress fluids (YSF) hardly move on solid surfaces due to their high vis-
cosity. The use of highly slippery lubricated surfaces can shed light on the mobility of
YSF droplets, which include everyday soft materials, such as toothpaste or mayonnaise,
and biological fluids, such as mucus.

The spreading and mobility of droplets of aqueous solutions of swollen Carbopol mi-
crogels, a model system for YSF, were studied on lubricant-infused surfaces. Dynamical
phase diagrams were established by varying the concentration of the solutions and the
inclination angle of the surfaces. Carbopol droplets deposited on lubricated surfaces
could move even at low inclination angles. The droplets were found to slide because of
the slip of the flowing oil that covered the solid substrate. However, as the descending
speed increased, the droplets rolled down. Rolling was favored at high inclinations and
low concentrations. A simple criterion based on the ratio between the yield stress of
the Carbopol solutions and the gravitational stress acting on the Carbopol droplets was
found to nicely identify the transition between the two regimes.

This chapter is based on a collaboration with the Laboratory of Physics of Surfaces
and Interfaces (Department of Physics and Astronomy "G.Galilei", University of Padova),
led by Prof. Giampaolo Mistura. In this work, I was responsible for the rheological char-
acterization of the samples. The results were published as:

Mattia Carneri, Davide Ferraro, Afshin Azarpour, Alessio Meggiolaro, Sebastian Cre-
maschini, Daniele Filippi, Matteo Pierno, Giuliano Zanchetta, and Giampaolo Mistura
"Sliding and rolling of yield stress fluid droplets on highly slippery lubricated surfaces"
Journal of Colloid and Interface Science, Volume 644, 15 August 2023, Pages 487-495

5.1 Introduction

Wetting is one of the fundamental interfacial phenomena !, which affects the shape and
motion of liquid droplets on solid surfaces and fluid flows in confined geometries!?4l. It
is relevant in a wide range of applications in the biomedical, environmental and energy
sectors. The influence of surface chemical composition and roughness has been exten-
sively investigated for Newtonian liquids™, with particular emphasis on the possibility
of controlling wettability and obtaining superhydrophobic surfaces®, but much less is
known for more complex fluids and surfaces. A promising approach to omniphobicity
is offered by lubricant-infused surfaces (LIS), made of textured materials imbibed with a
low surface tension 0ill®7l. These bioinspired surfaces exhibit various unique properties
attributed to their liquid-like and molecularly smooth nature, including excellent liquid
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repellency, self-healing, anti-icing, anticorrosion, enhanced heat transfer and antibiofoul-
ing¥83l " In particular, they enable low friction droplet motion although the presence
of numerous phases, drop, lubricant, solid matrix and vapor, yields a rich tribological
scenario ™18l Their slippery nature makes them the best candidate for the study of
highly viscous non-Newtonian fluids, which barely move on solid surfaces!®”l. Then,
it is possible to investigate the coupling between dynamic wetting and the rich rheol-
ogy of soft, structured fluids, such as polymeric solutions, surfactant solutions, gels, or
packed microgels, which exhibit viscoelastic behavior in between simple viscous fluids
and elastic solids, depending on the probed time scales or the forces at play 2221, In-
deed, we recently reported 22 an unexpected oscillatory motion of viscoelastic droplets
on LIS, despite the homogeneity of the surface and polymeric solution, which can be
considered as a sort of novel Weissenberg effect for moving droplets 2.

A particular class of non-Newtonian fluids is represented by yield stress fluids (YSF),
which include everyday soft materials such as toothpaste, shaving foam or mayonnaise,
body fluids such as mucus, and much harder products such as concrete. Their com-
mon feature is that they can flow (that is, deform indefinitely) only if they are subjected
to stress above a critical value; otherwise, they deform in a finite way, like solids 1231,
It is rather common that suspensions of dispersed particles in a solvent behave as a
yield stress fluid when the volume fraction occupied by the particles is above a critical
valuel®!. Their closed-packed, amorphous structures are responsible for their rheologi-
cal behavior: the particles are jammed and can only flow past one another appreciably if
a sufficiently high stress, greater than the yield stress, is applied 2|, This threshold can
be identified by measuring the stress while applying a continuous shear deformation to
the sample at a decreasing strain rate: a non-vanishing stress appears for YSE, which
corresponds to a diverging viscosity. However, the motion of a concentrated dispersion
depends not only on the bulk flow properties but also on the nature of the confining
surfaces.

Aqueous suspensions of swollen Carbopol microgels and aqueous solutions of cross-
linked Xanthan polymers are model systems for yield stress fluids, whose rheological
properties have been extensively studied #2226l The flow characteristics of such mate-
rials are difficult to predict, as they involve permanently or transiently coexisting solid
and liquid regions, which are generally impossible to locate a priori and have been
scarcely investigated until recently?/l. Significant slip is observed in the spreading of
Carbopol and Xanthan droplets on untreated glass surfaces?®!, which is explained in
terms of a repulsive electric interaction between the negative polymer chains and the
negative surface charges in contact with aqueous solutions due to the dissociation of
the terminal silanol groups. After the initial spreading phase, the motion stops and a
mechanical equilibrium is reached, characterized by a stable contact angle. Contrary to
what is observed with Newtonian fluids and what is expected from classical thermo-
dynamics, the final contact angle increases with the size of Carbopol droplets??. If the
spreading of a droplet occurs on a thin film of the same material, the Carbopol droplet
reaches a final equilibrium shape once the driving stresses inside the droplet fall below
the yield stress®U, in contrast to a Newtonian droplet that spreads continuously until a
completely flat film is formed. If a YSF droplet is placed on a dry superhydrophobic sur-
face, the resulting adhesive stress is similar in magnitude to the gravitational and yield
stresses. This allows the motion of Xanthan droplets descending an inclined superhy-
drophobic surface to be clearly differentiated in pure rolling, sliding, and sticking by
varying the surface inclination and Xanthan concentration®!l. Spreading LISs, in which
the lubricant impregnates the surface micro-textures and covers them, can be designed
to allow the mobility of the yield stress fluids that would otherwise be immobile under
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the same flow conditions4. For example, Carbopol droplets, which are found to ad-

here to both flat hydrophobic and patterned superhydrophobic surfaces, move readily
on a spreading LIS impregnated with silicone oil. In other words, a spreading LIS acts
as a stable Newtonian lubricating layer with an effective viscosity that depends on the
viscosity of the lubricating fluid and the aspect ratio of the microtexture. However, the
nature of the motion of YSF droplets, for example, whether they slide or roll down from
an inclined surface, has hardly been explored in the literature. The aim of this work is
to fill this gap by providing a comprehensive picture of the mobility of YSF droplets on
slippery lubricated surfaces within a wide range of yield stress values.

5.2 Materials and Methods

5.2.1 Lubricant infused surfaces (LIS)

As slippery surfaces, we prepared hybrid substrates formed by glass slides coated with
an LIS. Standard glass microscope slides were cleaned with common detergents and
rinsed in acetone and purified water baths. A ~25 ym thick porous polytetrafluoroethy-
lene (PTFE) membrane (Sterlitech Corporation) was placed on one face of the slide and
wetted with ethanol: the evaporation of ethanol leads to capillary adhesion of the mem-
brane to the slide3!. With a dip coater (Kibron Inc. LayerX 274), the membrane attached
to the slide was then infused with fluorinated oil (Fomblin PFPE Perfluoropolyether Y
LVAC 06/6) having a viscosity of 120 mPa s at T = 20 °C, using the procedure reported
inl8l. To ensure a controlled thickness of the liquid layer above the membrane of about
0.5 pm, the withdrawal velocity was set at 0.12 mm/min, see reference 221 for more de-
tails.

5.2.2 Yield stress fluids

Different yield stress fluids, based on swollen microgels, were prepared and character-
ized. Namely, we studied two aqueous solutions of the polyacrylic acid Carbopol Aqua
SF2 and Carbopol 971 P NF (Lubrizol) at different polymer mass fractions. The two
families differ in their typical microgel radius (about 0.25 and 2 pm, respectively) and in
their yield stress values as a function of concentration®¥. Carbopol Aqua SF2 (SF2) sam-
ples were diluted to the final concentration in MilliQQ water, from a concentrated batch
solution at low pH. The pH gradually increased by adding drops of NaOH 10 M; around
pH 7, the microgels swell and the solution becomes fully transparent, developing a yield
stress above a concentration of approximately 0.2% 3. Carbopol 971P NF (971P) is avail-
able in powder form. It was dispersed in MilliQ) water at the final concentration. The pH
of the solution was increased to 7 by adding drops of NaOH 10 M, resulting in a fully
transparent yield stress fluid above 0.05% 8. All samples were gently mixed for several
days and the pH was monitored and adjusted to obtain homogeneous suspensions that
allow imaging of internal tracers®l. The density p of all the investigated solutions was
close to that of water, while there are no reliable measurements of the surface tension
7 of Carbopol suspensions reported in the literature . We tried to measure it directly
with the pendant drop method 4, but the droplet curvature, and therefore the derived
~, varied considerably over time and depended on the infusion rate; as a result, we ob-
tained values within the range 48-68 mN/m. Consequently, droplets are expected to be
cloaked by a thin lubricant film once they are deposited on silicone or fluorinated oil
lubricated surfaces!#58. Finally, pure glycerol was used as a Newtonian reference for
the motion of droplets on slippery lubricated surfaces.
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The rheological tests of the YSF solutions were performed on a commercial rheometer
(MCR 302, Anton Paar GmbH) using a cone and plate geometry with a cone radius and
angle of 25 mm and 1°, respectively. The temperature was kept at 22 °C with a Peltier ele-
ment. Fresh samples were loaded for each series of experiments and reproducibility was
verified by repeating a single test several times. Samples were pre-sheared at high shear
rates for hundreds of seconds and then left to rest for a similar time to guarantee repro-
ducible and time-independent behavior. From oscillatory experiments at w = 1 rad/s
at increasing amplitudes in the range of 0.1 — 400%, we estimated the limits of the lin-
ear viscoelastic regime; we then extracted the linear viscoelastic properties from small-
amplitude oscillatory shear experiments in the frequency range w = 0.1 — 100 rad/s
at strain v = 1%. To estimate the yield stress 0,14, flow curve tests were performed
by applying a constant strain rate, decreasing from 100 to 0.01 s~!, using logarithmi-
cally increasing sampling times to guarantee steady-state conditions at all shear rates.
Data below 0.1 s~! were not considered, as they often revealed the appearance of slip
at the interface. The stress data, shown in Figure were fitted according to the three-
component (TC) model®, which provides both a clearer physical insight and a better
description of the experimental data than the Herschel-Bulkley model 23] However, the
yield stress estimates of the two models and their dependence on concentration were
always consistent. As reported in Table for both Carbopol samples ¢y;c;q increases
roughly linearly with concentration in the investigated ranges; a similar dependence is
observed for the low-frequency elastic modulus G.
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Figure 5.1: Shear stress o vs. shear strain ¥ curves of Carbopol SF2 (a) and 971P (b) solutions on a
log-log scale. The continuous curves show the corresponding three-component (TC) fits.

5.2.3 Optical setup

To monitor the motion of the droplets on the LIS, we used the optical setup shown in
Figure l4°J. A rotating stage controlled by a computer could change the angle of incli-
nation with respect to the horizontal o of the lubricated substrate with 0.5°precision. A
vertical syringe pump was mounted on an X-Y table. In this way, it was possible to dose
droplets of known volume (2 in the range between 10 and 40 1l on a well-defined posi-
tion of the substrate. To favor drop detachment, a short silicone tubing was attached to
the tip of the stainless-steel needle. To minimize inertial effects, we slowly extruded the
droplets onto the surface and placed the tubing tip 2 mm above the LIS. The lateral pro-
file of the drop was viewed using a CMOS camera (BASLER acA800-510um) mounted
along the rotation axis of the stage and equipped with a macro zoom lens (LINOS MeVis
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Concentration (Wt%) oyieiq Pa) G’ (Pa)
Carbopol SF2
0.25 02+0.1 3+1
0.50 0.6 £0.1 8+1
0.75 07+£01 10+£1
1.00 12+01 1541
Carbopol 971P
0.10 0.6 £0.1 5+1
0.30 38+£01 25+2
0.40 42+0.1 27 +£2
0.50 67+01 44+2
0.70 79+01 48+2
1.00 108+ 01 6642

Table 5.1: Main rheological properties of the Carbopol yield stress fluids.

C50mm/f1.8). To enhance the optical contrast, the droplet was backlighted with a white
LED source. Movies of the drop motion were acquired at sample rate intervals between

100 and 2000 fps and analyzed using a custom-made LabVIEW script.

SP

Figure 5.2: Optical setup: T=tilter, L=LED source, SP=syringe pump, C=camera.

5.3 Results

5.3.1 Droplet spreading

Figure5.3|shows the time evolution of the droplet profile as derived from video record-
ings of the formation and deposition of droplets of volume €2 = 20 ul on a horizontal LIS.
The graph in Figure[5.3(a) indicates the diameter D of the wetted surface, together with
some representative snapshots of the initial and final profiles, while Figure[5.3(b) reports
the corresponding contact angle 6. The initial time corresponds to the detachment of the
droplet from the needle at the completion of the infusion process, which typically takes
a few seconds. In the case of glycerol, the droplets reach the final configurations almost
instantaneously. Instead, droplets of both Carbopol solutions exhibit a slow but signif-
icant expansion of the wetted area, accompanied by a decrease in the contact angle: in
the case of SF2 0.50 wt%, the relative increase in D is greater than 10% over 5 minutes.
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Varying the syringe flow rate between 0.06 and 0.54 ml/min did not produce any sig-
nificant variation. In all experiments presented in the following, the extrusion flow rate
was 0.3 ml/min, comparable to that used in a recent study .
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Figure 5.3: Temporal variation of the diameter D of the wetted area (a) and the corresponding
contact angle 6 (b) of different droplets of volume 20 ul deposited on a horizontal LIS. The scale
bar of the four representative snapshots of the droplet contour is 1 mm.

The spreading of Carbopol droplets depends on their concentration, as shown in Fig-
ure Interestingly, the two types of Carbopol present significant differences. In the
case of SF2, the pronounced variation observed in D is related to the corresponding de-
crease in ¢ as the solution becomes more concentrated. Actually, the continuous lines
in Figure[5.4(a) represent the diameter of the area wetted by a hemispherical cap of vol-
ume 2 and an instantaneous contact angle ¢ for selected Carbopol concentrations 1.
In the beginning, the lines lie below the corresponding experimental data, but eventu-
ally, they nicely overlap, suggesting that the initial shape assumed by the SF2 droplets is
somewhat peaked and slowly relaxes to that of a perfect hemisphere. The good agree-
ment between the experimental data and the geometrical calculations®! implies that
the observed phenomenology is mainly an interfacial effect: SF2 droplets spread until
the contact line becomes pinned by surface tension, with D reaching different final val-
ues as a result of the different contact angles. A quite distinct behavior is observed in the
case of 971P droplets. The three solutions have the same 6, yet D decreases significantly
with concentration, suggesting that its dependence is primarily rheological. Indeed, this
behavior is similar to that reported in the spreading of Carbopol drops over a thin film
of the same material, where, as the yield stress increases, the final radius becomes corre-
spondingly smaller B, This can be explained by assuming that the spread of a droplet,
yielding under the effect of capillary and gravitational stresses, stops as they fall below
the yield stress oy;ciq.

Apart from these differences, for both types of solution, the time constant ¢; required
to reach the final configuration decreases with concentration: for example, t; is equal
to approximately 5 minutes for SF2 0.25 wt% and drops to 30 s for SF2 1 wt%. Further-
more, t; is significantly shorter for 971P droplets: for 971P 0.10 wt% (oyicia = 0.63 Pa),
ty is approximately 10 s, while for SF2 0.50 wt%, possessing a similar threshold value
(0yieta = 0.60 Pa), t5 is approximately 50 s.



Motion of yield stress fluid droplets on lubricated surfaces 121

T T T T

ot | . . : T ™
T (b)
Hsg%-,‘A'..‘._du.-.d.---..- 1

a A SF2025wit% ® 971P 0.10 wi%

o 2aa O SF2050wt%  971P0.50 wi%
10 Abs SF2075w% ~ 971P 1.00wt%
38} B8, o SF2100wt%
1 ™
E = ) AnD
E 105 + BAA AN 4 A 4
E = ] ABABANN
33 o
100 PO
8 UDU
o 800gng
30} o GoPoogg,
95 - %0 0049, 7990808 0: P0En B
OO0,

0 50 100 150 200 250 300 o 50 100 150 200 250 300 350
t(s) t(s)

Figure 5.4: Temporal variation of the diameter D of the contact line (a) and the contact angle ¢
(b) of Carbopol drops at different concentrations and volume 20 pl deposited on a horizontal LIS.
The continuous lines are the diameters of the wetted areas of hemispherical caps derived from the
corresponding contact angles, as explained in the text.

5.3.2 Droplet motion

We have then studied the gravity-induced motion of Carbopol droplets on inclined sur-
faces. Figure shows a representative set of consecutive measurements of SF2 0.25
wt% droplets deposited manually with a micropipette on a LIS inclined by an angle
a = 3 (empty symbols). The curves represent the temporal dependence of the front
contact point of the descending droplets having €2 = 20 ul. Clearly, the data show a set
of quite different, non-linear curves that reflect the simultaneous relaxation processes
following droplet generation and deposition, as discussed in the previous section. To
remove this artifact, droplets generated with the syringe pump were gently deposited
on a horizontal LIS. After a sufficiently long time to allow a complete stop of the spread-
ing process, the LIS was quickly tilted to the same « = 3, and the droplet motion was
recorded. The resulting curves are indicated as full symbols in Figure The straight
lines indicate a viscosity dominated motion, as expected 143, Small variations in their
slope, less than 5%, can be taken as the degree of reproducibility of these measurements.
All the measurements discussed in the rest of the section were taken following the lat-
ter procedure. We have considered only o > 3 because, for smaller angles, the motion
becomes very slow (velocity below approximately 0.01 mm/s) and the results may be
affected by droplet evaporation. Actually, the height of the YSF droplets decreases by
about 10% over 10 minutes, the minimum time required for the droplet to cover the
length of the slide at o < 3.

At low inclinations, Carbopol droplets are found to slide: the selected snapshots of
Figure[5.6[a), which refer to a droplet of 971P 0.50 wt% and volume © = 20 xl descending
a lubricated surface inclined by an angle o = 10. If instead « is increased above 20°, the
droplets not only move faster, as expected, but also change the nature of the motion to
rolling as shown in Figure 5.6[b), which corresponds to ov = 45: representative triangles
that join three tracers rotate over time. From introductory mechanics, it is well known
that a rigid sphere rolls down a rough inclined plane, while a rigid cube slides down it.
In the case of a liquid drop, a variety of motions becomes possible because a deformable
body maintains contact with the surface over a finite area 2] which have been theoret-
ically analyzed in detail for the simple case of two-dimensional droplets®*#3. For a
viscous droplet, two distinct motions are typically observed. A nonwetting droplet on
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Figure 5.5: Time evolution of the front position of the contact line of four consecutive droplets
of SF2 0.25 wt% with volume © = 20 ul deposited on lubricated surfaces inclined by o = 3.
Empty symbols represent the motion of droplets deposited manually with a micropipette on the
already tilted surface. The full symbols refer to droplets deposited on the horizontal surface using
a syringe pump; after spreading, the surface is quickly tilted to @ = 3 and the resulting droplet
descent motion is recorded.

a superhydrophobic surface rolls down B#e#7l while, if the droplet partially wets a solid
surface, it slides along itH#¥°). In the case of slippery lubricated surfaces, all studies
of partially wetting Newtonian droplets indicate only rolling motion on LISH41¢l. Car-
bopol droplets moving on LIS can instead undergo either sliding or rolling, depending
on initial conditions such as €2 and «. Interestingly, low-concentration Carbopol droplets
on lubricated surfaces exhibit the standard behavior observed with Newtonian droplets
on LISH#18, that is, they roll down. For example, Figure 5.6{c) refer to droplets of 971P
0.10 wt% that descend from a LIS inclined to a = 10. If we compare this sequence of
snapshots with that of Figure [5.6(a), we clearly see that the less concentrated droplets
not only move much faster (about a factor 30) due to their lower viscosity but also roll
and do not slide. In summary, experimental evidence suggests that the change from
sliding to rolling is a peculiar property of YSF droplets descending slippery surfaces. A
somewhat similar behavior was reported in the case of much larger YSF drolfs, Q=250
pl, made of Xanthan gum and descending a dry superhydrophobic surfacell: sliding
was observed at low inclinations, followed by rolling at higher a. Surprisingly, concen-
trated Xanthan droplets were pinned to superhydrophobic surfaces inclined to angles
greater than ~ 10, while water droplets are very mobile on these surfaces: droplets as
small as 1 pl easily roll down at inclinations of 1°. Instead, on lubricated surfaces, the
sliding speed of YSF droplets with @ = 20 pl is comparable to that found with much
larger drops, 2 = 250 ul, on dry superhydrophobic surfaces, a clear indication that LISs
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are much more slippery than superhydrophobic dry rough surfaces, ideal for the study
of viscous non-Newtonian droplets.

Figure 5.6: Snapshots of (a) sliding and (b) rolling of droplets of 971P 0.50 wt%: at 10°inclination,
the air bubbles in the droplet show no relative motion inside of the droplet, indicating a sliding
motion; at 45°inclination, the red triangle rotates indicating the rolling motion of the droplet. (c)
Snapshots of droplets of 971P 0.10 wt% showing rolling at an inclination angle of 10°. All droplets
have volume Q = 20 pl.

The dynamical phase diagrams shown in Figure 5.7 summarize the different types
of motion exhibited by the descending droplets of the 971P and SF2 solutions, as the
Carbopol concentration and the angle of inclination « vary. In the case of 971P droplets,
as « increases, sliding is first observed, followed by rolling. Rolling is favored at high
inclinations and low concentrations. Interestingly, the analogous phase diagram of SF2
droplets exhibits only rolling, in agreement with previous studies of Newtonian droplets
on LISs. Next, we discuss these two regimes in more detail.

We first focus on the sliding regime, in which the 971P droplets do not undergo any
shear. Figure [5.8|shows that the sliding droplets move downward with a steady veloc-
ity U that is proportional to sina for two representative 971P solutions, indicative of
a typical Stokes behavior regulated by a constant viscosity and where U is due to the
flow of the oil film that covers the filter. Consequently, we model the system as a solid
droplet moving with velocity U separated by an oil film of thickness h from the filter,
as schematically pictured in the inset of Figure Given the expected small value of
h, the flow profile in the oil film is u(z) = Uz/h, which yields a shear stress at the oil-
droplet boundary 0., = iU/, where 11, is the oil viscosity. In stationary conditions,
0., must be equal to the gravitational stress 04,4, = bpgsin , where b is the maximum
height of the droplet having density p deposited on a LIS inclined by an angle «, and
g is the acceleration of gravity®ll. A linear fit to the sliding data in Figure provides
an estimate of the oil film thickness h ~ 0.3 um, in agreement with the value derived
from dip coating. The fact that h is much larger than the intrinsic slip length of a few nm
measured for Carbopol flowing past a solid walll?! confirms that the sliding of the 971P
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Figure 5.7: Dynamical phase diagrams of 971P (a) and SF2 (b) droplets at different concentrations
moving on lubricated surfaces at different angles of inclination. The droplets have volume €2 = 20
wl.

droplets is dominated by the slip caused by the flowing oil. This conclusion also agrees
with the results of recent bulk experiments carried out with a conventional rheometer
where Carbopol is confined between a flat plate and a spreading LISF2. The fact that, in
the zoom of Figure[5.8[b), the 971P 1.0 wt% datapoints at high inclinations lie well above
the extrapolated straight line may be an indication that at these velocities, and thus shear

stresses, wall slip also contributes to the overall droplet velocity (=11,
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Figure 5.8: (a) Steady velocity of droplets of 971P at two different concentrations descending lu-
bricated surfaces at different angles of inclination. The droplets have volume @ = 20 pl. (b)
Enlargement of the data enclosed in the rectangular box. The inset shows a pictorial view of the
interface between a droplet sliding with velocity U on a lubricant film LF of thickness h coating
a Teflon filter TF infused with the same lubricant. This lubricant infused surface covers the glass
slide S.

We now analyze under what conditions Carbopol droplets roll. In a recent investiga-
tion of the mobility of Xanthan drops on dry superhydrophobic surfaces, it was argued
that the ratio of yield and gravitational stresses oy;cia/0grav differentiates the rolling and
sliding regimes. In detail, when the gravitational stress overcomes the yield stress, the
drop is fluidized at least in its lower part in contact with the lubricated surface and thus
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rolls down on a slippery surface. To some extent, this scaling is analogous to the cri-
teriom proposed in chapter 3| for the untrapping of a solid inclusion in a YSF, dictated
by the same ratio but with very different prefactors, determined by the geometry of the
system. We rescaled the data in Figure in the new phase diagram shown in Fig-
ure where the two types of motion are classified in terms of the yield stress oyciq
of the various solutions as measured from the bulk rheology, normalized to the corre-
sponding gravitational stress ¢4,4,. The criterion originally proposed for rolling of YSF
droplets on dry superhydrophobic surfaces is also found to be well satisfied on lubri-
cated surfaces: in the case of SF2 droplets, all the explored conditions are characterized
by oyicid/Tgrav < 1. While 971P droplets undergo rolling when oy;c1q/0grav < 1. Such a
good agreement is somewhat surprising considering the higher complexity of the inter-
face, where there is both slip in the oil film and shear of the YSF2. Conversely, sliding
of 971P droplets is found for oy;cia/0grav > 1. In this case, sliding is also observed in a
gray area extending somewhat below 1 and is not unexpected given the simplicity of this
argument. Actually, we did not expect to imagine that this criterion, which compares the
bulk rheology of the Carbopol solutions (oy;ciq) to the experimental conditions (2 and
«a), worked so remarkably well to account for our measurements. Further information
may come from high-resolution, local imaging of the bottom layers of the sliding/rolling
droplets.
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Figure 5.9: Phase diagram in which the type of droplet motion is classified in terms of the ratio
Oyield/Ograv for droplets of 971P and SF2 solutions.

5.4 Conclusions

We studied the dynamic wetting on an engineered substrate focusing on both spreading
and mobility of a yield stress fluid based on a suspension of swollen Carbopol micro-
gels. By changing their concentration 233, it was possible to vary their bulk yield stress
Oyield, that is the minimum stress required to fluidize the suspension. The characteriza-
tion of the mobility of Carbopol droplets on an inclined plane was only made possible
by the use of lubricant infused surfaces?2%2. Indeed, we report for the first time that
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millimeter-size YSF droplets show distinct sliding and rolling regimes on such slippery
surfaces. Sliding occurs when the droplets are more solid-like, and their velocity is deter-
mined by the shear flow of the oil film that covers the solid substrate. Instead, when the
gravitational stress exceeds a certain threshold, the droplet is partially fluidized and can
thus deform and roll down, as generally reported for ordinary Newtonian droplets 40l
A simple criterion based on the ratio oyic1q/04rqav Was found to capture the transition be-
tween the two regimes: rolling when oyicid/0grav S 1 and sliding when oy;cia/0grav 2 1.
Such a scaling could be used as a reliable gauge in the design of microfluidic devices that
involve the control of the motion of YSF droplets. Particle imaging velocimetry of dis-
persed tracers!?, integrated by dedicated numerical simulations %2, can provide fur-
ther useful insight into the local rearrangements at the 0il-YSF interface and the extent
of fluidization within sliding/rolling droplets.

Our results confirm that the study of the gravity induced motion of droplets on slip-
pery lubricated surfaces can provide a simple but powerful tool to address the interfacial
and bulk properties of a wide range of complex fluids, such as colloidal suspensions or
polymeric solutions. Surprisingly, these fluids would barely move on superhydrophobic
dry rough surfaces, which are known to present very little friction to the motion of water
droplets34 but that, however, lose some of their useful characteristics when exposed
to complex fluids P13,
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CHAPTER 6

Appendix: Rheo-microscopy on viscoelastic surfact
solutions

This chapter reports the results of a collaboration with prof. Rossana Pasquino and dr.
Ilaria Cusano (Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione
Industriale, University of Napoli "Federico II"). My main responsibility was to conduct
microscopy-based reconstruction of flow profiles and the onset of instabilities in a worm-
like system in correlation with the nonlinear rheological behavior investigated in Naples.
The results were submitted as a research article to Journal of Colloid and Interface Science:

Ilaria Cusano, Afshin Azarpour et al.
"Exploring the nonlinear behavior of long loosely entangled wormlike micelles: a rheol-
ogy and rheo-microscopy study”

Introduction

Surfactants, a class of self-assembling amphiphilic molecules, possess intriguing prop-
erties that are the focus of research and industrial applications™2l. In solution, these
molecules tend to rearrange into ordered colloidal structures, called micelles, which
limit the exposure of their hydrophobic tails to water. Such structures may undergo
conformational changes in response to temperature®, pH®!, or the presence of addi-
tivesPl. In particular, the addition of a penetrating salt, characterized by having at least
one aromatic ring, induces a spherical-to-wormlike micellar transition®”. Such worm-
like micelles (WLMs) display most intriguing viscoelastic properties, analogous to those
observed in polymers. The key distinction between polymers and WLMs lies in the na-
ture of the bonds that are created between the molecules. Unlike the stronger covalent
bonds that connect polymer chains, micellar bonds are physical ¥ and subject to contin-
uous breakage and reformation at the microstructural length scale, hence the epithet of
living polymers. Increasing the salt concentration in solution can induce further confor-
mational transitions, leading to entangled ! or branched micellest%, or even a shift to
vesicles and lamellar phases™!. By performing linear rheology tests, information can be
deduced on the micellar self-assemblies, and on their characteristic relaxation times!12.
Mesoscopic WLMs length scales can be evaluated from viscoelastic spectra using estab-
lished scaling laws 13l

In general, the relaxation dynamics of WLMs are well described by the Cates model 4,
which is based on two specific relaxation phenomena: a reptation process, which char-
acterizes the sliding of the worm within a tubular constraint created by the surrounding
WLMs, and a breaking and reforming time, which considers micelles rearrangement.

131
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The two characteristic times can be evaluated from linear viscoelasticity tests according
to the equations:

1
Ty — (61)
Wmin
2
7= d 6.2)
Tb

where 7, and 7, are the breaking and reptation times, respectively; wp,, is the angular
frequency which corresponds to the minimum of the loss modulus, G7.,;,,, and 74 is the
disengagement time, evaluated as the inverse of the crossover frequency at which the
viscoelastic moduli cross in a dynamic test. The average entanglement number, Z, can
also be expressed as the ratio between G ;. and GI/,.. GI .. is the value of the storage
modulus at the angular frequency at which G}, is detected. Additionally, the Cates
model enables to estimate the characteristic lengths of the wormlike micelles, including
the entanglement length, /., and the contour length L., which are the typical distance
between two network nodes and an underestimation of the total length of the WLMs,
respectively 14131, Unfortunately, it is only possible to estimate these lengths once the
persistence length, ,, which correlates with the stiffness of the micelle, has been deter-
mined. Indeed, it is difficult to achieve a broad range in frequency exclusively through
rheology. At very high frequencies, where bending modes of Kuhn segments domi-
nate, another crossover frequenc?i%uo, can be detected 2. If measurable, the persistence

length can be estimated through

~ kgT
8nsl,”

wo (63)

where kp is the Boltzmann constant, T is the experimental temperature, 7 is the solvent
viscosity. As such, the experimental tests t?fpically combine standard rheology with spe-
cialized devices or optical techniques 1719,

Following Cates, several authors have focused their efforts on further elaborating the
description of WLMs relaxation dynamics 223, In this context, Tan et al.?¥ developed
new expressions for the linear viscoelastic properties as a function of /. and L. by cor-
relating the predictions of the mesoscopic pointer algorithm 2¥2% with the microscopic
slip-spring model 12°!:

a3 k‘BT 3 28 g@k‘BT
Go = -9.75 C— 6.4
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ﬁ =0.317 (l) (6.5)
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where « is a so-called semi-flexibility factor (defined as the ratio between [. and ),
 is the micelles volume fraction, d is the micelle diameter. In this scenario, cryo-EM is
an effective technique to couple with WLMs rheology, as it allows direct visualization of
the micelles and their morphology 2721,
In our recent work in very dilute wormlike micellar solutions, the whole relaxation spec-
trum was covered by linear rheology 1. More specifically, we have found that diluted
micellar solutions of cetylpyridinium chloride (CPyCl), a widely studied ionic surfac-
tant, and diclofenac sodium (Diclo), a non-steroidal anti-inflammatory drug, are charac-
terized by exceptionally long and rigid WLMs, enabling the measurement of all charac-
teristic parameters without the need for additional techniques beyond linear rheology.
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Moreover, the properties of the CPyCl-Diclo systems also make them a non-trivial test
bench for the investigation of the rich nonlinear behaviour of WLMs when subjected
to strong flows, a scenario that is frequently encountered in industrial contexts. The
Weissemberg number, defined as Wiy = 747, where # is the applied shear rate, is the
threshold between linear and nonlinear regime. When Wi, exceeds 1, the system is sub-
jected to a strong force field and WLMs’ flow can exhibit complex features: shear thin-
ning, which represents the result of the alignment and stretching of the micelles along
the flow direction 1%3U3l; shear banding, which is a flow instability resulting in the mi-
cellar solution splitting into bands of different concentrations and shear rates across the
gap BB2331; and strain hardening, which is the sudden increase in the shear stress growth
coefficient B4,

More specifically, WLMs can show non-equilibrium phase coexistence arising along the
gradient direction between an isotropic solution and an aligned (paranematic) band with
lower viscosity than the quiescent phase®™®*/l. These bands result from mechanical in-
stability, producing two branches (shear bands), one at low and the other at high shear
rates. Band sizes typically follow the lever rule. In a simple shear-banding scenario, the
fluid is divided into just two clear regions separated by a thin, steady interface of very
small width.

The phenomenon of strain hardening in micellar solutions was first identified in 1988
by Shikata et al.F%, who conducted nonlinear step strain and step rate experiments on
a system of cetyltrimethylammonium bromide (CTAB) and sodium salicylate (NaSal).
Later studies by Brown et al.B8l investigated this phenomenon in more detail in the
same systems, identifying strain hardening only when the strain overcame 3.5. In 1994,
Proud’homme and Warr ¥ observed strain hardening during extensional tests, and sug-
gested a possible correlation between this phenomenon and WLMs scission, proposing
that the observed decrease in stress growth coefficient post-hardening was due to the
breakage of WLMs. Rothstein®% later corroborated this hypothesis by performing ex-
tensional tests on the CTAB/NaSal systems using a filament stretching rheometer, de-
termining a scission energy close to 4kg7’, consistent with predictions made by Turner
and Cates in 1992 Since then, various studies have further explored strain harden-
ing, providing evidence of its correlation with the WLMs finite extensibility. Indeed, it
is well-established that the WLMSs network can store energy up to a certain maximum
deformation, after which scission can eventually take place 24426l

In most complex fluids, nonlinear bulk rheological response often corresponds to lo-
cal alignment and structural rearrangements occurring at the microscale. These can
be triggered and probed through active microrheology approaches which provide ac-
cess to local mechanical properties by applying an external force to an embedded mi-
croparticleB7#8l However, such methods miss the coupling of structural rearrange-
ments with macroscopic deformations, which requires the application of a technique
capable of nano-, micro- or mesoscale resolution to the sample, while it is subjected to
bulk stress/strain application. For example, rheo-SANS (Small Angle Neutron Scatter-
ing) gives access to non-affine local flow fields of WLMs during large amplitude oscil-
lations®!, and rheo-microscopy can provide critical information on deformation pro-
files®%, degree of alignment®!l, or local rearrangements 2.

In the present work, an investigation is conducted into a distinctive sample, based on
CPyCl and Diclo, which displays the entire relaxation time spectra within the experi-
mental frequency window in linear rheology, and a distinguished nonlinear response in
start-up flow. Its flow curve is built in a wide range of shear rates, by combining clas-
sical rotational rheometry with a printer used as a capillary rheometer. The evaluation
of the theoretical scission energy and its actual correlation with the energy cumulated



134

by the shear work during a steady test are discussed. To gain insight into the origin
of the peculiar rheological behavior displayed by CPyCl-Diclo, we run parallel rheo-
microscopy experiments of shear start-up, estimating the time-dependent deformation
profiles across the gap during the accumulation of strain, combined with cryo-EM anal-
ysis of the micelles. We discuss a non-trivial correlation between WLMs banding and
scission.

Materials and Methods

Materials

The sample, 16.7 mM CPyCl 11.0 mM Diclo, was prepared by dissolving both chemicals
(available as powders from Sigma-Aldrich) in double-distilled water, according to the
methodology detailed in 3.

Rheology

Linear viscoelasticity tests were conducted on a stress-controlled rheometer DHR-2, from
TA Instruments, equipped with 40 mm-diameter sandblasted parallel plates. A Peltier
cell was employed for temperature control and a solvent trap used to prevent evapo-
ration. Once the linear viscoelasticity regime was identified, dynamic frequency sweep
tests (DFST) were conducted in the angular frequencies range of [100;0.05]rad/s, with a
strain of 10% and a constant temperature of 25°C.

Nonlinear rheology tests were performed with a strain-controlled ARES rheometer (TA
instruments, USA), equipped with a 50 mm-diameter cone-plate geometry. The transient
behaviour of the micellar solution was investigated through step-rate tests at a series of
fixed shear rates, under room temperature (kept at 25°C). For each investigated shear
rate, a fresh sample was loaded.

Since nonlinear shear measurements are affected by instabilities as the sample is sub-
jected to strong flow B3, a 3D bioprinter (BIOX Cellink, Goteborg, Sweden), operated as
a capillary rheometer, was used to achieve very high shear rates. The test procedure was
conducted according to the protocol outlined in®4. The experiments were carried out at
25°C, using a nozzle of 33 mm in length and 0.413 mm in diameter, within the pressure
range [3; 30|k Pa. Given the high lenght-to-diameter ratio, the flow can be assumed to be
fully developed. Shear stress and viscosity as a function of shear rate were obtained by
applying the standard relations for capillary rheometry > when a known pressure drop
is applied.

Extensional rheology tests were conducted using a home-made experimental setup, which
was developed based on the Ambient DoS rheometer described in%8l. A syringe pump was
employed to create the droplet, at a fixed flow rate of 22 1/ min. Filament formation was
achieved by adopting the stationary drop®l approach. This involved the gradual eleva-
tion of the bottom plate, until contact with the drop was established, at a distance of
approximately 1.5 mm from the nozzle. A high-speed camera (iX Cameras, i-SPEED
203) with a frame rate of 50 frames per second (fps) was then used to capture the result-
ing images. Finally, a MATLAB routine was built to process the data.
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Rheo-microscopy

The sample was loaded between the two parallel plates of a linear strain-controlled
shear-cell (RheOptiCAD, CAD Instruments, France) 58] modified to enable bright-field
imaging and coupled to a Nikon Eclipse Ti-S inverted microscope. Although the linear
geometry limits the total attainable strain, it guarantees a uniform strain at the confining
surfaces, while providing optical access to the sample. The glass slides were sandblasted
to minimize slip of the sample, except for a small central window kept clear for optical
access. We can impose continuous displacement of one plate, while keeping the oppo-
site plate fixed, or simultaneous motion of both plates to achieve higher total strain and
shear rate. Polystyrene microparticles (diameter 1.04 ym, Microparticles GmbH) were
dispersed in the sample at a volume fraction of about 5 - 10~ to optically reconstruct
the flow field in the sample, without affecting its rheological properties. The gap was
kept constant at 300 pum, well above any relevant length scale of the system. The fo-
cus was adjusted at different heights across the gap. The vertical resolution is about 20
micrometers, as obtained by keeping the condenser (LWD, NA=0.52) diaphragm open,
thus reducing the coherence of illumination and minimizing the depth-of-focus and the
thickness of the layer in which tracers are visible®). Measurements were performed
at a constant temperature of 25°C. Images were acquired using a 10x objective and a
CMOS camera (Ximea xiC MC031MG-SY) with a rectangular region of interest (ROI) of
617pm x 183 um, or a high-speed sCMOS camera (Teledyne Prime BSI Express) with
a ROI of 1163 pm x 144pum. The frame rate was adjusted between 10 Hz and 557 Hz,
depending on the imposed shear rate. This configuration enabled high-resolution re-
construction of the trajectories of hundreds of tracer particles within a single experiment
over sufficiently long time intervals. Image processing was performed using a custom
Python code to identify potential heterogeneities within the imaging planes and extract
the average tracer velocity for each height and time interval.

Cryo-EM

Cryo-EM samples were prepared at 25°C using a Vitrobot Mark 4 in a water vapor-
saturated environment. A 5 L droplet was applied to a Quantifoil R1.2/1.3 copper grid.
Excess solution was removed via blotting with filter paper on rotating foam pads under
controlled conditions. After a 10-15 second relaxation period, the grid was plunged into
liquid ethane, vitrified, and stored in liquid nitrogen. The vitrified samples were ana-
lyzed with a 200 kV Glacios TEM using a Falcon 4 direct detector at low-dose conditions,
with nominal magnifications ranging between 73k and 190k B9,

Results and discussion

Rheological response

reports the linear viscoelastic moduli, along with the complex viscosity, as a
function of the angular frequency. The sample shows a strong viscoelastic behaviour,
typical of a wormlike micellar network. The micelles relax on a very long time scale,
with a total relaxation time of the order of seconds (the inverse of the crossover at low
frequencies, 74), and present an elastic plateau, Gy, spanning more than two decades in
frequency. As already shown in a recent work '3, the very low surfactant concentration
allows to cover the entire relaxation spectrum. The inverse of the crossover at high fre-
quencies, 7y, has been extrapolated from the linear viscoelastic response and allows a
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direct estimation of the wormlike micelles persistence length (Equation 6.3). The repta-
tion time 7,. of the micelles can be easily evaluated through he relatively
low zero-frequency viscosity (roughly 10 Pa-s) and the high relaxation time suggest the
presence of very long, loosely entangled (Z = 6, evaluated as stated in the Introduction)
wormlike micelles, with a contour length roughly close to 20 micrometers, obtained by
using [Equation 6.4 and [Equation 6.5 The complete set of viscoelastic parameters and
characteristic lengths are summarized in[Table 6.1] A direct visualization of the micelles
through cryo-EM is reported in [Figure 6.2} confirming the morphology inferred by the
linear viscoelasticity. Micelles indeed appear very long (no chain ends can be distin-
guished in the images) and entangled.
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Figure 6.1: Linear viscoelastic moduli of the investigated surfactant solution (left axis) and corre-
sponding complex viscosity (right axis).

Table 6.1: Characteristic viscoelastic parameters and extrapolated lengths.

GolPa) | 1qls] | pls] | 7w (s] | ols] | Z[-] | p [nm] | lc [nm] | L. [nm]
1.26 7.9 0.4 156 | 0.008 6 160 530 19200

shows the results of the capillary-thinning experiment on the micellar so-
lution. In Fig. [6.3|a), six snapshots of the filament are reported, acquired during the test.
From these images, the temporal evolution of the filament thinning can be tracked V.
The transition from the viscocapillary region, VC, distinguished by an hourglass shape,
to the elastocapillary region, EC, characterized by a column shape of the filament, is then
followed by the occurrence of the pinch-off in the region of finite extensibility, FE. Fig.
[6.3]b) displays the filament diameter as a function of time. The three capillarity regions
can also be identified. In the initial time interval, the VC Newtonian behavior barely



Appendix: Rheo-microscopy on viscoelastic surfact solutions 137

Figure 6.2: Cryo-EM images of the CPyCl-Diclo micelles at 16.7mMCpyCl 11.0mM Diclo compo-
sition. The scale bar is displayed at the bottom left of each image.

appears, characterized by a linear decrease of the diameter with time. Then, in the cen-
tral portion of the graph, which extends until approximately 60 seconds, the behaviour
departs from Newtonian, with D,,;,, exhibiting an exponential reduction over time (EC
behaviour). In the final section, the FE phase, the diameter exhibits again a linear de-
crease over time, indicating the return to Newtonian behaviour, at enhanced extensional
rate, until the filament breaks. A regression procedure was conducted in the EC region
to evaluate the constant extensional rate, ¢, and the extensional relaxation time, Ag, in
accordance with the equations:

D~ exp (-3%) 6.7)

The procedure returned two values, the stretching rate and the extensional relaxation
time equal to 0.03s~! and 25.5s, respectively. The latter is roughly 3 times the shear
relaxation time, 74 , a factor already observed for other micellar solutions (561611

Start up experiments were performed in a wide range of shear rates/Weissenberg
(W) numbers, as reported in[Figure 6.4h. In the legend, two Wi numbers are reported at
the same value of the shear rate: the first one is obtained by multiplying the shear rate
by 74 and the other by 7,. We will refer to Wig and Wiy, respectively. At low shear rates
(when both Wi, are lower than 1), the stress growth coefficient monotonically increases
up to a steady state. When Wi, overcomes unity, and Wiy, is still lower than 1, viscosity
shows a peak, before reaching the steady state value. In this regime, micelles behave like
polymer chains, aligning, stretching and tumbling in the flow direction, as already dis-
cussed elsewhere®=l. When Wi;>1 and Wiy, is roughly close to one, a pronounced strain
hardening appears, followed by a well defined maximum and a subsequent sudden vis-
cosity drop, which brings to a "noisy" steady state value. In this shear rate range, the
micellar system cannot renew itself with the well-known breaking/reptation-fluctuation
mechanism described in the literature: the system remains frozen, displaying a rubber-
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Figure 6.3: Extensional test at 0.03s™" on the micellar solution with the DoS setup. (a) Snapshots
during the experiment; (b) Thinning diameter for the filament measured as a function of time. The
colored squares refer to the time at which the snapshots are taken.

like response. The frozen micellar structure is highly complex, with a characteristic time
much longer than 7.
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Figure 6.4: (a) The stress growth coefficient as a function of time and (b) the shear stress growth
function vs strain for the investigated solution at different applied shear rates. The legend reports
two distinct Wi numbers: the first is obtained with the disengagement time, 74, while the second
takes into account the breaking and reforming time, 7.

The same data are shown in [Figure 6.4b, where the stress growth function is now
reported as a function of strain, evaluated as the product of the experimental time and
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the imposed shear rate. It is apparent that the data for the fastest flows superimpose to
form a single master curve. This feature strongly suggests that at these rates the material
behaves as a permanent rubber. Similar responses have been discussed in Inoue et al 4
and Pasquino et al®l. The upturn at v = 8 is clearly due to the finite extensibility of
the network strands, whereas the peak at 7,4, = 20 is due to a major collapse of the
network structure. To rationalize the characteristic times for the onset of this behavior,
we have reviewed a few systems in literature, with similar start-up responses 0l 1t
appears clear that all the surfactant systems show hardening when a critical shear rate is
reached, usually placed in between 1/7; and 1/7.

WLMs scission

Start up measurements suggest that the micellar network experiences an abrupt relax-
ation at roughly 20 strain units. The latter could be considered as a critical value, above
which the micellar network breaks en masse, under the applied shear work. Although
the picture may seem quite quirky, we can compare the scission energy exerted by the
experimental shear work with the predicted scission energy for a single chain, from ex-
isting theoretical models! 263, The experimental scission energy corresponding to the
observed drop at 7,4, can be evaluated through elasticity theory 1641 a:

1 1A
Esciss,emp - ikry?naTL? = 5[7
With A the cross section of the WLMs, the diameter being equal to twice the hy-
drophobic chain length of the surfactant molecule (A = 1.76 - 1077 m?). The estimated
FEsciss,exp is 0.85 10719 Joule.
We can compare this value with the theoretical scission energy, required to create two
new chain ends from a single test chain, by pulling them in opposite direction 3

1
G0772na3: E = §AG07727L0,$LC (68)

N,
Egeiss ~ 2kpT In ( ngf) (6.9)

Here, Ng44 is the number of surfactant molecules per micelle, obtained as the number
of molecules in a single section per cylinder length unit/®®! multiplied by the micelle
contour length, reported in[Table 6.1} ¢ is the volume fraction of the surfactant. The the-
oretical scission energy is equal to roughly 34 kT ~ 1.4-10~' Joule. The two estimates
agree surprisingly well, but are significantly higher than the values reported in litera-
ture B0l This is probably due to the high number of aggregation per single micelle and
the low surfactant volume fraction, peculiar of this system.

WLMs flow curve

The viscosity steady state values at each shear rate can be plotted as a function of Wiy
(and Wip). To extend the range of Wi, under investigation, we combined shear and
capillary rheology measurements, as outlined in the materials and methods section. The
lack of data in the Wi, range between 10 and 10* arises from strong flow instabilities
(in rotational rheology) and insufficient pressure (in capillary rheology).

combines the flow curves as a function of Wig, the steady state values ob-
tained with the start-up measurements, and the values at very high rates obtained with
the capillary rheometry experiments. Shear stress shows a slight increase for Wi <1,
after which a Wi-independent trend emerges, also found with the continuous flow curve
(blue line), conventionally associated with a shear banding phenomenon®7l. The stress
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plateau lasts for more than two decades, after which a monotonic increase of the stress
at Wiy values higher than 400 is detected, as expected P!, At very high deformation
rates, indeed, the growth in the stress is again linear with respect to the shear rate, due
to the presence and deformation of shorter micellar strands.

The viscosity of the micellar solution presents a shear thinning behaviour in the whole
investigated strain rate interval. The long worms align in the flow direction, and even-
tually stretch at very high shear rates!8l. For very high Wi, values, the viscosity shows
a secondary plateau value, very close to the viscosity value of the suspending medium,
i.e. water.
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Figure 6.5: Viscosity and shear stress flow curves of the investigated surfactant solution, acquired
with both rotational and capillary rheometers. The dashed line is the complex viscosity.
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Rheo-microscopy

Previous neutron scattering experiments on viscoelastic WLMSs reported the appear-
ance of shear banding above a critical strain valuel®!, suggesting that a similar phe-
nomenon may occur in our sample. This would also be consistent with the observed
stress plateau in the flow curve. To assess this hypothesis in our system, we performed
rheo-microscopy experiments, measuring the velocity of tracer particles at different heights
in the gap and thus reconstructing flow profiles. reports several of such pro-
files, for different imposed strain rates and for different times - or strains. Each inset plot
shows the normalized shear rate value (z axis) at different positions along the gap (y
axis). While at very low imposed shear rates all profiles are linear (W+i4<1), correspond-
ing to affine deformation, for larger shear rates (Wi,>1) the profiles display the onset of
shear banding for high enough cumulated strains. At even higher rates, banding seems
to weaken. Unfortunately, the linear shear cell cannot cover the entire range of shear
rates and strains accessible with a rotational rheometer. Nevertheless, it is apparent, also
in this case, that the profiles show instability when Wi, is roughly 1, and the deforma-
tion becomes significant, while they tend to approach again an affine behaviour when
reaching Wi,. Of course, the comparison between the microscopic and the mascrocopic
responses cannot be fully quantitative, since the two geometries are different and the
rheological response is, in any case, a picture of the "average" sample behavior.
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Figure 6.6: Overview of the velocity profiles across the gap for different values of imposed shear
rate and for different strain positions. Each inset plot shows the normalized shear rate value (x
axis) at different positions along the gap (y axis). The values of the cumulated strain, Wiq and
Wiy are also reported.
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Discussion and conclusions

An in-depth study was conducted on a selected solution of WLMs, combining several
techniques, such as shear/extensional/ capillary rheology, cryo-EM, and rheo-microscopy.
Linear rheology allows to cover the entire relaxation spectrum of the sample, enabling
the estimation of the main characteristic parameters and lengths. Micelles were found
to be significantly long and poorly entangled, exhibiting a reptation time of the order of
hundreds of seconds. This has also been confirmed through linear extensional rheology.
Cryo-EM images proved the presence of extremely long micelles and of a loosely entan-
gled network.

The nonlinear rheological response of these WLMs in start-up flow revealed two main
phenomena: shear banding and strain hardening. These phenomena happen on com-
pletely different time scales. Shear banding appears much before any breaking event
takes place, and the characteristic time for the onset of the banding transition is the total
relaxation time. The transition from a homogeneous flow field to an inhomogeneous one
characterized by the presence of two bands is confirmed through rheo-microscopy.
When the shear rate exceeds the inverse of the breaking and renewing process of the
WLMs, these chains are somehow frozen and there is the experimental evidence of their
finite extensibility. A rubber-like response is detected, with a catastrophic breakage phe-
nomenon appearing at 20 strain units, above which the system totally collapses. When
the system is disrupted and composed by smaller micelles and/or disconnected surfac-
tant molecules in water the solution does not anymore band. By borrowing existing
formulas from the rubber elasticity, it has been possible to experimentally evaluate the
scission energy, which was found in very good agreement with the theoretical one.

This study sheds a light on the dynamics in fast flows of long and entangled wormlike
surfactant solutions, being able to differentiate and decouple banding and breaking. The
physical correlation, if any, between the two phenomena, as well as the reasons for the
onset of the shear banding to occur, are still pending.
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