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Abstract / Zusammenfassung

Abstract

In the last two decades, the tuning of soft materials’ properties has reached more and more
technological and scientific significance. A wealth of new colloidal systems emerged from
the need of soft materials with well-defined, and adjustable, rheological properties. Prominent
examples are multiarm star polymers, microgels, thermosensitive colloids, and depletion gels.
These systems are tailored to correlate microscopic interactions with macroscopic behavior,
which is poorly understood for complex systems. The interparticle interactions are controlled
at the synthesis level or strongly coupled to the background fluid. This is a serious drawback of
the established colloidal systems. What lacks is a colloidal system that combines high flexibil-
ity in changing the tuning parameters with fast and cost effective production. Self-assembled
polyelectrolyte multilayer modified colloids are a relatively new and promising colloidal sys-
tem that is expected to overcome the previous mentioned drawbacks of the established systems.

For the first time, this thesis explores the micro-macro interactions of polyelectrolyte mutlilayer
(PEM) modified colloids. Thereby, the focus lies on dense colloidal suspensions for which the
individual motion of single particles is strongly restricted by the neighboring particles. Then,
the suspensions show simultaneously elastic and viscous properties with dominating solid-like
behavior at rest, and yield and flow under large applied stresses.

The first experiments of this thesis investigate the effect of the layer number on rheology. At
low layer numbers, the rheology suffers from an inhomogeneous PEM surface which intro-
duces localized attractions to the suspensions. This results in a more brittle material as the
local attractions are strong in radial direction, but easily break down under lateral shear – a
mechanism that is similar to a fridge magnet sticker. In rheology, this behavior becomes ap-
parent when the yield stress, as the measure for the equilibrium stress scale, is compared to
the elasticity of the equilibrium microstructure. The ratio of yield stress to elasticity decreases
with increasing layer number and reaches a plateau for high layer numbers where the PEM



surface is well-defined. This finding gives a first guideline for the estimation of the precursor
regime with macroscopic tools. Another remarkable result was the finding that the rheology is
governed by the kind of terminating polyelectrolyte of the PEM film.

The role of the layer number and the terminating polyelectrolyte were investigated in a sec-
ond set of experiments, thereby focusing on the rheology at high shear stresses. At high shear
stresses, dense suspensions are expected to shear thicken. That is, their viscosity increases
with shear stress. The transition from Newtonian flow at medium shear stress to shear thick-
ening is a very sensitive measure for the relevant forces that govern the rheology, and hence
the experiments identify that at high shear stresses hydrodynamic forces dominate the inter-
particle interactions. Moreover, the strength of the hydrodynamic force depends again on the
terminating polyelectrolyte and is due to the specific porosity of the PEM film.

Following experiments investigated the role of the terminating polyelectrolyte in more detail.
Systematic variation of the polyelectrolyte conformation and the ionic strength of the back-
ground fluid showed that the terminating polyelectrolyte behaves similar to polyelectrolyte
brushes. This finding gives rise to the assumption that terminating polyelectrolyte acts like
a hairy layer and the particles can be seen as hairy core-shell particles, which share some
properties with multiarm star polymers.



Zusammenfassung

In den letzten zwei Jahrzehnten hat das gezielte Einstellen der Eigenschaften von weicher
Materie mehr und mehr technologische und wissenschaftliche Bedeutung erreicht. Aus dem
Bedürfnis nach weicher Materie mit definierten und einstellbaren rheologische Eigenschaften,
entstand eine Fülle neuer kolloidaler Systeme. Prominente Beispiele sind Multiarm - Stern-
polymere, Mikrogele, temperatursensitive Kolloide, und kolloidale Gele. Diese Systeme sind
darauf maßgeschneidert die, für solch komplexe Materialien ungenügend verstandene, Korre-
lation der mikroskopischen Wechselwirkungen mit ihrem makroskopische Materialverhalten
zu untersuchen. Die Wechselwirkungen zwischen den Partikeln werden durch die chemis-
che Synthese kontrolliert oder sind stark mit dem Dispersionsmedium gekoppelt. Dies ist
ein schwerwiegender Nachteil der etablierten kolloidalen Systemen. Wünschenswert wäre ein
kolloidales System, das eine hohe Flexibilität bei der Änderung der Einstell-Parameter mit
einer schnellen und kostengünstigen Produktion vereint. Polyelektrolytmultlagen modifizierte
Kolloide sind eine relativ neues und vielversprechendes kolloidales System, von dem erwartet
wird, dass es die vorher genannten Nachteile der etablierten Systeme überwinden kann.

Zum ersten Mal untersucht diese Arbeit die Mikro - Makro - Wechselwirkungen von mit
Polyelektrolyt Mutlilagen (PEM) modifizierten Kolloiden. Dabei liegt der Fokus auf dichten
kolloidalen Suspensionen, für die die Bewegung einzelner Partikel stark von den benach-
barten Partikeln eingeschränkt wird. Dann zeigen die Suspensionen gleichzeitig elastische
und viskose Eigenschaften, mit dominierendem festkörperartigem Verhalten in Ruhe, einer
Fließgrenze, und dominierendem fluidartigem Verhalten bei großen Belastungen.

Die ersten Experimente in dieser Arbeit untersuchen die Auswirkungen der Lagenanzahl der
PEMs auf das rheologische Verhalten der Suspensionen. Bei wenigen Lagen Polyelektrolyt,
werden die rheologischen Eigenschaften von der inhomogenen PEM Oberfläche, und den da-
raus resultierenden lokalen Wechselwirkungskräften, bestimmt. Die Suspensionen verhälten
sich spröde, was darauf zurückzuführen ist, dass die lokalen Wechselwirkungskräfte in radi-
aler Richtung zwar stark sind, unter einer Scherbeanspruchung aber leicht überwunden werden
können. Dieses Verhalten kennt man von Kühlschrank Magneten. In dem rheologischen Ver-
halten, zeigt sich dieser Effekt, wenn man die Scherkräft an der Fließgrenze mit den elastischen
Kräften der Mikrostruktur vergleicht. Das Verhältnis von Fließgrenze zu Elastizität nimmt
mit zunehmender Anzahl an Polymer Lagen ab, und erreicht einen konstanten Wert wenn die
PEM Oberfläche sehr homogen ist. Dieses Ergebnis gibt einen ersten Anhaltspunkt wie sich
die Mindestanzahl an Polyelektrolyt Lagen für die Herstellung reproduzierbarer Kolloide mit
makroskopischen Methoden abschätzen lässt. Ein weiteres bemerkenswertes Ergebnis war die
Feststellung, dass das Fließverhalten wesentlich durch die äußerste Polyelektrolyt Lage des
Multilagen Films bestimmt wird.

Die Rolle der Anzahl an Polyelektrolyt Lagen, und der äußersten Polyelektrolyt Lage wurde
in weiteren Experimenten näher untersucht. Dabei lag der Schwerpunkt auf dem rheologis-



chen Verhalten bei großer Scherung. Bei großen Scherspannungen wird bei dichten Suspen-
sionen Scherverdickung, also eine Zunahme der Viskosität mit der Scherspannung, erwartet.
Der Übergang von Newtonschen Fließen bei mittleren Scherspannung zu Scherverdickung bei
großen Scherspannungen ist ein sehr empfindliches Maß für die wirkenden Kräfte die das
rheologische Verhalten bestimmen. Die Versuche zeigten, dass bei großen Scherspannungen
die hydrodynamischen Kräfte das rheologische Verhalten bestimmen. Wie stark die hydro-
dynamischen Kräfte sind, hängt von der äußersten Lage an Polyelektrolyt ab, und ist auf die
jeweilige Porosität des Multilagen Films zurückzuführen.

Anschließende Experimenten untersuchten die Rolle der äußersten Polyelektrolyt Lage im De-
tail. Die systematischen Variation der Konformation der Polyelektrolyte während der PEM
Herstellung, sowie die Variation der Ionenstärke des Dispersionsmediums zeigte, dass Kolloide
mit Multilagen Filme aus bürstenartigen Polyelektrolyten eine höhere Fließgrenze aufweisen
als solche aus langgestreckten Polyelektrolyten. Dieses Ergebnis gibt Anlass zu der Annahme,
dass sich die äußerste Polyelektrolyt Lage wie eine haarige Schicht verhält und die Partikl
als haarige Kern-Schale-Partikel mit ähnlichen Eigenschaften wie zum Beispiel Multiarm -
Sternpolymere angesehen werden können.
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1

Introduction

1.1 Polyelectrolyte Multilayer Modified Colloids

The tuning of the properties of soft materials has reached more and more technological and
scientific significance. A wealth of new colloidal systems emerged from the need of soft ma-
terials with well-defined, and adjustable, rheological properties. Prominent examples are mul-
tiarm star polymers, microgels, thermosensitive colloids, and depletion gels. These systems
are tailored to correlate microscopic interparticle interactions with macroscopic mechanical
behavior. The interparticle interactions are controlled at the synthesis level or strongly cou-
pled to the chemical composition of the background fluid. Each of the both points constitute a
serious drawback of the before mentioned colloidal systems. What lacks is a colloidal system
that combines high flexibility in changing the tuning parameters with fast and cost effective
production. Self-assembled polyelectrolyte multilayer modified colloids are a relatively new
and promising colloidal system that is expected to overcome the drawbacks of the established
systems.

Immersing a charged colloid into an aqueous solution of oppositely charged polyelectrolytes
(PEs) starts a self-assembly process that finishes with an adsorbed polyelectrolyte monolayer.
This self-assembled monolayer reverses the surface charge of the colloidal template. Thereby,
the surface charge is complexed with only a few per cent of the polyelectrolyte charges [1, 2].
Due to such charge overcompensation, an additional polyelectrolyte layer, which has to be op-
positely charged again, can be subsequently adsorbed onto the self-assembled monolayer. Con-
tinuously repeated adsorption of alternating charged polyelectrolyte layers leads to nanometer-
thin polyelectrolyte multilayer (PEM) films. This layer-by-layer (LbL) self-assemlby tech-



1 Introduction

nique was invented in the 1990’s and has now established itself as a versatile tool for PEM
assembly [3, 4]. The LbL technique is even more important as the PEM films can be assem-
bled onto templates of organic and a inorganic matter [5–8].

The thickness and roughness of a PEM film are strongly influenced by the salt concentration of
the deposition solution; the higher the salt concentration the thicker and rougher are the PEM
films. Typically, the thickness of a single PE layer is of the order of several nanometers. The
underlying mechanism that dictates the thickness and roughness of the PEMs is the electro-
static screening due to counter ions of the dissolved salt. In salt free solution, the charged side
groups of the PEs repel each other and the PE adopts its most elongated conformation, which
results in reasonably smooth films. With increasing salt content, the screening increases and
hence, the side groups converge and the PE adopts a brushy conformation. Especially when the
polyelectrolytes adsorb in a brushy conformation, tails and loops from the terminating layer
dangle into the surrounding background fluid. Hence, polyelectrolyte multilayer modification
of colloids results in core-shell (flatly adsorbed PEs), or hairy core-shell (brushy adsorbed PEs)
particles.

1.2 Dense Suspensions

In this thesis, we refer to dense suspensions as colloidal systems at high, typically φ > 0.4,
solid-to-liquid volume fractions. A good review of the rheology of dense suspension gives
Stickel et al. in [9]. At this high volume fraction, the suspensions exist as amorphous mate-
rials. The amorphous microstructure, as exemplarily shown by Fig. 1.1, is the origin of quite
remarkable features. At rest, the suspensions are jammed and behave solid-like, but yield and
flow under an applied shear stress [10, 11]. For more than two decades, scientists are puzzled
about this solid-to-liquid transition and nowadays it became evident that more effort has to be
done in relating microscopic interparticle interactions to macroscopic material behavior [12–
15].

Moreover, dense suspensions are ubiquitous in products of every day life, such as toothpaste,
food products, paint, ink, ceramics [18, 19]. Considering their enormous economic signifi-
cance as well as environmental aspects, it is of great practical interest to optimize the man-
ufacturing processes of dense suspension based products. Such processes are dictated by the
rheology of the specific suspension and hence it is crucial to tailor their mechanical behavior.
This is typically done by nano scale tuning the interparticle interactions [20].

5
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Figure 1.1: Amorphous microstructure of a dense suspension, φ = 0.4, of unmodified col-
loids (radius 2.5 µm). The image was taken in a small gap shear cell [16, 17] after
moderate shearing.

1.3 Thesis Outline

Using rheological methods, this thesis examines the macroscopic effects of polyelectrolyte
multilayer modification to manufacture microscopically tunable dense colloidal suspensions.
The thesis is composed of 7 chapters, where the first three chapters briefly introduce the moti-
vation, measurement methods, and materials that build the basis of the thesis. The subsequent
chapters are self-contained reports that may be read separately. They deal with the following
micro-macro interactions:

• Chap. 4: Yielding and Structural Relaxation in Soft Materials

Microscale: Material is characterized by structural disorder and metastability

Macroscale: Material responds with ultra slow relaxation dynamics

• Chap. 5: Systematic Modification of the Rheology of Dense Suspensions with PEMs

Microscale: Systematic variation of PEM film thickness as function of terminating
polyelectrolyte

Macroscale: i) Thin films (precursor regime) reveal ill-defined rheology, thick
films (multilayer regime) rheologically are well-defined; ii) Terminating polyelec-
trolyte determines elastic modulus and yield stress

6
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• Chap. 6: Impact of Brushy PEMs on Viscoelasticity in Dense Suspensions

Microscale: Variation of terminating polyelectrolyte for brushy PEM films

Macroscale: Yield stress, shear thickening, and viscoelasticity depend on the PEM
termination

• Chap. 7: Effect of polyelectrolyte conformation during multilayer assembly

Microscale: Systematic variation of PEM conformation (film roughness)

Macroscale: Yield stress is a function of PEM conformation (film roughness)

7
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Experimental Techniques

2.1 Rheology

Colloidal suspensions can be viscoelastic or viscoplastic. This means they exhibit liquid-like
but also solid-like behaviour. Therefore, an important rheological feature is the yield stress that
triggers the transition between liquid-like and solid-like behavior [21]. Several measures exist
to characterize yield stress fluids. One of those measures is the static yield stress. In viscoelas-
tic suspensions, the static yield stress is the maximum stress up to which the suspension elas-
tically deforms. Above the static yield stress, the suspension irreversibly deforms and starts to
flow. Besides the static yield stress there exists the concept of the dynamic yield stress [22]. In
viscoplastic suspensions, the dynamic yield stress indicates the minimal (plateau) stress which
is required to achieve a stable flow. This implies, that the dynamic yield stress is a function
of the measurment time [23? –25]. Besides the yield stress, the most important measures are
the viscosity and the elastic modulus, respectively describing the liquid-like and the solid-like
properties. The reader can find a comprehensive introduction to the theory of viscoelasticity,
for example, the textbook of Christensen [26].

In the following, we will introduce the rheological techniques that are used in this work. First,
we focus on the standard techniques, which can be found in textbooks like that of Mezger [27],
and afterwords, we switch to modern techniques that are just emerging.



2 Experimental Techniques

2.1.1 Workhorse Techniques

Steady Shear Experiments

• Strain-Rate Controled Measurements – Strain-rate experiments with decreasing strain-
rate γ̇ and measured shear stress σ are suitable to determine the dynamic yield stress σHB.
Transient experiments with increasing strain-rate and well-defined shear-time can serve
to investigate static and dynamic yield stress. For this purpose, Heymann and Aksel [25]
proposed a transient strain-rate ramp

γ̇(t) = γ̇0 (γ̇∞/γ̇0)
t/τr , (2.1)

which naturally defines a characteristic shear-time per strain-rate step. This shear-time
depends on the overall number of steps. In Eqn. (5.1) are γ̇0 and γ̇∞ the initial and final
strain-rates, respectively, and τr denotes the ramp-time.

• Stress Controled Measurements – During stress controled experiments, the shear stress
σ is increased and the strain γ , as well as the strain-rate γ̇ , is recorded. At low stresses,
the solid-like properties can be characterized by the elastic modulus G = σ/γ , whereas
at high stresses the fluid-like properties are given by the viscosity η = σ/γ̇. This type
of measurement is appropriate to estimate the static yield stress σy.

Oscillatory Shear Experiments

• Frequency Sweep Measurements – In frequency sweeps, the strain amplitude γ0 is
kept fixed and the frequency ω decreases. These experiments are performed in the lin-
ear regime to ensure that G′(ω) and G′′(ω) keep their physical meaning. Then, the
frequency sweep gives the relaxation spectrum of the colloidal suspension.

• Strain Sweep Measurements – Strain sweep experiments are performed at fixed angu-
lar frequecy ω and increasing strain amplitude γ0. During the strain sweeps, the elastic
modulus G′(γ0) and the viscous modulus G′′(γ0) are recorded. To estimate the limit
of the linear regime, strain sweeps are commonly used as a prerequisite to frequency
sweep measurements. It is worth to note that strain sweeps also serve to estimate the
yield stress [28, 29].

9
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2.1.2 Advanced Rheological Methods

The former introduced higher rheological data analysis techniques open up a door to new
rheological methods. Two of them are used in this work, namely:

• Constant-Rate Experiments – Strain-rate sweep experiments are performed at a fixed
strain-rate amplitude γ̇0. This can be achieved by increasing the strain amplitude γ0

while the angular frequency ω decreases simultaneously. During the strain-rate sweeps,
the elastic modulus G′(γ0,ω) and the viscous modulus G′′(γ0,ω) are recorded.

• Fourier-Transform Rheology – At large strain amplitudes γ0, the stress response, σ0(γ0,ω)
is a function of strain, γ0, and angular frequency, ω . With increasing strain and freuqency,
the stress responds more and more non-linearly [30]. One common method to charac-
terize non-linear rheology data, is to identify the higher harmonics of the stress signal
using Fourier Analysis. This method has established as Fourier-Transform (FT) Rheol-
ogy [31, 32].

• Stress Decomposition Method – A relatively new alternative method to deal with non-
linear rheology data is the Stress Decomposition Method (SDM) [33]. The general idea
behind the SDM is the decomposition of the stress response in an elastic and viscous
part. Higher harmonics can be included in the analysis by Chebyshev polynomials of
the first kind [34].

• Strain-Rate Frequency Superposition – Similar to the famous time-temperature super-
position principle [21], the G′(γ0,ω) and the G′′(γ0,ω) curves can be superposed onto a
master curve [35]. The Strain-Rate Frequency Superposition (SRFS) is limited to linear
rheology. This thesis extends the SRFS to non-linear rheology in Chap. 4.

2.2 Atomic Force Microscopy (AFM)

An atomic force microscope (AFM) can be used to image surface topographies within sub - nm
resolution. The second main application field is the measurement of interaction forces between
the probe and the sample. Hereby, the force resolution ranges from few pN to several nN. A
recent review of the technique behind atomic force microscopy and its applications gives Butt
et al. in [36], and so the following sections provide only the basis understanding.

10
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Figure 2.1: Cluster of polystyrene spheres, diameter 5 µm, imaged by using an atomic force
microscope (AFM). The image to the right shows the same cluster but the image is
flattened to obtain a 2 dimensional representation.

2.2.1 Basic Principles of AFM

The heart of an AFM is the probe, which can be a sharp tip, a colloid or even single molecules.
The probe is located at the free end of a flexible cantilever. When the probe has contact with the
sample or when it experiences attractive or repulsive interaction forces, it bends the cantilever.
Then, the resulting cantilever deflection is measured by an optical device. The measured de-
flection can be further processed to obtain an image of an arbitrary sample topography or it is
converted into a force measure.

2.2.2 AFM Imaging

The AFM images in this work, for an example see Fig. 2.1, are grabbed in the intermittent

contact mode. In this mode, the cantilever tip oscillates with a frequency close to its resonance
frequency (typically a few hundred kHz). The amplitude of the oscillation is set by the user
and depends on the specific cantilever characteristics. The oscillating cantilever moves over
the sample so that the tip makes contact with the sample only at maximum deflection. Then,
a feedback loop permanently readjusts the amplitude. The adjusted length serves as a height
measure for the topography of the sample. Close to contact, the oscillations are damped due to
the stiffness of the sample or as a result of occuring adhesion forces. Therefore, the phase lag
between the driving freqency and the measured oscillation frequency encodes information of
the physicochemical surface properties of the sample.

The main advantage of this method is that the probe is only for a short time in contact with the
sample which strongly reduces effects due to shearing the sample or tip abrasion.

11
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2.3 Surface Charge and Particle Size Measurements

2.3.1 Zeta-Potential

The materials section will later on reveal that we deal with charged particles. In general, a
charged solid surface that is immersed into an aqueous liquid is surrounded by several layers
of liquid molecules and counter ions that adhere to the surface. Hence, when the solid moves,
the shear plane is located at a distance δ away from the solid-liquid interface. The electric
potential at the shear plane is defined as the zeta-potential, ζ . Throughout this thesis, the
zeta-potential serves as a sufficiently good approximation of the surface charge of the colloids.

2.3.2 Electrophoresis for Zeta-Potential Measurement

It is relatively easy to estimate the zeta-potential using electrophoresis. Electrophoresis is the
responding movement of a charged particle in an applied electric field. Thereby, the velocity
of the particle, v, is proportional to the zeta-potential, v ∝ ζ , with the proportionality constant
as a function of permittivity, electric field strength and inverse dynamic viscosity. The zeta-
potential is estimated from the measured v. In this thesis, zeta-potential measurements are
performed on a Nanosizer ZS (Malvern). This device uses a patented laser interferometric
technique called M3-PALS (Phase Analysis Light Scattering) to determine the particle velocity
as a function of the applied field.

The assumptions for the validity of the zeta-potential are (i), the electric double layer is not
disturbed through the relative movement of the particle and the Poisson-Boltzmann equation
is valid, and (ii), the electric field is homogeneous and not disturbed by the charged particle.
Please find a more detailed discussion of charged surfaces and the resulting electrostatics in
standard textbooks [37, 38] and recent reviews [39]. To match these conditions, there exists
an optimum particle concentration for electrophoresis, which is determined by successively
diluting a master suspension. The zeta-potential is estimated for each concentration of the
serial dilution as depicted in Fig. 2.2.

2.3.3 Dynamic Light Scattering For Particle Size Measurement

In this thesis, particle size measurements are performed on a Mastersizer 2000 (Malvern). In
this device, particles pass through the focus of a laser beam and the scattered light is evaluated.
The Mastersizer uses the Mie scattering model which enables the device to measure particle

12



2 Experimental Techniques

(a) 10−1 (b) 5 ·10−2 (c) 10−2 (d) 5 ·10−3 (e) 10−3 (f) 5 ·10−4

Figure 2.2: Serial dilution for measuring the zeta potential. The given values denote the
particle concentration in mol/L. The optimum particle concentration is at about
10−3 mol/L, picture (e).

sizes in the micron range. In the Mie scattering model, the scattering angle, θ , is inversely
proportional to the particle radius, θ−1

∝ a. The literature provides a detailed theory on the
Mie scattering model [40, 41]

13



3

Polyelectrolyte Multilayer Modified Colloids

3.1 Polyelectrolyte Multilayers (PEMs)

Polyelectrolyte multilayers can be built from a wide variety of polyelectrolytes. The litera-
ture provides several recent reviews [4, 42, 43]. Since the aim of the thesis is to study the
effect of PEM specific phenomena on the rheology of dense suspensions, throughout the the-
sis, a single polyanion/polycation pairing is used, namely (PDADMAC/PSS). This is one of the
most studied polyelectrolyte complexes, where the both polyelectrolytes, poly(diallyldimethyl-
ammonium chloride) (PDADMAC) and poly(styrenesulfonate) (PSS), are strong polyelec-
trolytes. In contrast to weak polyelectrolytes, strong polyelectrolytes fully dissociate over a
wide range of solvent pH. Table 3.1 lists common properties of the both polyelectrolytes.

During the LbL process, the ionic strength of the solution determines the conformation of the
adsorpt PEs. High ionic strength (> 0.5 mol/L) results in a brushy PE conformation, while
low ionic strength (< 0.5 mol/L) leads to a flat conformation. The origin of the different poly-
electrolyte conformations lies in the electrostatic repulsion of the charged polyelectrolyte side
groups: at low ionic strength, the charged groups repel each other and the chains are largely

Table 3.1: Used strong polyelectrolytes for PEM film assembly.
Name Molecular Formula Mw / ( kg/mol)

PSS −(CH2CH(CH2NH2HCl)– 70
PDADMAC −(C8H16NCl)− 100-200
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Figure 3.1: Setup for polystyrene particle synthesis.

stretched. Besides affecting its surface properties, the PE conformation determines the thick-
ness of the PEM, which is of the order of 100 nm for a brushy, 10 nm for a flat conforma-
tion [44, 45].

3.2 Polysterene Microspheres as PEM Templates

In this thesis, latex particles serve as substrates for the PEM coating. The properties of the
particles have to meet several experimental requirements, such as electrically charged surface
(PE adsorption), monodispersity (rheology), and micron size (cp-afm). As an other crucial
demand, a single measurement campaign requires typically about 1 kg of particles. Since the
output on particles per synthesis batch is limited to about 200 g, several batches have to be
mixed. Therefore, the synthesis method has to deliver particles of similar size and surface
composition over all synthesis batches. To meet these demands, this thesis uses dispersion
polymerization of polystyrene (PS) in ethanol [46–50]. Thereby, PS particles are made from
the following recipe by using the setup depicted in Fig. 3.1

The styrene monomere (200 g), poly(vinylpyrollidone) (PVP K30, 32 g) as stabilizer, nonionic
surfactant (Triton X-305, 11.2 g) as co-stabilizer, and ethanol (800 g) were weighed into a 2 l
three-neck reaction flask. The filled flask was placed in a 75 ◦C oil heating bath and per-
manently stirred at 70 1/min. A starter solution with styrene monomere (40 g) and initiator
2 2’-azobis-(2-methylbutyronitrile) (AMBN, 8 g) was mixed in a beaker glass and homoge-
nized by a magnetic stirrer at 40 ◦C. The reaction was initiated, when the starter solution was
poured into the polymerization solution. After 24 hours, the solution was cooled down to room
temperature to stop the polymerization. The particles were washed four times with ethanol by

15
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Figure 3.2: Particle size distribution of four syntheses batches with similar particle size, mean
radius a = 2.5 µm. These batches can be safely mixed to achieve about 1 kg quasi
monodisperse PS particles.

centrifugation and decanting the supernatant. Subsequently, the particles were dried and sieved
(20 µm mesh size) to remove any larger aggregates.

The particle size is estimated by dynamic light scattering (DLS) and microscopy. Please have
a look to Sec. 2.3.3 for a description of these methods. Throughout this thesis, particles have a
mean radius a = 2.5 µm and a polydispersity of about 3%, as shown in Fig. 3.2.

The particles are sterically stabilized through the poly(vinylpyrollidone), which builds an about
10− 20 nm thick corona [51]. Zeta potential measurements revealed a surface charge of about
ζ =−55 mV, Fig. 3.3.

3.3 Polyelectrolyte Multilayer Modification

The polyelectrolytes were purchased from Sigma Aldrich and used without further purifica-
tion. Deposition solutions were prepared dissolving monovalent salt, NaCl or KCl, in ultra
pure water at the desired concentration. In this thesis, up to three different salt concentra-
tions, 0.01, 0.5, and 1 mol/L, were used for the preparation of the deposition solution. The
polyelectrolytes, PDADMAC and PSS, are added at a concentration of 0.01 mol/L.

The complete preparation takes place in centrifugal beakers. Separate centrifugal beakers were
used for polyanion and polycation deposition. The PS particles were added to the deposition

16



3 Polyelectrolyte Multilayer Modified Colloids

Figure 3.3: Surface charge in terms of ζ -potential versus layer number for the experimental
batch depicted in Fig. 3.2.

solution under permanent stirring and immediately placed in a lab shaker. The shaker induces
a shear flow within the centrifugal beakers which prevents particle agglomeration and supports
polyelectrolyte adsorption [52]. After 30 min of shaking, the particles were washed by cen-
trifugation at 3000 1/min, and subsequently decanting and replacing the supernatant by fresh
electrolyte (i.e. deposition solution without added polyelectrolyte). The washing cycle was
repeated three times prior to the subsequent adsorption step.

Adding a polyelectrolyte layer reverses the sign of the ζ -potential. The ζ -potential is about
+25 mV for PDADMAC and −55 mV for PSS terminated samples, as seen in Fig. 3.3.
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4

Yielding and Structural Relaxation in Soft

Materials

4.1 Abstract

Rheological properties of soft materials are often investigated in oscillatory shear and charac-
terized by the storage and loss modulus, G′ and G′′, respectively. Unfortunately, the relaxation
dynamics of most soft materials is too slow to be directly probed by commercial rheometers.
Recently, it was shown by Wyss et al. [Phys. Rev. Lett. 98, 238303 (2007)], that the applica-
tion of an oscillating strain-rate drives such soft materials and shifts the structural relaxation
to higher times. They called this experimental technique strain-rate frequency superposition
(SRFS). The great benefit of SRFS is the extremely extended frequency range. As viscoelastic
measures, Wyss et al. proposed the familiar storage and loss modulus. Using these moduli
results in a serious drawback: When the material yields, nonlinearities appear and the physi-
cal interpretation of the storage and loss modulus breaks down. Thus, SRFS as proposed by
Wyss et al. is limited to the linear regime and the benefit of the extended frequency regime
vanishes. In the present work, we validate an alternative data analysis technique, recently es-
tablished as the stress decomposition method (SDM) [J. Rheol. 49, 747 (2005), J. Rheol. 52,
1427 (2008)], for the combination with SRFS. The use of SDM provides a physical interpre-
tation of the linear and nonlinear SRFS data in terms of strain-stiffening/-softening as well as
shear-thickening/-thinning.
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4.2 Introduction

Especially at the yield transition, the rheology of many soft materials exhibits surprisingly
universal features. The investigation of this yield behavior is hindered by the dominance of
ultraslow relaxation processes [53]. Recently, Wyss et al. [35] proposed a method to access
these ultraslow structural relaxation processes. The basic idea of their strain-rate frequency
superposition (SRFS) method is to drive the soft material by the application of an constant
strain-rate amplitude in oscillatory rheology. Then, the relaxation dynamics are visualized in
a spectrum plot of the complex shear modulus G∗(ω) = G′(ω)+ iG′′(ω) versus the angular
frequency ω . The real part, the storage modulus G′, represents the elastically stored energy
during an oscillatory cycle, while the imaginary part, the loss modulus G′′ represents the energy
loss during the same cycle. Both moduli, obtained from several constant-rate sweeps with
varying amplitude, can be shifted along the frequency axis to create a master curve. The master
curve dramatically extends the frequency range of the relaxation spectrum in the direction to
low frequencies (long relaxation times ω−1).

There is an exploding interest in the SRFS method, as can be seen by its successful application
to a broad variety of soft materials like suspensions [35, 54], emulsions [35, 54], foams [35],
polymeric systems [55, 56], interfacial particle monolayers [57, 58] or soft tissues [59]. Un-
fortunately, in all cited works, the constant-rate sweeps are performed at low frequencies and
large strain amplitudes – a regime in which a nonlinear stress response is expected. If so, the
reported storage and loss moduli only capture the base wave G′ →G′

1 and G′′ →G′′
1 , and can no

longer serve as a measure for the elastically stored or viscously dissipated energy [60]. There-
fore, the physical meaning of the reported master curves is somewhat arbitrary. A possible
way to extend SRFS to the nonlinear regime was proposed by Kalelkar et al. [61]. The authors
of [61] used Fourier-Transform (FT) rheology [32] to decompose the nonlinear stress response
to an applied sinusoidal strain by a Fourier series, with the Fourier coefficients representing
the nth-order moduli G′

n and G′′
n , respectively [26]. However, the higher-order moduli also

have no clear physical meaning. Hence, the higher-order moduli fail to interpret the nonlinear
structural relaxation in a physically meaningful sense. But such a physical interpretation is es-
sential to explore the rheological properties of soft materials and to improve the understanding
of still less-understood soft matter phenomena like yielding or shear-banding. A truly nonlin-
ear physical interpretation of these phenomena might have an impact on basic research for the
investigation of jamming or glass transition as well as for the development and improvement
of constitutive models [62, 63].

The main goal of the present work is to propose such a nonlinear physical interpretation of the
yield transition as well as the structural relaxation. For this, we use an alternative approach
to FT rheology. The underlying principle of our alternative approach is based on the stress
decomposition method (SDM), recently developed by [33, 34]. In contrast to FT rheology, the
nonlinear measures obtained from SDM have a clear physical meaning like strain-stiffening/-
softening or shear-thickening/-thinning.
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In this work, we validate the stress decomposition method (SDM) as a tool to analyze ex-
perimental data from strain-rate frequency superposition (SRFS). We show that a stress de-
composition in the deformation domain fully recovers the features obtained by the Fourier
decomposition in the time domain. Further, we demonstrate that SDM gives a more detailed
insight into the local viscoelastic behavior of soft materials than any other method at hand.
Using the stress decomposition method, we quantify important material properties like strain-
stiffening/-softening or shear-thickening/-thinning of a soft material and show their evolution
with the relaxation frequency. Finally, we emphasize the importance of the strain-rate on the
viscous material properties, especially when the material starts to yield.

The structure of this work is as follows. In the next section, we start with a recapitulation of the
used data analysis techniques – FT rheology and SDM. This theoretical background provides
the basis for the experiments which we present in section 7.4. There, we firstly prepare a
rheological fingerprint of our soft material. With the help of this fingerprint, we show that
SRFS recovers the characteristic features of the deformation domain. After that we compare
the results from SRFS, analyzed by FT rheology with those analyzed by SDM. Finally, in the
last section we sum up our results.

4.3 Theoretical Background

4.3.1 Fourier-Transform (FT) Rheology

The basic idea of FT rheology is the decomposition of the oscillating stress response σ(t;ω ,γ0)
of an isotropic, viscoelastic material to a sinosoidal applied strain

γ(t) = γ0 sin(ωt) (4.1)

by a Fourier series according to:

σ(t;ω ,γ0) =γ0 ∑
n:odd

G′
n(ω ,γ0)sin(nωt)

+γ0 ∑
n:odd

G′′
n(ω ,γ0)cos(nωt) . (4.2)

In this decomposition, the Fourier coefficients represent the nth-order moduli G′
n and G′′

n , re-
spectively [26]. They can be calculated corresponding to:

G′
n(ω ,γ0) =

|σn|
γ0

cos(δn) and

G′′
n(ω ,γ0) =

|σn|
γ0

sin(δn) , (4.3)
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with the magnitude of the stress harmonics |σn|, and the phase δn corresponding to the applied
strain. Since the stress response must be independent of the shear direction, only odd terms
contribute to the Fourier series. The occurence of even terms in experimental data can be due
to boundary effects, like wall slip [64, 65] or edge fracture [66], or flow inhomogeneities such
as secondary flows [67].

Based on the constitutive model of a nonlinear viscoelastic material developed by Green and
Rivlin [68], Ganeriwala and Rotz [69] showed that the dissipated energy per volume during a

full oscillation cycle Ed(t;ω ,γ0) =
∫ 2π/ω

0 σdγ is solely a function of the loss modulus, Ed =
πγ2

0 G′′
1 , and hence:

G′′
1 ∝ Ed . (4.4)

This relation was recently experimentally verified for several soft materials by Kalelkar et

al. [61]. Hence, it is plausible that all occurring higher-order moduli, G′
n and G′′

n>1, have to
contribute to a reversible stored energy. As a measure for the stored energy, we propose a
generalized modulus

G̃′ =
n:odd

∑
1

G′
n +

n:odd

∑
3

G′′
n . (4.5)

4.3.2 Stress Decomposition Method (SDM)

Because of the time-dependence of the applied strain γ(t) after equation (4.1), the samples also
experience a strain-rate

γ̇(t) = γ̇0 cos(ωt) , (4.6)

with the strain-rate amplitude γ̇0 = γ0ω . Then it is obvious to decompose the resulting stress
σ(t;γ, γ̇) in an elastic stress σ ′(t;γ) in phase with the strain, and a viscous stress σ ′′(t; γ̇) in
phase with the strain-rate [33, 70]:

σ(t;γ, γ̇) = σ ′(x)+σ ′′(y) , (4.7)

with x = γ(t)/γ0 = sin(ωt) and y = γ̇(t)/γ̇0 = cos(ωt) designating the normalized strain and
strain-rate, respectively. The single-valued functions of the elastic and viscous stress, respec-
tively, can be approximated using Chebyshev series [34]:

σ ′(x) = γ0 ∑
n:odd

en(ω ,γ0)Tn(x) ,

σ ′′(y) = γ̇0 ∑
n:odd

vn(ω ,γ0)Tn(y) . (4.8)
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Here Tn is the nth-order Chebyshev polynomial of the first kind, and en and vn are the elastic
and viscous Chebyshev coefficients, respectively. The choice of Chebyshev polynomials of
the first kind was motivated by Ewoldt et al. [34] due to the following reasons: they (i) are
bounded, (ii) exhibit odd symmetry about x = 0 and (iii) form an orthogonal basis over the
finite integration domain [-1,+1] (because −1 ≤ x, y ≤+1).

A physically meaningful interpretation of the higher-harmonic stress contributions was given
by Ewoldt et al. [34] through the elastic and viscous Chebyshev coefficients: any positive
contribution of, for example, the third-order Chebyshev polynomial T3(x) = 4x3 − 3x [71]
must result in a higher elastic stress at the maximum dimensionless strain at x → 1, than the
elastic stress contribution represented by the first-order Chebyshev polynomial T1(x) = x alone.
Ewoldt et al. argued that the third order is the leading order and introduced the elastic and
viscous Chebyshev intensities e3/e1 and v3/v1, respectively. While the first-order Chebyshev
polynomials are always positive, e3/e1 indicates strain-stiffening when it has a positive sign,
whereas a negative e3/e1 indicates strain-softening. Analogously, a positive v3/v1 indicates
shear-thickening, while a negative v3/v1 indicates shear-thinning.

Nevertheless, there may exist soft materials, where it is not sufficient to take only the third
order contribution into account [72]. To allow for significantly higher-harmonic contributions,
we introduce the higher-order elastic and viscous Chebyshev intensities

E =
n:odd

∑
3

en/e1 ,

V =
n:odd

∑
3

vn/v1 , (4.9)

respectively. In equation (4.9), the individual terms en/e1, vn/v1 may have a negative or pos-
itive sign. Hence, E and V indicate the overall shear-thinning/-thickening behavior of the
material.

The viscoelastic moduli G̃′ and G′′
1 , as defined in section 4.3.1, and the higher-order Cheby-

shev intensities E and V quantify the average stress response over a full oscillation cycle. To
investigate the viscoelastic behavior within an oscillation cycle, Ewoldt et al. [34] introduced
the differential measures minimum-strain modulus and the minimum-rate dynamic viscosity,

G′
M =

dσ

dγ

∣

∣

∣

∣

γ=0

= ∑
n:odd

nG′
n = e1 − 3e3 + . . . ,

η ′
M =

dσ

dγ̇

∣

∣

∣

∣

γ̇=0

=
1

ω ∑
n:odd

(−1)(n−1)/2nG′′
n = v1 − 3v3 + . . . , (4.10)
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respectively, which describe the viscoelastic properties at zero instantaneous strain and strain-
rate; and in a similar fashion, the large-strain modulus and the large-rate dynamic viscosity,

G′
L =

σ

γ

∣

∣

∣

∣

γ=±γ0

= ∑
n:odd

(−1)(n−1)/2G′
n = e1 + e3 + . . . ,

η ′
L =

σ

γ̇

∣

∣

∣

∣

γ̇=±γ̇0

=
1

ω ∑
n:odd

G′′
n = v1 + v3 + . . . , (4.11)

respectively, which characterize the viscoelastic behavior at maximum instantaneous strain and
strain-rate.

It is important to note that the differential measures, equations (4.10) and (4.11), can be ob-
tained via two different methods; geometrically from Lissajou figures, or by stress decomposti-
tion using FT rheology or SDM. Following the SDM approach to estimate G′

L and η ′
L as shown

by equation (4.11), the higher-order elastic and viscous Chebyshev intensities, equation (4.9),
may be interpreted as a reduced large-strain modulus E = G′

L/e1-1 and a reduced large-rate
dynamic viscosity V = η ′

L/v1-1.

4.4 Experiments

4.4.1 Rheological Fingerprint of a Model Polymer Gel

We used a strain controlled rheometer (ARES G2, TA Instruments) to apply a sinosoidal strain
according to equation (4.1) to the samples. We performed all measurements at 20 ◦C in a cone-
plate geometry (diameter 40 mm, cone angle 0.02 rad and gap truncation 0.027 mm) equipped
with a rough plate and a solvent trap to prevent wall slip and evaporation, respectively. For
data analysis, we recorded the data of 5 full cycles after waiting 10 full cycles for the sample
to reach a steady state. We interpolated the data, with a resolution of 5 data points in the strain
direction and 2 data points in the frequency direction.

As an experimental example, we report on the material properties of a commercial hair gel
(WetGel, REWE, Germany). This material exhibits dominant elasticity (e3/e1 ≈ 0) up to
strains of about γ0 = 20% as seen in figure 4.1(a). For larger applied strains, the gel stiffens,
quantified by a rising elastic intensity. The viscous Chebyshev intensity v3/v1 is visualized in
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Figure 4.1: Rheological fingerprint of (a) elastic, e3/e1, and (b) viscous, v3/v1 Chebyshev in-
tensities versus the frequency ω . As an indicator for the strain-stiffening/-softening
and the shear-thickening/-thinning transition, the zero isolines are marked by a
black solid line.

figure 4.1(b). This figure identifies a positive maximum at medium strains, revealing shear-
thickening. At larger strains (γ0 > 200%), the sign of v3/v1 changes and the material behavior
switches to shear-thinning. Both the elastic and viscous Chebyshev intensities are independent
of the angular frequency ω in the domain shown in figure 4.1.

The viscoelastic fingerprint in terms of the elastic and viscous Chebyshev coefficients extends
the range to the nonlinear domain, in which a physically meaningful interpretation of the rhe-
ological behavior is possible. But it is also obvious from figure 4.1, that such a fingerprint can
not give any information on the relaxation dynamics, since the measures are independent of
the frequency over the entire experimental range.
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Figure 4.2: (a) The generalized G̃′ and the loss modulus G′′
1 of the constant-rate tests plotted

against the frequency. The strain-rate amplitudes are 10−3 (squares), 10−2 (cir-
cles), 10−1 (diamonds), 100 (pentagons) and 101 (triangles) rad/s. The points with
connected lines show the first order elastic modulus G′

1. In the high frequency
limit, several G′′

1 curves rise proportional to c
√

ω (chain line). (b) Isolation of
the relaxation peak. (c) The corresponding shift factor b(γ̇0) versus the strain-rate
amplitude γ̇0.

4.4.2 Application of Strain-Rate Frequency Superposition (SRFS) to the

Polymer Gel

We scanned the deformation space of the rheological fingerprint (figure 4.1) with several
constant-rate sweeps and analyzed the data first by FT rheology and then by SDM to com-
pare the performance of both methods.

By means of FT rheology, we briefly introduce the SRFS procedure of Wyss et al. [35]. Raw
unshifted curves of the viscoelastic moduli are plotted in figure 4.2(a). We determine the
strain-rate independent elastic plateau modulus G̃′|γ̇0→0 = G̃′

0 (squares) and the strain-rate in-
dependent relaxation frequency ω(γ̇0)|γ̇0→0 =ω0 as references for the shifts, respectively along
the amplitude and the frequency axis. Unfortunately, ω0 is masked by the increasing G′′

1 with
increasing frequencies. This high frequency response is proportional to

√
ω (chain line), which
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allows to isolate the relaxation frequency. For this, we subtract the high frequency response
c
√

ω , c is a proportionality factor, from the raw G′′
1-data and shift them along the frequency

axis. This procedure results in a relaxation peak with a magnitude and shape that is inde-
pendent of strain-rate, as seen in figure 4.2(b). Figure 4.2(c) shows the frequency shift factor
b(γ̇0) as a function of the strain-rate amplitude γ̇0. Hence, the shift factors are defined as:
aG(γ̇0) = G̃′(γ̇0)/G̃′

0, b(γ̇0) = ω(γ̇0)/ω0.

4.5 Evaluation of the Experimental SRFS Data

4.5.1 Results from Fourier-Transform (FT) Rheology: Phenomenological

(Qualitative) Description of Structural Relaxation

First, we quantify the nonlinearity of the constant-rate sweep data. Therefore, we plot in
figure 4.3(a) the relative intensities of the nth-order stress contributions In/I1 = |σn|/|σ1|.

As expected, higher harmonic moduli appear with decreasing frequency and increasing strain-
rate amplitude. This observation helps us to identify in figure 4.3(a) three regimes: (i) in
small amplitude oscillatory shear (SAOS), ω/b(γ̇0)> 2× 10−1 rad/s, only the first-order mod-
uli contribute to the stress response, while (ii) moderate higher harmonic contributions appear
as the material yields (frequencies between 3×10−4 and 2× 10−1 rad/s), whereas in (iii) large
amplitude oscillatory shear (LAOS), In/I1 plateaus at 5% (I9/I1) to 20% (I3/I1). Note, ampli-

tude in the phrases “small amplitude oscillatory shear” (SAOS) and “large amplitude oscilla-
tory shear” (LAOS) refers to both, strain amplitude γ0 and strain-rate amplitude γ̇0.

The shapes of the generalized G̃′ and first order G′′
1 moduli given in figure 4.3(b) show the

typical features of a soft material with a frequency independent G̃′ > G′′
1 at high frequencies.

With decreasing frequencies, G̃′ decreases as well, while G′′
1 first passes through a maximum

at the relaxation frequency ω0/b(γ̇0) = ω0. Then, it subsequently decreases as a power law
G′′

1 ∝ ω−ν ′′
with ν ′′ = 1. The generalized modulus G̃′ diverges at a reduced frequency of about

3× 10−4 rad/s. For comparison with other works and validation of our experiments, we also
plot in figure 4.3(b) the first-order storage modulus G′

1 (connected points) and recognize that it

decreases also as a power-law G′
1 ∝ ω−ν ′′

with ν ′ = 1.7. This is in reasonable good agreement
with a Maxwell model in linear viscoelasticity, which predicts the relation ν ′ = 2ν ′′ [62, 73],
as well as experimental data reported in [35, 54–59].
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Figure 4.3: Relaxation spectrum obtained by FT rheology for several constant-rate sweeps. (a)
Non-linearity expressed through the intensity ratios In/I1. (b) Master curves of G̃′,
G′′

1 and, for comparison, G′
1 (connected points). Each color represents data from

a single constant-rate sweep. The inset shows the shift factors aG(γ̇0) (open) and
b(γ̇0) (solid) as functions of the corresponding strain-rate amplitudes.

4.5.2 Results from Stress Decomposition Method (SDM): Physical (Quan-

titative) Description of Structural Relaxation

In this section, we reinterpret the FT rheology data in the framework of the SDM with the
physical meaning of the higher-order elastic and viscous Chebyshev intensities, E and V , re-
spectively, after equation (4.9).

According to figure 4.3(b), we plot in figure 4.4 the master curves of the higher-order elastic
and viscous Chebyshev intensities, E and V , respectively, as a function of the reduced fre-
quency. Surprisingly, the E and V curves shift with the same b(γ̇0) as previously demonstrated
by the G̃′ and G′′

1 curves.
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In figure 4.4, the zero E and V values indicate the linear SAOS regime.

In the yield regime, V starts to increase, revealing a shear-thickening stress contribution, while
the elastic stress contribution remains linear (E ≈ 0). The increase in V in figure 4.4 coincides
with the increase of G′′

1 in figure 4.3(b), respectively linking the shear-thickening with the
increasing energy dissipation during yielding. The shear-thickening reaches its maximum at
the relaxation frequency ω0.

From this observation follows, that there is a universal relaxation mechanism that is indepen-
dently detected by FT rheology and SDM. This is also expressed through the existence of a
single frequency shift factor b(γ̇0) = ω(γ̇0)/ω0 for all experiments.

The shear-thickening peak is accompanied by the onset of strain-stiffening (E > 0). In the fol-
lowing sections, we will discuss the relation of this yield transition to the structural relaxation
in more detail.

The nonlinear LAOS regime is characterized by two features, a shear-thinning contribution
with a constant value V of about -0.125 and a diverging strain-stiffening at a frequency ω/b(γ̇0)
≈ 4× 10−4 rad/s which is similar to the abrupt decrease of G̃′ in figure 4.3(b), indicating the
dramatic loss in the ability to reversibly store energy.

The fact that the first-order modulus G′′
1 dominates the nonlinear behavior of the viscous mea-

sure V , verifies the assumption that in FT rheology the higher-order moduli, G′
n and G′′

n>1,
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contribute to the reversibly stored energy after equation (4.5) and hence our proposed general-
ized modulus G̃′ serves as an appropriate nonlinear viscoelastic measure in FT rheology.

4.5.3 Cycle Averaged Viscosity

The sample shows the typical behavior of a shear-thinning pseudoplastic material. A more fa-
miliar representation of shear-thinning as a plot of G′′

1 gives the dynamic viscosity η ′
1 = G′′

1/ω .
The η ′

1 curves are shifted along the frequency axis by the use of the same shift factors b(γ̇0)
as previously for G′′

1 . In LAOS, G′′
1 is proportional to ω−1 and the dynamic viscosity plateaus

at the zero-rate viscosity, η ′
1(γ̇0)|γ̇0→0 = η ′

0. Hence, the amplitude shift factor is defined as
aη(γ̇0) = η ′

1(γ̇0)/η ′
0.

The η ′
1-master curve in figure 4.5(a) follows a power-law

(η ′
1 − c/

√
ω)/a(γ̇0) = η ′

0(1+(λ ′ω/b(γ̇0))
2)(n

′−1)/2 , (4.12)

with the parameters η ′
0, λ ′ and n′. Subtracting c

√
ω aligns the tails of the high frequency

response (connected points) at the power law. This power-law is reminiscent of a Carreau fluid

η(γ̇) = η0(1+(λ γ̇)2)(n−1)/2 , (4.13)

often used to describe pseudoplasticity. Herein is λ a time constant for the onset of shear-
thinning and the exponent n the slope in the shear-thinning region. Steady shear experiments,
which we do not show here, provide the parameters of the Carreau fluid. Directly comparing
equation (4.12) with equation (4.13) reveals η ′

0 ≈ η0 and λ ′ ≈ λ . Hence, the dynamic and the
steady shear viscosity are equal, η ′

1(γ̇0)|γ̇0→0 ≈ η(γ̇)|γ̇→0.

In contrast to the viscoelastic moduli, the amplitude shift factor aη(γ̇0) changes over several
decades, as seen in figure 4.5(b). Also, aη(γ̇0) is now a linear function of b(γ̇0), figure 4.5(c),
which represents a shift along the viscosity of the background fluid. Similar behavior is ob-
served for viscoelastic gels in frequency sweep experiments [74, 75].

4.5.4 Local Viscoelasticity

Now, we turn our attention to the differential measures, i.e. the minimum- and large-strain
modulus (G′

M, G′
L) as well as the minimum- and large-rate dynamic viscosity (η ′

L, η ′
M), defined

by equations (4.10) and (4.11). As discussed in section 4.3.2 and in contrast to the integral
measures reported before, these measures allow us to peek into the oscillation cycle, reflecting
the instantaneous loading/unloading of the material. First, we assure that the curves of the
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Figure 4.5: (a) First-order dynamic viscosity η ′
1 as function of the reduced frequency ω/b(γ̇0).

The dashed curve is a fit to the power-law equation (4.12). Viscosity data for ω >
ω0 are high frequency corrected; uncorrected data are marked by the connected
points. (b) Shift factors aη(γ̇0) (open) and b(γ̇0) (solid) as functions of the strain-
rate amplitude. (c) Amplitude shift factor aη(γ̇0) as a function of the frequency
shift factor b(γ̇0). Each color represents data from a single constant-rate sweep.

minimum- and large-strain modulus (G′
M, G′

L) as well as the minimum- and large-rate dynamic
viscosity (η ′

L, η ′
M) can be superimposed onto the master curves in figure 4.6, using the same

procedure as before. Figure 4.7 shows the corresponding shift factors aη(γ̇0) and b(γ̇0).

In the linear SAOS regime, the curves of G′
M (η ′

M) and G′
L (η ′

L) are identical as can be seen in
figure 4.6(a), (b). With rising nonlinearity, these curves split into separate curves for G′

M (η ′
M)

and G′
L (η ′

L). When the curves separate, the ratio G′
L/G′

M > 1 indicates strain-stiffening and
η ′

L/η ′
M < 1 marks shear-thinning.

Remarkably, in the LAOS regime, a secondary, low frequency plateau in G′
M arises (arrow in

figure 4.6(a)) which could not be detected with any of the other measures.

The separation of the local measures in the yield regime is likely due to a competition be-
tween the rate of bond-breaking and the rate of bond-recovery [76, 77]. Then, the experi-
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M (solid) and G′
L (open). For the sake of comparison,

G′
1 is also shown (connected points). (b) illustrates the corresponding viscosities

η ′
M (solid) and η ′
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line). Each color represents data from a single constant-rate sweep.

mental frequency ω(γ̇0) and the internal relaxation frequency ωi(γ̇0) are of the same order
ω(γ̇0)/ωi(γ̇0) ≈ 1. This behavior is quite universal for soft materials [35, 62]. The structural
relaxation of such a material is given by the phenomenological expression [62]

ωi(γ̇0) = ω0 +K|γ̇0|ν . (4.14)

In this equation ω0 denotes the relaxation frequency as defined before, K is a fit parameter and
ν describes the behavior at high strain-rates. A plot of equation (4.14) as a fit to the frequency
shift factor b(γ̇0), obtained from figures 4.3(b) and 4.4, is depicted in figure 4.7. The estimated
exponent ν = 1 is in perfect agreement with that given by [35, 62]. Hence, equation (4.14) can
be used to reconstruct the structural relaxation frequency ωi(γ̇0) from the master curves.
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4.5.5 Local Viscoelasticity by Lissajous - Bowditch Figures

Lissajous-Bowditch figures give a qualitative representation of the local viscoelastic behav-
ior. We refer to elastic Lissajous-Bowditch figures as stress σ(t) versus strain γ(t), viscous
Lissajou-Bowditch figures as stress σ(t) versus strain-rate γ̇(t) plots of a single, steady os-
cillation cycle. The Lissajou-Bowditch curves in figure 4.8(a) visualize the linear viscoelastic
stress response of the sample in the SAOS regime. In the yield and LAOS regime, the shapes of
the Lissajous-Bowditch curves change significantly, as observed by figure 4.8(b). With increas-
ing strain amplitude, the elastic Lissajous-Bowditch curves increasingly equal a rectangle. The
corresponding viscous Lissajous-Bowditch figures reveal a dominant viscous behavior. This
is also demonstrated by the traces of the viscous stress σ ′′(t), which closely approximates the
loops of the total stress σ(t). At the same time, the elastic stress σ ′(t) vanishes. These results
support the observations of the diverging G̃′ (figure 4.3(b)) and E (figure 4.4) in LAOS.

To quantify such plastic behavior, Ewoldt et al. [78] proposed the plastic dissipation ratio φ =
Ed/Ed,pp. This measure relates the dissipated energy Ed to the dissipated energy of a perfect
plastic material Ed,pp =(2γ0)(2σmax). We have to note, that shifting the plastic dissipation ratio
φ with b(γ̇0) along the frequency axis also creates a master curve similar to those discussed
before.

Another feature may also be explained by the Lissajous-Bowditch curves. In figure 4.6(a), the
minimum-strain modulus G′

M exhibits a singular dip at ω/b(γ̇0)≈ 7× 10−4 rad/s. A possible
cause for the dip may be a sign change of G′

M due to the occurence of stress overshoots [79].
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Figure 4.8: Elastic (left) and viscous (right) Lissajous-Bowditch figures for the limiting cases
of a constant-rate sweep: {lowest strain, highest frequency} (blue) and {high-
est strain, lowest frequency} (red). (a) shows figures of the SAOS regime
(γ̇0 = 0.01 s−1), (b) of the LAOS regime (γ̇0 = 100 s−1). The closed loops (solid
lines) visualize the total stress σ(t), whereas the elastic (viscous) stress σ ′(t)
(σ ′′(t)) gives the single valued functions (dashed lines).

Stress overshoots are related to structural changes of the microstructure. The changes have
to be (partially) reversible at time scales of the oscillatory loading. In LAOS, such stress
overshoots are visualized by secondary loops in the viscous Lissajous-Bowditch figures. Even
at the high strain-rate amplitudes of figure 4.8(b), we do not observe sign changes in G′

M or
secondary loops. Hence, the changes of the microstructure are irreversible, which confirms our
previous results.

4.6 Conclusions

In this work, we explored the linear and nonlinear behavior of shear driven soft materials by
strain-rate frequency superposition (SRFS). We used the stress decomposition method (SDM)
as an alternative approach to the classical Fourier-transform (FT) rheology to reinterpret vis-
coelasticity of driven soft materials. By comparing the FT rheology data with SDM data, we
have demonstrated that the higher-harmonic moduli G′

n and G′′
n>1, may significantly contribute
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to a reversibly stored energy, quantified by the proposed generalized modulus G̃′. We have
validated that SDM captures the relevant features of driven soft materials and, moreover, the
physical meaning of the resulting data is not restricted to the linear regime alone. This also
includes the local viscoelastic measures, introduced by Ewoldt et al. [34]. All these mea-
sures could be superimposed onto master curves by shifting the individual constant-rate sweep
curves along the frequency axis. It is important to note that we used the same frequency shift
factors for all measures. This fact supports the assumption of a universal relaxation behavior
of soft materials. Moreover, using SRFS extends the frequency range, and thus the relaxation
spectra, of the nonlinear viscoelastic measures obtained from SDM to more than 5 decades.

Thus, our results show that the combination of SRFS with SDM is a very powerful tool to
gain a more detailed physical understanding of the yielding and the structural relaxation of
soft materials.
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5

Systematic Modification of the Rheological

Properties of Colloidal Suspensions with

Polyelectrolyte Multilayers

5.1 Abstract

Tailoring rheological properties of colloidal suspensions with the adsorption of polyelectrolyte
multilayers (PEMs) is based on the idea of controling macroscopic mechanical properties by
modifying the particle surface in a reproducible and well-understood manner. With Layer-by-
Layer (LBL) self-assembly monodisperse polystyrene particles are coated with up to ten layers
of the oppositely charged strong polyelectrolytes: poly(diallyl dimethyl ammonium chloride)
PDADMAC and poly(styrene sulfonate) PSS. The conformation of the adsorbed polyelec-
trolyte is controlled by the ionic strength of the used aqueous polyelectrolyte solution. For
1M NaCl solution a brush like adsorbtion of the polyelectrolyte is expected. The ability of
PEMs to serve on a nanoscale level as surface modifiers and influence macroscopic rheologi-
cal properties like viscoelasticity, yield stress and shear banding is discussed. The mechanical
behavior of these suspensions is qualitatively described by the theory of Derjaguin-Landau-
Verwey-Overbeek (DLVO) with short-range repulsion and long-range attraction. A scaling
rule is proposed which distinguishes between the precusor and the multilayer regime.
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5.2 Introduction

Tailoring properties of colloids on a nanoscale level with self-assembled polyelectrolyte mul-
tilayers (PEM) via a Layer-by-Layer (LBL) coating process was introduced in the 1990s by
Gero Decher and co-workers [4, 80]. The idea of nanoengineering particle surfaces and to use
the modified colloids as building blocks for the creation of ordered and complex materials at-
tracted a lot of attention during the last years [81]. This concept can be also applied to colloidal
suspensions by modifying surfaces of colloidal particles on a nanoscopic level to control their
macroscopic rheological properties [21, 37]. Predicting and controling rheology of colloidal
suspensions matters in basic research to understand the relation between microstructure and
macro behavior in condensed matter and in industrial domains to increase the efficiency of
production and the product quality [18, 82].

The macroscopic behavior of suspensions is dependent on a large number of parameters due
to their multiphase material character. The continuous phase, the dispersed phase and the in-
teraction between both phases are contributing to the mechanical properties [7]. The crucial
parameters to control the rheological properties of colloidal suspensions can be reduced to the
particle radius a, the volume fraction φ and the interaction energy U between the particles [18].
In many processes the radius and the volume fraction are constant and then the interaction
forces remain as single control parameter. Much work has been dedicated to interaction forces
between colloidal particles [38, 83]. Attractive and repulsive forces between colloids are trig-
gered by adjusting pH, ionic strength or adding macromolecules to the dispersion medium [37],
or by direct surface modification of the colloidal particles [84]. In recent studies colloids were
modified through adsorption of lipids [85], proteins [86], surfactants [87] or polymers [88, 89]
onto the particle surface. Chemical functionalization was done via grafted polymer chains [84]
or with the help of silanization of colloids [90]. All these experiments showed significant re-
lations between the surface modification and the effect on the yield stress and the elasticity of
suspensions.

In this work we demonstrate that PEM modification significantly alters the rheological prop-
erties of colloidal suspensions. The main advantages of LBL self-assembly are its versatile
approach for a controlled surface modification which is well understood on a microscopic
level, its universal application to all kind of charged particles and its high reproducibility and
adjustment of the layer thickness. Here, we adjusted the ionic strength of the PE solution to
1 mol/l NaCl, this results in a coiled conformation of polyelectrolytes in solution [91] and a
brush like adsorption onto the particle surface [92, 93]. We adsorped up to 10 layers on 5 µm
polystyrene (PS) particles with the thickness of one PE layer in the order of 1 to 2 nm [81].
Therefore, the increase of the hydrodynamic radius by the deposited layers is negligible. An-
other benefit of PEM coated particles in suspensions is that the chemical composition of the
dispersion medium is not altered due to the high PEM stability.

We show for the first time the influence of adsorbed PEs on elasticity, yield stress and flow
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properties of the suspensions. Recent works characterizing the microstructure of PEM coatings
distinguish between a multilayer regime and a precursor regime [94]. In our rheological ex-
periments, we observed an influence of these two regimes on the elasticity and the yield stress.
We show that the multilayer regime can described by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, whereas in the precursor regime DLVO theory breaks down. Suspensions in
the multilayer regime exhibit the same features as attractive, electrosterically stabilized col-
loidal suspensions. We validate our rheological measurements by topography images of the
particle surfaces obtained by atomic force microscopy (AFM).

5.3 Materials and Methods

5.3.1 Sample Preparation

Polystyrene (PS) particles with the radius a = 2.5 µm are produced by a dispersion polymer-
ization technique, details are given in Sec. 3.2, to achieve a narrow size distribution with a
polydispersity of ≈ 3% [46, 49].

For Layer-by-Layer (LBL) deposition, positively charged poly(diallyl dimethyl ammonium
chloride) (PDADMAC, Mw =100,000-200,000 g/mol) and negatively charged poly(styrene
sulfonate) (PSS, Mw =70,000 g/mol) from Sigma Aldrich (Germany) are used without fur-
ther purification. PEMs are formed by layer-by-layer adsorption from 1 mol/l NaCl aqueous
solution. The success of the multilayer-formation is checked by ζ -potential measurements;
bare particles and PSS terminated PEMs yield a ζ -potential of −55 mV and PDADMAC ter-
minated PEMs yield a zetapotential of +25 mV.

After each adsorbtion step, we seperate a certain amount of PEM coated particles and mill the
separated particles at volume fractions of φ = 0.55 into glycerol electrolyte (ionic strength:
10−2 mol/l NaCl).

5.3.2 Rheometrical Setup and Measurement Protocol

We investigate the flow and material properties of the suspensions by logarithmic ramp tests.
The sample history is erased by 180 s oscillatory pre-shear (strain amplitude γ0 = 5 and fre-
quency f = 1 Hz) followed by 180 s stress relaxation at σ = 0 Pa. To take transient effects into
account, we apply ramps of the form

f (t) = f0 ( f∞/ f0)
t/τr , (5.1)
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Figure 5.1: Procedure for static yield stress estimation: strain γ as a function of applied shear
stress. The solid line represents the linear stress-strain regime with the slope 1/G0.
The yield stress σy is indicated by an arrow.

with a constant ramp time τr = 30 min [25]. In Eqn. (5.1), f represents γ̇ in strain rate tests
and σ in stress tests. The initial values are denoted by f0, the final values by f∞. In stress
controlled experiments, the initial and final stress values are determined from the strain rate
tests (σ0 = σ |γ̇0 and σ∞ = σ |γ̇∞ ) and inserted into Eqn. (5.1).

We use for strain rate controlled experiments an ARES (TA Instruments) and for stress con-
trolled experiments a MCR 500 (Anton Paar) rheometer. Both rheometers are equipped with a
truncated cone-and-plate geometry (50 mm cone diameter, 17.45 mrad cone angle and 51 µm
gap height). All measurements are performed at T =33 ◦C. At this temperature, the viscos-
ity and density of the glycerol electrolyte (without dispersed particles) are ηs=500 mPas and
ρs=1.05 g/cm3, respectively. Then, secondary effects like particle inertia are avoided at strain
rates γ̇ < 10 s−1, because the particle Reynolds number Rep = ρsγ̇ a2/ηs ≈ 10−3 is much lower
than 1 [18]. We also checked the absence of wall-slip.

5.3.3 Estimation of Yield Stress and Elastic Modulus

While we are dealing with dense suspensions, we expect the existence of a yield stress σy , i.e. a
shear stress threshold with lower stresses than σy leading to elastically small deformations and
higher stresses directly leading to irreversible large deformations. We are also interested in the
elasticity of the suspensions, which is characterized by the elastic modulus G0. Both measures
are estimated in experiments with increasing shear stresses after Eqn. (5.1), replacing f by σ .
The procedure to estimate σy and G0 is visualized in Fig. 5.1 and is described as follows. We
plot the shear strain γ as a function of the applied shear stress σ . Visual inspection of Fig. 5.1
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reveals a kink in the curve of γ(σ). At stresses below the kink, a linear relationship of γ on σ
is clearly seen. We fit the data of this linear regime with a straight line. Next, we compare the
measured data with the linear fit and define the first stress value, that deviates from the fit by
more than 10% as the static yield stress σy. Moreover, we define the inverse of the slope of the
fit line as the linear elastic modulus G0.

5.3.4 Particle Surface Characterization

We investigate the surface composition of the particles with AFM imaging using a Nanoscope
V (Veeco) in intermittent contact mode. The particles are deposited from dilute aqueous sus-
pension onto a 2 µm syringe filter. Bare particles are compared with 2 and 8 layers. With the
AFM, we record simultaneously height and phase images in the tapping mode at 0.8 Hz scan
rate. We operate the AFM in the repulsive regime to avoid tip-sample contact. The used can-
tilever is a commercially available silicon (hydrophillic) Veeco OTESPA with tip radius 9 nm,
resonance frequency 300 kHz and spring constant 42 N/m.

5.4 Rheological Experiments

5.4.1 Results of Applied Shear Stress

In this section, we study the solid-like behavior of the suspensions. We impose a shear stress
σ0 =10−3 Pa which we gradually increase after Eqn. (5.1) up to the final stress σ∞ =103 Pa.
During the application of the shear stress, we record the resulting strain γ(σ). The deformation
curves, i.e. the plots of γ(σ) versus σ , exhibit characteristic features of a solid-like material
such as a linear stress-strain regime from which we obtain a static yield stress σy and a linear
elastic modulus G0 (see Sec. 5.3.3 for further details).

First of all we are interested in a possible evolution of the solid-like properties with increasing
PEM layers. Hence, we plot in Fig. 5.2 the both measures σy and G0 versus the layer number.
The yield stress of suspensions with PSS terminated PEMs increases of one order in magnitude
from layers 2 and 4 to layers 6, 8 and 10 with a mean value σ y,PSS = 1.1 Pa. The yield stress
of PDADMAC terminated PEMs is σ y,PDAD = 0.63 Pa < σ y,PSS. For comparison, we also
plot the yield stress of bare particles σy = 0.47 Pa which is slightly lower than σ y,PDAD. The
suspensions show qualitatively the same behavior for the elastic modulus G0 as for the yield
stress σy discussed before. We observe an increase of elasticity over 3 orders of magnitude for
PSS terminated PEMs, until G0 reaches a mean value G0,PSS = 49 Pa for layers 6, 8 and 10. The
PDADMAC terminated PEMs show no increasing G0 and the mean value G0,PDAD = 16 Pa <
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Figure 5.2: Solid-like properties of the suspensions; evolution of (a) yield stress σy and (b)
elastic modulus G0 with the number of polyelectrolyte layers. The lines in (a) and
(b) serve to guide the eye (PSS terminated PEMs (squares), PDADMAC terminated
PEMs (triangles) and bare particles (diamonds)).

G0,PSS. Bare particles are also plotted in Fig. 5.2(b) with an elastic modulus G0 = 11 Pa slightly
lower than G0,PDAD.

Another interesting feature appears when we perform stress hysteresis loops as plotted in
Fig. 5.3(a) and focus on the small stress limit in the branch of the loop with decreasing shear
stresses (gray). This region is plotted in Fig. 5.3(b). In this figure, we observe negative strain
rates for PSS terminated suspensions with 6, 8 and 10 layers when the released shear stresses
drop below a critical value of about 0.275 Pa. With further decreasing shear stresses, the strain
rates remain at a constant value which corresponds to the linear stress-strain regime in the
former tests with increasing imposed shear stress. Note that this critical stress is nearly one
order of magnitude smaller than the static yield stress σy of the three suspensions. Hence, it
becomes evident, that these suspensions store a certain amount of the elastic energy during the
stress loading of the hysteresis loop. Such a change in the sign of the strain rate is indicative
for a change in the rotational direction of the rheometer and was observed experimentally and
numerically for suspensions with weakly attractive particles before [95, 96].

5.4.2 Results of Applied Strain Rate

After characterizing the solid-like properties of the suspensions, we focus now on the flow
behavior. Therefore, we prescribe γ̇ after Eqn. (5.1) and record σ . The resulting flow curves
σ(γ̇) (Fig. 5.4) show in general the same basic trend: starting at low γ̇ , the stress increases
monotonically with increasing strain rate. As γ̇ increases further, the suspensions show shear-
thinning behavior, followed by a small Newtonian region at intermediate strain rates, 5×10−3

to 5× 10−1 s−1, and shear-thickening at high strain rates. The overall flow behavior is super-
imposed by a developing stress plateau at intermediate strain rates. The plateau stress value
rises with increasing layer number. In addition, suspensions with 6, 8 and 10 layers show
a maximum stress value after the monotonically stress increase, at γ̇ ≈ 5× 10−4 s−1, then σ
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Figure 5.3: Imposed decreasing shear stress versus the strain rate. After performing a stress
hysterises loop (a), the strain rates for PSS terminated suspensions with 6, 8, and 10
layers switch to negative strain rates when the applied stress drops below a critical
value (b).

decreases, going through a minimum and increasing further, while γ̇ increases for all times.

Such an occurrence of a maximum stress followed by a negative slope in the flow curves and/or
a stress plateau clearly indicates a structural instability at the solid-liquid transition [25, 97].
The origin of this flow instability, may be the localization of the globally imposed strain rate
γ̇ in small, but highly sheared bands [98]. The onset of shear banding is triggered by a critical
strain rate γ̇c. For γ̇ > γ̇c the material flows entirely, while for γ̇ < γ̇c material outside of the
shear band is at rest and material in the shear band is sheared at a local strain rate γ̇loc = γ̇c.
The transient nature of shear banding is generally independent from aging or thixotropy but is
related to stress relaxation processes and one can define a fluidization time τ f as the duration
of the transient solid-liquid transition regime [99]. In our experiments, the ramp time τr in
Eqn. (5.1) is then a measure how fast γ̇c is reached and therefore τr gives evidence if the stress
has enough time to relax or not.
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Figure 5.4: Start-up flow curves for all investigated suspensions; (a) PDADMAC and (b)
PSS terminated PEMs. Inset in (a): An increasing layer number (arrow) lead to a
developing stress plateau.

In the light of shear banding, we can interpret our flow curves as follows: i) Suspensions of
bare particles and of particles with PEMs of 2 and 4 layers (PSS terminated PEMs) show
no shear banding. The flow curves are strictly monotonically increasing. In this case, the
stress relaxation is fast enough to reach a homogeneous flow state at every imposed γ̇ . ii)
Suspensions with particles of PDADMAC terminated PEMs show the onset of shear banding
with a developing stress plateau as seen in the inset in Fig. 5.4(a). The flow curve is now merely
monotonically increasing. This is, because the stress cannot fully relax under shear, with τ f

comparable to the shear time. iii) Suspensions of particles with PEMs of 6, 8 and 10 layers
(PSS terminated PEMs) show distinctive shear banding. The flow curve is non-monotonically
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increasing. Now, the stress relaxation is much slower than the shear time and hence these
suspensions have the longest τ f .

A similar developement of transient shear banding is found in experiments of attractive colloids
with increasing φ or τr [25, 99, 100]. The cause of such shear banding phenomena is the
competition between aging and rejuvenation [97, 98, 100]. Because in our experiments φ and
τr are constant, we speculate, that in our suspensions the PEMs alter the interaction potential
U . This should result in altered aging and rejuvenation times. Unfortunately, no systematic
study of the impact of U on shear banding is present so far, but it is interesting to note that the
most shear-banding suspensions are the suspensions which showed the negative strain rates.
This is fully in agreement with the experiments of Larsen et al. [95] and the simulations of
Varnik et al. [96] whose systems also exhibited shear banding. We remember that the systems
of these both works also showed negative strain rates as discussed in section 5.4.1.

5.5 Introducing a Measure for the Distinction between Pre-

cursor and Multilayer Regime

The physical picture that emerges from the features observed in the experimental section (yield
stress, shear-banding) is that of a jammed system [10, 77]. In a jammed (solid-like) state, local
elements form attractive links that can elastically deform, giving rise to the elastic modulus
G0, and bear certain amount of shear stress. The material yields after exceeding a maximum
shear stress σy. Remarkably, in jammed colloidal suspensions, scaling the yield stress σy by
the modulus G0 takes on a single value for a specific particle type [74, 101–105]. It is known
that the physico-chemical composition of the interface between PEM and solvent differs in the
very first layers from layer to layer. Therefore, the quantity σy/G0 may serve as a measure to
investigate the layer dependence. To check this hypothesis, we plot σy/G0 as a function of the
layer number, as done in Fig. 5.5. Indeed, the value of σy/G0 for bare particles is about twice
the value of PEM modified particles. Moreover, σy/G0 differs from layer to layer in the range
up to 8 layers. The value of σy/G0 = 4.5× 10−2 of the bare particles is in good agreement
with the experiments of Chow et al. [106] also using polystyrene latex particles.

The PEM modified particles show a clear layer dependence up to the 6th (9nth) layer for
PSS (PDADMAC) terminated PEMs. For more layers, the scaling of the yield stress by the
elastic modulus became independent of the layer number with σy/G0 = 2× 10−2 for PSS and
σy/G0 = 2.75× 10−2 for PDADMAC terminated PEMs. From this observation, we conclude
that well defined PEM interfaces need more than6 to 9 layers to be fully independent of the
underlying substrate. Such a separation into a precursor regime with an ill-defined interface
and a multilayer regime with well-defined interface is characteristic for PEM systems [4, 107].

43



5 Modification of the Rheological Properties of Suspensions with PEMs

10�2

10�1

100

0 2 4 6 8 10 12 14

σ y
=

G
0

layer

0.02
0.0275

precursor regime multilayer regimetransition

Figure 5.5: The scaled yields stress σy/G0 as a function of the layer number (PSS termi-
nated PEMs (squares), PDADMAC terminated PEMs (triangles) and bare particles
(diamond)).

A possible cause for the strongly different values of σy/G0 in the precursor regime, may be
found in layer specific interaction potentials. The only experimental study on such multilayer
dependent interaction potentials – to our knowledge – is found in the work of Bosio et al. [94].
There, it is shown that the interaction potential between PEM covered substrates exhibit a
strong layer dependence in the precursor but is layer independent in the multilayer regime. In
the precursor regime, strong adhesion occures which differs from the also attractive van der
Waals contribution. The probability of the occurence of such strong adhesion events decreases
with increasing layer number. For the first layer, this probability could easiliy reach about 50%
which is not a small effect. This propability seems to decrease exponentially with increasing
layer number [107]. For strong adhesion events, the magnitude of the mean adhesion energy
depends on the terminating PE, which supports the odd-even-effect as seen in our rheological
measurements. This is likely due to the charge density or hydrophobicity of the PE backbone
of the terminating PE [108–110].

Using AFM images of the PEM surface, Bosio et al. [94] relates the strong adhesion events to
local topography inhomogeneities. According to [94], we also use AFM imaging to examine
the particles surface heterogeneity. Fig. 5.6(a) shows 500x500 nm height images of the pole of
bare particles and particles with 2 and 8 layers, respectively, representative for the precursor
and multilayer regime. These images indicate a heterogeneous surface topography of bare
particles, while with increasing layer number the topography gets more homogeneous. This
is in excellent agreement of height images published in [94]. Remarkably, particles in the
precursor regime exhibit clearly visible holes, which can be quantified by the power spectral
density (PSD). In the plot of the power spectral density (PSD) in Fig. 5.6(b), it is clearly seen
that the precursor length scale ranges from k−1 = 10 to 50 nm. At this length scale, the PSD
value is dominated by particles with 2 layers. This finding supports the visual inspection of the
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Figure 5.6: Particle surface characterization. (a) AFM height images of bare particles (left) and
of PEM coated particles with 2 (middle) and 8 (right) layers. The size of the images
is 500x500 nm. The scale bar indicates the height. (b) Power spectral density PSD
versus the spatial frequency k.

AFM images. The mentioned features seem to diminish in the multilayer regime resulting in a
more homogeneous surface topography as the PSD value at small wavelength is dominated by
the 8 layer PEMs. This is what is seen in the corresponding AFM images of Fig. 5.6(a), where
the surface for the 8 layer PEM is covered by the finest structures. From such a homogeneous
surface, we expect the absence of the discussed strong adhesion and consequently a layer
independent scaling σy/G0. Hence, the AFM images confirm the scaling behavior in Fig. 5.5.

5.6 Origin of the Scaling

The previously described strong adhesion effects might have a strong impact on the mechanical
properties of the microstructure of the suspensions. Therefore, we like to draw a first schematic
of the interaction potential which should motivate for further investigations. In this schematic,
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we describe the particle interaction potentials of bare particles and particles in the multilayer
regime by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory U =UvdW +Ue [94] as the
sum of van der Waals attraction [38]

UvdW (r) =−aAH

12r
, (5.2)

and electrostatic repulsion [111]

Ue (r) =
4πεa(r+ a)Ψ2

0

r+ 2a
ln

[

1+
a

r+ a
exp(−κr)

]

. (5.3)

In Eqn. (5.2), AH = 3.8× 10−21 J is the Hamaker constant for polystyrene spheres across glyc-
erol solvent [112] and r the separation distance between opposing particles. In the calculations,
the surface potential Ψ0 in Eqn. (5.3) is replaced by the measured ζ -potential. In this equation,
the permittivity ε = 3.8× 10−10 F/m and the Debye length κ−1 = 2 nm of the used glycerol
electrolyte are calculated based on the data given in [113]. For the multilayer regime, Fig. 5.7
depicts the calculated interaction potentials based on the ζ -potential of bare and PSS termi-
nated particles, ζ =−55 mV, and for PDADMAC terminated particles, ζ =+25 mV. The
calulated DLVO potentials provide a weak attraction with U(r)/kBT ≈−10.

As mentioned before, the potentials of the strong adhesion events that occure in the precursor
regime can not be described by DLVO theory. However, recent works [114] related the ad-
ditional attractive interaction potentials to electrostatic patch-charge attractions [115]. These
patch-charge attractions can be described by a generic electrostatic potential [116]

Upc (r) =−Aexp(−qr) . (5.4)

In Eqn. (5.4), A is the amplitude of the additional attractive interactions and q−1 their decay
length. At low ionic strength, q−1 is governed by the size of the patches [114, 115], wheras at
high ionic strength q−1 equals the Debye length κ−1 [115]. Because of the medium ionic
strength of 10−2 mol/l NaCl in our experiments, we fix q−1 = 10 nm as the characteristic
length scale of the precursor regime. We slightly vary A to study the change of the extended
interaction potenial U = UvdW +Ue +Upc with increasing charge heterogeneity, depicted in
Fig. 5.7 for ζ =−55 mV.

With increasing heterogeneity, the minimum of U grows while the range of U remains nearly
unchanged. This observation is at odds with the experiments [74, 101–105] and should be the
cause that in the precursor regime the quantity σy/G0 differs from layer to layer. Hence, scaling
the yield stress by the elastic modulus serves as a useful measure to estimate the extension of
the precursor regime by macrorheological methods.
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Figure 5.7: Calculated interaction potential U(r)/kBT (solid lines) as a function of the sepa-
ration distance r with increasing charge heterogeneity using A = 0 (a), A = 5×107

(b), A = 1×108 (c) and A = 5×108 (d). The dashed lines depict the corresponding
attractive contributions UvdW +Upc.

5.7 Conclusions

Particle modification by polyelectrolyte multilayers provides a new way to influence the rhe-
ology of colloidal suspensions. The advantage of this approach is its applicability to a broad
class of particles, since no specific surface chemistry but only a sufficiently high charge density
is required. We show, that particle coatings with PEMs, assembled at high ionic strength, lead
to electrosterically stabilization of colloidal suspensions and an increase of elasticity and yield
stress. Furthermore, the terminal polyelectrolyte of the PEM alters the suspension behavior
in a very subtle way; the occurence of a precursor regime locally induces additional attractive
forces that make the suspensions more brittle. We establish a first guideline for the number
of coating steps that are necessary in order to leave the ill-defined precursor regime and enter
the well-defined multilayer regime, in which rheological properties become largely indepen-
dent surface properties of the original particles. These promising results provide a basis for a
deeper understanding of the underlying physical mechanisms. Such an understanding could be
achieved by the correlation of interaction potentials which can be determined using Colloidal
Probe (CP) AFM.
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6

Viscoelasticity and Shear Thickening of

Polyelectrolyte Multilayer Modified Colloidal

Suspensions

6.1 Abstract

The adsorption of brushy polyelectrolyte multilayers (PEMs) onto micron sized particles of-
fers an interesting alternative to manipulate the macroscopic behavior of the rheology of dense
suspensions. Using oscillatory and steady shear experiments, we present a systematic study
of the relationship between PEM modification and rheology. On the microscopic level, the
film properties are determined by the outermost polyelectrolyte of the PEM film, which affects
surface charge and porosity. Both properties change with layer number, which is known as the
odd-even effect. At the macroscale, the odd-even effect is observed in the viscoelastic mea-
sures, and is most pronounced at the onset of shear thickening. The shear thickening stress
reveals remarkable scaling as the surface charge and porosity of the PEMs are varied. Hydro-
clusters are the origin of shear thickening and the interplay of elastic interparticle and viscous
hydrodynamic forces dictate the mechanical response in high shear. Scaling the viscoelastic
measures by the dominant stress and time scales, leads to a surprising collapse of the data onto
universal master curves in the elastic and shear thickening regime.
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6.2 Introduction

Surface modification of colloids is essential for many applications in industry and basic re-
search. Modified colloids of the core-shell type consist of soft polymers grafted or adsorbed
onto a solid core [117–120]. An effective alternative pathway designing highly functionalized
shells is via polyelectrolyte multilayers [7, 8, 81].

Polyelectrolyte multilayers (PEMs) are nanoscale-thin films, consisting of alternating layers
of polyanions and polycations where each polyelectrolyte layer renders the surface charge
to the opposite [121]. A famous method for PEM film creation is the layer-by-layer (LbL)
self assembly technique proposed by Decher in the mid 1990s [80]. As the main benefit,
PEMs create a template independent interface with unique physicochemical properties when
exceeding only a few layers [44]. Therefore, PEM surface modification became established as
a versatile tool for tuning the interfacial properties of a wide variety of materials for technical,
medical and biological applications at the molecular scale [4, 122, 123]. The behavior of the
newly created interface can be fine-tuned by different stimuli such as temperature, pH and
ionic strength of the surrounding medium.

In many application fields, PEM modified colloids are dispersed in an aqueous medium. The
essential macroscopic parameters are dispersion stability and rheology [124–126]. Although
a considerable amount of works concerning PEM modified colloidal suspensions deal with
stability issues [127–129], little is known about their macroscopic behavior in rheology.

A recent study on dense PEM modified suspensions investigates the variation of the polyelec-
trolyte conformation within the multilayer using steady shear [130]. Brushy PEMs proved to
significantly enhance the yield stress while the viscoelastic scaling remains valid. A previous
study focuses on brushy polyelectrolyte multilayers and found the existence of a precursor
regime for thin PEM films up to layers 5 or 6 where the elasticity and the yield stress are still
influenced by the colloidal template [131]. In the multilayer regime, both properties became
independent of the layer number and elasticity and yield stress values are solely determined
by the outermost polyelectrolyte of the PEM film. Moreover, it was found that the rheological
properties also depend on the type of polyelectrolyte that terminates the multilayer.

In contrast to this previous study, herein we explore the effect of the terminating polyelec-
trolyte in oscillatory and steady shear experiments. We study brushy PEMs, made up from
poly(diallyldimethylammonium chloride), PDADMAC, and poly(sodium styrenesulfonate),
PSS, as a function of terminating polyelectrolyte. The used polyelectrolytes form one of the
most studied polyelectrolyte complexes, with both polyelectrolytes are strongly dissociated
over a wide range of pH values. In the multilayer regime, the thickness of these (PDAD-
MAC/PSS) PEMs grows linearly with layer number [132, 133]. The total film thickness, Lp,
of the highest layer numbers studied herein is about 100 nm [44, 134]. We assemble the PEMs
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onto monodisperse polystyrene particles with mean radius a = 2.5 µm. Hence, the effective
particle radius, ae f f = 1+Lp/a, changes with increasing layer numbers to less than 2%, and
throughout the work, therefore we treat the particle volume fraction, φ , as constant [135, 136].
This allows us to investigate the effect of the terminating polyelectrolyte unaffected by volume
fraction changes, which we fix in the present study to φ = 0.55. With the adjusted volume
fraction and layer thickness, we match the conditions of the experiments and numerical studies
that concern shear thickening of core-shell particles [137–139].

Using complementary oscillatory and steady shear experiments, we show the impact of the
terminating polyelectrolyte on the rheology of polyelectrolyte multilayer modified colloids.
We present several scalings and develop a first picture of the very complex nature of this
relatively new class of core-shell particles.

6.3 Materials and Methods

Materials and Chemicals. Monodisperse, negatively charged polystyrene particles, zeta po-
tential ζ = 55 mV, with a = 2.5 µm radius served as templates for the alternating adsorption
of single polycation, PDADMAC, and polyanion, PSS, layers. Details of particle synthesis and
characterization are described in [131]. The polyelectrolytes, poly(diallyldimethylammonium
chloride) (PDADMAC, Mw = 100 000− 200 000 g/mol) and poly(sodium styrenesulfonate)
(PSS, Mw = 70 000 g/mol), along with sodium chloride (NaCl) and glycerol (≥ 99%), were
purchased from Aldrich and used without further purification. All solutions were prepared
with ultra pure water, provided by a Milli-Q Ultrapure Water System (Millipore).

Polyelectrolyte Multilayer Fabrication. Polyelectrolyte multilayers are assembled via a LbL
self-assembly technique [4, 80]. Therefore, polyelectrolytes were dispersed in excess concen-
tration in aqueous deposition solutions [6]. To achieve a brush-like polyelectrolyte conforma-
tion, the multilayer formation takes place at high ionic strength. Hence, the deposition solu-
tions were adjusted to 1 mol/L NaCl [140]. Particles were dispersed in the deposition solution
under permanent stirring. The PEs were allowed to adsorb for 30 min, permanently shaking
the deposition solution. After each adsorption step, the particles were washed three times with
ultra pure Milli-Q water by centrifugation, decanting the supernatant, and redispersing in fresh
water. Polyelectrolyte adsorption was repeated several times to obtain particle batches cov-
ered with PEM films from 2 to 11 layers. After multilayer assembly, the particles were dried
in a vacuum chamber at 30 ◦C. Charge reversal during multilayer assembly was followed by
ζ -potential measurements performed on a Zetasizer Nano ZS (Malvern). The PDADMAC
terminated samples yield a surface charge of ζ =+25 mV, whereas bare and PSS terminated
samples have ζ =−55 mV.

Suspension preparation. Dry particles were weighted and milled at high shear into glycerol
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electrolyte at volume fraction of φ = 0.55. The ionic strength of the glycerol electrolyte was
previously adjusted to 10−2 mol/L by adding NaCl.

Mechanical Characterization. The rheological experiments were performed on a strain con-
trolled ARES (TA Instruments). The rheometer was equipped with a truncated cone-plate
geometry of 50 mm diameter, and a convection oven that operates at 33 ◦C. A pre-shear pro-
tocol was applied prior to each measurement with 180 s oscillatory shear at strain amplitude
γ0 = 5 and frequency ω = 2π rad/s, followed by 180 s stress relaxation at zero strain. This
protocol leads to reproducible results.

6.4 Results and Discussion

Viscoelasticity. We basically restrict our study to the multilayer regime. However, sometimes
it is instructive to incorporate observations from the precursor regime as well. We investi-
gate PEM modified suspensions at volume fraction φ = 0.55, where they behave as viscoelas-
tic materials, which we determined by oscillatory shear experiments at constant frequency,
ω = 2π rad/s, and strain amplitudes ranging from about γ0 = 5 ·10−4 to 5 ·100. We measure
the responding stress amplitude, σ0, and phase lag, δ , from which we estimate the elastic, G′,
and viscous, G′′, moduli [18].

The suspensions respond linear viscoelastic up to yield strains of about 102, indicated by values
of the phase angle, δ , around π/4, as seen in Fig. 6.1. Typical values for the linear viscoelastic
moduli are G′ = 102 Pa and G′ = 2 ·101 Pa, respectively for PSS and PDADMAC terminated
samples. The suspensions start yielding at yield strains around γy ≈ 10−2. Exceeding γy, the
suspensions respond more and more non-linearly to the applied strain and the measured data
reveal, shear thinning, Newtonian, shear thickening, and 2nd Newtonian regimes. The strong
dissipation in the Newtonian and 2nd Newtonian regimes are marked by a δ close to π/2. In
the other two regimes, shear thinning and thickening, the suspensions become more elastically
with δ < π/2.

Energy Dissipation Shear thickening is accompanied by increasing energy dissipation. The
dissipated energy per cycle and volume is [26]

Ed =

∫ 2π

0
σ (γ)dγ = πG′′γ2

0 . (6.1)

In the linear regime, Ed ∝ γ2
0 , and Fig. 6.2 supports our previous observation that the sus-

pensions behave linear viscoelastic up to γ0 ≈ 2 ·10−2. In the following Newtonian regime,
the bandwidth of the set of Ed-curves narrows down to a minimum at γc ≈ 3 ·10−1. At this
critical strain, the curves nearly collapse onto a single data point. This behavior is evident
because in the Newtonian regime, the microstructure aligns under increasing shear and due
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to the fixed particle size and volume fraction, Ed should reach a unique value for all sam-
ples [138, 141, 142]. Exceeding the critical strain, γc, the dissipated energy jumps over one
decade before arriving at an exponential growth with a slope 3.

To investigate the transition from Newtonian flow to shear thickening around γc in more detail,
we compare the dissipated energy, Ecoated

d , of the PEM modified suspensions with that of bare
particles, Ebare

d . Therefore, we propose a relative dissipated energy, Er
d = Ecoated

d /Ebare
d − 1,

which we plot in Fig. 6.3 as a function of γ0.

Besides the onset of shear thickening at γc, there appears another distinguished strain value,
γp = 100, where the different layer numbers and polyelectrolyte terminations lead to a surpris-
ing evolution of the trace of Er

d . Thick films (high layer numbers) with PSS termination show
a sharp peak at γp. This peak vanishes with decreasing PSS and increasing PDADMAC film
thickness (layer number). Thus, traces of thin films adapt the straight line of the bare parti-
cles. Instead of the peak, thick films of PDADMAC terminated samples undergo a stepwise
transition to shear thickening. All traces tend to a plateau at γ0 > 3 ·100, which coincides with
Ed ∝ γ3

0 .

We interpret these results in terms of the dependence of the physicochemical interface prop-
erties between the terminating polyelectrolyte and the background fluid on the film thickness.
Thin films with less than 5 to 6 layers have a heterogeneous surface and the interface properties
are still influenced by the surface properties of the colloidal template [4, 94, 131]. This explains
why traces of Ed lie close to that of bare particles. As the film thickness increases, the impact

53



6 Effect of Terminating Polyelectrolyte

-80

-60

-40

-20

0

20

40

0 2 4 6 8 10 12

ζ
(m

V
)

layers

(a)

100

101

0 2 4 6 8 10 12

1/
ε
(−

),
σ h

(P
a)

layers

(b)
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of the colloidal template on the PEM/background fluid interface vanishes, and for thick films,
≥ 6 layers, the interface properties are solely determined by the terminating polyelectrolyte.
This dependence on the terminating polyelectrolyte is known as the odd-even effect for sev-
eral microscale external and internal multilayer properties like surface charge (see Fig.4(a)),
surface energy, and solvent content of the multilayer film [4, 109, 124, 143].

Shear Thickening. The surprising existence of a characteristic strain, γp, motivates steady
shear experiments to further investigate the transition to shear thickening. For this, we measure
the responding shear stress, σ , of descending applied strain rates, γ̇ , and detect the regimes II–
V as observed in the oscillatory shear experiments given by Fig. 6.1. The resulting flow curves,
σ(γ̇), can be modeled as [138, 144–146]

σ(γ̇) = σy +σl γ̇
1/2 +σhγ̇1/ε , (6.2)

wherein σy denotes the dynamic yield stress below which the samples behave predominantly
elastically, as detected in oscillatory shear, Fig. 6.1. The extra stress in the shear thinning
and shear thickening regime is parameterized by σl and σh, respectively, and 1/ε refers to the
slope in the shear thickening regime. Equation (6.2), correctly reproduces our experimental
σ(γ̇) data. We focus on the transition to shear thickening, characterized by the high rate extra
stress, σh. We plot σh in Fig. 6.4(b) as a function of polyelectrolyte layer number. Remarkably,
σh and Er

d demonstrate qualitatively similar layer dependence: values of σh lie close to that of
bare particles for thin films with < 5 layers and show a distinct odd-even effect for thick films
with layers ≥ 5. Interestingly, the slope of the flow curves, 1/ε , is independent of the termi-
nating polyelectrolyte. This finding seems to be a general feature of dense suspensions, and
implies that the slope of the flow curves is independent of the strength of attractive interparticle
interactions [146].

Since the transition to shear thickening is known to be a sensitive probe for interparticle in-
teractions [20], it is likely that this rheologically observed odd-even effect is linked to the mi-
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croscopically observed odd-even effect obvious from ζ -potential measurements [4, 94, 131].
Furthermore, the origin of the continuous shear thickening is due to the formation of hydro-
clusters [142, 147–149]. The aggregation of particles to hydroclusters is the consequence of
a delicate interplay between interparticle and hydrodynamic interactions. Such interactions
mediate the approach or separation of particles which are in close proximity [146, 150, 151].
Because of the obvious link between ζ -potential and σh, we suppose that the electrostatic
component of the interparticle interactions dominates the repulsive interactions. Hence, at the
transition to shear thickening, the electrostatic force,

Fe = 2πε0εrψ2
0 κa/2 , (6.3)

and the hydrodynamic force,

Fh = 6πa2σh k(h,δ−1
p ,Lp) a/h , (6.4)

have to be in balance [152, 153]. In Eqn. (6.3), ε0 and εr, respectively denote the permittivity of
free space and particle, and κ the inverse Debye length over which Fe yields a significant contri-
bution to the interparticle interactions; the surface charge, ψ0, can be replaced by the measured
ζ -potential. We consider the polyelectrolyte multilayers as porous shells [154, 155], which are
known to enhance lubrication [156]. Thus, we had to extend Eqn. (6.4) by k(h,ϕ−1,Lp), with
the interparticle distance h, hydrodynamic permeability ϕ , and shell thickness Lp [138, 157–
160].

At the onset of shear thickening, both forces have to be equal, and the shear stress is [145]

σh =
ε0εrκ

6a2

ζ 2

k
h . (6.5)

Assuming constant h and Lp for all samples results in k(h,ϕ−1,Lp) ∝ ϕ−1 [138, 157–160].
Hence, overall, we expect σh to scale as

σh ∝ ζ 2ϕ . (6.6)

To our knowledge, there are no experimental values of ϕ avaible, and thus we replace ϕ with
a generic shift factor aϕ . We plot in Fig. 6.5 values of σh as a function of ζ 2aϕ . The re-
sulting curves can be superimposed by using shift factors aφ close to 4 and 2, respectively,
for PDADMAC and PSS termination. The shift factors are chosen to collapse the data of the
PEM modified samples onto that of bare particles. The scaling of our data is in good qualitative
agreement with findings from nano-filtration experiments performed on multilayer membranes
composed of PDADMAC and PSS [161–163]. These experiments report on PDADMAC termi-
nated multilayer membranes, which yield an about two times higher glycerol flux than through
PSS terminated multilayer membranes. The origin of the higher glycerol flux is the lower ionic
cross-link density of the PDADMAC terminated PEMs.

Characteristic Stress and Time Scales. In our emerging picture, particles are in close
proximity either at rest when elastic interparticle interactions dominate the microstructure, or at
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high strain rates when dissipative hydroclusters modify the flow properties of the suspensions.
To separate these effects, we decompose the measured shear stress amplitude in an elastic,
σ ′′

0 = σ0 sinδ , and viscous, σ ′
0 = σ0 cosδ , part [164].

In the linear viscoelastic regime, the elastic stress dominates the stress scale. Then, the stress
and time scale are determined by σy and η∞/G0, respectively [102]. Normalizing the stress
and the shear time, 1/γ̇, by these values lead to the master curve plotted in Fig. 6.6(a). To
highlight the universality of this scaling, we used values of σy and linear elastic modulus, G0,
from independent experiments with applied shear stress [131].

In the shear thickening regime, the viscous stress dominates the stress scale. Then, σh sets the
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Figure 6.6: Stress decomposition in (a) reduced elastic and (b) reduced viscous stress respec-
tively as function of the dimensionles strain rate.
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stress scale during shear thickening. The previously discussed extension and compression of
particles within the hydroclusters suggests, that both, elastic and viscous components, enter
the characteristic time scale [142, 147]. Hence, we use the complex modulus, G∗ = G′+ iG′′,
as viscoelastic measure, and normalize the strain rate by η∞/G∗

p, with values of G∗
p determined

at γp. Figure 6.6(b) shows the dimensionless viscous stress as function of dimensionless strain
rate. Remarkably, in the shear thickening regime, between 100 and 101, all date collapse onto
a single curve.

6.5 Summary and Conclusions

At high volume fraction, (PDADMAC/PSS) multilayer modified colloids are nonlinear vis-
coelastic materials. Below a yield strain, γy, or yield stress, σy, they respond predominantly
elastically with an elastic relaxation time, η∞/G0, that is typical for dense suspensions. After
the yield point, they shear-thin and finally enter a Newtonian flow regime. This yield transition
is accompanied by a minimization of dissipated energy. Further increasing shear results in
continuous shear thickening and rising energy dissipation. Thereby, continuous shear thicken-
ing introduces an other stress and time scale, determined by the stress at the transition to shear
thickening, σh, and a hydrodynamic relaxation time, η∞/G∗

p. Due to the complex core-shell
configuration of the polyelectrolyte multilayer modified colloids, the shear thickening is an elu-
sive competition between interparticle and hydrodynamic forces. In a first approximation, the
transition to shear thickening can be modeled by balancing the dominating interparticle with
the hydrodynamic force, where the hydrodynamic force strongly depends on the permeability
of the multilayer shell.

The variation of the film thickness reveals that thin films suffer from the surface properties
of the underlying particle. In this case, the macroscopic behavior of the suspension is not
well-defined. For the technologically more important thick films, the yield and flow behavior
is strongly determined by the terminating polyelectrolyte of the multilayer film. Poly(sodium
styrenesulfonate) termination results in more elastic and stronger dissipative colloids. Also, the
stress at the transition to shear thickening, σh, is roughly two times higher than for PDADMAC
termination. Moreover, PSS terminated films are also more permeable.

To conclude, polyelectrolyte multilayer modified colloids are promising core-shell particles
as they allow to manipulate their macroscopic behavior in rheology, simply by changing the
terminating polyelectrolyte layer. Particularly for thin films, more theoretical and experimen-
tal work has to be done to understand the correlation between microscopic and macroscopic
measures in more detail.
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Effect of Polyelectrolyte Conformation

7.1 Abstract

The yield stress of polyelectrolyte multilayer modified suspensions exhibits a surprising de-
pendence on the polyelectrolyte conformation of multilayer films. The rheological data scale
onto a universal master curve for each polyelectrolyte conformation as the particle volume
fraction, φ , and the ionic strength of the background fluid, I, are varied. It is shown that films
with highly coiled, brush-like polyelectrolytes significantly enhance the yield stress. More-
over, the polyelectrolyte multilayer modification changes the interaction strength, U , similar
to I, leading to an unexpected scaling behavior.

7.2 Introduction

Control over the yield stress of colloidal suspensions is crucial for many industrial processes
and basic research, including soft matter physics, materials engineering, food- and biotechnol-
ogy [82, 165–168].

Colloids per se have great potential as building blocks for functional nanostructures [169, 170],
but often lack essential features like biocompatibility, dispersibility, or sedimentation stability
in aqueous and ionic media [171–173]. To improve their applicability, the surface of the col-
loids has to be functionalized [174]. Due to their huge internal surface, nanometer thin poly-
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electrolyte multilayer (PEM) films, which are composed of alternating polyanion and polyca-
tion layers, are interesting materials for surface functionalization [4, 122, 175, 176]. Thereby,
the physicochemical properties of the PEM films greatly benefit from the polymeric and ionic
nature of the polyelectrolytes, and are mainly determined by the terminating polyelectrolyte
layer.

The physicochemical properties of the PEM film, like hydrophobicity, porosity, surface charge
and roughness, can be precisely adjusted by pH and ionic strength during PEM film assem-
bly [4, 81, 177]. For example, increasing ionic strength during multilayer formation results
in rougher PEM films [178]. Herein, we use two of the most studied strong polyelectrolytes,
poly(diallyldimethylammoniumchloride) (PDADMAC) and poly(styrenesulfonate) (PSS), to
create the multilayer films. Strong polyelectrolytes completely dissociate in aqueous media
for wide range of pH values. Thus, the conformation of the used polyelectrolytes depends on
their chemical structure and on the ionic strength. We systematically vary the conformation
of the polyelectrolytes during PEM film assembly, and study the effect of the polyelectrolyte
conformation on the dynamic yield stress, which proves to be a well-defined material prop-
erty [179]. The polyelectrolyte conformation is, to a large extend, set by the salt concentration
of the aqueous deposition solution [180]. Due to counterion screening, high salt concentra-
tions, c > 0.5 M, lead to highly coiled, brushy polyelectrolytes with linearly growing film
thickness [181]. Contrary to high salt concentrations, adsorption from salt free or low salt
concentrations c ≤ 0.5 M, results in flatly adsorbed polyelectrolytes which build compara-
tively thinner films [178]. Via the polyelectrolyte conformation, the salt concentration also
moderates the roughness of the PEM film. The roughness of the PEM film increases with
increasing brushiness of the polyelectrolyte building blocks [178]. As a main advantage, the
polyelectrolyte conformation, and thus the roughness of the PEM film, is conserved, when the
PEMs are transferred from the deposition solution to another aqueous medium [182]. Further-
more, the PEM films are kinetically stable for ionic strengths of the background fluid up to
I ≈ 1 mol/L monovalent salt [45, 183, 184]. This should allow us to tailor the interparticle
interactions, and consequently the dynamic yield stress, ex situ, that is independent of pH and
ionic strength of the background fluid [92, 185]. In contrast, competing surface functional-
ization approaches result in a strong coupling to the chemical composition of the background
fluid.

While many applications require the dispersion of PEM modified colloidal particles in liquid
media, and even though the use of PEMs as particle coating is often mentioned as a tool to
stabilize colloids in suspension [6, 186], only a few works deal with the rheology of poly-
electrolyte multilayer modified suspensions. In a previous work [131], we investigated the
dependence of the static yield stress [12, 14, 15, 179] of dense suspensions on the number
of adsorbed polyelectrolyte layers. The surface roughness decreases with increasing layer
number, which is exemplarily visualized by Fig. 7.1 for PEM modified particles with 2 and 8
polyelectrolyte layers. The static yield stress becomes independent of the surface properties
of the colloidal template when the PEM film consists of more than about 6 layers [131]. In
this multilayer regime, the interparticle interactions are solely determined by the terminating
polyelectrolyte layer. While this first study validated the capability of PEM modified suspen-

59



7 Effect of Polyelectrolyte Conformation

-10

-5

0

5

10

0 0.5 1 1.5

h
(n

m
)

s (µm)
(a)

-10

-5

0

5

10

0 0.5 1 1.5

h
(n

m
)

s (µm)
(b)

Figure 7.1: Topography images of PEM modified particles with 2 layers, (a), and 8 layers,
(b). In the bottom row are the height profiles along the solid lines drawn in the
topography images shown.

sions, a more detailed picture of the micro-macro interaction mechanism is essential for further
applications.

With the present work, we take advantage of our previous findings to investigate the micro-
macro interaction in more detail. We focus on the multilayer regime and limit our study to
films with 8 layers and polyanion termination. We report on tailoring the dynamic yield stress
by controlling the polyelectrolyte conformation during PEM film assembly. For a specific
polyelectrolyte conformation, values of the measured shear stress, σ , can be scaled onto a
single master curve. When the polyelectrolytes evolve to brushy conformations, the dynamic
yield stress, σy, increases dramatically, and we observe a behavior similar to the variation of
particle volume fraction, φ , or ionic strength of the background fluid, I.

Our results clearly show that the polyelectrolyte conformation is an effective and precise con-
trol parameter for the dynamic yield stress.

60



7 Effect of Polyelectrolyte Conformation

7.3 Materials and Methods

7.3.1 Materials

We use the layer-by-layer (LbL) self assembly technique [80] to build the PEM films onto
self-made polystyrene particles. Contrary to state-of-the-art techniques, LbL self assembly is
not restricted to surface charge, size, or shape of the colloidal template. Also, the PEMs can be
created from a huge variety of polyanion/polycation and polyelectrolyte/template pairings [4].

Polystyrene Particle Manufacturing and Characterization

Polystyrene (PS) particles were prepared via dispersion polymerization of styrene in ethanol [46],
because of the high monodispersity of the samples and the up-scaling ability for the syn-
thesis [49]. Alcohol soluble styrene monomere, initiator, 2,2‘-azobis(2-methylbutyronitrile)
(AMBN), stabilizer, poly(vinylpyrrolidone) (PVP K30), and co-stabilizer, Triton X-305, were
purchased from Sigma Aldrich and used without further purification. The synthesis route was
similar to Song et al. [49, 50].

About 80% of the styrene monomere (200 g), stabilizer (PVP K30, 32 g), co-stabilizer (Triton
X-305, 11.2 g) and 800 g ethanol were weighed into a 2 l three-neck reaction flask. The filled
flask was placed in a 75 ◦C oil heating bath and permanently stirred at 70 r/min. A starter
solution with styrene monomere (40 g) and initiator (AMBN, 8 g) was mixed in a beaker glass
and homogenized by a magnetic stirrer, during heating. When the starter solution reached
40 ◦C, it was poured into the polymerization solution. After 24 hours, the solution was cooled
down to room temperature to stop the synthesis.

The particles were washed by centrifugation at 3000 r/min and subsequently decanting the
supernatant. Fresh ethanol was added and the washing procedure was repeated 4 times. In a
final step, the particles were dried at 30 ◦C in vacuum, and sieved through a mesh with 20 µm
pore size.

The particle size is estimated by dynamic light scattering (Mastersizer 2000, Malvern), which
reveals a mean radius a = 2.5 µm and a polydispersity of about 3%. The surface charge of
the particles, ζ =−55 mV, was determined by electrophoresis experiments (Zetasizer Nano,
Malvern). Dry particles were suspended in ultrapure water (Milli-Q, Millipore) at a concen-
tration of 1 g/L to obtain a master suspension. Because the zeta potential measurement suffers
from too high particle concentrations, a fraction of the master suspensions was separated and
subsequently diluted. The zeta potential was estimated at each dilution step. Values of the
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zeta potential became independent of the particle concentration at 10−3 g/L and througout this
work, the presented zeta potential values were obtained at this concentration.

Polyelectrolyte Multilayer Formation and Characterization

Polyelectrolyte multilayer films with in total 8 layers are assembled onto the PS spheres by con-
secutively adsorbing polycations, poly(diallyldimethyhlammonium chloride) (PDADMAC),
and polyanions, poly(sodiumstyrene sulfonate) (PSS), from aqueous KCl solutions. The used
polyelectrolytes, PDADMAC (Mw=100,000-200,000 g/mol, and PSS (Mw=70,000 g/mol) were
purchased from Sigma Aldrich and used as recieved. Aqueous deposition solutions of 10−2 mol/L
polyelectrolyte were prepared by the use of ultrapure water (Milli-Q, Millipore). The deposi-
tion solutions were adjusted to the desired ionic strength by adding the desired amount of the
monovalent salt KCl.

Polyelectrolyte multilayers were built from the three salt concentrations, c = 10−2 mol/L KCl,
c = 5 ·10−1 mol/L KCl, and c = 1 mol/L KCl.

Between the adsorption of successive polyelectrolyte layers, the particles were washed 3 times
with polyelectrolyte and salt-free Milli-Q water by centrifugation at 3000 r/min and subse-
quently decanting and replacing the supernatant. Each adsorbed layer reverses the surface
charge of the particles. The charge-reversal was checked by zeta potential measurements (Ze-
tasizer Nano, Malvern), which reveal a zeta potential of about ζ =−55 mV for PSS, and
ζ = 25 mV for PDADMAC termination. The PEM modified particles were stored in salt-free
Milli-Q water.

Suspension Preparation

Prior to each experiment, we wash the particles three times with the aqueous background fluid,
which we adjust to the desired ionic strength, ranging from I = 10−3 − 5 ·10−1 mol/L KCl.
The particles were stored for 24 h at the specific ionic strength [45]. The suspensions were
concentrated by sedimentation under gravity and removing the supernatant. Visual inspection
of the sedimentation process shows that the occurance of a liquid phase and a particle sed-
iment became apparent at the time scale of days, and hence the samples are stable against
sedimentation on the experimental time scale of several hours.
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7.3.2 Rheological Setup and Measurement Protocol

A disposable pipette was used to fill in one go about 4 mL of the concentrated suspensions into
a concentric cylinder geometry with 0.71 mm gap width. During the experiments, a solvent
trap is used to prevent evaporation. Steady shear experiments were performed on a MCR 500
rheometer (Anton Paar), which operates in controlled strain mode. The shear stress response
of a decreasing strain rate γ̇ , starting at 1000 s−1, is recorded. In order to enhance the repro-
ducibility, the suspensions were pre-sheared at high strain-rates, γ̇ = 500 s−1, to completely
erase their mechanical history. At this high strain rate, the viscosity of the suspensions became
independent from the strain rate, which indicates that the microstructure is broken down into
particles [21]. Subsequently, the suspensions were left at rest for 2 h for the microstructure to
rebuild in a reproducible manner.

7.3.3 Aging Protocol

The rejuvenation during pre-shear resets the time, t, of the sample history. Thus, a waiting
time tw = 7200 s is necessary to allow the microstructure to rebuild. We use the transient
elastic shear modulus, G′(t), to follow this aging during tw by oscillatory shear (oscillation
frequency ω = 10 rad/s) with small amplitude, γ0 = 10−2. An example is given by Fig.7.2.
Similar rejuvenation-aging protocols are proved and tested for the investigation of colloidal
suspensions that exhibit yield stress behavior [29, 187–189].
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Figure 7.2: Microstructure build up during aging with the transient elastic shear modulus, G′,
as a function of time, t. The same data are plotted in the inset in semilogarithmic
scales, where the solid line is the logarithmic fit to G′(t) for t > 100 s. The dashed
line indicates the structural relaxation time, ts = 300 s, at which G′(t) approaches
logarithmic behavior.
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7.3.4 Discussion on Hershel–Bulkley Model

Because the Hershel–Bulkley (HB) model describes steady-state flow curves, we are now in-
terested in the relevant time scales that enter the description of our samples. We found typical
viscoelastic relaxation times, η∞/G0, of the order of 10−3 to 10−2 s. We determine the high
shear viscosity, η∞, at γ̇ = 500 s−1 in the Newtonian regime of the flow curve. We define the
elastic shear modulus, G0, as the value when G′(t) approaches logarithmic behavior during ag-
ing [190]. This is illustrated in Fig. 7.2, where we further define the structural relaxation time,
ts, when G′(ts) = G0. We like to note that other methods also exist to determine the structural
relaxation time [35, 53, 164]. The ratio of the both time scales gives a dimensionless number,
D = η∞/(G0ts), that indicates nonthixotropic materials for D close to unity, and thixotropic
materials for D ≪ 1 [77]. Typical structural relaxation times, ts of our samples are ts < 300 s.
Then, D < 10−4 and we deal with thixotropic materials. Hence, we have to validate that a
steady-state is reached and we choose a waiting time per measurement point, twp = 300 s, so
that twp > ts at each imposed strain rate [25, 28, 191, 192].

7.3.5 Volume Fraction Estimation

We estimate the volume fraction from the measured high-shear viscosity [18, 193]

η∞ = η f

(

1− φe f f

φ∞

)−2

, (7.1)

with the background fluid viscosity η f , the effective, and shear dependent volume fraction,
respectively, φe f f , and φ∞= 0.71 [136].

The presence of electrostatic or steric interactions, as discussed before, may significantly en-
large the effective particle size, and hence φe f f =(1+λ/a)3φ . To evaluate this effect, we use
the characteristic length scales λ of both forces, namely the Debye length κ -1 and the polymer
layer thickness δ . Firstly, we evaluate the Debye length for monovalent salt, κ−1 = 0.304 nm/

√
I,

with I denoting the ionic strength of the background fluid [142]. In our experiments, the lowest
ionic strength is I = 10−3 mol/L KCl, leading to a Debye length κ−1

max = 10 nm. Now we turn
to the polymer layer thickness. The largest polymer layer thickness arises in case of brushy
polyelectrolyte conformation. Our most brushy (PDADMAC/PSS)4 multilayers, assembled at
c = 1 mol/L KCl, are about δ = 100 nm thick [44, 45]. The addition of such a relatively thin
layer does not significantly increase the effective particle radius. Hence, the effective volume
fraction is less than 4% and has no noticeable effect on the rheological properties of the sus-
pensions [194]. Consequently, we estimate all volume fractions by the use of Eqn. (7.1), where
we replace φe f f by φ .
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Figure 7.3: Representative flow curves for increasing volume fraction from φ ≈ 0.2 over
φ ≈ 0.4 to φ ≈ 0.5 at fixed polyelectrolyte conformation and ionic strength. The
plotted data contrast the effect of (a) high, I = 5 ·10−1 mol/L KCl, and (b) low,
I = 10−3 mol/L KCl, ionic strength of the background fluid.

7.4 Results and discussions

By example of Fig. 7.3, we firstly investigate the rheological properties as a function of the vol-
ume fraction when the polyelectrolyte conformation and the ionic strength of the background
fluid are fixed. Volume fractions ranging from φ = 0.1 to 0.6 were studied. Below a critical
volume fraction, φc ≈ 0.2, the measured shear stress decreases linearly with the applied strain
rate, as depicted by the lowest curve in Fig. 7.3(b). Such samples behave Newtonian, with
their viscosity exceeding that of the background fluid. This is characteristic for dilute suspen-
sions [18]. Larger volume fractions lead to more complex material behavior, as the recorded
shear stress becomes more and more nonlinear at low applied strain rates and finally reaches
a plateau value. This kind of material behavior can be modeled as a Herschel-Bulkley (HB)
fluid,

σ (γ̇) = σy + kγ̇n , (7.2)

with the dynamic yield stress, σy, the consistency index, k, and the positive power-law expo-
nent, n, accounting for either shear-thinning, n < 1, or -thickening, n > 1. The consistency
index, k, might be interpreted as an apparent viscosity. Fitting Eqn. (7.2) to our rheologi-
cal data reveals an excellent agreement where σy corresponds to the plateau stress, and the
exponent correctly captures shear-thinning.

To further investigate the rheological properties, we fix the polyelectrolyte conformation and
the particle volume fraction and vary the ionic strength of the background fluid. Comparing
Fig. 7.3(a) with Fig. 7.3(b), demonstrates that the ionic strength greatly affects the dynamic
yield stress. Values of σy drop by one order in response to a reduction of the ionic strength
from I = 5 ·10−1 mol/L KCl to I = 10−3 mol/L KCl.
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In conclusion, the data for φ > φc, suggest that the dynamic yield stress behaves similar at
different φ and I. To compare these data, we scale the measured shear stress, and the applied
strain rate, respectively by the scaling factors ã and b̃. While the particle loading enhances
the viscosity of the samples [18], we have to normalize the horizontal scaling factor b̃ by η∞.
Hence, ã and b̃/η∞ are linearly related, which represents a shift along the viscosity of the
background fluid [74]. The scaling factors expand over two decades for brushy PEM films,
whereas for flat PEM films they accumulate in a half decade. This much narrower distribution
implies that the modification by flat PEM films is less sensitive to the ionic strength of the
background fluid.

For each polyelectrolyte conformation, curves of different φ and I collapse onto a single master
curve, which we exemplarily plot for different brushy PEM films in Fig. 7.4. This figure
demonstrates that the modification by brushy PEM films significantly enhances the dynamic
yield stress by one order in magnitude.

Remarkably, in Fig. 7.4(a), we observe negative slopes in the I = 10−3 mol/L KCl flow curves
for the brushy samples at low strain rates. Similar behavior is observed for other soft colloids,
like colloidal star polymers, and related to shear banding [25, 188, 195, 196].

The flow curves in Fig. 7.3, together with the master curves in Fig. 7.4, suggest that the fluid
changes to a jammed solid, either if the volume fraction or the interparticle interaction exceeds
their corresponding critical values φc ≈ 0.2 or Uc, implying that I is related to the interparticle
interaction, U . Thus, the dynamic yield stress denotes the critical stress at the jamming phase
boundary, described by σy = σφ (φ −φc)

ν , where σφ sets the stress scale of the yield stress,
and ν is an exponent which is related to the microstructure of the sample [13]. We focus on
high volume fractions, and thus this equation simplifies to [197, 198]

σy = σφ φν . (7.3)

As an example, Fig. 7.5(a) shows the dynamic yield stress as a function of the volume fraction
for brushy samples. The plotted solid lines denote fits of Eqn. (7.3) to the dynamic yield
stress data obtained at ionic strengths between I = 10−3 mol/L and I = 5 ·10−1 mol/L KCl. As
expected from Eqn. (7.3), the dynamic yield stress increases proportional to a constant power of
the volume fraction, σy ∝ φν , with ν=3. Values of ν between 1.4 and 5.5 are typically observed
in suspensions of weakly attractive particles that form scale invariant particulate networks [197,
199, 200]. Moreover, Fig. 7.5(a) nicely visualizes the rise of σφ (I) with increasing ionic
strength, I.

Now we turn to the effect of the polyelectrolyte conformation on the dynamic yield stress.
For this, we vary the brushiness, and thus the roughness of the PEM film [178], and plot in
Fig. 7.5(b) representative σy values at fixed ionic strength, I = 10−1 mol/L KCl. Remarkably,
values of the dynamic yield stress increase with increasing volume fraction according to σy ∝
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Figure 7.4: (a) Typical curves of normalized shear stress, σ ã, as function of normalized strain
rate, γ̇ b̃, with varying volume fraction φ (closed symbols) and ionic strength I

(open symbols) of the background fluid. Upper master curve for brushy (triangles),
lower for flat (squares) adsorbed polyelectrolytes. The corresponding shift factors
are plotted in (b). The open symbols denote values for I = 10−3 mol/L KCl, the
closed symbols for I = 10−1 mol/L KCl. For each polyelectrolyte conformation,
the dynamic yield stress value at φ=0.60 sets the reference for the shifts.

φ3. Furthermore, σφ (brushiness), increases with increasing brushiness. Surprisingly, at low
and high ionic strength, I = 10−3 and I = 5 ·10−1 mol/L KCl, the brushiness plays a minor role
and values of σφ (brushiness) of the different polyelectrolyte conformations are approximately
equal.

Firstly, we will discuss the effect of I on σφ . Using the surface force apparatus (SFA), the
dominating interactions between PEMs assembled at high, ≥ 0.5 mol/L, monovalent salt con-
centration, were recently investigated at fixed polyelectrolyte conformation as a function of the
ionic strength of the background fluid [201–203]. These experiments reveal the dominance of
steric interactions above I ≈ 10−3 mol/L, which is the lowest ionic strength we used herein. A
finding that is supported by colloidal probe-force measurements under similar conditions [94].
The steric interactions originate from tails and loops of the terminating polyelectrolyte that
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Figure 7.5: Effect of (a) the ionic strength of the background fluid, and (b) polyelectrolyte
conformation on the dynamic yield stress. Values of the ionic strength in (a) are
I = 10−3 mol/L (triangles), I = 10−2 mol/L (squares), I = 10−1 mol/L (circles),
and I = 5 ·10−1 mol/L (diamonds) KCl. The measurements in (b) are performed at
I = 10−1 mol/L KCl, illustrating the evolution from flat to brushy polyelectrolyte
conformations. The increase in brushiness is denoted with triangles (flat) over
squares to circles (brushy). In both figures, solid lines are fits to the data with the
slope 3.

expand from the PEM surface into the surrounding solution. Thus, we can think of the steric
layer as a hairy corona around the PEM coated colloids. Recent experiments performed with
the support of the osmotic stress technique arrived at the same solid core-PEM shell-hairy
corona picture [204].

We expect, that the ionic strength of the background fluid directly influences the steric layer [204].
In a first approximation, we hypothesize that the terminating layer behaves similar to polyelec-
trolyte brushes. Polyelectrolyte brushes shrink with decreasing ionic strength of the back-
ground fluid [157, 205], ∝ I−1/3. Hence, we anticipate that the steric layer is most extended
at low I. Then, the expanding polyelectrolyte chains are experienced to electrostatic self-
repulsion, which tends to stretch the polyelectrolyte chains and is balanced by their elasticity.
Increasing I leads to an imbalance which results in chain softening and lastly in a collapse of
the hairy corona. We speculate that thereby the effective interparticle attraction increases.

The interactions of polyelectrolyte brushes are strongly correlated to the thickness, L, of the
brushy layer. The brush thickness is proportional to the decay length of the steric repulsion and
hence, we expect the effective attraction [206], U ∝ L−1. Increasing the ionic strength of the
background fluid, I, collapses the brush according to L ∝ (Is2)−1/3, where s2 is often related
to the chain length of polyelectrolyte brushes [92, 206]. Herein, we pragmatically use s as a
dimensionless shift factor. Using Eqn. (7.3) together with the scaling [200]

σy ∝
Uφν

a2
, (7.4)

recently proposed for weakly attractive particles with ν close to 3, relates the extra stress to
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Figure 7.6: (Color) Scaling of the normalized dynamic yield stress, σy/(Is2)1/3, as a func-
tion of particle volume fraction, φ . The plotted data are obtained for increasing
brushiness, or roughness, from triangles (flat) over squares to circles (brushy) at
different ionic strength of the background fluid, visualized by the colors with green
(I = 10−3 mol/L KCl), black (I = 10−2 mol/L KCl), blue (I = 10−1 mol/L KCl),
and red (I = 5 ·10−1 mol/L KCl). Please note that data for I = 5 ·10−1 mol/L KCl
are not shifted.

the interparticle interactions, σφ ∝ U . Hence, we expect the normalized yield stress to scale

as σy/(Is2)1/3
∝ φ3, which we plot in Fig. 7.6(a). Remarkably, samples up to I = 10−1 mol/L

KCl follow this scaling and collapse onto the unshifted data for I = 5 ·10−1 mol/L KCl. We
hypothesize that at this high ionic strength, I = 5 ·10−1 mol/L KCl, charges of the hairy layer
are largely neutralized and the interactions become dominated by non-specific interactions
such as bridging [207, 208] .

Based on Fig. 7.6, we discuss the effect of brushiness, and hence PEM film roughness [178],
on σφ . We estimate s = 0.01, 0.04, and 0.1, ordering from flat to brushy adsorbed polyelec-
trolytes. This corresponds to increasing PEM film roughness [178], visualized by Fig. AFM.
The increasing PEM film roughness leads to rising attractive interparticle interactions [94],
which is in good accordance to our observed increasing values of s, and hence σφ . Our find-
ings are also in good qualitative agreement with colloidal probe force measurements [92] as
well as yield stress measurements [209, 210] on brushy, or rough, polyelectrolyte monolayers.
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7.5 Conclusions

We demonstrate that control over the polyelectrolyte conformation of PEM films serves as a
versatile tuning parameter for the dynamic yield stress of colloidal suspensions. Using this
tuning parameter opens up the possibility to tailor the dynamic yield stress independently of
the physicochemical composition of the background fluid. We show that PEM films consisting
of brushy polyelectrolytes give higher dynamic yield stress values. Moreover, the increase of
the dynamic yield stress with the evolution from flat to brushy PEM films is similar to that
with increasing ionic strength of the background fluid; both effects increase the strength of the
interaction energy. Using simple scaling arguments, we draw a first picture of the interaction
mechanisms that motivate further studies. Our results show that well-defined, homogeneous
polyelectrolyte multilayers are a promising method for the design of colloidal suspensions.
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