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Abstract

Soft matter systems consist of a large range of materials, including polymers, emulsions,
foams, granular materials, etc. Cells, tissues and organisms also belong to the category
of soft matter systems. All these systems play an important role in our daily life and
in industrial applications. Because soft matter systems are sensitive to external applied
forces and stimuli, they can be used to fabricate stimulus-responsive materials, such as
actuators and sensors. The rheological properties of soft matter systems determine how
they deform under forces.

Understanding the rheological properties of soft matter systems on different length
scales can help to design the stimulus-responsive materials. Depending on the probed
length scale, rheology can be divided into bulk rheology, microrheology and nanorhe-
ology. Among these methods, microrheology probes the rheological properties of soft
matter systems on the micrometer scale. It gives essential information on the interactions
between the building blocks of the systems. In this thesis, the microrheological properties
of two soft matter systems are studied.

The first studied systems are the magneto-responsive hybrid gels (MRGs). A MRG
consists of a polymer network swollen in a good solvent, and embedded micro-sized
magnetic particles. MRGs have potential applications as soft actuators, artificial muscles,
and sensors, etc. It is well known that the magnetic responsibility of the MRGs arises
from the magnetic interactions between the embedded magnetic particles. However, the
details about how the magnetic particles couple to the surrounding polymer network on
a microscopic scale are still not clear. In this thesis, an experimental model system for
MRGs is developed. It consists of paramagnetic particle chains inside the soft gels. Using
laser scanning confocal microscopy, the 3D rearrangement of the magnetic particles in the
soft gels under a homogeneous magnetic field is studied. Under an applied magnetic field,
the magnetic interactions between the magnetic particles tend to align the magnetic parti-
cle chains along the field direction. However, this is impeded by the cross-linked polymer
network. In the experiments, I find that the interplay between these two effects leads to
rich morphological changes (e.g., buckling) of the paramagnetic particle chains under the
magnetic field. Together with theorists from Heinrich-Heine-Universitit Diisseldorf and
Universitit Stuttgart, we develop a simplified theoretical model and perform simulations
to understand this magnetic-field-induced buckling behavior. In addition, in order to un-
derstand how the magnetic particles interact with each other in the gel matrix, theorists
from Heinrich-Heine-Universitéit Diisseldorf propose a theory which can calculate the ef-
fective interactions between particles in the elastic matrix analytically. To confirm the
theory, I perform experiments on small groups of paramagnetic particles embedded in a

soft gel matrix. Applying an external magnetic field induces magnetic forces between the
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particles. Rotating the magnetic field tunes these forces. In this thesis, it will be shown
that the theory can correctly predict the change of positions of the magnetic particles
embedded in the gel under the magnetic field.

The second studied systems consist of microgels at the water/oil interface. Micro-
gels have been used to prepared emulsions which are responsive to temperature or pH
value. However, it is still not clear how the microgels interact at the interface, and how
these interactions influence the rheological properties of the microgel-laden interfaces. In
this thesis, the rheological properties of the microgel monolayers at the water/oil interface
are studied on the single-microgel level. It is observed that driven by the capillary interac-
tions, the microgels at the water/oil interface tend to aggregate. At low surface coverage,
the aggregated microgels form open networks which show dominating elasticity. Passive
microrheology is used to determine the elasticity of these microgel networks at the inter-
face. At high surface coverage, when the microgels become closely packed at the water/oil
interface, the elasticity of the microgel monolayers is dominated by the overlapping of the
microgels. Their elasticity can be measured using the active microrheology with the mag-
netic dimers as probes. The advantage of using microrheology is that the structure of the

microgel monolayers can be well observed during the rheological measurements.



Zusammenfassung

Weiche Materie Systeme bestehen aus einer Vielzahl von Materialien, darunter Polymere,
Emulsionen, Schaume, granulare Materialien etc. Zellen, Stoffe und Organismen gehoren
auch in die Kategorie der weichen Materie. Alle diese Materialien spielen eine wichtige
Rolle in unserem tédglichen Leben ebenso wie in industriellen Anwendungen. Da sie
empfindlich auf externe Krifte und Reize reagieren, konnen sie zur Herstellung stimulus-
sensitiver Materialien verwendet werden, zum Beispiel fiir Aktuatoren und Sensoren. Die
rheologischen Eigenschaften von weicher Materie bestimmen das Verhalten unter dy-
namischer Krafteinwirkung.

Das Verstindnis der rheologischen Eigenschaften von weicher Materie Systemen auf
unterschiedlichen Lingenskalen kann dazu beitragen, solche stimulus-sensitive Materi-
alien zu entwerfen. Abhéngig von der untersuchten Lingenskala kann die Rheologie
in Makrorheologie, Mikrorheologie und Nanorheologie unterteilt werden. Unter diesen
Methoden untersucht die Mikrorheologie die rheologischen Eigenschaften von Weich-
stoffsystemen auf der Mikrometerskala und liefert wesentliche Informationen iiber die
Wechselwirkungen zwischen den Bausteinen der Systeme. In dieser Arbeit werden die
mikrorheologischen Eigenschaften zweier weicher Stoffsysteme untersucht.

Das erste untersuchte System ist ein magnetisch-responsives Hybridgel (MRG). Das
MRG besteht aus einem Polymernetzwerk, das mit einem angepasstem Losungsmittel
gequollen ist, und eingebettete magnetische Mikropartikel enthilt. MRGs haben poten-
zielle Anwendungen als weiche Aktuatoren, kiinstliche Muskeln, Sensoren etc. Obwohl
bekannt ist, dass die magnetische Reaktion der MRGs aus den magnetischen Wechsel-
wirkungen zwischen den eingebetteten magnetischen Partikeln entsteht, sind die Details
dariiber, wie die magnetischen Partikel auf mikroskopischer Ebene an das umgebenden
Polymernetzwerk koppeln noch nicht bekannt. In dieser Arbeit wird ein experimentelles
Modellsystem fiir MRG entwickelt, welches aus paramagnetische Partikelketten besteht,
die in weichen Gelen eingebettet werden. Unter Verwendung von konfokaler Laserscan-
ning Mikroskopie wird die 3D-Umlagerung der magnetischen Partikel in den weichen
Gelen unter dem Einfluss eines homogenen Magnetfeldes untersucht. Unter dem mag-
netischen Feld neigen die magnetischen Partikel aufgrund magnetischer Wechselwirkun-
gen dazu, die magnetischen Partikelketten entlang der Feldrichtung auszurichten. Dies
wird jedoch durch das vernetzte Polymernetzwerk behindert. In meinen Experimenten
finde ich, dass das Zusammenspiel dieser beiden Effekten fiihrt zu morphologischen
Verinderungen der paramagnetischen Partikelketten unter dem Einfluss des Magnetfeld
(z.B. Undulationen der Partikelketten). Zusammen mit Theoretikern der Heinrich-Heine-
Universitit Diisseldorf und der Universiét Stuttgart entwickelte ich ein vereinfachtes the-

oretisches Modell und erarbeitete Simulationen, um dieses magnetfeldinduzierte Undu-

3
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lationsverhalten zu verstehen. Um zu verstehen, wie die magnetischen Teilchen in der
Gelmatrix miteinander interagieren, schlagen Theoretiker der Heinrich-Heine-Universitét
Diisseldorf eine Theorie vor, mithilfe derer die analytisch wirksamen Wechselwirkungen
zwischen den Teilchen in der elastischen Matrix berechnen konnen. Um die Theorie zu
bestidtigen, experimentiere ich mit kleinen Gruppen paramagnetischer Partikel, welche
in einer weichen Gelmatrix eingebettet sind. Das Anlegen eines externen Magnetfelds
induziert magnetische Kréfte zwischen den Teilchen. Durch Drehen des Magnetfeldes
werden diese Krifte eingestellt. In dieser Arbeit zeige ich auch, dafl diese Theorie die
Lageédnderung der in dem Gel unter Magnetfeld eingebetteten magnetischen Teilchen ko-
rrekt vorhersagen kann.

Das zweite untersuchte System besteht aus Mikrogelen an der Wasser / Ol-Grenzfliche.
Es wurden Mikrogele verwendet, um Emulsionen herzustellen, die auf Temperatur oder
pH-Wert ansprechen. Es ist jedoch noch nicht klar, wie die Mikrogele an der Gren-
zfliche wechselwirken und wie diese Wechselwirkungen die rheologischen Eigenschaften
der mikrogelbeladen Grenzflichen beeinflussen. In dieser Arbeit werden die rhelolo-
gischen Eigenschaften einer Mikrogel-Monoschicht an der Wasser / Ol-Grenzfliche auf
Einzelmikrogel-Ebene untersucht. Ich beobachte, dass die Mikrogele an der Wasser / Ol-
Grenzfliche, die durch Kapillarwechselwirkungen angetrieben werden, dazu neigen zu
aggregieren. Bei niedriger Oberflichenkonzentration bilden die aggregierten Mikrogele
offene Netzwerke aus, die dominierende Elastizitit zeigen. Zur Bestimmung der Elas-
tizitit der Mikrogelnetze an der Grenzfliche wird die passive Mikrorheologie verwendet.
Bei hoher Oberflichenkonzentration, wenn die Mikrogele an der Wasser / Ol-Grenzfliche
dicht gepackt sind, wird die Elastizitit der Mikrogelmonoschichten durch die Uberlap-
pung der Mikrogele dominiert. Thre Elastizitit kann mit der aktiven Mikrorheologie mit
den magnetischen Dimeren als Sonden gemessen werden. Der Vorteil der Mikrorheolo-
gie liegt darin, dass die Struktur der Mikrogelmonoschichten wéhrend der rheologischen

Messungen gut beobachtet werden kann.



1. Introduction and Motivation

1.1 Soft matter

Simple solids show small deformations under an external force, while simple liquids flow
under the same force. Many materials are neither simple solids nor simple liquids. For
example, a toothpaste acts as a solid under a small force (e.g., under the gravity), while it
starts to flow (like a liquid) if we squeeze it. There are many materials showing mechani-
cal properties between solids and liquids, including polymers, emulsions, foams, granular
materials, surfactants and liquid crystals, etc. They are all soft matter. !> Cells, tissues
and organisms are also in the category of soft matter.>

Even though soft matter systems cover a large range of materials, they have some com-

mon characteristics: 23

(i) Soft matter show large responses to weak forces. For example, a gel can show a
large elongation under a tensile force. Typically, the large response of soft matter
cannot be described using a linear relation between the stress and strain. Instead,

nonlinear effects should be taken into account.

(i) The building blocks of soft matter are much larger than atoms. For example, the
building blocks for the polymer materials are the polymer chains. A polymer chain
may consist of thousands of monomer units. Fig. 1.1 shows the length scales of the

building blocks for the typical soft matter systems.

(ii1)) When the building blocks of soft matter show collective motions, the resulting dy-
namics of soft matter is slow. Owing to the slow relaxation, soft matter cannot easily
reach the equilibrium state. The non-equilibrium properties are important for soft

matter systems.

1.2 Viscoelasticity of soft matter

Soft matter are usually viscoelastic. That is, they have both elastic and viscous properties.
The viscoelastic properties of soft matter play an important role in their processing and
applications. To quantify the viscoelasticity of a soft material, let’s first consider a cubical
element inside the material. The stress, i.e., the force per unit area acting on the face of
the cubical element, is in fact a tensor with different components as shown in Fig. 1.2a.
In a pure shear experiment, the strain tensor (¥;;) and the stress tensor (0;;) can be written

as4
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Figure 1.1 Typical examples of soft matter systems and their characteristic sizes of the building

blocks. Reprinted from Ref. 3 with permission.

0 v O —-P o, O
%=1y 00|, oj=|o0c —P 0 [, (1.1)
000 0O 0 -P

where P is an isotropic pressure. The non-zero shear components and the resulting shear
deformation are shown in Fig. 1.2b. For an isotropic elastic material under infinitesimal

(pure) shear deformation, the Hooke’s law can be simplified as:
o; = GY, (1.2)

where G is the shear modulus. For an isotropic viscous liquid under slow flow, instead,
the shear stress is related to the shear velocity (7 = d7y/dr) following the Newton’s law:

oy =17, (1.3)

where 7 is the viscosity.

The deformation of an ideal elastic solid under a force does not depend on how long
the force is applied, while an ideal viscous liquid has no memory about its deformation
history. For most soft matter systems, however, their rheological properties are time-
dependent and have a memory effect (i.e., they are viscoelastic). For example, a polymer
can creep under a constant force. Its deformation depends on the time when the force
is applied. According to Boltzmann superposition principle, the effects of mechanical
history are linearly additive. The stress can be described as a function of rate of strain
history (see Eq. (1.4)), or alternatively the strain can be described as a function of the
history of rate of change of stress (see Eq. (1.5)):*
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Figure 1.2 (a) Stress tensor (0;;) and the components. (b) Pure shear deformation. The dashed
square represents the plane before deformation. The shear stress is o, and the resulting strain is 7.

o,(1) :/_; G(t—1)y(7)dr, (1.4)

(1) :/_:o J(t—1)0(7)dr. (1.5)

Here, G(¢) is the relaxation modulus at time 7. In general, the ratio of a stress to the
corresponding strain is called a modulus, and for a perfectly elastic solid the equilibrium
shear modulus G is defined as o;/y. J(t) is called the creep compliance, which has the
dimension of reciprocal modulus. It is a monotonically non-decreasing function of time.
J(t) and G(¢) are correlated by:*

/Ot G(t)J(t—r1)dt =1, (1.6)
Ot J(1)G(t—T1)dt="1. (1.7)

Thus J(¢)G(t) < 1 (for a perfectly elastic solid, J(¢)G(t) = 1). J(t) and G(¢) can be
obtained from creep experiments and relaxation experiments. Alternatively, oscillatory
shear experiments are widely used to characterize the rheological properties of soft matter
systems over a wide range of frequencies. The dynamic moduli are correlated with the

relaxation modulus following:
G (©) = Go+ 0 / (G(t) — G.]sin(wr) dt, (1.8)
0

G'(0) = @ /0 (G(1) — GoJcos(r) dr, (1.9)

where G'(®) is the storage modulus, G”(®) is the loss modulus, G, is the equilibrium
modulus at infinite time, and @ is the angular frequency. G'(®) and G”(®) quantify the
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elastic and viscous properties of the soft matter systems, respectively. They are correlated

to each other by the Kronig-Kramers relation:>

)G+ 2 [T B)

2 ) Bz P (1.10)

2 [~ 0[G'(B) - G|
G (o :—/ — = dp. 1.11
@)= | Z g b (1.11)
The rheological properties of soft matter systems can be measured using different meth-
ods. Depending on the probed length scale, these methods can be divided into bulk rhe-
ology, microrheology and nanorheology.® In the following section, I will give a brief in-
troduction to these methods, and mainly discuss about microrheology, which is the main

topic of this thesis.

1.3 Microrheology of soft matter

Bulk rheology probes an overall mechanical response of a sample on a macroscopic scale.
It may fail to study the rheological properties of a sample under some processing and
application conditions, e.g., under strong confinement. It is also unable to measure the
heterogeneity of the sample, which can be significant in soft matter systems. In addition,
simutaneous observation of the internal structure of the sample is normally not accessible
in bulk rheology. This makes it difficult to use bulk rheology to study the rheology-
structure relationship in soft matter systems.

There is a need to probe the rheological properties of soft matter systems on shorter
length scales. “Nanorheology” is the technique that probes the rheological properties of a
sample on the nanometer scale. For example, atomic force microscopy (AFM), nanoin-
dentation and the surface force apparatus (SFA) are the typical techniques for nanorheol-

ogy. They are able to study the rheology at a single-molecular level.®

In other cases, it is important to probe the rheological properties of soft matter systems
on the micrometer scale, e.g., for cells or soft matter systems in microchannels. Microrhe-
ology, which focuses on the rheology on micrometer scale (100 nm—100 pum), close the
gap between bulk rheology and nanorheology. It provides the possibility to observe the
structure and the intrinsic heterogeneity of the sample when the rheological properties are
probed.” The microrheology also has the advantage of being non-destructive (suitable to
probe the viscoelastic properties of living cells),®"!° requiring only a small sample vol-
ume, having an extended frequency range and large shear strain range. In the following

the principles for different techniques of microrheology will be illustrated.
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1.3.1 Passive microrheology

Passive microrheology is the technique that can be used to obtain the rheological proper-
ties of the soft matter systems, via the measurement of the thermal fluctuation of embed-
ded micro-sized tracers. It is called “passive” microrheology because no external forces

are required. Its development is based on the generalized Stokes-Einstein relation.

1.3.1.1 Generalized Stokes-Einstein relation

A spherical particle moving in a viscous fluid with a velocity of v feels a frictional force
Fq, called “Stokes’ drag". It acts on the interface between the fluid and the particle: !

Fg= —Ev (1.12)

The friction coefficient &, first derived by Stokes for small Reynolds numbers (e.g., for
small particles moving in highly viscous liquid), is related to the radius of the particle (R)
and the dynamic viscosity of the liquid (n):

& =6mnR. (1.13)

Small spherical particles in a purely viscous liquid undergo Brownian motion driven
by the thermal energy kg7, where kp 1s the Boltzmann constant and 7 is the temperature.
As the thermal forces are stochastic, the resulting mean displacement of the diffusing par-
ticles over time is zero, while the mean-squared displacement MSD ({|Ax(¢)|?)) changes
over time (¢):’

(|Ax(0)[*) = (Ix(1) —x(0)[*) = 2dDt (1.14)

where x(¢) is the position of the particle at time ¢, D is the diffusion coefficient, d is the di-
mensionality, and (e) denotes time-average and/or ensemble-average. The diffusion coef-

ficient can be obtained by the Einstein relation (or Einstein—Smoluchowski relation): 12-14

kgT
D = kgThy = 5~ (1.15)

g

Here by (i.e., 1/¢) is the translational mobility of the spherical particles in the liquid. Com-
bining Egs. (1.13-1.15) results in the Stokes—Einstein equation:

d kgT
Ax(t)[}) == 2= ¢,
(Ax()P) = § 2oz

According to the Stokes-Einstein equation, one can measure the viscosity of a liquid

(1.16)

by measuring (|Ax(¢)|?) of the diffusing particles inside the liquid. This is the basic idea
of passive microrheology. However, the Stokes-Einstein equation is only valid for ideal
viscous liquids. In another extreme when the spherical particles are in an ideal elastic

matrix, the particles cannot diffuse. They can only fluctuate around their mean positions
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driven by thermal forces. !> In three-dimensional (3D) systems, the resulting (|Ax(¢)|?)
follows

kgT

(|ax(@)) = —2 = (1.17)

where G is the shear modulus of the elastic matrix.

For the particles in a viscoelastic matrix, one would expect that {|Ax(¢)|?) has a time
dependence between (|Ax(¢)|?) oc t! and (|Ax(1)|?) oc °. In fact, the complex shear
modulus (G* = G’ +iG") of a viscoelastic matrix is related to (|Ax(¢)|?) through the
generalized Stokes-Einstein relation (GSER), which was firstly introduced by Mason and

co-workers: 16-17

B kgT
ionRF{(|Ax(1)[2)}

G*(w) (1.18)
where .7, denotes the unilateral Fourier Transform .Z,{f(t)} = [ e "7 f(t) dt. The
GSER can be derived based on the Langevin equation, energy equipartition and fluctuation-
dissipation theorem. !” It is valid when the inertial effects of the probed particles and the
probed matrix, as well as the longitudinal compression mode in the probed matrix can
all be neglected. As a result, it can be predicted that the frequency range over which
the GSER can be used with good accuracy is 10 — 10° Hz.”-!3 In practice GSER can be
used for an even broader frequency range (10~2 — 10° Hz).

1.3.1.2 Techniques of passive microrheology

A typical passive microrheology measurement has two steps. Firstly, (|Ax(¢)[?) of the
embedded tracer particles is measured. Secondly, the GSER is used to obtain the vis-
coelastic moduli of the soft matter systems based on the measured (|Ax(z)|?). Passive
microrheology can be realized using different techniques, such as particle tracking, two-

point microrheology, and light scattering techniques.

1.3.1.2.1 Particle tracking

Particle tracking microrheology uses digital microscopy to detect the motions of the parti-
cles. Image-based particle tracking routines can be used to locate the particles. The Brow-
nian trajectories are constructed from the videos, and (|Ax(¢)|?) can be directly obtained
from the trajectories; see Fig. 1.3. As suggested by Mason, the Fourier Transform of
(|Ax(¢)|?) in Eq. (1.18) can be estimated algebraically by describing (|Ax(z)|?) as a local
power law.!” Compared to performing fast Fourier Transform, this method can reduce

the errors of the moduli near the frequency extremes. Finally, the moduli of the probed
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Figure 1.3 Particle tracking microrheology for determining the shear moduli of soft matter. (a) The
trajectories of the tracer particles are measured. (b) The mean squared displacement ({|Ax(¢)|?))
is deduced from the trajectories. (c) The shear moduli are obtained from (|Ax(z)|?) based on the
GSER.”

samples can be calculated using the following equations: !’
G (0) = |G*(w)|cos(ra(w)/2), (1.19a)
G'(w) = |G*(0)|sin(ra(w)/2), (1.19b)

kpT
TR(|AX(1/0) )L + a(@)]

|G* ()| ~ (1.19¢)

where T refers to the gamma function. o(®) is the power law exponent describing the
2

logarithmic slope of (|Ax(¢)|?) at t = ! /w. It can be obtained by: a(®) = %h:%.

If the ensemble-average (|Ax(¢)|?) is measured, Eq. (1.19) results in the bulk rheology

of the sample (when the tracers are much larger than the building blocks of the sam-

ple). Alternatively, when (|Ax(¢)|?) for each particle is measured, the particle tracking

method can be used to study the heterogeneity of the sample. '

1.3.1.2.2 Two-point microrheology

Direct use of Eq. (1.18) requires that the tracers are embedded in a homogeneous material
and the tracers are strongly bond to the material. The tracers must have a “no-slip” bound-
ary condition at their surfaces. If these conditions are not fulfilled, the particle tracking
method can lead to incorrect results. For example, if the material has a porous structure,
the tracers can diffuse (or hop) through the pores. Consequently, a softer and more fluid-
like behavior is observed. If the small tracers are strongly adhesive to the segments of the
porous material, the results from particle tracking are smaller compared to those from bulk
rheology, although the correct frequency dependence can be obtained.® Thus, the “gold
standard” to obtain the correct moduli of the sample using passive microrheology is that
the size of the tracers should be larger than the size of the pores.?° In order to decrease the
uncertainties related to the interaction between the tracers and sample (i.e., the boundary
conditions on the tracer surfaces), two-point microrheology has been developed.?! The

basic principle of two-point microrheology is that the Brownian motions of the tracers
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Figure 1.4 Schematic of displacements used to compute the two-point MSD.°

in the soft materials are statistically correlated. Two-point microrheology considers the
tracers’ cross-correlated motions. The cross correlation function for two particles along

their connecting line (see Fig. 1.4) is:
Crr(L,1) = (A1 (1)Ax2(1)). (1.20)

This cross correlation function is related to the shear modulus of the soft material follow-

ing:
B kpT
- 2nsLL{G(t)}

where . means the unilateral Laplace transform, Z[f ()] = [;" e " f(7)d7, s is the com-

L{Cor(L,1)} (1.21)

plex number frequency and L means the separation between two particles (see Fig. 1.4). The
two-point MSD can be calculated by:

oL
(|AX(1)[*)2 = =G (1.22)

Substituting the two-point MSD in Eq. (1.18), the moduli of the probed samples can be
obtained. The two-point MSD and one-point MSD (Eq. (1.14)) will be equal if the probed
sample satisfies the following conditions: (a) homogeneous and isotropic on length scales
significantly smaller than the size of the tracers, (b) incompressible, and (c) connected to
the tracers by no-slip boundary conditions over their entire surfaces. If these boundary
and homogeneity conditions are not satisfied, the two-point MSD and one-point MSD
will be unequal. In this case, using the two-point MSD in the GSER will yield the bulk
rheology of the sample (on the long length scale). Yet, using the one-point MSD results in
the rheology that is a complex superposition of the bulk rheology and the rheology of the
material at the tracer boundary.®*?> Therefore, for samples with heterogeneous structures
or with large pore sizes, the two-point microrheology has the merit to probe the correct
bulk rheology.

1.3.1.2.3 DLS/DWS
The ensemble-average MSD of the tracer particles in the sample can also be measured us-

ing dynamic light scattering (DLS, also called photon correlation spectroscopy or quasi-
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elastic light scattering). The basic idea of DLS is that the particles with a different reflec-
tive index with the medium can scatter the incident lights. The correlation function of the
electric field of the scattered light g' (¢) is related to (|Ax(¢)|?) by:23%7

g' (1) = exp[—q*(|Ax(t)[*) /6], (1.23)

where ¢ is the magnitude of the scattering vector given as g = (47n/A)sin(6;/2). Here n
is the refractive index of the medium, and A is the wave length of the light. 6; is the angle
between the incident light and the detector measuring the scattered intensity. g!(¢) cannot
be measured directly, but the intensity autocorrelation function, g>(¢), can be measured

from DLS. g'(¢) and g?(¢) are correlated through the Siegert relation:

{1(9,0)1(g;1))
{I())?

where [ is the intensity of the detected scattered light. Thus, in DLS we measure gz(t),

g(t) = =1+g'(1)% (1.24)

from which g!(¢) and MSD can be obtained. After knowing MSD, the rheological prop-
erties of the sample can be deduced using Eqs. (1.18-1.19). Alternatively, following the
same principle, DLS has been widely used to measure the size of the particles in a liquid
with a known viscosity.

When a sample has a relatively high concentration of particles, photons are scattered
multiple times before being detected, thus the elastic scattering condition is not fulfilled.
In the limit of strong multiple scattering, diffusing wave spectroscopy (DWS) is able to
use the multiple scattering signal to obtain the viscoelatiscity of the sample. DWS can

probe the viscoelasticity at high frequencies (up to 1 MHz); see Table 1.1.7-2>-28

Table 1.1 Accessible frequency and shear modulus in different microrheological techniques.’

Technique Frequency range (Hz) Modulus range (Pa)
Particle tracking 107210 1072 —1
Dynamic light scattering2>-?’ 107210 107> — 10!
Diffusing wave spectroscopy 10~ — 106 1073 - 10
Optical tweezer 1072 —10* 1073 — 102
Magnetic tweezer 1072 -10° 103 —10*
Rotational magnetic chains 2’ 1073 — 107 1072 -10°

1.3.2 Active microrheology
1.3.2.1 Optical tweezer and magnetic tweezer

In active microrheology one applies external forces to the embedded particles in the sam-

ples in order to measure the rheological properties. Optical tweezers are most widely used.
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They trap and manipulate individual dielectric microspheres with diameter of the order of
1 um. In an optical tweezer, a tightly focused laser beam is used to trap the particles. The
resulting optical force can be between 0.1 pN to 100 pN. By modeling the optical trap as
a linear spring (with a spring constant of k), the small displacement of the trapped particle
from the center of the trap gives the information of the force acting on the particle. The
stiffness of the trap depends on the following factors: the refractive indices of the particle
and the surrounding medium, the size of the particle, the wavelength of the trapping light,
the dimensions and photon flux in the trap focus. These factors are independent of the
viscosity of the sample, making it possible to use optical tweezers for active microrheol-

ogy. > For example, considering a single particle with a mass of M trapped in a stationary

optical tweezer, the GSER can be written as3!
S 2dkgT k
= = —Ms——|. 1.25
Z{G(t)} =sZL{n()} 61k | 22T (Ax()D)] s (1.25)

In the brackets of Eq. (1.25), the first term is related to the thermal fluctuation of the
trapped particle which reflects the viscoelasticity of the sample. The second term gives the
inertial contribution of the particle. For micro-sized particles, this term is typically much
smaller compared to the first term, thus it is negligible for low frequencies (s < 10°). The
third term gives the contribution from the optical trap. If k/s — 0, e.g., for vanishing trap
strength or at high frequencies, Eq. (1.25) recalls the GESR in Eq. (1.18). If k/s — oo,
e.g., for infinitely strong trap or at extremely low frequencies, Eq. (1.25) describes a bead
connected to an elastic spring with a stiffness of k. When 0 < k/s < oo, the third term
only influences the real part of the complex modulus. Therefore, its contribution can be
subtracted from the observed storage modulus.

Optical tweezers are noninvasive and allow the study of local viscoelastic properties of
soft matter systems. They can measure relatively high moduli (up to 100 Pa). The highest
detectable frequency of optical tweezers is ~10 kHz, which is not accessible using particle
tracking methods (typically limited to 10 Hz);’ see Table 1.1.

Different to optical tweezers, magnetic tweezers use a magnetic field (gradient) to apply
force on the magnetic particles. Relatively large forces (up to ~2000 pN) can be applied in
magnetic tweezers.” Compared to passive microrheology, optical and magnetic tweezers
have higher measurable moduli (see Table 1.1).

1.3.2.2 Rotational-magnetic-chain microrheology

Magnetic particle chains can also be used as rheological probes in active microrheol-
ogy. Different to magnetic tweezers which trigger the translation motion of the individual
magnetic particles, the rotational-magnetic-chain microrheology focuses on the rotations

of the chains of magnetic particles.



1.3. Microrheology of soft matter 15

Figure 1.5 Sketch of a magnetic chain consisting of 9 paramagnetic particles. The arrow indicates
the direction of the magnetic field H. 0 is the angle relative to its initial orientation, and f is the
angle of H.%?

The chains of magnetic particles inside the probed sample are manipulated by a sinu-
soidally oscillating magnetic field H; see Fig. 1.5. The magnetic torque applied to a chain

of N particles is 10-2%-32
2(B—16
r, =, <§ )], (1.26)
2
where [’y = 3%07;" (21;)3, Uo is the permeability of vacuum, m is the magnetic moment,

and 2R is the particle diameter. The angles 8 and 6 are shown in Fig. 1.5. The mechanical

torque acting on the particle chain is
[ = KVGG, (1.27)

where Kk is the geometrical factor (determined by the number of particles in the chain)
and V is the volume of the magnetic chain. Once an oscillating magnetic field with an
oscillating amplitude of B is applied to the magnetic chain, the chain is driven to oscillate
with an amplitude of 8y. In a viscoelastic sample, the magnetic chain oscillates with a
phase lag (¢) behind the magnetic field. For small magnetic particles the inertial effects
are negligible, leading to I';,, = I',,. Consequently, the shear moduli of the sample can be

obtained based on the measured Sy, 8 and ¢ using the following equations: '°
I
G = ﬁ [g—gcosq) -~ 1} : (1.282)
Lo Bo_.
G'=—>"= . 1.28b
KV 6y sing ( )

1.3.3 Non-optical microrheology

In the above-mentioned microrheological methods, micro-sized particles are embedded
into the samples, and optical techniques are used to measure the displacements of the

particles under forces (external forces or thermal forces). There are also some non-optical
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techniques for microrheology. The principle is similar to the conventional bulk rheometry.
However, the gap of the geometry is set to be in the micrometer range. It can be realized
by adapting the conventional rotational rheometer, or by using the sliding plate rheometry
on the micrometer scale.®33 Microfluids, piezo vibrators, and radial channel flows can

also be used for non-optical microrheology.®

1.4 Rheology at 2D

In the previous section, the rheology of 3D soft matter systems and the relating rheological
techniques were introduced. Here let’s decrease the dimensionality, and focus on the

rheology (especially the microrheology) in two-dimensional (2D) soft matter systems.

1.4.1 Dilatational rheology

The change of interfacial tension (o) due to the introduction of molecules or particles at
the interface is called surface pressure, Il = 0y — 0, where oy is the interfacial tension
of the neat water/oil interface. The surface pressure is related to the compression state of
the interfacial layer consisting of molecules or particles. For viscoelastic interfaces, I1 is
not only dependent on the relative change of the area of the interface u(t)= 8’2—((;) (where
A represents the area and Ag the initial area), but also on the rate of the area change
%. The rate-dependent contribution can be quantified by the dilatational viscosity, 1.
Under a small-amplitude oscillation (SA(¢) ~ €®’) with an angular frequency of @, the

relationship between the surface pressure and the deformation is:3*
/ J "
—dI(t) = |E'(®) —|—nd((o)a ‘u(t) =E"(w)-u(t), (1.29)
where E'(w) is the interfacial storage dilatational modulus and E*(®) is the interfacial
dynamic dilatational modulus: E*(®w) = —%. E*(w) is a complex number which

depends on frequency. It can be written as: E*(®) = E'(®) +iE" (), with E”(®) the
interfacial loss dilatational modulus (E” (@) = 1y ®). For insoluble films at equilibrium or
for quasi-static compression (expansion), the viscous contribution on the dilatational vis-
coelasticity can be neglected, thus the storage modulus equals the compression modulus

(Ep), which can be deduced from the equilibrium isotherm:

Il
E'(w—0)=Ey=—-A|=— ) . 1.30
( ) = Eo ( N ) ) (1.30)
Different methods have been used to study the dilatational rheology of the interface, in-
cluding surface wave experiments, Langmuir trough with oscillatory barrier, and pendant
drop or sessile bubble methods.3* It should be mentioned that under the uniaxial in-plane

compression in Langmuir trough, both strain and stress have the dilatational and in-plane
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shear components (although for liquid interfaces the shear component is small). For elas-
tic interfaces, a nonuniform deformation is present in conventional Langmuir troughs.
Using circular barriers or vertically moving ring devices, an isotropic deformation can be

produced, and the shear component can be avoided or reduced. 33>

1.4.2 Interfacial shear rheology

Even though the shear rheology of interface is less studied compared to the dilatational
rheology, it is important because of a wide range of technical aspects such as foaming,
emulsification, oil recovery and coating fabrication.>* The dilatational rheology is related
to the composition of the interfacial layers, while the shear rheology reflects essentially
the structures formed at the interface.3® A shear rheological probe at the interface not only
deforms the interface, but also deforms the subphase. The dimensionless ratio between
the drag from the interface and the drag from the subphase, is called Boussinesq number
By:
interface drag ~ 1n(V,/LiMerface)p,
™~ Subphase drag Mo (Ve /LIPS A

(1.31)

Here 1 is the surface viscosity, 1, is the bulk viscosity for the subphase, V. is a charac-
teristic velocity, LiMerace and L(S;llbphase are the characteristic length scales for the velocity
decay in the interface and subphase, respectively. P, is the contact perimeter and A,
is the contact area of the probe. When By > 1, the subphase drag is negligible. When
By < 1, it is difficult to measure the interfacial viscosity. For the intermediate By, both
interface and the subphase contribute to the drag on the probe. The Boussinesq number
can be simplified as By = 1s/(npL) with L the length scale relating to the geometry of the
measurement.>> For interfacial shear rheometers, By determines the sensitivity.

For the in-plane deformation of the interface, the shear modes and compression modes
are decoupled (their amplitude and time evolution are independent). This makes it pos-
sible to define the interfacial shear modulus: Gy = Oyy /7y, Where Oy, is the 2D shear
stress and Y, the 2D shear strain.>* For a liquid interface, the interfacial viscosity is:
TNs = Oxy/ Yxy» With ¥y, as the shear strain rate.

Similar to the 3D analog, the interface can be viscoelastic. Therefore, under an oscil-
latory shear deformation, the ratio between the 2D shear stress and the 2D shear strain

Gy = Oxy(t)/Yy(t) is a complex number (called interfacial complex shear modulus):

G;(0) = G(0) +iG{ (), (1.32)

where G is the interfacial shear storage modulus and G/ is the interfacial shear loss mod-

ulus. For the viscoelastic interface, the Boussinesq number has the following complex

form: 34,35

_ Gl(0)~iGy()

Bo(@) oLny

(1.33)
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Figure 1.6 Interfacial shear rheometers: (a) surface channel rheometer, (b) bicone rheometer, (c)
double-wall ring (DWR) geometry rheometer, and (d) interfacial magnetic rod stress rheometer.

Reprinted from Ref. 35 with permission.

Fig. 1.6 shows several experimental setups for measuring the interfacial shear mod-
uli. Compared to the surface channel rheometer in Fig. 1.6a, the rotational geometry
(Fig. 1.6b, c) is more flexible, because it can be used in commercial rheometer to perform
different types of rheological tests. According to Eq. (1.31