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Summary

Magnetic particles at fluid-fluid interfaces: microrheology, interaction and wetting

The interaction between particles and fluid-fluid interfaces is important for the field of
lab-on-a-chip biosensing, where particles are used for their large surface-to-volume ratio,
flexible bio-functionalization, stability, and for their actuation and detection properties. In
addition, the strong adsorption of colloidal particles to fluid-fluid interfaces is being used
in a wide range of applications, including food technology, energy and material science.
Therefore, it is important to understand and to control the physics that governs these
interactions.

The focus of this PhD thesis is on the study of the interaction of particles with fluid-
fluid interfaces, with the general goal to develop new methodologies for interface charac-
terization. In particular, we focus on the use of magnetic tweezers experiments to study
the microrheology of interfaces, the interactions between particles adsorbed at the inter-
face, and the dynamic wetting of single particles.

In Chapter one, we highlight the role of fluid-fluid interfaces across disciplines, pro-
viding relevant examples and focusing on the current technological and fundamental open
challenges. In Chapter two, we describe the physics, we review the current techniques to
study the adsorption and the equilibrium contact angle of particles at fluid interfaces, and
we review the available experimental and numerical techniques to study dynamic wetting
on single particles.

In Chapter three, we describe a new interfacial rheometry technique based on pairs
of micrometer-sized magnetic particles at a fluid-fluid interface. The particles are repeat-
edly attracted and repelled by well-controlled magnetic dipole-dipole forces, so-called
interfacial rheometry by Intra-Pair Magnetophoresis (IPM). We apply IPM to study the
time-dependent adsorption of an oil-soluble amino-modified silicone polymer at a water-
oil interface using carboxylated magnetic particles. Results show an increase of interfacial
drag of particles over several orders of magnitude, which is highly sensitive to the poly-
mer concentration and to the ionic strength of the aqueous phase. The fast measurement
time over very long timescales make IPM a versatile method to study interfacial viscosity
in a wide variety of soft-matter materials systems.

In Chapter four, we study the capillary attraction of micrometer-sized particles at a
water-oil interface. Capillary attractions originate from the overlap of local deformations



of the interface due to the pinning of the three-phase contact line to local heterogeneities
on the surface of the particles. We studied the time-dependence of the capillary attraction
in a system with very strong interfacial aging, namely a system wherein a polymer ad-
sorbs to a water-oil interface and modulates the interfacial viscosity by several orders of
magnitude. We demonstrate that the capillary attraction varies strongly per particle pair,
but for a given particle pair, interestingly the capillary attraction does not depend on time
or on the magnitude of the interfacial viscosity. This leads to the conclusion that although
the polymer has a very strong influence on the interfacial viscosity, the polymer does not
modify the capillary attraction of particles at the oil-water interface.

In Chapter five, we address the problem of dynamic wetting and we propose a new
method where magnetic particles trapped at a fluid interface are interrogated with dif-
ferent magnetic torques. We demonstrate that particles trapped at an aqueous two-phase
interface show different wetting patterns as a result of the interaction of the three-phase
contact line with the particle surface. Finally, we conclude with a summary of the scien-
tific and technological achievements described in this thesis and we put our methodology
into the perspective of answering still open questions. We foresee that the methods de-
veloped in this thesis will help scientists and engineers from diverse disciplines to tackle
problems and develop new applications.
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Introduction

Fluid-fluid interfaces and wetting phenomena are of great theoretical interest and play an
important role in many technologies. The model description of such systems requires the
knowledge from several disciplines, such as chemistry, physics, and engineering. From
the seminal work of Thomas Young in 1805 several theories and experimental methods
have been developed. However, an understanding of the fundamental processes at the
molecular level is still lacking. An attractive alternative is to study particles at fluid-
fluid interfaces, where small scale effects are dominant and quantitatively observable. In
this Chapter we begin a journey across fluid-fluid interfaces by discussing the relevance
of wetting phenomena and colloidal particles at fluid-fluid interfaces across disciplines.
In the second part of this Chapter we focus our discussion on three aspects that are of
technological and fundamental importance: microrheology, capillary interactions and
dynamic wetting, with emphasis on still open challenges. Finally, we formulate the main
research question and introduce the chapters of this thesis.



2 Introduction

1.1 Particles at fluid-fluid interfaces

1.1.1 Wetting in nature and technology

Wetting phenomena are ubiquitous in nature and play a fundamental role in everyone’s
life. Plants use capillary action to bring water from the soil up the roots and stems to the
rest of the plant. Lotus leaves have a self-cleaning ability that allows water droplets to
roll off from their surface, so to prevent them to interfere with photosynthesis.! Desert
beetles use their bumpy back to gather and condense water from fog.> These natural phe-
nomena have inspired scientists to study and develop new technological processes based
on wetting effects, such as for oil recovery, impregnation of textiles, drainage of wa-
ter from highways, inkjet printing,>* cleaning, painting, detergency, lubrication,?> food
technology,®° cosmetics and personal care,'? lithography technologies,'! microfluidics
and biomedical applications,'? to cite a few.

Wetting can be defined as the ability of a liquid to maintain contact with a solid sub-
strate.!>!* The degree of wetting and wettability is determined by the force balance of
the intermolecular interactions between the fluid and the substrate. Molecules in a fluid
are held together by cohesive forces, such as hydrogen bonds between polar molecules
(e.g. water) or van der Waals forces between non-polar molecules (e.g. most oils). The
cohesion energy per molecule in bulk fluid is U, while at a surface a molecule finds itself
shortly of roughly U/2. The surface tension is a direct measure of this energy shortfall
per unit surface area, which results in an inward force that holds the fluid molecules to-
gether.'> The balance between the cohesive and adhesive forces between the molecules
of the fluids and the molecules of the surface was described for the first time in 1805 by
Thomas Young,'® who related the surface tension of the three phases — water, air, solid
— to the angle of contact at the boundary conditions (Fig. 1.1a). After more than two
hundred years, the contact angle is still the first method to characterize the wettability of
surfaces.® 1413

There are several strategies to modify the contact angle between a fluid and a surface.
A first strategy involves the modification of the topological structure of the surface at
the micro- or nano-scale (Fig. 1.1b). This strategy was inspired by naturally occurring
micro-structures found in plants and animals''>!® and was used to create both super-
hydrophobic substrates for self-cleaning applications,’ as well as extreme wetting sur-
faces for biomedical applications.” A second strategy involves a chemical modification of
the substrate or the deposition of low energy materials (Fig. 1.1c). A method to increase
the surface energy of a substrate — hence increase its hydrophilicity — is to create polar
groups at the surface, e.g. by using a plasma treatment in air or oxygen.'” Methods to de-
crease the surface energy of a substrate — hence increase its hydrophobicity — involves the
silanization of a glass substrate, or the deposition of low surface tension materials such
as polydimethylsiloxane (PDMS) or Teflon®.> A third strategy involves the modification
of the interface composition, such as with the addition of amphiphilic molecules (Fig.
1.1d).'8

Amphiphilic molecules are characterized by a hydrophilic part and a hydrophobic
part.'® The hydrophilic part, or the "headgroup", is water soluble and can carry a charge,
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Figure 1.1: (a) A fluid droplet on a planar substrate is characterized by the contact angle Beq.m The contact
angle can be modified by changing (b) the substrate topography,>> (c) the surface chemistry,>!” or (d) by
adding amphiphilic molecules, e.g. surfactants, at the interface.'$

as for ionic surfactants and phospholipids, or can be neutral, as for non-ionic surfactants.
The hydrophobic part, or "tail", usually consists of one or two hydrocarbon chain(s).'®
Due to the amphiphilic nature of these molecules, the adsorption to a fluid interface re-
sults in a gain of free energy, as the molecule orients itself to expose the hydrophilic part
to the polar phase (e.g. water) and the hydrophobic part to the non-polar phase (e.g. air or
oil) (see Fig. 1.1d). Amphiphilic molecules are essential in many industrial processes and
find applications in cleaning, detergency,® as emulsifiers for creams in the cosmetic and
pharmaceutical industry,* 1 coating technologies,”® and food technologies.” As an exam-
ple, emulsions can be in the form of oil drops in water or water drops in oil, and can be
created when mechanical work is put into the system to create the extra surface (see Chap-
ter 2). To prevent the inverse process, i.e. coalescing, the drops needs to be stabilized. A
strategy is to use surfactants which in turn decrease the surface tension and increase the
steric hindrances and/or the electrostatic repulsion between the droplets.” Most of these
applications require the use of biodegradable and bio-compatible materials. Surfactants
are very reactive species and may damage water quality when released into the natural
environment, or may be toxic when in contact with humans.?! Therefore, their use is be-
coming more and more restricted (e.g. see the European Regulation (EC) No 648/2004 on
detergents) and alternatives are strongly encouraged. Alternatives include the use of pro-
teins,?” bio-compatible polymers>? and colloidal particles.'®>* The latter approach is of
particular interest. The use of colloidal particles at fluid-fluid interfaces helped scientists
to overcome several technological challenges in a broad range of disciplines, and also has
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led to an important field of research focused on the fundamental problems of soft matter.
In the next section, we will outline the relevance and the broad applicability of colloidal
particles at fluid-fluid interfaces.?*2%

1.1.2 Colloidal particles

The use of colloidal particles at fluid-fluid interfaces was pioneered in the early 20th cen-
tury by the work of Ramsden?’ and Pickering.?® The authors independently demonstrated
that colloidal particles can be used to stabilize emulsions. The particles adsorb to the fluid
interface and create a mechanical barrier that prevents the emulsion droplets to coalesce.
Although Pickering acknowledged Ramsden in his seminal work, this kind of emulsions
have been named after Pickering. The scientific and technological interest towards Pick-
ering emulsions has increased since then, particularly for food and cosmetic technologies.
Rayner et al. performed a search among the scientific literature using the query "Pick-
ering emulsion" and "particle stabilized emulsions", which resulted in more than 5500
items with most of the results included in the last two decades.??> Part of this success

Desorption energy - AE (k,T)

10° 10" 10° 10° 10°
Particle radius (nm)

Figure 1.2: Energy required to remove a single spherical particle from a fluid-fluid interface. Calculations are
performed according to eqn (2.19) of Chapter 2 as a function of particle radius and using a contact angle 6 = 90°
and interfacial tension y = 50 mN/m (e.g. water-decane interface). (Figure after?2).

originates from the strong affinity of colloidal particles to fluid-fluid interfaces.'®**?° In
1980 Pieranski*® described the thermodynamics of adsorption of a spherical particle to a
fluid-fluid interface, with the adsorption energy depending on the surface tension of the
interface, the particle radius and the particle wettability by the fluids. For a 10 nm parti-
cle the depth of the potential well is already several orders of magnitude greater than the
thermal energy kpT, so that particle adsorption is considered to be irreversible (see Fig.
1.2). This explains the high effectiveness of colloidal particles to stabilize emulsions as
compared to the use of low molecular weight surfactants.
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The use of colloidal particles in combination with fluid-fluid interfaces is not limited
to food and cosmetic technologies. Applications have been developed in a broad range of
fields including material science,!!>3!:32 renewable energies,** and biomedicine.!?3%3

The strong confinement of the particle motion in the plane of the interface can be
exploited for the production of materials with novel optical, thermal, electrical and/or
mechanical properties. The interface represents an ideal plane where micro- and nanopar-
ticles can laterally diffuse and self-organize into 2D ordered structures,">3¢ where the
properties on macroscopic length scales depend on the materials, the shape, and the spa-
tial dimensions between the particles. The resulting assembly is the direct result of inter-
particle interactions and it can then be deposited on solid substrates for surface pattern-
ing.!" The presence of the interface creates an asymmetric distribution of charges on the
particle surface, which is not fully captured by common theories of colloidal stability, like
the Derjaugin-Landau-Verwey-Overbeek (DLVO) theory.” The resulting electric dipole
is responsible for long ranged electrostatic forces extending over tens of micrometers, thus
allowing to assemble particles on a large scale.?®-3%3340 Another class of interactions that
can be used to change the structure of the particle self-assembly are capillary interactions,
which originates from the superposition of deformations of the fluid interface. As an ex-
ample, the lattice structure of the particle assembly can be tuned by tailoring the curvature
of the interface, as shown in Fig. 1.3a.*! Another strategy is to use external fields, such
as electric or magnetic fields.*? In Fig. 1.3b we show our results of an assembly of su-
perparamagnetic particles at a water-oil interface in the presence of an external magnetic
field. The field is oriented normally to the plane of the interface and modulates the mag-
netic dipole-dipole interaction between the particles, hence the inter-particle spacing. In
the absence of the field, particles self-assemble with an irregular pattern as the result of
capillary interactions. This will be further discussed in Chapter 4.

The interaction between particles and fluid interfaces is also important for the field
of lab-on-a-chip biosensing.!> A biosensor is a device that is able to detect molecular
biomarkers from body fluids, such as blood, saliva and urine, and to generate a read-
able signal which is then used as indicator of the presence or severity of a disease (see
Fig. 1.4a). Magnetic particles are well-suited for the capture of biomarkers from bio-
logical samples due to their large surface-to-volume ratio, the availability of many bio-
functionalization options, and stability. Moreover, magnetic particles can be conveniently
manipulated with external magnetic fields without interfering with organic biological ma-
terials, thereby simplifying extraction and buffer replacement steps. In order to be suited
for point-of-care testing, a biosensor needs to perform a series of complex operations,
involving binding, washing and eluting steps (see Fig. 1.4b), in which microfluidics plays
an important role.

As a relevant example for this thesis, we present the microfluidic device developed
by den Dulk et al.,** where magnetic particles are transported through stationary fluids
by using magnetic forces (see Fig. 1.4b,c). Fluids are confined between two planar sur-
faces by capillary forces using a specific pattern of hydrophilic and hydrophobic regions.
The chambers are separated by a medium that does not mix with the aqueous fluids, for
example a non-polar fluid or a gas. Magnetic particles are dispersed in the first chamber
and magnetic forces are used to pull the particles out of the fluid through the interface
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10 pm ’ . 3W/\J\l?'o]

Figure 1.3: Examples of particle self-assembly at fluid-fluid interfaces. (a) The lattice structure can be controlled
by introducing curvature gradients of the interface.*! (b) self assembly of superparamagnetic particles at a
water-oil interface with and without an external magnetic field. This model system is described in Chapter 4.
(a) reprinted from ref.,*! with permission from the Proceedings of the National Academy of Science of the
United States of America.

of the fluid and the medium; thereafter, the particles are pulled into the second chamber
through the interface of the medium and the fluid. This mechanism can be referred to as
Magneto-Capillary Particle Transfer (MCPT)!? and has been successfully applied for the
purification and enrichment of nucleic acids and proteins.** During the process of particle
extraction, several wetting phenomena occur (see Fig. 1.4 (i), (ii), (iii)). In the following
we outline three aspects that are both of technological and fundamental relevance.

(i) Adsorption of macromolecules to fluid-fluid interfaces. The fluids used for biosens-
ing applications are usually a mixture of buffers and biological fluids, and many surface
active macromolecules — e.g. surfactants, polyelectrolytes and proteins — are present.
Due to their amphiphilic nature, these macromolecules have a tendency to populate the
interface. The time-dependent interfacial concentration depends on several factors, such
as charge, molecular structure, bulk concentration, and the amount of already adsorbed
species at the interface.** Moreover, upon adsorption macromolecules might change their
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Samplein ... ... result out
(a) - blood _
- saliva )-()-( g
- urine A ) @
- [biomarker]
((b) sample preparation A

.—»[wash]—»[elute

(i) macromolecules (ii) inter-particle (iii) dynamic wetting
adsorption interactions

i | 108D Y

Figure 1.4: Example of the use of magnetic colloids for sample preparation in lab-on-a-chip biosensing. (a)
Principles of biosensing: the presence of a biomarker in a biological fluid is quantified and translated into a
readable signal. (b) Sketch of the Magneto-Capillary Particle Transport (MCPT) technology (top-view) used
for sample preparation as developed in Ref.*> and reviewed in Ref.!? (¢) Zoom-in (cross-sectional view) of the
particles extraction process (drawing not to scale) (i)-(iii) We highlight some of the fundamental processes that
are relevant for this thesis: (i) will be discussed in Chapter 3, (ii) will be discussed in Chapter 4, and (iii) will be
discussed in Chapter 5. Figures (b) and (c) after den Dulk et al®
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conformation. As an example, flexible polymers show relaxation kinetics within the layer
that is severely retarded,**® leading to non-equilibrium layers, whose structure and dy-
namics depend on their adsorption kinetics and layer ageing. Proteins may change consid-
erably at hydrophobic surfaces, as the inner hydrophobic structure of the protein exposes
to the non-polar phase to an extent that might depend on the interface used (e.g. water-air
or water-oil).” Overall, the adsorbed layer will change the surface tension and the me-
chanical properties —i.e. the rheology — of the fluid interface. This phenomenon is known
as interface ageing. For the MCPT technology, a change of the interfacial properties
might affect fluid confinement and particle crossing.

(i) Inter-particle interactions. Colloidal particles tend to adsorb to fluid interfaces
due to their partial affinity to both phases. The rheological properties of the interface
depends on the microstructure of the adsorbed particle layer.> 4”48 Electrostatic interac-
tions and interfacial deformations are known to contribute to the inter-particle interactions
(see Fig. 1.3a). Moreover, the local micro-environment of the particle might introduce
deformations of the interface, which results in long-ranged forces and torques between
particles, known as capillary interactions.® The presence of anisotropic interactions be-
tween particles at the interface (such as the one shown in Fig. 1.3b) may be problematic
for applications where interfacial stability is required.

(iii)) Dynamic wetting. On a macroscopic scale, the displacement of a fluid over a
substrate can be described by the difference between the contact angle of the advancing
part and the receding part of the moving fluid, so called contact angle hysteresis. In
microfluidic devices the wetting properties of the surfaces determine the magnitude of
capillary forces (Laplace pressure), which are of utmost importance at the micrometer
scale.* On a microscopic scale, the dynamic wetting is determined by the molecular
interactions of the fluid molecules with the atoms of the substrate.® This plays a dominant
role in the adsorption process of particles at fluid-fluid interfaces, where the timescale for
relaxation to equilibrium may range from a few seconds to several hours.’"-3> However,
the precise mechanism of dynamic wetting at the micro- and nano-scale remains only
partially understood.

1.2 Overview of technological & fundamental challenges

The understanding of the physical mechanisms of wetting phenomena is of fundamental
and practical importance for many applications, as highlighted by the examples drawn
from the MCPT technology. In this section we briefly outline the technological and fun-
damental challenges related to each of these aspects, namely the study of the rheology of
fluid-fluid interfaces, capillary interactions and dynamic wetting.

1.2.1 Interfacial microrheology

When two immiscible and pure fluids are in contact, the resulting fluid-fluid interface can
be characterized by a singe value of the surface tension. However, in most technologi-
cal applications amphiphilic molecules populate the interface. The resulting microstruc-
ture determines the mechanical response of the interface upon external perturbations.
The microstructure can both store and dissipate the deformation energy in a frequency-
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dependent manner, reflecting visco-elasticity;>>>* or it may show a time-independent non-

Newtonian behaviour, where the interfacial viscosity depends on the shear rate or shear
rate history, characterized by shear-thinning or shear-thickening.”>36

Traditional rheometers apply perturbations to the interface using probes with a typical
size of a few millimeters or larger,? so called macro-rheology. As an example, oscilla-
tory shear rheometers (e.g. knife-edge viscometer, plate surface viscometer, or magnetic
needle rheometers) measure the frequency-dependent linear viscoelastic modulus of the
interface. The phase difference between the applied stress and the response of the probe is
used to determine the component of the interfacial shear modulus associated with the stor-
age modulus (i.e. elasticity) and the loss modulus (i.e. viscosity).” However, the macro-
scopic size of the probes limits the accuracy of the rheological measurements, where the
velocity gradients of the surrounding bulk fluids dominate over interfacial contributions.
This limits the applicability of macrorheology techniques in biomedical research, where
the relevant scales are well below the millimeter scale and the amounts of material are
generally limited.?6-36-38

Microrheology refers to the use of micrometer-sized objects directly embedded in the
fluid interface to measure interfacial shear viscosities on small length scales (~ pm), small
sample volumes (~ uL), and with a high sensitivity.?>26:4857-60 The simplest approach is
to follow the microscopic Brownian motion of a probe in time using video-microscopy,
which is referred as passive microrheology. The trajectory of the particle is then related
to its frequency-dependent diffusivity using a mean-squared displacement (MSD) analy-
sis.2%:26:34.36,59.61 paggive microrheology ensures to probe the linear viscoelastic response
of the interface. However, its use is limited to the measurement of low values of interfa-
cial viscosities, as for higher values usually longer measurement times are required and
artifacts may be present.?®

Another approach is to use external forces to control the motion of the probes, so
called active microrheology. These forces allow one to measure higher interfacial vis-
cosities, to reduce the number of probes required, and to reduce the measurement time to
a few seconds, ideal to study time-dependent phenomena. Most of the reported studies
are based on optical tweezers and magnetic tweezers experiments.®?’ From a funda-
mental perspective, the forced motion of a probe allows one to bring the system out of
equilibrium and to explore many interesting and important material properties. How-
ever, the geometry of the probe and the dynamics of the actuation play an important role,

and the interpretation of the data relies on the assumptions of the hydrodynamic model
used26:35:68.69

1.2.2 Capillary interactions

The adsorption of particles to a fluid-fluid interface may be accompanied by an irregular
shape of the particle meniscus due to the presence of surface roughness and/or chemi-
cal inhomogeneities.”’ The boundary conditions at the three-phase contact line (particle,
phase 1 and 2) requires the interface to deform, resulting in long-ranged interactions be-
tween particles. Interfacial deformations may be also induced by gravity,”"”? by particles
with shape anisotropy (e.g. ellipsoidal),”>””> or by the presence of external fields, such
as electric and magnetic (see Fig. 1.3b).*>7® Danov et al. considered the convex and
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concave local deviations of the meniscus shape from planarity as positive and negative
capillary charges, in analogy with electrostatics, and derived a theoretical expression to
describe the interaction between two particles of arbitrary multipole order.”’

Although the theoretical modeling and numerical techniques have advanced in the
recent years, most of the reported literature of experimental approaches are based on —
passive — video-microscopy.’>7+7%7% Direct methods have been mainly limited to optical
tweezers experiments.**-3032 The small size of the particles, the optical discontinuity
between the two fluid phases, and the requirement that an actuation method should be able
to control the positions and/or the forces on the particles makes the direct measurement
of inter-particle interactions challenging.

1.2.3 Dynamic wetting

Wetting phenomena have been the center of many studies over decades and several ex-
perimental techniques have been developed. Static and dynamic wetting can be described
at different temporal and spatial scales. On a macroscopic level, the motion of a fluid on
a planar substrate can be described with observables such as viscosity, surface tension,
wetting speed and dynamic contact angle. These observables are related to the interac-
tion of the fluid molecules with the substrates at the micro- and nano-scale. However,
despite much research over many years, the precise mechanism on how a liquid front ad-
vances across a solid remains only partially understood and leaves still many questions
unanswered about the underlying physical mechanisms of contact line motion. 3 1430.83-86

Recently, studies of particle adsorption to fluid-fluid interfaces have shown adsorp-
tion times that cannot be fully captured with a description based on capillary forces and
hydrodynamic friction.’"-3> These observations call for the development of methods to
quantify and model dynamic wetting effects at the micro- and nano-scale.

1.3 This thesis

The aim of this dissertation thesis is to develop new methodologies using magnetic par-
ticles at fluid-fluid interfaces for the study of microrheology, capillary interactions and
dynamic particle wetting. The use of magnetic particles has several advantages. Nowa-
days particles are available with a wide range of sizes, material and optical properties.
Together with their ease of surface functionalization, magnetic particles can be used to
study a wide range of material systems. The motion trajectories of micro-particles can
be imaged with conventional microscopic techniques, with an accuracy in determining
their translational position of a few nanometers.®” Moreover, magnetic particles can be
conveniently manipulated by external fields with 6 degree of freedom (3 translational and
3 rotational), with very low interference to organic materials. Their rotational motion can
be resolved by coupling optical features, such as fluorescent nanoparticles, on the surface
of the particles.3%:3

In Chapter 2 we provide a theoretical framework for this thesis. We describe the fun-
damental aspects of wetting on planar substrates and the physics describing the interaction
of colloidal particles with fluid-fluid interfaces. Furthermore we discuss and review the
status of experimental and numerical techniques to characterize the static and dynamic
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wetting of single particles at fluid-fluid interfaces.

In Chapter 3 we introduce a new interfacial rheometry technique to quantify the drag
of particles adsorbed to a fluid-fluid interface. Pairs of magnetic particles are repeatedly
attracted and repelled by alternating the orientation of an external magnetic field, so-called
interfacial rheometry by Intra-Pair Magnetophoresis (IPM). We apply IPM to study the
time-dependent adsorption of polymer at a water-oil interface with a wide dynamic range
of the particle drag coefficient and timescales.

In Chapter 4 we expand the use of the IPM technique to quantify capillary attractive
interactions in a system with strong interface ageing. Particles are initially separated
magnetically and then repeated motion trajectories are recorded in the absence of the field.
The experiment gives an independent quantification of the interfacial drag coeflicient and
can reveal correlations with non-viscous attractive inter-particle forces in the system.

In Chapter 5 we propose a new method to study dynamic wetting on single colloidal
particles at fluid-fluid interfaces. Magnetic particles are interrogated with external mag-
netic torques. The rotational motion trajectories reveal different wetting patterns that
depend on the three-phase contact line friction on the particle surface and on interfacial
deformations.

In Chapter 6 we conclude by summarizing the general insight acquired and propose
future prospects.






Basic concepts of particles at fluid-fluid
interfaces

The use of particles at fluid-fluid interfaces is interesting to study wetting phenomena,
because in particle-based experiments small scale effects are dominant and quantitatively
observable. In this Chapter we describe the fundamental aspects of wetting on planar
substrates and the physics describing the interaction of colloidal particles with fluid-fluid
interfaces. Furthermore we discuss and review the status of experimental and numerical
techniques to characterize the static and dynamic wetting of single particles at fluid-fluid
interfaces.*

#Parts of this Chapter have been published as a review: S. Cappelli, Q. Xie, J. Harting, A.M. de Jong, and
M.W.J. Prins, Dynamic wetting: status and prospective of single particle based experiments and simulations.
New Biotechnology, 32(5):420-432, 2015.
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2.1 Introduction

In the early 20th century the pioneering work of Ramsden and Pickering?”-?® demon-
strated that colloidal particles can be used to stabilize emulsions by adsorption at liquid
interfaces. In 1980 Pieranski®® described the adsorption energy in terms of the surface
tension of the fluid-fluid interface and the particle wettability by the fluids, showing that
for micrometer-sized particles the depth of the potential well is several orders of magni-
tude greater than the thermal energy. The strong adsorption of colloidal particles at fluid
interfaces is being used in a wide range of applications. In froth flotation for example, the
adsorption of particles is exploited for mineral extraction.* More recently particle assem-
bly at fluid interfaces has been studied as a platform for the design of novel colloid-based
materials,!1-2436.38.76.90-93 1y, 54dition, the interaction between particles and fluid inter-
faces is important for the field of lab-on-a-chip biosensing, where particles are used for
their large surface-to-volume ratio, flexible bio-functionalization, stability, and for their
actuation and detection properties (see e.g. ref.!?).

Wetting phenomena are ubiquitous in nature and technology. The description of these
phenomena requires knowledge from several disciplines, such as chemistry, physics, and
engineering.> The study of wetting on planar surfaces dates back to 1805 when Young
described the interaction of fluids with planar substrates.'® The surface wetting is char-
acterized by the interfacial tensions and the resulting equilibrium contact angle, see Fig.
2.1a. The static contact angle refers to the equilibrium state. The contact angle changes in
an out-of-equilibrium situation and is often described by a dynamic contact angle that has
a directional and time-dependent character, with values for advancing and receding states,
contact angle hysteresis, and contact angle relaxation, see Fig. 2.1b. Wetting happens at
different temporal and spatial scales, but mostly only macroscopic observables, such as
viscosity, surface tension, wetting speed and dynamic contact angle, are accessible. Static
and dynamic wetting have been the center of many studies over decades and there are sev-
eral experimental techniques available. Nonetheless, the micro- and molecular-scale ori-
gin of wetting phenomena complicates the development of model descriptions and leaves
still many questions unanswered about the underlying physical mechanisms of contact
line motion.314:30.83-86

Colloidal particles at fluid-fluid interfaces are characterized by the three-phase contact
angle formed between the two fluids and the solid particle,”* see Fig. 2.1c. The small size
of the particles (from a few nanometers to several micrometers) and the optical discon-
tinuity between the two fluid phases makes the direct measurement of the contact angle
challenging. Several approaches have been reported in the literature to measure static con-
tact angles on particles, in the form of an ensemble measurement that records an average
contact angle over many particles®>~'% or a measurement that yields the contact angle of
individual particles.'?'~1% These techniques measure a static value for the contact angle
and neglect dynamic effects.

Recently it has been shown that the relaxation process of particles adsorbing to fluid-
fluid interfaces can have a very long tail with contact line speeds as low as 10~! gm/s.>!-32110
A description based on capillary forces and hydrodynamic friction predicts initial speeds
in the order of a few m/s and relaxation times in the order of us.'>>! These observations
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Figure 2.1: Wetting at different scales. On a macroscopic scale (a) static and (b) dynamic contact angles have
been studied by placing a droplet on a planar substrate or by dipping a surface into a fluid. On a microscopic
scale (c) static and (d) dynamic wetting are being studied using colloidal particles at fluid-fluid interfaces.
Reprinted from Ref.,** Copyright (2015), with permission from Elsevier.

call for the development of methods to quantify and model dynamic wetting effects on
colloids over a broad range of time and energy scales, preferably at the level of individual
particles and suitable for a wide range of particle types, surface functionalizations, and
fluid properties. Computer simulations might be used to complement experiments since
they allow to model the impact of varying molecular interactions or microscopic surface
properties such as roughness, elasticity, charges, or hydrophobic/hydrophilic interactions
individually and to investigate the effect of these microscopic quantities on macroscopic
measurements,!1-118

While a vast literature on numerical simulations of problems involving wetting is
available, we limit ourselves to review contributions which utilize microscale algorithms
such as molecular dynamics or mesoscale algorithms, such as the lattice Boltzmann
method. Molecular dynamics simulations describe a system in terms of individual parti-
cles following Newton’s equations of motion. Interactions between these particles ("molecules’)
are commonly implemented in terms of parameterized Lennard-Jones potentials to define
the interaction of fluid and surface species. Due to the prohibitive computational cost
of molecular dynamics simulations, they are generally limited to temporal and spatial
ranges on the nanoscale. The lattice Boltzmann method overcomes this problem at the
price of eliminating the molecular details of the involved materials. It is based on a phase
space discretization of Boltzmann’s equation, several multiphase extensions exist and the
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implementation of complex geometries is exceptionally easy. Combined with the molec-
ular dynamics algorithm, it is used to simulate particles with arbitrary shape, adjustable
wettability, or different particle-particle interactions suspended in fluid. The method has
become a mature alternative to classical computational fluid dynamics methods and is
very popular in applications reviewed in this Chapter.

In this Chapter, we review and discuss the status of experimental and numerical tech-
niques to characterize the static and dynamic wetting of single particles at fluid-fluid in-
terfaces, following the scheme presented in Fig. 2.1. First we introduce the basic notions
of wetting on planar substrates through Young’s equation and the related techniques to
measure static and dynamic contact angles (Fig. 2.1a,b) and we focus on the unanswered
questions about the origin and scaling relationships of dynamic wetting. Finally, we out-
line experimental and numerical techniques to study static (Fig. 2.1c¢) and dynamic (Fig.
2.1d) wetting on single particles at fluid-fluid interfaces.

2.2 Contact angle on planar substrates

2.2.1 Static contact angle

“For each combination of a solid and a fluid, there is an appropriate angle of contact
between the surfaces of the fluid, exposed to the air, and to the solid”, T. Young 1805.¢
Two hundred years later, the measurement of contact angles is still the primary way to
characterize the interaction of fluids with solid surfaces. This can be expressed with the
homonymous equation
cosf,, = L2¢—ISL @2.1)
YLG

that relates the three surface tensions —ys¢, ysr and y¢ for the solid-gas, solid-liquid and
liquid-gas interface respectively — with the equilibrium contact angle 6,, (Fig. 2.1).3:16

Surface tension is defined as the Gibbs free energy G per unit surface area® at constant
temperature, pressure, and chemical potential, whose minimum determines the shape of
the interface:

oG
=[il.. =

In other words, y can be seen as the energy that must be supplied to increase the surface
area by one unit. As an example, the widely used water-decane interface has a surface
tension of about 50 mN/m, or 10 kzT/nm?, which represents a large energy density. By
analogy with surface tension, the excess free energy per unit length?® associated with a
solid-fluid-fluid contact line L is defined as the line tension 7:°

0G
“[izl.. =

YWe defined the contact line tension 7 using the same notation as reported in literature. However, this must
not be confused with a similar notation used to describe the torque applied on a particle, as we will introduce in
Chapter 5.
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For a droplet on a planar substrate with spherical cap geometry (e.g. see Fig. 2.1a) and
radius R, the Young equation assumes the form

tly

o 2.4)

cos 6 = cos 0,4 —
A curved interface is mathematically described by the Young-Laplace equation and
gives rise to a pressure jump across the two fluids

1 1
where R; and R, are the two orthogonal or "principal” radii of curvature of the inter-
face.!>37 The equilibrium shape of a fluid on a planar substrate results from the balance
between interfacial and gravitational forces, which is expressed by a characteristic length
scale, the capillary length

Y
194
(typically 1 mm), where p is the density of the fluid and g is the gravitational acceleration.
The three surface tensions uniquely define the angle of contact for the considered system,
which is used to characterize the static wetting properties of a surface. For 6,, = 0 the
fluid wets completely the surface, while for ,, > 0 only partially. If the size of the droplet
is smaller than the capillary length, then the droplet assumes a spherical cap geometry. A
surface where the contact angle of a droplet is 0° < 6,, < 90° is referred as hydrophilic,
while if 90° < 6,, < 180° the surface is referred as hydrophobic.

L, = (2.6)

2.2.2 Experimental techniques

Contact angles on flat surfaces can be measured with sessile drop, captive bubble and
Wilhelmy plate methods.>'* In the sessile drop method (Fig. 2.1a, left) a droplet of fluid
is dispensed on a surface and the goniometric angle is measured directly from a magnified
image of the droplet at equilibrium. In the captive method the droplet, which is usually
lighter than the surrounding fluid, is held captive from a top surface. With the Wilhelmy
plate method a sample with a well-defined geometry is dipped in the liquid of interest
(Fig. 2.1a, right) and the capillary force is directly measured with a microbalance.

The surface tension of two immiscible fluids, for example, a water-air or water-oil
interface, can be measured with different methods, such as the ring tensiometer, spinning
drop, pendant drop, and Wilhelmy plate.*'> These methods can measure values of surface
tension down to a few mN/m. For lower surface tension systems alternative methods based
on confocal microscopy'!'® or microfluidics'? are required.

Line tension has been long debated in literature and its existence and origin are still
controversial.'?! Theories based on statistical mechanics predict values in the range of
10712 — 107'° N. A direct method to estimate the magnitude of line tension 7 is based
on the measurement of the contact angle of fluids on a solid substrate as a function of
droplet volume, which is then related to eqn (2.4). However, due to the small length
scales involved and to the difficulties to measure contact angles due to hysteresis (see
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Section 2.2.4), experimental values of 7 vary greatly with positive and negative values in
arange of 107! — 1075 N.12!

2.2.3 Numerical techniques

In computer simulations utilizing molecular dynamics or lattice Boltzmann methods the
surface tension is often an input parameter. However, this is not the case for all multiphase
and multicomponent models on the market. Furthermore, in the case of complex fluids
such as suspensions or mixtures, the surface tension has to be obtained from simulations.
Often the classical setup of Laplace is used, where a droplet is suspended in a secondary
fluid and the surface tension can be obtained from the pressure difference between the
inside and outside of the droplet together with the curvature of the interface. Alternatively,
the surface tension can be directly obtained from integration of the pressure tensor across
the fluid-fluid or fluid-solid interface.'?!~1?

2.2.4 Contact angle hysteresis

Young’s equation (eqn (2.1)) assumes the contact angle to be in thermodynamic equi-
librium on an ideal solid surface — smooth, insoluble, chemically homogeneous, nonre-
active, and non-deformable.'?® In most experimental situations, chemical or topological
heterogeneities are present. This becomes clear when we observe an out-of-equilibrium
situation, such as a droplet on a tilted surface (Fig. 2.1b). The droplet first deforms and
eventually starts moving downhill with different values for the advancing (6,4,) and re-
ceding (6,..) contact angles. The difference between the two states is known as contact
angle hysteresis (Af):

A8 = Hadv - grec- (27)

Contact angle hysteresis is omnipresent in nature — even for single crystal structures
like mica or graphene — and is relevant for many technological applications, for example,
dip coating, painting, and immersion lithography.'! Contact angle hysteresis is the re-
sult of the interaction of the three-phase contact line with macroscopic (micrometer) and
microscopic (nanometer) sized defects, where the local contact angle may assume values
different from the macroscopic 6,,. Contact angle hysteresis has been used to characterize
surface heterogeneities.>3%:8%:126.127 A5 an example, Bormashenko et al. studied contact
angle hysteresis on different polymer substrates, finding that the pinning force of the con-
tact line correlates with the dielectric constant of the polymer substrate.'>” On a macro-
scopic level, this represents the level of polarity of the polymer, which correlates with
the surface energy of the substrates, which in turn is correlated to the measured contact
angle. Numerically, contact angle hysteresis has been studied in the context of droplets
on heterogeneous substrates or capillary filling using lattice Boltzmann'!!:112:128:129 3pd
molecular dynamics simulations. 30132

2.2.5 Dynamic contact angle

Wetting — static and dynamic — is the result of microscale interactions of fluid molecules
with a surface. The specific properties of the involved fluids and surface result in macro-
scopic effects which are typically characterized by experimentally accessible parameters
such as viscosity, surface tension, wetting speed and (dynamic) contact angle. However,
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Figure 2.2: Dynamic wetting. (a) Velocity-dependence of contact angle on partially wetting substrates; the
jump at zero velocity corresponds to contact angle hysteresis. Modeling of an advancing contact line on a
planar substrate with (b) a hydrodynamic theory and (¢) molecular kinetic theory. In (b) the contact line is
described at three different scales: macroscopic, mesoscopic and microscopic, withfp # 6,,. In (c) the system is
described at a molecular level as a thermally activated process with 6p = 6,,. Reprinted from Ref.,** Copyright
(2015), with permission from Elsevier.

this indirect quantification of the underlying microscopic processes complicates the de-
velopment of models and leaves still many questions unanswered. Computer simulations
might be used to complement experiments since they allow to model the impact of vary-
ing molecular interactions or microscopic surface properties such as roughness, elasticity,
charges, or hydrophobic/hydrophilic interactions individually and to investigate the effect
of these microscopic quantities on macroscopic measurements.'!'-118

The motion of a contact line over a surface can be studied experimentally with passive
and active methods. In spontaneous wetting, a droplet spreads on a flat surface and the
dynamic contact angle 6p or the contact line radius are measured as a function of time.
In force driven wetting, the contact line is moved by external forces and dynamic contact
angles are measured as a function of the speed v of the moving contact line. The scaling
behavior of a moving contact line is often expressed with dimensionless quantities: the
Reynolds number Re and Capillary number Ca

Re='L  caM 2.8)
H Y

where L is a characteristic linear dimension (e.g. the dimension of a microfluidic channel
or the radius of a colloid), u = n/p the kinematic viscosity, 7 is the dynamic viscosity and
v the surface tension. The Reynolds number represents the ratio between inertial forces
and viscous forces; the Capillary number describes the relative effect of viscous forces
and capillary forces.

As a general outcome of many reported experiments, the dynamic contact angle shows
a directional and time-dependent character, with values for the advancing and receding
contact angles depending on the velocity of the moving contact line (Fig. 2a). This de-
pendency suggests that the process must be thermodynamically irreversible and therefore
dissipative.’®8> Yet there is still no consensus on a physical model that can describe and
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integrate the multi-scale aspects of dynamic wetting. The two main approaches to model
the dissipation mechanism are the hydrodynamic theory and molecular kinetic theory.
The complete treatment of these theories is outside the scope of this Chapter and we refer
to recent reviews for further details.?>% 880 Below we outline the basic principles.

2.2.6 Hydrodynamic theory

The hydrodynamic theory assumes that the dissipation is caused by the viscous flow
within the wedge of liquid near the moving contact line. The system is described at
three different scales (Fig. 2.2b): macroscopic, where the conventional no-slip bound-
ary condition is applied and the system is described by the dynamic contact angle 6p;
mesoscopic, where viscous bending of the interface occurs; and microscopic, where the
fluid is allowed to slip within few molecular layers above a solid substrate with a local
microscopic contact angle 6,, (6p # 6,,). The relation between the viscous bending of the
interface and the macroscopic contact angle can be expressed by the Cox-Voinov law!'33

L
63, — 6, =9Caln (L—) (2.9)

m

that relates the macroscopic 8 and microscopic 6,, contact angles, the Capillary number
Ca and macroscopic (L) (e.g. the capillary length) and microscopic (L,,) length scales.
The latter parameter represents the typical length scale where the no-slip condition breaks.
This model, valid for small Capillary and Reynolds numbers (Ca, Re << 1) on ideal
surfaces, strongly depends on the boundary conditions imposed to the problem.

2.2.7 Molecular kinetic theory

The molecular kinetic theory (MKT) describes the contact line motion as a stochastic
process. The motion of the contact line is described by individual molecules that hop
in a potential well landscape provided by the atoms of the substrate, with equilibrium
frequency «° and average displacement 1. Here the contact angle is defined at a molecular
scale (Fig. 2.2c) and has the same value as the macroscopic contact angle (0p = 6,,).
The velocity-dependence can be interpreted as being the result of a perturbation of the
equilibrium process, which gives rise to surface tension forces. An approximate solution
is given by the relation

3y(cos 6,, — cos O cosf,, —cos @
V= K 7( q D) _ 7( q D) (210)
ksT ¢

where & = kzT /k° A3 is the friction coefficient and has the same unit as dynamic viscosity
(Pas).’

2.2.8 Comparison with experiments

Several authors®3%86:134 have reported studies on specific wetting geometries in order
to test the proposed models. For example, data can be obtained by pushing fluids into
capillaries, or by dip coating substrates into a pool of liquid at different velocities. In
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most of the cases, both models can reproduce the data for low Capillary numbers, despite
the fact that the models are based on different physical mechanisms.

A limitation for the hydrodynamic model is to have accurate information about 6,,,
which is typically assumed to be either 6,, = 0 (a totally wetting fluid with a precursor
film) or 6,, ~ 6,,. The associated length scales are typically L/L,, ~ 10*. For the molec-
ular kinetic model, the value of the equilibrium frequency may vary by several orders of
magnitude, while A is usually of the order of a few nanometers. Values for the contact
line friction are found to be higher than the dynamic viscosity of the fluid. Furthermore,
the MKT model lacks a link to the hydrodynamics of the system. The main limitation
of both models is the inability to predict the parameters for a given solid-liquid system.
The key parameters usually have to be treated as adjustable parameters and obtained from
experiments by curve-fitting procedures.

For high Capillary numbers, there is a maximum speed for the contact line motion and
wetting transitions may occur, such as the deposition of liquid films, breakup of liquid
drops, or entrainment of air bubbles. This topic has been recently reviewed by Snoeijer
et al.%® They conclude that at low wetting speeds the dissipation is mainly dominated
by thermal activation and at higher speeds by hydrodynamics. Moreover at very short
timescales the spreading of droplets on partially wetting surfaces is dominated by inertial
effects rather than viscous effects, and is independent of substrate wettability.!3

Wetting is a complex problem because phenomena at different length and timescales
need to be coupled. Models based on hydrodynamic and molecular kinetic theories can
describe equally well the experimental data, although the underlying physical mecha-
nisms are different. The difficulty to access microscopic scales makes it difficult to prove
or disprove one model or the other. Thus new experimental techniques accompanied by
reliable numerical tools are needed. The study of wetting on single colloidal particles
trapped at fluid-fluid interfaces may offer novel avenues where small scale effects are
dominant and quantitatively observable.

2.3 Interaction of particles with fluid-fluid interfaces

The transport of a spherical colloidal particle leading to adsorption to a fluid-fluid inter-
face depends on its distance z from the interface (Figure 2.3). At large distances (z >> R),
the motion of the particle is dominated by a diffusive transport. In proximity of the in-
terface (z ® R), an adsorption energy barrier may be present, e.g. electrostatic or steric.
When the particle breaches the interface (z < R), interfacial forces drive the motion of
the particle within the interface. In the following we will describe the physics governing
these processes.

2.3.1 Diffusion of a particle in proximity of a fluid interface

The Stokes’ law describes the friction force that a spherical particle of radius R experi-
ences while moving with velocity v in a fluid of viscosity 7:

F = 6mR - v @2.11)

The proximity of a fluid-fluid interface (z = R) contributes to an apparent increase
of the drag of the particle. This can be taken into account by considering a correction
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Figure 2.3: Transport of a spherical particle of radius R towards a fluid-fluid interface formed by two immiscible
phases. (a) Bulk diffusion for z > R; (b) particle-interface interaction for z = R; (¢) particle adsorption for z < R.

parameter A = A(11, 12, h), as described by Brenner!3¢ and Bart:'3’
F = 62nR - Av, (2.12)

where

nn + 1) {an+nzYn _1}‘ 2.13)

4 (&9
A = —sinh
35 “; @n—1D@n+3) \mV, +mT,

As an example, Tsai et al. proved experimentally the validity of this model by measuring

the normal component of the speed of paramagnetic particles pulled magnetically towards
a water-oil interface.'?”

2.3.2 Electrostatic interaction

A method to stabilize colloidal particles in an aqueous solution is to functionalize the sur-
face of the particles with charged groups. The resulting electrostatic — repulsive — forces
prevent the particles to cluster. When a charged particle approaches a fluid-fluid interface
— charged or neutral — it experiences a repulsive net force due to two contributions. (i)
Confinement effect: the double layer surrounding the colloid is heavily distorted by the
presence of the interface, which is impenetrable by ions. (ii) Image charge effect: if a
charged particle is diffusing from a high dielectric medium (e.g. water, €4, = 80) to-
wards a lower one (e.g. air €;;, = 1, or decane €j.cane = 2), image-charges arise, which are
always repulsive.
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Mbamala et al.'3® described this interaction within the framework of Poisson-Boltzmann
(PB) theory. The PB equation can be written as

V2¢ = «* sinh ¢. (2.14)

where ¢ = efy is the normalized potential and ¥ the electrostatic potential. Once ¢
is known, the grand potential €, can be calculated, and therefore the particle-interface
interaction SV (h) = Q) — Q. This problem has only a numerical solution. An analytical
solution can be achieved by using a linear version of eqn (2.14) and assuming €'/e — 0
(¢’ ~ 80 and € = 2). These considerations led to the following result of the interaction

potential:
ka \2 —2kh
Ze Ag |[e
V(h) = — 2.15
® (1+Ka) 2ﬁ(2h) 2.15)
where Z = o4na® is the number of charges on the colloid, —eo is the surface charge
2
density, A = % is the Bjerrum length, k*> = 87pc; is the screening parameter (that

is the inverse of the Debye length) and c; is the bulk ion concentration. The screening
parameter k can be modified by changing the electrolyte concentration of the water phase.
If the ionic strength of the solution /; is increased also « increases and therefore the size
the double layer around the particle. This results in the decreasing of the DL adsorption
barrier.

The total energy of interaction between a particle and a fluid interface may contain
additional terms, such as van der Waals, interfacial bending, or steric interactions. We
refer the reader to ref.'® for more details.

2.3.3 Interfacial forces

A particle trapped at a fluid-fluid interface can be described by Young’s equation (eqn
(2.1)), where now the three phases are the surface of the particle and the two fluids. For a
water-air interface, if the contact angle is 0 < 8 < 90° then the particle is more immersed
in the water (hydrophilic), while for 90° < # < 180° the particle is more exposed to the
air (hydrophobic).

The energy of adsorption of such a particle can be calculated by considering the con-
tribution of the surface free energies of the three phases®® (see Fig. 2.3c). The total energy
for the system as a function of the immersion depth z is the sum of all of the interfacial
energy contributions:

2 2\1/2
Z z Z 27 z
G(Z):ﬂ'Rz(z’yplk+2’)/pz(l —E)—’ylz(l —ﬁ)-i-ﬁ(l _ﬁ) ] (216)

where the first two terms are the contribution from the portion of the particle exposed to
phase 1 and phase 2 respectively (see eqn (2.2)), the third term is the gain in energy due
to the removal of a portion of the interface, and the last term is the energy associated with
the line tension (see eqn (2.3)).
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We first discuss the case in which line tension is neglected. By differentiating eqn
(2.16) with respect to z/R, it is possible to demonstrate that a minimum exists for

Zmin

YP2 —YP1

= COS g if <1, 2.17)
Y
otherwise if
YP2 — Yp1 51 vp1 > Yp2, particle in phase 2 2.18)
Y vp1 <7Yp2, particle in phase 1

The energy of adsorption can be calculated by considering the difference between the
energy of the particle being immersed in one of the two phases and the energy of the
particle at the interface (eqn (2.16)), and using eqn (2.1). This yields

AE = —nR*y15(1 — | cos ,,])* (2.19)

which depends on the radius R of the colloid, on the fluid-fluid interface surface tension
v and the particle three phase contact angle 6., at equilibrium, as sketched in Fig. 2.3c.
This energy is usually much larger than the thermal energy. As an example, for a particle
of 1 um radius at a water-decane interface (y ~ 50 mN/m), with 6,, = 90°, the adsorption
energy is about AE ~ 107 kT, making the desorption process practically irreversible (see
Fig. 1.2).

If we now include the line tension term in eqn (2.16), the minimization of the inter-
facial free energy with respect to the particle contact angle yields the so called modified
Young-Dupré equation’

-1
cos ) = cos O (1 - R T, 0) (2.20)
y sin

This equation shows that line tension may change the equilibrium contact angle 6,, for
small enough particles (R ~ 7/y). Experiments on micrometer sized particles at liquid-
vapour interfaces have provided estimates of line tension not larger than 10~ N.? For
typical values of the surface tension (y ~ 30 mN/m) the line tension becomes relevant for
nanoparticles with radius R ~ 300 nm. However, line tension measurements on nanopar-
ticles are challenging and other effects such as roughness of the particle, electric charges
on the particle, or the presence of surfactants, might contribute to deviations from the
equilibrium contact angle as predicted by Young’s equation.”® In this thesis we neglect
any effects due to line tension as the particles used have sizes in the micrometer range.

2.3.4 Inter-particle interactions

The interactions of particles at fluid-fluid interfaces differ both in range and nature with
respect to the interactions in the corresponding single fluid phase. Hydrophilic colloidal
particles bear surface charges in order to be stable in an aqueous solution. Away from
the isoelectric point, electrostatic repulsive forces dominate over the short range van der
Waals attractive forces, extending over tens or hundreds of nanometers depending on the
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particle surface charge and fluid ionic strength.”-'3° The presence of a fluid-fluid inter-
face between a polar and non-polar fluid (e.g. a water-oil interface) creates an asymmetric
distribution of charges across the interface, which creates an electric dipole responsible
for strong repulsive forces between particles.?-3%3840 According the analysis provided
by Hurd,'* the magnitude of the electric dipole is determined entirely by the charge dis-
sociation in the polar phase. Aveyard et al.’ proposed an alternative model based on
the assumption that a small amount of residual charges may be present in the non-polar
phase, as the result of residual water in the non-polar phase, or water entrapped in the
cavities of the surface roughness of the particle. The absence of a charge screening effect
in the non-polar phase would suffice to generate the observed long-ranged electrostatic
interaction between particles. Although both models predict a same functional form of
the resulting interacting force, a consensus on the underlying physical origin of this inter-
action is still lacking.*® Here, we limit to report the functional form of the electrostatic
interaction force between two particles at a fluid-fluid interface:

Ry + RB)4

Fel=F0( 3

(2.21)
where S is the center-to-center inter-particle separation distance, Fy is the closest proxim-
ity force that depends on the particles and fluids properties, and R; is the radius of particle
i.

Another class of interactions that have no counterpart in bulk fluids are capillary inter-
actions, which originate from the overlap of local deformations of the interface. Deforma-
tions of the interface may be induced by gravity,”’’? by particles with shape anisotropy
(e.g. ellipsoidal),”*”” or chemical anisotropy (e.g. Janus particles),'*! by the presence
of an external torque,'*? or induced by surface patterning.*'-'4> These interactions are
responsible for long-ranged capillary forces and torques between particles that cause par-
ticles to aggregate, to form chains and long-ranged ordered structures.

Danov et. al.”’ formally treated the concave and convex deviations of the meniscus
shape from planarity as positive and negative capillary charges, in analogy with electro-
statics. The inter-particle potential can be then described as the superposition of capillary
multipoles (capillary charges, dipoles, quadrupoles etc.). An asymptotic solution of the
inter-particle potential between two capillary multipoles with an arbitrary order and large
distances S is given by the relation

my _mpg

AEap(S) ~ —nyGoHyHp cos(mapa — mpdp)——2L (2.22)

S ma+mp

where v is the surface tension between the two fluid phases, H4 and Hp are the undulation
amplitudes of the menisci around particles A and B, m4 and mp are the respective mul-
tipole orders (m = 0, 1,2, ...) with orientations ¢4 and ¢g, Gy is a constant that depends
on the multipole orders, and r4 and rg are the radius of the particle cross section with the
interface.

The relative contributions of gravity and surface tension to deformations of the inter-
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face can be expressed by the particle Bond or Eotvos number® Eo = ALgRZ, where Ap is

the difference between the particle density and fluid density, R is the particle radius, and g
is the gravitational acceleration constant. Typically, for micrometer sized particles (< 10
um), Eo << 1 and deformation due to gravity can be neglected. For spherical particles
dipolar deformations (m = 1) require the application of an external torque. Therefore,
the first non-vanishing term is the quadrupolar interface deformation (m = 2) and the
resulting force between two identical particles can be expressed as

6EAB ) V?
Fouaa = = P —48myH; cos(2(¢a — ¢B))§ (2.23)

where H, is the amplitude of the quadrupolar meniscus and r, is the radius of the cross
section formed by the particle with the interface, which is related to the equilibrium con-
tact angle 6 by the geometrical relation r. = Rcos 6 (Fig. 2.3c).

Interfacial deformations can be induced also by the electric field generated by charged
particles adsorbed at a polar non-polar interface.'** The electric field gives rise to mechan-
ical stresses described by the Maxwell pressure tensor.'** The resulting force, known as
electrodipping force, is directed towards the liquid of highest dielectric constant, usually
the water phase, thereby deforming the interface. This force is independent of the ionic
strength of the aqueous phase, suggesting that the force is mainly caused by charges at the
particle-non-polar interface.'* The interaction between two like-charged particles can be
described by a superposition of electrostatic repulsion and electrocapillary attraction in-
duced by the electrocapillary force. The electrostatic interaction force is described by eqn
(2.21), while the electrocapillary interaction force is described asymptotically as a super-
position of two dipoles, with a force that scales with inter-particle distance as F,. oc 1/S%.

Other forces, such as Van der Waals, fluctuation forces and solvation forces, may also
be present. However, these forces are usually significant only at short separation distances
(~nm) and for nanoparticles. We refer the reader to ref.>® for a more detailed description.
In Table 2.1 we summarize the properties of inter-particle interactions that may occur at
fluid-fluid interfaces.

2.4 Particles at fluid-fluid interfaces: static contact angle

In section 2.2 we focused on unanswered questions about the origin and scaling relation-
ships of dynamic wetting. One important challenge is to gain access to the small scale
of a moving contact line. This problem may be addressed by studying wetting on single
colloidal particles at fluid-fluid interfaces. In the next sections we outline experimental
and numerical techniques to study static and dynamic contact angles on single particles at
fluid-fluid interfaces.

“In this thesis, we will refer to the Bond or E6tvs number as Eo, in order to distinguish it from the Boussi-
nesq number Bo (see Chapter 3).
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Table 2.1: Summary of the interactions between particles at fluid-fluid interfaces as described in Section 2.3.4.
The interaction potential is generically given by (functionality) X (strength). In the last column we indicate the

typical particle size for which the interaction is expected to play a significant role. Table after F. Bresme er al.?’
Interaction Character Functionality Strength (kzT) Particle size
Electrostatic

-dipolar rep (2R/S)? 10...10° nm. .. um
Capillary

-gravity attr/rep In(2R/S) 10...10° nm. .. mm
-dipolar attr/rep (2R/S)? 10...10° pum
-quadrupolar attr/rep (2R/S)* f(¢) 1...10° um
-electrocapillary attr (2R/S)? 1...10° 100 nm. .. um

2.4.1 Experimental techniques for measuring the contact angle of
particles at fluid interfaces

The equilibrium contact angle of colloidal particles trapped at fluid interfaces cannot be
measured with the same techniques as for planar surfaces. The main differences are the
small scales of the system (micro- and nanoparticles) and the presence of an optical dis-
continuity between the two fluids. Several approaches have been reported in literature and
the topic has been recently reviewed by Maestro et al.’® Here we will discuss some of the
techniques, with focus on single particle methods.

We can distinguish two different approaches: ensemble measurements and single par-
ticle based methods. Ensemble measurements deduce an average contact angle from a
measurement on a large number of colloids. In many cases the results are obtained with
assumptions that can be difficult to verify. For example, in the Washburn technique® a
powder bed with irregular nanometer sized particles is put in a capillary and the position
as function of time of a fluid adsorbing into the powder is measured. The contact angle
is extracted by fitting the data to a model function. The model relies on the pore diame-
ter of the wetted powder, whose physical meaning is a matter of debate. In a Langmuir
trough experiment® pressure and area are measured upon compression of the interface
containing the particles. During the process the particles are tightly packed and eventu-
ally expelled from the interface. The contact angle is extracted from the measured critical
pressure, assuming no deformation of the interface.

Single particle based techniques have interesting advantages. Ideally the measure-
ments are direct, with minimal assumptions to extract contact angles. Furthermore, a
measurement on single particles allows one to investigate small-scale effects and to quan-
tify particle-to-particle variability. In an early report, Mingins et al.'! directly observed
50 um silica particles on a water-air interface of a pendant drop and extracted the contact
angle from microscope images. Hadjiiski et al.'®® measured the interference pattern of
micrometer sized particles on a substrate trapped in a thin film and the value of the con-
tact angle was extracted from the meniscus profile. Horozov et al.'”” developed a similar
interferometric technique, but now with a particle bridging a thin film. Preuss et al.'®
glued a colloidal particle onto the cantilever of an atomic force microscope (AFM). In
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this colloidal probe AFM experiment, the particle is brought into contact with the inter-
face, where capillary forces cause the cantilever to bend. Upon further approach of the
probe, it reaches a zero-force position and thereafter forces apply in the opposite direction.
Depending on the direction of cantilever actuation, values for the advancing and receding
contact angles can be extracted, using the radius of the particle and the difference between
the first-contact and the zero-force positions. The contact angle was measured for a 5 um
silica particle at a water-air interface with and without the presence of surfactants.

Paunov et al.'® developed a gel trapping technique (GTT) to measure contact an-
gles on single nanoparticles with a diameter of 100 nm. The technique uses a thermo-
responsive non-adsorbing gellant agent in the water phase. Then a soft polymer (PDMS)
is used to replace the oil phase and trap the particles upon solidification, thereafter the
mold is analyzed with a scanning electron microscope or AFM.'*® An alternative solid-
ification technique was developed by Isa e al.!%® Particles were spread at a fluid-fluid
interface, and after jet-freezing and cracking of the interface, the particles were metal-
coated at a specific angle, thus forming a shadow. By measuring the geometry of the
shadow with SEM images, it is possible to quantify the contact angle. The technique
allows one to measure the contact angle of particles with diameters down to 20 nm. N.
Vogel et al.'” reported a method to study particles at a water-air interface based on poly-
merization. A monomer is introduced in the gas phase that polymerizes in contact with
the water phase. Thereafter the film is analyzed with scanning electron microscopy and
the value of the contact angle is extracted.

Maestro et al. compared the contact angle values obtained with different techniques
for different particle-interface systems; see Table 1 in Ref.*® Their extensive analysis
shows that several parameters influence the measured values, such as particle radius,
chemical nature of the surface, charge density, roughness and porosity, fluid properties,
and the experimental protocol. The large number of parameters and the lack of an exten-
sive study over a wide range of particle-interface systems make it still difficult to predict
values for contact angles from a priori knowledge of a system. Moreover, as for planar
surfaces, contact angle hysteresis is present and the measured contact angle is an appar-
ent value. Contact angle hysteresis is a dynamic effect and depends on the history of the
moving contact line. The above mentioned solidification techniques do not allow studies
of such dynamic effects.

Another aspect that strongly affects the behavior of colloidal particles is the shape
of the interface. Particle surface heterogeneities may distort the interface at the three-
phase contact line, which can be described as a superposition of capillary multipoles,
in analogy with electrostatics (capillary charge, dipole, etc.)?* 4171477149 The overlap
of these interfacial deformations result in long-range interactions between particles at
interfaces, thus controlling the assemble into ordered structures. As an example, inter-
faces with anisotropic curvature may change the particles assembly from an hexagonal
(flat interface) to a square lattice (as a result of quadrupolar interactions).*! This effect
is particularly important for anisotropically shaped objects, which assemble in preferred
directions.”*76:150

Prior to any measurement, particles need to be positioned at the interface. This can
be done either by spontaneous adsorption from the bulk fluid or with the use of spreading
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solvents (typically alcohols) that frequently implies a turbulent flow at the interface.® As
an example, Table 1 of Maestro et al. shows that for the same system — 2 ym diameter
PMMA particles at a water-air interface, measured with the gel trapping technique — the
measured contact angle changes significantly depending on the solvent used — 56° for
isopropanol and 29° for methanol. The difference is attributed to the solvent molecules
adsorbed to the surface of the particles.'>' Variability may also arise from the dynamic
nature of wetting. Initially, the capillary forces and hydrodynamics of a particle adsorbing
to a fluid-fluid interface give wetting speeds in the order of a few m/s, while also longer
timescale relaxation processes are observed with speeds as low as 1073 ym/s.>>% 110 Such
dynamic wetting effects should be taken into account when extracting values for the con-
tact angle. The capillary adsorption energy (eqn (2.19)) depends on the curvature of the
interface, but it becomes significant only when the curvature of the interface is comparable
with the radius of the particle.'>

2.4.2 Numerical techniques to simulate particles in the vicinity of
fluid interfaces

Particles at fluid interfaces have been studied using (semi-)analytical treatment and com-
puter simulations by numerous authors in the past. However, in most cases the hydrody-
namic properties of the involved fluids are ignored in order to simplify the problem and
to save computing time.'#!:147:149.153-157 \While these works have provided a thorough
insight of the general behavior of particles at interfaces, they are only of limited appli-
cability for understanding dynamic wetting properties. To understand the fundamental
origin of wetting a proper treatment of hydrodynamics and the dynamic movement of the
contact line or deformability of the interface is required.

Simulation methods which are able to cover the movement of particles and the hydro-
dynamics of the fluid-fluid interface can generally be classified as hybrid approaches: the
particles follow Newton’s equation of motion and can be treated by standard molecular
dynamics or discrete element algorithms. The fluids have to be treated on the level of a
multiphase or multicomponent solver recovering the Navier-Stokes equation or at least
the Stokes equation. Molecular dynamics is a possible method here, but its applicability
is limited by the huge computational costs involved.'>® Often diffuse interface models are
applied in order to avoid the complicated tracking of the interface and in particular the
three phase contact line.

Finally, the particle- and fluid solvers have to be coupled, which needs to be im-
plemented by a consistent treatment of momentum transfer between the fluids and the
particle surface on a scale sufficiently smaller than the particle diameter. Typical choices
for the flow solver include classical finite element methods,'>® dissipative particle dy-
namics (DPD) and again the lattice Boltzmann method. Algorithms involving the lattice
Boltzmann method have been successfully applied to study the formation of particle sta-
bilized emulsions such as Bijels and Pickering emulsions involving spherical®! 100161 and
anisotropic particles such as ellipsoids.'®> Furthermore, these methods have been used
to study particle covered droplets or particles at interfaces under the influence of exter-
nal fields.”® 124163 Static wetting effects can be easily controlled by tuning, for example,
the surface properties of the particles and parameters such as the particle contact angle are
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directly accessible from the fluid concentration fields obtained in the simulation, 6!, 164-166

2.5 Particles at fluid-fluid interfaces: dynamic wetting

Dynamic wetting plays an important role in the adsorption process of colloids at fluid-
fluid interfaces. A description of the adsorption process based on capillary forces and
hydrodynamics results in exponential relaxation times with typical timescales of us. Re-
cently much longer timescales — several minutes or even hours — were measured.>!»3%11°
These observations call for the development of methods to quantify and model dynamic
wetting effects on individual particles over a broad range of time and energy scales, and
suitable for a wide range of particle types and fluid properties.

The dynamic nature of wetting can be studied by monitoring the spontaneous adsorp-
tion of a particle and by perturbing its equilibrium position (Fig. 2.1d). This requires the
ability to measure the time evolution of the position of a particle with respect to the inter-
face, and an actuation method in order to move a particle out of its equilibrium position.
In the following paragraphs we outline experimental and numerical techniques to study
dynamic contact angles on single particles at fluid-fluid interfaces. Finally we conclude
by discussing the status and future of single particle based experimental techniques, and
we propose a method based on magnetic tweezers.

2.5.1 Experimental techniques

Kaz et al’' studied the relaxation to equilibrium of colloids using digital holographic
imaging in combination with optical tweezers (Fig. 2.4a). They recorded trajectories of
micrometer-sized polystyrene particles with different surface chemical properties as they
approached and breached a water-decane interface (Fig. 2.4b). Holographic images were
generated by illuminating the particles with a laser. The two fluids were index matched
and the axial position of the particle was calculated by solving the Lorentz-Mie scattering
equation in bulk. Another laser was focused on the back of a high numerical aperture
microscope objective, creating an optical trap®! in order to move the particle towards the
interface. With this setup the 3-dimensional position of the particle was resolved with 2
nm spatial resolution and sub-millisecond time resolution.

The initial approach trajectory can be explained by the hydrodynamic interaction of
the particle with the interface (Fig. 2.4b). A particle in a low salt water solution (1 mM)
reaches a steady level in proximity of the interface, while for a higher value (100 mM)
the particle breaches the interface. This is attributed to the electrostatic barrier that arises
when charged particles approach an interface between a high dielectric (water) and a low
dielectric medium (decane).?® 3% After a sudden jump the particle follows a logarithmic
trajectory (Fig. 2.4b). The position of the interface, and so the apparent contact angle, is
computed from the relative position of the particle right before the snap-in process.

The results were interpreted with a molecular kinetic theory,so as described in section
2.2.5. The model describes the motion of the contact line as a stochastic process. Local
surface heterogeneities trap fluid molecules in a potential well, whose energy is modified
by a driving capillary force. The velocity of the contact line is related to the rate at which it
hops over surface defects with average area A. This model is able to describe the observed
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Figure 2.4: Study of relaxation to equilibrium of particles at a water-decane interface, as reported in Ref.>' (a)
Sketch of the experimental setup: an optical trap is used to bring a particle towards the interface and its height
is measured using holographic imaging microscopy. (b) Approach curves of 1.9-um-diameter polystyrene par-
ticles at low and high salt concentrations. The position of the interface is determined from the sharp transition
when the particle breaches the interface. (c¢) Trajectory of a particle relaxing towards equilibrium, showing a
logarithmic relaxation behavior. The red dotted line is a fit obtained according to the MKT model. (d) Parti-
cles with different surface functionalization show similar logarithmic trajectories, but different relaxation rates.
Reprinted and adapted by permission from Macmillan Publishers Ltd.: Nature Materials (Ref.5"). Copyright
(2012).

logarithmic trajectories for times greater than 10 ms over three decades (Fig. 2.4c). Par-
ticles with different surface functional groups show the same logarithmic behavior (Fig.
2.4d), providing similar values for surface defect areas in the order of a few nm?, but with
different relaxation rates. In a follow up paper!'” Wang et al. further investigate the nature
of these defects, demonstrating that the contact line is pinned to topological defects rather
than charged patches. Interestingly, they observed a fast relaxation behavior for PMMA
particles approaching from the decane phase rather than from the water phase, showing
the complex nature of wetting.

Chen et al.>*> used a colloidal probe AFM to study the time-dependence and force
of the early snap-in stage of a particle adsorbing to a water-air interface (Fig. 2.5a).
Experiments were performed with silica particles of different radii, in a hydrophilic state
as well as with a hydrophobic coating. The position of the interface and the snap-in time
were determined by the deflection of the cantilever using a similar approach as Kaz et
al>!

Chen et al. observed two relaxation timescales: a slow logarithmic relaxation for
t ~ s (Fig. 2.5b), in agreement with;’! and a fast relaxation for r < ms (Fig. 2.5¢). At
this short timescale the fast adsorption is characterized by damped oscillations with the
same frequency as the resonance frequency of the cantilever. The snap-in time, ¢, defined
as the time for the particle to reach a steady position, was similar for both hydrophilic
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Figure 2.5: Study of the snap-in dynamics of a particle at a water-air interface using a colloidal probe AFM,
as reported in Ref.’? (a, top) Scanning electron micrograph of a glass particle glued onto a cantilever and (b,
top) schematic of the colloidal probe AFM setup. The probe approaches the interface and the deflection of
the cantilever determines the particle surface-to-interface distance D. (a, bottom) Distance D versus time for
a hydrophilic (black-squared dots) probe and a hydrophobic (gray-rounded dots) probe. At long time scales
(t = 0tot = 6s) both curves show a slow logarithmic relaxation. (b, bottom). At intermediate time scales,
damped oscillations are observed due to the excitation of capillary waves upon contact of the particle with the
drop surface (c, bottom) At short time scales (t = 0 to = 3 ms) a fast wetting process is observed, which is
independent of particle wettability. Reprinted with permission from Ref.>> Copyright (2012), AIP Publishing
LLC.

and hydrophobic particles. A characteristic timescale of the snap-in process can be ob-
tained by considering the particle momentum change and capillary forces. This results
in 7 ~ (ppR*/y)'/2, where pp and R are the density and the radius of the colloidal probe
respectively. Measurements of 7, for particles with different radii and hydrophobicity
confirmed this relation, proving that the snap-in time is dominated by inertia rather than
particle wettability. As the authors pointed out, the scaling behavior is analogous to the
initial spreading of droplets on flat surfaces,'>> where the early-stage spreading (t ~ p5)
is dominated by inertia rather than surface wettability. From force measurements, Chen
et al. estimated snap-in forces in the order of a few uN, with a linear relationship between
the snap-in force and the radius of the colloid, which is larger for hydrophilic than for
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hydrophobic particles.

2.5.2 Numerical techniques

Numerical studies relevant to dynamic wetting are very limited, but cover topics such as
interface functionalization, the adsorption and desorption behavior of single particles at a
fluid interface, capillary interactions between several (anisotropic) particles, or the impact
of external fields on the structuring and movement of particles at interfaces.

An example for the functionalization of colloidal particles at a fluid interface is based
on molecular dynamics simulations of Ehlinger et al.:'3® they demonstrate that hydropho-
bic colloidal particles can be placed crossing a lubricating gas layer between two liquid
phases. Under a shear flow, these particles act as bearings and allow to substantially
reduce the friction as compared to a pure fluid-fluid interface. Razavi et al.'®’ also inves-
tigated the rotational dynamics of particles using molecular dynamics and their findings
are particular relevant for the example of a possible measurement technique based on
magnetic tweezers as provided in Chapter 5.

DeGraaf et al. presented a Langevin dynamics study °® of adsorption trajectories and
free energy separatrices for colloidal particles with arbitrary shape. However, hydrody-
namics is not included in the model. Giinther extended these studies by lattice Boltzmann
simulations of single ellipsoidal particles adsorbing to an interface and demonstrated that
the deformability of the interface has an influence on the exact shape of the adsorption
trajectories.'6% 1% Davies et al. on the contrary have studied in detail how an anisotropic
particle detaches from an interface by dragging it off with a constant force. From such
simulations a precise measurement of detachment energies is possible.'®

Joshi and Sun studied the dynamic wetting properties of evaporating droplets cov-
ered by particles using lattice Boltzmann simulations!”® and very recently Frijters et al.
demonstrated that a dynamic change of contact angles in particle stabilized emulsions
might be a possible route to the self-assembly of well-defined filters or catalysts.'®

Davies et al.”®!”! studied the behavior of magnetic ellipsoidal particles under the
influence of a magnetic field using the lattice Boltzmann method. The particles undergo a
magnetic torque and deform the interface, leading to capillary interactions. They show a
novel bottom-up method to facilitate self-assembly structure of ellipsoidal particles at the
interface.

A relevant example for our discussion — that allows a direct comparison with the ex-
perimental results presented in>!>? — is provided by Colosqui et al.'”* In this paper, the
adsorption of a particle to a fluid—fluid interface is analyzed theoretically and by molec-
ular dynamics simulations. The motion of the particle towards equilibrium is driven by
the minimization of the surface free energy. The adsorption dynamics is modulated by in-
troducing local energy minima and maxima in the potential energy landscape, expressed
by
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U(z) = Us(2) + %AU sin(Az + ) (2.24)

where z is the center-to-interface distance, Ug (z) is the interfacial free energy (eqn (2.19)),
(1/2)AU is the amplitude of the perturbation, [ = 27/ A is its wavelength and ¢ is a variable
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phase. These perturbations (with [ << R) are interpreted as microscale surface hetero-
geneities. The forward and backward hopping of the contact line from these metastable
states is described with Kramers® theory.!'”> The solution of the equation of motion is
described by three independent physical quantities, that is, the characteristic hop length,
the trajectory amplitude (determined by the initial separation from equilibrium position),
and a characteristic hop time. The model predicts different relaxation regimes, from fast
exponential relaxation — for a perfectly smooth 1 um radius particle the decay time is
0.1 us — to slow logarithmic or exponential relaxations in the vicinity of the equilibrium
position, recovering the same behavior as for Kaz et al.>!

As stated by the authors, their model based on Kramers’ theory is mathematically
similar to the MKT model presented in,’! and both can describe the slow logarithmic re-
laxation. The difference lies in the underlying physical assumptions. The MKT assumes
that dissipative forces — determined by a characteristic hopping time over atomic sized
defects — are driving the particle towards equilibrium, while Kramers’ theory assumes
that the driving force is related to a quasi-static process of surface minimization, deter-
mined by geometrical features on the particle surface. These findings demonstrate that
the wetting dynamics of a particle adsorbing at a fluid-fluid interface is dominated by sur-
face heterogeneities, but as for planar substrates, a consensus on the underlying physical
mechanisms is still lacking.

2.6 Conclusions

In this Chapter we provided an overview of the basic concepts of particles at fluid-fluid
interfaces. In particular, we focused on the description of the physics and the experimental
and numerical approaches to study static and dynamic wetting of single particles at fluid
interfaces.

The theory presented in this Chapter highlights the complexity of describing wet-
ting phenomena, even for the classical study of a droplet on a planar substrate, where
macroscopic effects are determined by the micro- and molecular scale interactions be-
tween the molecules of the fluids and of the solid substrate. To obtain such information
scientists have developed techniques based on micro- and nanoparticles at fluid-fluid in-
terfaces, where small scale effects are dominant and quantitatively observable. However,
unlike many bulk colloidal suspensions in simple fluids that can be characterized in terms
of electrostatic and van der Waals forces, the interactions of particles at fluid interfaces
requires the addition of contributions due to discontinuities (e.g. density, viscosity, per-
mittivity) and deformability of the interface. Electrostatic forces may extend over several
particle diameters and interfacial deformations are responsible for non-trivial long-ranged
inter-particle interactions that depend on how the interface was deformed (e.g. by grav-
ity, particle shape or chemical surface properties, electrodipping force). For micrometer
spherical particles these forces typically range from a few fN to several pN or nN (see
Table 2.1) and in general they depend on the interfacial tension, on the particle radius
and three-phase contact angle. Although these parameters can be modulated by chang-
ing the materials and fluid compositions, it is often challenging to control each of them
independently. For example, surfactants can be used to lower the surface tension of the
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interface, which in turn may a change of the particle contact angle, hence the electrostatic
and capillary interactions between particles. Moreover, the time-dependent adsorption of
surfactants (or other macromolecules) may introduce ageing effects, with a variation on
time of the particle properties and of the mechanical response of the interface.

Overall, this calls for the development of experimental methods able to control and
disentangle the different contributions to the total interaction potential. To this aim scien-
tists are following two approaches. The first one is focused on the production of particles
with tailored properties, such as shape, size and surface functionalization. The second
one is to develop experimental techniques able to disentangle the different forces, which
represents the aim of the work summarized in this thesis.






Interfacial rheometry of polymer at a water-oil
interface by intra-pair magnetophoresis

We describe an interfacial rheometry technique based on pairs of micrometer-sized mag-
netic particles at a fluid-fluid interface. The particles are repeatedly attracted and re-
pelled by well-controlled magnetic dipole-dipole forces, so-called interfacial rheometry
by Intra-Pair Magnetophoresis (IPM). From the forces (~pN), displacements (~ um) and
velocities (~ umys) of the particles we are able to quantify the interfacial drag coeffi-
cient of particles within a few seconds and over very long timescales. The use of local
dipole-dipole forces makes the system insensitive to fluid flow and suited for simultane-
ously recording many particles in parallel over a long period of time. We apply IPM to
study the time-dependent adsorption of an oil-soluble amino-modified silicone polymer at
a water-oil interface using carboxylated magnetic particles. At low polymer concentra-
tion the carboxylated particles remain on the water side of the water-oil interface, while
at high polymer concentrations the particles transit into the oil phase. Both conditions
show a drag coefficient that does not depend on time. However, at intermediate polymer
concentrations data show an increase of the interfacial drag coefficient as a function of
time, with an increase over more than three orders of magnitude ( 107 10 107 Ns/m),
pointing to a strong polymer-polymer interaction at the interface. The time-dependence
of the interfacial drag appears to be highly sensitive to the polymer concentration and to
the ionic strength of the aqueous phase. We foresee that IPM will be a very convenient
technique to study fluid-fluid interfaces for a broad range of materials systems.*

#Parts of this Chapter have been published as: S. Cappelli, A.M. de Jong, J. Baudry, and M.W.J. Prins, In-
terfacial rheometry of polymer at a water-oil interface by intra-pair magnetophoresis, Soft Matter, 12(25):5551-
5562, 2016.
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3.1 Introduction

Macromolecules, such as proteins, surfactants and nanoparticles, are known to strongly
bind to and thereby modify fluid-fluid interfaces, with applications in food processing
technologies for the stabilization of foams and emulsions,®” micro-encapsulation tech-
niques for personal care'® and drug delivery,>>!”* and in the creation of new functional
materials based on self-assembly.'":3" Upon adsorption, the interface becomes crowded
and the interaction between the adsorbed species strongly changes the mechanical proper-
ties of the fluid-fluid interface.”-2%4+48:175-179 Stydies of these processes require rheom-
etry techniques that are suited for small amounts of materials, small length scales, short
and long timescales, and that are easy to use. Conventional interfacial rheometers have a
limited sensitivity due to the size of the probes, typically millimeter or larger, and are not
suited for biomedical research, where the amounts of material are generally limited and
the relevant scales are well below the millimeter scale.?%3-58

Microrheology refers to the use of micrometer-sized objects to measure interfacial
shear viscosities on small length scales (~ um), small sample volumes (~ uL), and
with a high sensitivity.?>26-48:57-60 The sensitivity to the interfacial viscosity is expressed
through the Boussinesq number Bo, which for a water-oil interface and a probe of char-
acteristic dimension a can be expressed as:

US

Bo= ——
a(nwmer + 7701‘1)

3.1)

where 75 is the interfacial viscosity, 7,4 and 1,; are the bulk viscosities of water and oil
respectively. If Bo >> 1 the motion of the probe is decoupled from the hydrodynamics
of the sub-phases and is dominated by the interfacial shear viscosity ns. Microrheology
can be divided in passive®®>%3%6! and active methods.>%7 In passive microrheology
the Brownian motion of a probe is followed in time and is related to its diffusivity using
a mean-squared displacement (MSD) analysis.>> The accuracy of this method relies on
the correct estimation of the drift (due to thermal convection, Marangoni effect, sample,
etc.) that is superimposed on the thermally activated motion of particles. The drift can
be corrected by subtracting the average motion of an ensemble of trajectories or by fol-
lowing the motion of a fixed reference object. For high viscosities (175 > 107% Ns/m)
the static noise of the setup is generally comparable to the particle average displacement,
and an incorrect estimation of the drift leads to systematically lower values for interfa-
cial viscosities.? Two-particle microrheology overcomes these limitations by extracting
the particle diffusivity from ensemble-averaged cross-correlated motion and inter-particle
distances, which however requires a large amount of trajectories to be recorded.'8°

In active microrheology external forces control the motion of the probes, such as gen-
erated with optical or magnetic tweezers. These forces allow one to reduce the number
of probes required, to measure interfacial viscosities as high as ng ~ 10~* Ns/m, and to
reduce the measurement time to a few seconds, ideal to study time dependent phenom-
ena. Optical tweezers have mainly being used to study the rheology of bulk fluids'8!~'8>
and in some cases also for fluid-fluid interfaces.'3%-!88 The position of the probe is con-
trolled with nanometer accuracy and it is possible to apply a wide range of forces. Mag-
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netic tweezers have the advantage of low interference, because organic materials are fully
permeable and insensitive to magnetic fields. With the use of micro-fabricated probes,
such as magnetic nanowires and magnetic micro-buttons, magnetic tweezers have been
successfully used to study the ageing of protein films®%%>% and the shear viscosity of
phospholipid and surfactant monolayers.®*¢” The forced motion of a probe allows one to
bring the system out of equilibrium and to explore many interesting and important ma-
terial properties. However, the geometry of the probe and the dynamics of the actuation
play an important role, as different rheological deformations such as dilatational and shear
contributions might be coupled in one experiment. This makes the interpretation of data
dependent on the material system under study, the conditions of the experiment and on
assumptions of the hydrodynamic model used.?6-368.69

In this Chapter we describe an interfacial rheometry technique based on pairs of
micrometer-sized magnetic particles that are repeatedly attracted and repelled by well-
controlled magnetic dipole-dipole forces, so-called interfacial rheometry by Intra-Pair
Magnetophoresis (IPM)'® (Fig. 3.1a,b). From the forces, displacements and velocities
of the particles one can quantify the interfacial drag coefficient within a few seconds and
over very long timescales. This approach does not require microfabricated probes and
operates with commercially available magnetic particles, which are nowadays available
with a wide range of sizes, material and optical properties, and which can be easily func-
tionalized to suit a wide range of applications.'”> The use of local dipole-dipole forces
makes the method insensitive to fluid flow and suited for parallelization. Moreover, this
method allows one to study proximity effects during particle separation and approach
under different forces and shear rates.

We first validate the use of IPM for the measurement of viscous drag coefficients by
comparing IPM data of particles in bulk water to data of Brownian motion analysis. Then,
we study the dependence of interfacial drag on the adsorption of an amino-modified sili-
cone polymer to a water-oil interface (Fig. 3.1c). Polyelectrolytes have a broad range of
applications, such as for the production of microcapsules for biomedical applications,'*
food science,”® and personal care products.'® In these systems, the time-dependent ad-
sorption of polyelectrolytes to water-oil interfaces plays an important role in the produc-
tion method and determines the final material properties.’> At low polymer concentration
the IPM particles remain mainly in the water side of the water-oil interface, while for
high concentrations the particles transit into the oil phase (Fig. 3.1d). In both cases mea-
surements show values of drag coefficients independent of time. However at intermediate
polymer concentrations the data show an increase of the interfacial drag coefficient by
several orders of magnitude as a function of time and of fluid composition.

3.2 Materials and methods
3.2.1 Materials

We use a silicone-based polymer functionalized with diamino-groups on the side chain
(KF8004, provided as samples by Shin-Etsu Silicones Europe B.V.). The polymer is sol-
uble only in the oil phase and concentrations are prepared by weighting the components.
The radius of gyration of the polymer in oil was measured using dynamic light scatter-
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Figure 3.1: Principle of the Intra-Pair Magnetophoresis (IPM) experiment. (a) Pairs of particles are repelled and
attracted by changing the orientation of the magnetic field ¢ generated by a set of electromagnets. Trajectories
are recoded using a digital camera mounted on an optical microscope. (b) A typical IPM experiment consists of
five repulsions and attractions. Center-to-center separation distance curves are extracted from the digital images
(bottom). The drag is calculated by fitting the average of five repulsions to eqn (3.3). (¢) Magnetic particles at
a water-oil interface: oil-soluble amino-modified silicone polymer is dispersed in the oil phase (i) and adsorbs
to the interface (ii). At the fluid-fluid interface, carboxylated magnetic particles (with negative charge) interact
electrostatically with the amino-modified polymer (with positive charge) (iii). (d) Position of the particles as a
function of polymer concentration cp. Particles are brought into contact with the interface by means of magnetic
field gradients. The particles sediment to the bottom of the fluid cell by gravitational forces when no polymer is
present in the oil phase. The particles adsorb and retain a position in the interface when polymer is present at
a low or intermediate concentration. The particles transit into the oil phase when polymer is present at a high
concentration.

ing (DLS), which results in Rz = 15 — 20 nm. The oil phase is isononyl-isononanoate
(Lanol 99, Seppic, 1,; = 6 mPa-s). The aqueous phase consists of phosphate buffered
saline (PBS), prepared by dissolving PBS tablets (PBS tablets, pH 7.4, Sigma Aldrich) in
200 mL of ultra-pure water (resistivity > 18.2 MQ-cm) according to the supplier and then
further diluted. All the components were used as received from the suppliers, without any
further purification step.

We use carboxylic superparamagnetic particles (Dynabeads M-270 carboxylic acid,
diameter 2R = (2.8 + 0.1) um, Life Technologies) as probes in all the experiments. In
the presence of a magnetic field, the induced magnetization follows a Langevin function,
with a particle-to-particle variation of magnetic susceptibility of about 8%.'%° Particles
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were magnetically washed four times in ultra-pure water in order to remove surface-active
elements present in the storage buffer, and were then dispersed in each corresponding
buffer in a ratio 1 : 10000 from the stock solution.

3.2.2 Positioning of the particles at the interface

We create a flat water-oil interface using a custom made fluid cell (see Fig. 3.6) which
consists of two circular aluminum rings. The outer ring, with a bottom hole to host a glass
coverslide (19 mm diameter, Thermo Scientific™), contains the inner ring with a central
hole with sharp edges where the water phase pins. The oil phase is gently deposited on top
of the water phase and the cell is closed with a glass coverslide (24 mm diameter, Thermo
Scientific™). The moment when the oil-water interface is formed sets the starting point
for the reference time (adsorption time 74) in our experiments. The whole system is held
by capillary forces and we found the interface to be stable for several hours. Prior to
any measurements all the fluid cell components (inner rings and glass cover slides) were
washed in a sonic bath for 10 min first in acetone and then in isopropanol, ethanol (Sigma
Aldrich), and finally in ultra-pure water.

After assembling the fluid cell, we bring the particles from the water phase to the
interface by shortly applying a vertical magnetic force with a permanent magnet. After
removing the magnet, the particles that are not trapped at the interface sediment to the
bottom of the fluid cell. The microscope (Leica, DM6000 B) is equipped with a motorized
stage that allows us to locate the position of the focal plane with micro-meter accuracy,
thereby the position of the particles within the fluid cell. The concentration of particles
is chosen in order to have a low surface coverage at the interface (< 0.1 %) so as to limit
particle-particle interactions.

3.2.3 Particle tracking

We visualize the probes with a 40x magnification (0.40 N.A.) and acquire images with a
high speed CMOS camera (MotionPro X3, Redlake) with a sampling rate of 30 frames
per second. The trajectories of the particles are reconstructed from digital image analysis
of consecutive frames with in-house written Matlab routines. Briefly, images (Fig. 3.1b
bottom) are filtered with a low-pass Gaussian filter and corrected for the background. The
particle center is determined using an algorithm based on the Hough transform, which
looks for a set of pixels belonging to the same geometrical object, in our case a cir-
cle.8® Other computationally more efficient strategies, such as cross-correlation or cen-
troid tracking, cannot be used in this study as they fail to track objects that are in close
proximity. Finally, the particle positions are correlated through consecutive frames using
a Matlab implementation of the algorithm developed by Crocker and coworkers.’”1°!

3.2.4 Interfacial rheometry by Intra-Pair Magnetophoresis (IPM)

Intra-Pair Magnetophoresis (IPM) was previously developed in our group to quantify dis-
tributions of the magnetic properties of superparamagnetic particles.'® Here, we expand
the use of IPM for rheometry studies of particles at fluid-fluid interfaces. We actuate mag-
netic particles by positioning the sample between a set of five electromagnets with soft
iron cores, four of which are positioned above (normal to each other) and one below the
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sample (Fig. 3.1a). The intensity and the direction of currents in the electromagnets (e.g.
the magnetic fields) are controlled with a LabView interface that allows us to program any
arbitrary actuation sequences (e.g. Fig. 3.1b). With this geometry we can apply magnetic
fields with a magnitude between 0.1 and 50 mT.

When a superparamagnetic particle is exposed to a magnetic field it acquires a mag-
netic moment along the direction of the field, and a magnitude that scales with the field
intensity, following approximately a Langevin function.'®® When two particles are in
close proximity we can exploit their magnetic dipole-dipole interaction in order to in-
duce magnetic attraction or repulsion (insets Fig. 3.1a). If we apply a field normal to the
plane of the interface (out-of-plane), the force is repulsive and the center-to-center sepa-
ration distance S increases. The motion of the particles is opposed by the hydrodynamic
drag. In a material system with linear dependence of drag force on velocity, the following
equations apply:

3 0Ny ds
Fddzﬁ;T’ Fdragzg‘E

where Fy, is the dipole-dipole induced magnetic repulsive force, yy is the vacuum perme-
ability, m; is the magnitude of the induced magnetic moment (in units Am?) for particle i,
F4rqg 1s the drag force and f is the hydrodynamic drag coeflicient (in units Ns/m). Inertia
can be neglected, since the Reynolds number (ratio between inertial and viscous forces)
for the system under study is Re ~ 107% << 1.

The forces in eqn (3.2) define the equation of motion, and the solution of the differen-
tial equation yields

(3.2)
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where S is the separation distance at time 7y = 0. The repulsive magnetic force is always
aligned with the inter-particle distance vector and does not depend on the orientation of
the pair. If the magnetic field is now applied parallel to the interface (in-plane field, Fig.
3.1a) the resulting magnetic dipole-dipole force is attractive, with a solution that is of the
same form as eqn (3.3) but has a different prefactor. This force depends on the relative
orientation between the applied magnetic field and the inter-particle distance vector, but
with the actuation protocol used in our experiments, the pair orientation hardly deviates
from the field orientation (Fig. 3.1b, section 3.B). Details of the calculations can be found
in reference.'’

A typical IPM experiment is shown in Fig. 3.1b. Particles are repeatedly attracted and
repelled by changing the orientation of the magnetic field every 5 seconds, and images are
acquired at a rate of 30 frames per second. The intra-pair separation distance S is extracted
from digital image analysis (see previous section) and the drag coefficient is obtained
by fitting the average of 5 curves with eqn (3.3). The drag coefficient is obtained by
assuming a linear relationship between drag force and translational particle velocity, i.e. a
Newtonian system. However, soft-matter systems can also exhibit non-linear properties.
For example, polymer solutions can be viscoelastic, with a drag force that depends on
the velocity history.>*>* The hydrodynamic properties of fluid-fluid interfaces may also
depend on the type of adsorbed species.’® %% For the material system in this Chapter, we
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find that the response is essentially linear, so that the motion of the particles is dominated
by the linear shear response of the interface.

3.2.5 Interfacial rheometry by Mean-Squared Displacement (MSD)

The viscous drag of a fluid can be determined by the thermally activated motion of particle
probes, i.e. Brownian motion.?> From the trajectory of particles it is possible to calculate
the diffusion coefficient D from the mean-squared displacement according to

<(r(t+1)-r()?> >=2dD -7 (3.4)

where r(f) is the position of the particle at time ¢, 7 is the lag time, d is the dimensionality
of the system, and D is the diffusion coefficient of the particles. In our experiments the
average is performed over all the particles in the field of view (usually between 5 and
20 particles) and lag times 0.03 s< 7 < 10 s. Fits are performed for lag times 7 < 2
s. We estimate the drift from the motion of the center of mass of the particle ensemble,
according to the algorithm developed by V. Pelletier and coworkers.'*?

The value of the drag coefficient can be determined from the Einstein relation:

kT
f

where kg is the Boltzmann constant and 7 the absolute temperature. For a particle of
radius R moving in a fluid with viscosity 7, the drag coefficient reduces to the Stokes’
drag f = 6apR. Eqn (3.5) also holds for a particle at a fluid-fluid interface.>>2 The
interfacial drag coefficient depends on the particle three-phase contact angle 6, the radius
R, and the viscosities of the two phases and of the interface. The relation between the
drag coeflicient and the rheology of the interface depends on the material system under
study, the assumptions of the hydrodynamic model used for the analysis,>> %% as well as
on the actuation dynamics (e.g. rotation or translation) of the probe.®’

In this study we present data as the particle drag coefficient f extracted from fits of
eqn (3.3) to the IPM trajectory data. In section 3.4.1 we will relate f to the rheology of
the interface.

3.3 Results

In this section we present results as follows. We first measure and compare the drag
coefficient of particles moving in bulk water with IPM and MSD analysis, thus proving
the validity of the method. Then, we study how the polymer influences the position of
particles at the water-oil interface and finally we apply IPM to study the adsorption of
polymer at the interface for different fluid compositions. For clarity in presenting the
results, we will express the polymer concentration in units of 1073 w/w%.

D (3.5

3.3.1 Drag measurements in water

In an IPM experiment particles are repeatedly brought in contact and then separated by
several micrometers (S ~ 3 — 16 um) by changing the orientation of the magnetic field
(see Fig. 3.1b). Fig. 3.2a shows repeated magnetic repulsion curves for the same particle
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Figure 3.2: Particle motion data from Intra-Pair Magnetophoresis (IPM) and Brownian motion experiments, for
particles in water near a solid substrate. (a) Center-to-center separation distance S as a function of magnetic
repulsion time. Symbols and colours represent experimental data of four repulsion curves for the same pair of
magnetic particles, with an average standard deviation between the measured points of about 3%. The solid
lines represent fits according to eqn (3.3). The fitting routine is applied in the range S < 10 um, because at
higher separations Brownian fluctuations appear in the trajectories. The inset shows that S scales linearly with
repulsion time, in agreement with theory. The variation in slopes is less than 10%. (b) Mean-squared Displace-
ment (MSD) of particle motion extracted from the average of 12 particles; the red line is the fit according to eqn
(3.4) with a standard deviation of 0.2 %. The inset shows an image with particles and superimposed trajectories.

pair, where the particles move in bulk water over a glass surface (so not yet for a system
with an oil-water interface). At a separation distance in the order of a particle diame-
ter, particles separate with initial speeds of a few tens of um/s; at larger separations the
velocity decreases due to the lower dipole-dipole force [cf 1/S* in eqn (3.2)]. We limit
the data range for our analysis to S < 10 um, because at higher separations Brownian
fluctuations appear in the trajectories. From the fit of every single curve according to eqn
(3.3) we extract an average value for the drag coefficient of f/*¥ = (5.8 + 0.6) - 1078
Ns/m (weighted average over 15 curves + standard deviation). Plots of § 5 as a function
of repulsion time (inset Fig. 3.2a) show the expected linear relationship for the motion of
particles in a Newtonian fluid. Data obtained from attraction curves give similar results
as the repulsion curves (data not shown).

Fig. 3.2b shows an MSD curve obtained from the trajectories of 12 particles un-
dergoing Brownian motion. The red straight line is a fit according to eqn (3.4). The
curve shows the expected linear behavior with slope @ = 1 as for the motion of a parti-
cle in a purely viscous fluid, with an accuracy of 0.2%. From the Stokes-Einstein rela-
tion (eqn (3.5)) we quantify the value of the drag coefficient from 9 measurements to be

MSD — (5.9 + 0.4) - 1078 Ns/m. This value is in agreement with IPM results within the

water

experimental errors, confirming the consistency of the methods.

3.3.2 Particle position as a function of polymer concentration

Particles bind to the interface only when the polymer is present in the oil phase. Without
any polymer, particles do not bind to the interface and sediment to the bottom of the fluid
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cell. For high polymer concentrations (cp > 500 - 1073 w/w%) particles transit into the
oil phase, which was proven by applying a vertical magnetic force after about 30 minutes
and by observing that particles are able to reach the top glass of the fluid cell. For lower
concentrations particles remained at the interface. These results show that it is possible
to change particle wettability by varying the polymer concentration in the oil phase, as
summarized in Fig. 3.1d.

3.3.3 Drag measurements at a water-oil interface

Here, we apply IPM to study the influence of the adsorption of polymer at a water-oil
interface as a function of time and fluid composition. We will refer to the range of polymer
concentrations as defined in Fig. 3.1d (low, intermediate, high). In Fig. 3.3a we show
an example of IPM experiments for particles at a water-oil interface. Experiments were
recorded at different polymer adsorption times of the interface. At 74 = 251 s (black
symbols) particles separate tens of um, with similar distances as compared to the motion
of particles in bulk water (Fig. 3.2a). For longer polymer adsorption times, the inter-
particle separation is reduced to a fraction of the particle diameter. The small error bars,
represented as the standard deviation of 5 repeated repulsion trajectories, highlight the
high reproducibility of IPM trajectories. In Fig. 3.3b we represent IPM trajectories as
§3 and perform fits according to eqn (3.3). The data show a linear relationship within
the error bars for all times. The linear relationship is observed for all fluid compositions
used in this study, proving the linear shear response of the interface to the motion of the
probe. If there was a substantial nonlinear contribution to the force, the data would deviate
significantly from eqn (3.3). Interestingly, for long polymer adsorption times and short
repulsion times, we observe a very weak non-linearity (Fig. 3.3b, third panel), which will
be discussed in section 3.4.1.

Low and high polymer concentrations.

Fig. 3.4 shows measurements of the drag coefficient f as a function of polymer adsorption
time for low and high concentrations of polymer and for different ionic strengths of the
water phase. Measurements obtained from the same particle pair (points connected by
a dashed line in Fig. 3.4) show time independent values. Variations between values are
observed from measurements on different pairs. All measured values are higher than
the theoretical Stokes drag coefficient for the particles in their respective bulk fluids, as
indicated by the dotted lines in Fig. 3.4. Results for a low and high polymer concentration
yield an average drag coefficient of fi,, = (5.1 +0.8)- 1078 Ns/m, and Jhigh = (3.8£0.6) -
1077 Ns/m (for the aqueous phase with 150 mM PBS) respectively.

Intermediate polymer concentrations — high ionic strength.

Data in Fig. 3.5a show values for f as a function of polymer adsorption time for different
initial polymer concentrations and a high salt concentration (150 mM PBS) in the aqueous
phase. Data for cp = 1- 107> w/w% show first a constant value for f followed by a
100 fold increase over a timespan of a few hours (one time decade). For cp = 2 - 1073
w/w% the increase is a 1000 fold (~ 1077 — 10~* Ns/m) within a similar timespan. The
time onset for the increase of f shifts towards lower adsorption times for higher initial
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Figure 3.3: Particle motion data from intra-pair magnetophoresis (IPM) experiments, for particles at a water-oil
interface. Experiments were performed for an aqueous solution with 150 mM PBS and a polymer concentration
in the oil phase of cp = 2 - 1073 w/w%. (a) Center-to-center separation distance S as a function of magnetic
repulsion time. Every curve is extracted from the average of 5 consecutive repulsion trajectories, with standard
deviations as error bars. Every colour represents experiments recorded at different polymer adsorption times
(t4) of the interface. (b) Particle trajectories as S 5 (symbols) with fits (solid lines) according to eqn (3.3). The
fitting routine is applied in the range S < 10 um, because at higher separations Brownian fluctuations appear in
the trajectories. All the curves are shown at a half of the sampling rate of the experiments (30 fps) for clarity.

polymer concentrations, with a similar rate of drag increase. Multiple points measured
at the same polymer adsorption time represent data recorded on particle pairs located
in the same field of view, with variations of drag coefficients within the experimental
errors. Breaks between points, e.g. for cp = 11073 w/w% of Fig. 3.5a, are data
recorded on different particle pairs located at different positions in the water-oil interface,
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Figure 3.4: Particle interfacial drag coefficient f as a function of adsorption time of polymer at the oil-water
interface, extracted from IPM analysis for low polymer concentration [cp] (black squares) and for high polymer
concentration (red circles). The polymer concentration is expressed in units 107> w/w%. The aqueous solution
contains 15 mM PBS (open symbols) or 150 mM PBS (solid symbols). The dotted lines represent the calculated
Stokes drag of a particle in bulk water (black) or in bulk oil (red). For a low polymer concentration, the particles
are attached to the interface but are situated mainly on the water side. For a high polymer concentration, particles
transit to the oil side of the interface. Every measurement point is extracted from a fit according to eqn (3.3)
for the average of 5 curves recorded on the same particle pair. Measurement points connected by a dashed line
(guide to the eye) are recorded on the same particle pair. Error bars include fitting errors and a variation due to
an uncertainty of magnetic susceptibility of 10 %.

showing a similar interface ageing. Drag coefficients extracted from magnetic attraction
and repulsion trajectories show no significant differences (see section 3.B).

Intermediate polymer concentrations — low ionic strength.

Data (Fig. 3.5b) for a low salt concentration (20 mM PBS) in the aqueous phase show
for all concentrations first a constant value of f followed by a time dependent increase.
When comparing these results with the one obtained for a high ionic strength solution
(Fig. 3.5a) we observe that the time onset for the drag coefficient increase occurs at
higher adsorption times and within a narrower timespan. Moreover, the rate of increase
for f strongly depends on the initial polymer concentration. In particular, for cp = 1-1073
w/w% parameter f increases by a factor of 2 in a time span of one decade, which is
significantly lower than the 100 fold increase observed for the high ionic strength solution
and same polymer concentration (Fig. 3.5a). For cp equal to 3 and 4 - 1073 w/w%, we
observe a similar 1000 fold increase. The variability between particle pairs is within the
experimental errors.
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Figure 3.5: Particle interfacial drag coefficient f as a function of polymer adsorption time (z4) for intermediate
polymer concentrations [cp] expressed in units 1073 w/w%. Panel (a) shows data for 150 mM PBS and panel
(b) for 20 mM PBS in the aqueous phase. Every measurement point is extracted from a fit according to eqn
(3.3) for the average of 5 curves of the same particle pair. Error bars include fitting errors and an uncertainty
in the magnetic susceptibility of the particles of 10 %. Points connected by a dashed line (guide to the eye) are
recorded on the same particle pair. Multiple points at the same polymer adsorption time represent data recorded
on particle pairs in the same field of view, with a variability within the experimental errors.

3.4 Discussion

3.4.1 Rheometry by Intra-Pair Magnetophoresis

In an IPM experiment, pairs of micrometer-sized magnetic particles are repeatedly at-
tracted and repelled by well-controlled magnetic dipole-dipole forces. From the forces
(~pN), displacements (~ um) and velocities (~ um/s) of the particles we are able to quan-
tify the interfacial viscous drag within a few seconds (~ 5 s) and over long timescales
(several hours), making this technique suitable to study time dependent phenomena such
as the early stages of adsorption of macromolecules at a fluid-fluid interface as well as the
aging of interfacial systems.

The size of the probe sets the sensitivity of the system to interfacial viscosities as low
as 7, = 7- 107 Ns/m [using 5,uer = | mPa-s, 5,5 = 6 mPa-s, and @ =~ 1 um, see eqn
(3.1)], while the upper limit is determined mainly by the tracking accuracy of particles.
For example, if we consider a magnetic field of 50 mT, a measurement time of 30 s and a
particle displacement of 1 um, we can measure a drag coefficient f ~ 107> Ns/m, which
corresponds to interfacial viscosities in the order of g ~ 1073 Ns/m (for 6 = 90°).% Our
measurements show a dynamic range of about 4 orders of magnitude (Fig. 3.5), which
is comparable to other active methods based on optical'%¢-'3% and magnetic tweezers®>-%7
experiments. An important advantage of IPM is that commercially available magnetic
particles are used and that data can be acquired with high statistics by tracking many
particle pairs simultaneously.

The accuracy of the drag coefficient determined by IPM is mainly determined by the
uncertainty of the magnetic moment m of particles, which was measured to be about 8
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% for the M-270 particles used in this study.'®® The hydrodynamic coupling between
the particles'®? introduces a systematic error, which scales as ~ 1/S. Reenen et al.'%
performed numerical simulations of intra-pair motion on the very same particles of this
study, showing that the hydrodynamic coupling leads to an underestimation of m of about
0.8 %. Here, for our experiments we consider a total uncertainty of magnetization of 10
%. The standard deviation from repeated measurement on the same pair (as shown in Fig.
3.2a) is less than 10 %, showing a good reproducibility of the method.

Superparamagnetic particles are know to have a small remanent magnetic momen
A change of the orientation of the magnetic field would exert a mechanical torque, which
may introduce capillary dipolar interactions for particles at the water-oil interface.”’ The
maximum magnetic torque T = 7 X B applicable on the particles of this study has been
calculated by van Reenen et al.%’ to be 4 - 107'® Nm/rad (for a magnetic field of 36
mT). We used the results from Xie et al.'*’> to estimate the torque required to deform a
fluid-fluid interface. The authors performed lattice Boltzmann simulations of capillary
deformations for magnetic Janus particles at a fluid-fluid interface. In the limit of small
interfacial deformations, the required torque to induce capillary deformation is ~ 10713
Nm/rad, which is much larger than the magnetic torque (see section 5.4.1 of Chapter 5).
This proves that magnetically induced deformation of the interface are negligible.

IPM trajectories obtained for particles moving in water over a surface (Fig. 3.2a) are
correctly described by eqn (3.3), which holds for a system with linear viscous behavior.
The corresponding drag coefficient is about a factor of 2 higher than the calculated Stokes
drag feilc = 2.6 - 1078 Ns/m for a particle in bulk water. We attribute the higher value
to wall effects, as the effective viscosity increases when the distance to the surface be-
comes comparable to the particle radius.'3® According to the model by Leach et al.,'®
the correction factor for a particle translating over and touching a surface is 1.77. Data
of f obtained from Brownian motion experiments give comparable results, proving the
validity of IPM method to quantify the shear viscosity of fluids.

For further comparison, we recorded the drag coeflicient at a water-oil interface using
both IPM and MSD analysis. The resulting values of f are comparable only for a low
polymer concentration and for short adsorption times (see Fig. 3.9 of section 3.B). For
higher concentrations and longer adsorption times we measure systematically lower val-
ues from the MSD analysis. We attribute this discrepancy to an incorrect drift correction
in MSD (Fig. 3.8). With the number of particles in the MSD measurement (4 to 20), a
sufficient drift correction could not be achieved in the case of high interfacial viscosity.
This is in agreement with the results showed by Samaniuk et al.,® where the authors
demonstrated that for high interfacial viscosities (e.g. 75 > 107% Ns/m) the diffusivity of
particles becomes comparable to the static noise of the system, whose incorrect estimation
leads to an apparent lower viscosity.

In active microrheology the geometry, the size of the probe (Boussinesq number) and
the dynamics of the actuation (e.g. rotation and translation) play an important role. The
deformation flow field of the interface potentially mixes different dynamic modes (e.g.
shear and dilatation), thereby complicating the interpretation of the data into meaningful
rheological quantities. This complication arises also from the lack of an analytical so-
lution for the steady motion of a sphere in an ideal 2D fluid (Stokes’ paradox), so one

t_89, 194
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must rely on numerical solutions. Danov et al.®® modeled a fluid-fluid interface as a

compressible 2D-fluid and solved numerically the Navier-Stokes equation to obtain the
values of the drag coefficient f as a function of the particle contact angle, the dilatational
and the shear viscosity of the interface. On the other hand, Fischer et al. % assumed that
Marangoni forces were instantly compensated by the fast diffusion of macromolecules
at the interface (e.g. surfactants), so that the interface behaves as 2D-incompressible.
Therefore, care must be taken when interpreting experiments of translating probes at an
interface, as an incompressibility of the dilute layer (Bo << 1) could contribute to the
particle’s drag increase, even for completely inviscid layers. This was studied by Zell
et al.%” using rotating magnetic micro-buttons to induce only surface shear to surfactant
monolayers at an air-water interface. The authors demonstrated that the surfactants had
no measurable surface shear viscosity, in contrast to results from translational studies.

From IPM experiments performed at the water-oil interface in the presence of poly-
mer, we show that the response of the interface to the motion of the probe is essentially
linear (Fig. 3.3), as expected for a purely viscous system as described by eqn (3.3). The
observed increase of drag as a function of polymer adsorption time (Fig. 3.5) could in
principle be caused by an increase of interfacial viscosity or interfacial incompressibility,
as proposed by Fischer et al..%” The polymer studied in this Chapter is a synthetic silicone
polymer with random side chains, having in solution a 15 nm radius of gyration. When
the polymer adsorbs at the interface, we expect polymer entanglement and reptation to
play a role,**> which should generate dissipative effects upon actuation of a particle at
the interface. Therefore, we attribute the polymer-dependent increase of drag coefficient
to an increase of interfacial viscosity. However, we cannot exclude that also incompress-
ibility effects play a role. This could be further investigated by comparing experiments of
particle translation with particle rotation,3° where only shear deformations are introduced
at the interface.®’

Interestingly, for long polymer adsorption times we observed a very weak non-linearity
at short separation distances (Fig. 3.3b). This may point to a non-linear response of the
aged interface that depends on particle velocity or magnitude of the applied magnetic
force, which could correspond to an increase of the elastic response or a shear thickening
of the interface. We have analysed the non-linearity by a history dependent viscosity>3>*
or by modelling the interface as a power-law fluid.®> However, it appeared that the non-
linearity is too small to be able to extract meaningful non-Newtonian parameters from our
experiment.

An interesting feature of IPM experiments is that data is generated in two different
pair actuation modes, namely repulsion and attraction. In our measurements we did not
observed any significant difference between drag values obtained by magnetic repulsion
and magnetic attraction (section 3.B). Nonetheless, in a system with strong nonlinear
effects, IPM may be used to compare the two perturbation modes of the interface, with
emphasis on elongation in the case of particle separation, and compression in the case of
particle attraction.
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3.4.2 Particle position as a function of polymer concentration

In section 3.3.2 we observed that the position of particles with respect to the water-oil in-
terface is modulated by the amount of polymer present in the oil phase. We interpret this
change in particle wettability as an interplay between interfacial forces and electrostatic
interaction between particles and polymers. The surface of the magnetic particles is func-
tionalized with carboxylic groups and becomes negatively charged when immersed in a
solution with a pH above the isoelectric point of the particles (pI = 4.5).!° Dynamic sur-
face tension measurements (data not shown) have shown that the surface tension decreases
as a function of time and polymer concentrations, showing that the polymers adsorb at the
interface also in the absence of magnetic particles. The very low solubility of the poly-
mer in water causes only the amine groups to penetrate the interface into the water phase.
There the polymer becomes positively charged, giving the possibility to interact electro-
statically with the negatively charged magnetic particles.?> 7 This electrostatic attraction
is counterbalanced by interfacial forces that keep the particles at the fluid-fluid interface.
Only at high concentrations of polymer the particles are able to transit into the oil phase.
A similar result was obtained by Binks e al.,'”® who demonstrated that the wettability of
silica nanoparticles can be tuned by changing the amount of cationic surfactant adsorbed
on the surface of the nanoparticles, leading to a double inversion Pickering emulsion.

Measurements at low polymer concentrations (e.g. c¢p = 0.5 - 107> w/w%) show
values of f close to a particle diffusing in bulk water (Fig. 3.4). Here, we estimate the
interfacial polymer concentration to be low (section 3.C) and we expect a weak interaction
between the particles and the interface. During experiments we observed the detachment
of particles from the interface. This can be explained only with a small value of the
contact angle 6. The trapping energy of a particle at the interface is determined by the
contributions of the surface free energies of the three phases (particle surface, water, oil)
and can be calculated with the relation AE = —7R?y-(1—| cos 6])?,>* where 1 is the surface
tension. A typical value for the maximum trapping energy is AE ~ 4.5 - 107 kg T (using
v =3-10"2 N/m, 6 = 90°), making the desorption process very unlikely. The electrostatic
interaction between the polymer and the particle surface modulates the particle-oil surface
free energy, i.e. the particle contact angle, and AE ~ kgT only for 6 < 1°. At this low
polymer concentration the interfacial viscosity r7s can be expected to be low and the drag
coefficient of the particle is dominated by the sub-phase viscosity (Bo << 1). In this
regime, it is difficult to extract reliable interfacial viscosities, as changes of the particle
contact angle would contribute to an apparent change in the interfacial viscosity, even for
an inviscid interface.%’

For a high polymer concentration in the oil phase (cp = 500-1073 w/w%), the particles
at the interface become densely coated with polymer and thereby become hydrophobic,
which allows them to transit into the oil phase as confirmed by the drag measurements
(Fig. 3.4). Values for f are a factor of two higher than the Stokes drag for a particle in
the neat bulk oil ( f(fsl” = 1.6 - 1077 Ns/m). This difference can be explained in a similar
way as for the transport of a particle close to a surface, where the vicinity of the particle
to the fluid interface has the effect of increasing the effective viscosity.!*” Moreover, the
presence of polymer might increase the bulk oil viscosity. The measured drag coefficient
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shows a higher variability as compared to measurements of particles trapped at the inter-
face (lower polymer concentration); this may reflect variations in how a particle transits
into the oil phase. We rule out that the particle crossing is the result of lowering the
water-oil surface tension, as previously observed by Tsai and coworkers.'?® For a high
concentration of polymer the surface tension decreases only by about a factor of 3 with
respect to a pristine water-oil interface. This change would not be sufficient for the parti-
cles to cross the interface, even in the presence of a high magnetic force. For example, a
force of 100 pN would result in a vertical displacement of an adsorbed particle by about
5 nm. Only for an ultra-low surface tension (= 107° N/m) the interface crossing would be
possible.'?’ In summary, the drag measurements of Fig. 3.4 confirm the qualitative results
found in section 3.2: for low concentrations particles are weakly bound to the interface
and are more immersed in the water phase; for high concentrations particles can cross the
interface and move into the oil phase.

For intermediate polymer concentrations we observe variations of interfacial drag co-
efficients over several orders of magnitude (Fig. 3.5). The drag coefficient of particles
trapped at a fluid-fluid interface is influenced by the particle contact angle, which is un-
known in our experiments. Aaron et al.'”® compared theoretical models and experiments
of particle drag coefficients at a fluid-fluid interface. For a water-air interface with a vis-
cosity ratio Myarer/Mair = 10°, a change of the particle contact angle between 0° and 90°
gives a decrease of the particle drag coefficient of about 65%. In the case of nanoparticles
at a water-alkane interface, Wang et al.?® showed that the drag coefficient increases for
increasing viscosity of the alkanes, with an increase of about 60% for nci6/Mwarer = 3.5.
In our system the viscosity ratio iS 1,i/Mwazer = 6, SO We expect that a change of contact
angle would give only a small change of drag. Therefore, the variation over several or-
ders of magnitude that we observe for the interfacial drag coefficients, is dominated by
changes of interfacial viscosity (Bo >> 1) rather than changes of the particle contact an-
gle. The high sensitivity to interfacial viscosity is in agreement with the large value of the
Boussinesq number in our system (eqn (3.1)).

3.4.3 Adsorption of polymers to the interface

The adsorption of macromolecules to a fluid-fluid interface involves a two-step process:
diffusive transport from the bulk fluid of one of the two phases to the proximity of the
interface, and thereafter a molecular adsorption process that may be influenced by an
energy barrier, such as an electrostatic barrier for charged species, or a steric barrier due
to the presence of already adsorbed molecules.**!7> At short times, ¢t — 0, polymers
adsorb to a pristine interface without steric hindrance. In absence of an energy barrier

for adsorption, the surface coverage I" (mol/m?) can be estimated using the Ward-Tordai
201

equation:
| Dt
I'(t) =2cp+|— (3.6)
Vi
For concentrations below the overlap concentration ¢*,292 the diffusion constant D can

be estimated by assuming the polymer to be a sphere of radius Rs (see section 4.2.1).
The results in Fig. 3.4 for low cp and short adsorption times indicate that the interface
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is in the dilute regime®®? and that the amount of polymer is not sufficient to change the
mobility of the particles (section 3.C). Graham et al.'’® showed that for protein adsorbing
to a water-air interface eqn (3.6) is valid for a relative surface coverage of I'y < 10%. A
similar conclusion has been reported for the early stages of adsorption of polymers at a
water-air interface!” and for polymer-functionalized nanoparticles at a water-n-Decane
interface measured with pendant-drop tensiometry.'”

At long times the adsorption rate is lowered due to the presence of only few remain-
ing adsorption sites in the interfacial monolayer and eqn (3.6) is not valid anymore. Here,
the interactions between the adsorbed polymers (e.g. hydrogen bonding, hydrophobic or
electrostatic interactions) can contribute to an increase of the interfacial viscosity.” This
is shown in our experiments for intermediate polymer concentrations (Fig. 3.5a), where
the drag coefficient of particles at the interface increases over several orders of magnitude
in a timespan of a few hours. The time onset for drag increase shifts towards shorter
adsorption times for increasing initial polymer concentration in the oil phase, which is
consistent with a higher diffusive flux of polymer to the interface (section 3.C). Data
recorded on different particle pairs within the same field of view show variabilities within
the experimental error. Data recorded on particle pairs located at different positions of
the water-oil interface show a similar increasing rate of drag, suggesting a homogeneous
interface ageing. Moreover, this increase is similar for all concentrations, following a
power-law relationship. A similar behavior was observed by Maestro et al.,’® where they
studied the interfacial viscosity of poly(fert-butyl-acrylate) of different molecular weights
at a water-air interface using passive microrheology. They showed that the interfacial
viscosity follows a power-law increase as a function of surface concentration (1, ~ I'%),
with increasing values of 8 for polymers with a higher molecular weight. This reasoning
cannot be directly applied to our data, as measurements were not performed at equilib-
rium. Nonetheless, under certain assumptions (section 3.D) we estimate an exponent that
suggests a strong polymer-polymer interaction at the interface. This is also confirmed by
the observed increase of drag coefficient over several orders of magnitude in a short time
span.

The kinetics of polymer adsorption and interface ageing are influenced by the ionic
strength of the water phase, as shown in Fig. 3.5b. A low ionic strength in the aqueous
phase may enhance the electrostatic interaction of the polymers at the fluid-fluid interface
due to unscreened charges of the amine groups exposed to the water phase.>> The en-
hanced electrostatic interaction may favor a stretched conformation of the polymer at the
interface, increasing repulsion between polymer chains, and thereby lowering the prob-
ability for further polymer adsorption.?’* This is suggested by a significantly lower in-
crease of drag coefficient for cp = 1-10~> w/w% as compared to a high salt concentration
(Fig 3.5a). Moreover, the time onset for the increase of the drag coefficient for cp equal
to 2, 3 and 4 - 1073 w/w% is shifted towards longer adsorption times, indicating slower
adsorption kinetics. The increase of drag coefficients spans a similar dynamic range as
compared to a high ionic strength solution, with a similar rate of increase. The depen-
dency on the initial polymer concentration suggests a non-equilibrium interface ageing,
where the evolution of the interface is determined by the early stages of polymer adsorp-
tion.¥
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3.5 Conclusions

We have presented an interfacial rheometry technique wherein pairs of micrometer-sized
magnetic particles are repeatedly attracted and repelled by well-controlled magnetic dipole-
dipole interactions, so-called interfacial theometry by Intra-Pair Magnetophoresis. We
have validated the technique first by measuring particle drag coefficients in bulk water
and by comparing the results to Brownian motion analysis, showing a good agreement
between both methods. Thereafter we applied IPM to quantify interfacial drag in a ma-
terial system with adsorption of an amino-modified polymer to a water-oil interface. In
absence of polymer in the oil phase, the particles stay in the water phase and do not at-
tach to the fluid-fluid interface. For high polymer concentrations, the particles transit into
the oil phase due to polymer binding to the particles by electrostatic interactions. For
intermediate polymer concentration, the particles remain in the fluid-fluid interface and
experience a drag that depends strongly on polymer concentration, on time, and on the
ionic strength of the aqueous phase. Measurements as a function of polymer adsorption
time show an increase of interfacial drag by more than three orders of magnitude over a
timespan of a few hours, suggesting a strong polymer-polymer interaction at the interface.

The IPM experiments show that the hydrodynamic response of the interface in the
presence of adsorbed polymer is essentially Newtonian. Interestingly, a very small devi-
ation appeared for long polymer adsorption times and small particle separations, which
may point to a weak nonlinear response of the interface. In our experiment large displace-
ment amplitudes were used, which might influence elastic structures in the system.®* To
study the viscoelastic response at weak perturbation, the IPM technique may be applied
with small amplitudes, e.g. by imposing onto the particles an oscillatory motion with
amplitudes of only tens of nanometers and frequencies of tens of Hz. For further study,
it may be interesting to look at possible differences between separation and attraction,
where differences due to interface elongation and compression may be revealed. Also
it would be interesting to apply IPM to other materials systems, such as albumin® or
lysozyme®” at an air-water interface, or particle laden fluid interfaces.”® Finally, the ap-
plication of higher magnetic forces (e.g. with stronger magnetic fields or particles with a
higher magnetic content) may more deeply reveal non-linear responses of the interface.

The sensitivity of the IPM method, the short time required for recording a single
measurement point, the relatively simple instrumentation that is needed, the possibility
to follow simultaneously many particles over a long period of time, and the fact that
commercially available particles can be used as probes, make IPM a very versatile method
to study interfacial viscosity in a wide variety of soft-matter materials applications.
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3.A Design of the fluid cell
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Figure 3.6: Exploded view of the fluid cell used to create a flat water-oil interface.

3.B Comparison between attraction and repulsion curves
of Intra-Pair Magnetophoresis experiments

In an Intra-Pair Magnetophoresis (IPM) experiment the value of the drag coefficient f of
particles can be extracted by fitting magnetic repulsion curves (Fig. 3.2a and Fig. 3.3a).
In the data analysis, eqn (3.2) can be used for a system with linear dependence of drag and
velocity. In repulsion experiments, the external magnetic field and the induced magnetic
dipole moments of the particles are normal with respect to the plane of the interface
(out-of-plane). The resulting force is always directed along the inter-particle separation
distance vector, so that the force does not depend on the pair orientation.

For experiments of magnetic attraction, the external magnetic field and the induced
magnetic dipole moments of the particles are parallel with respect to the plane of the in-
terface (in-plane). The resulting force is attractive and depends on the relative orientation
of the magnetic field and the inter-particle distance vector. The attractive force tends to
align the particle pair with the magnetic field. Already at large inter-particle separation,
the component of the magnetic force normal to the inter-particle distance vector causes
alignment of the particles along the direction of the applied magnetic field. While this
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normal component vanishes, the component along the inter-particle distance vector in-
creases. Due to the timescale of the experiment, we found only very small fluctuations in
the pair orientation with respect to the direction of the in-plane magnetic field (Fig. 3.1b),
so that we can neglect pair orientation in our analysis. Therefore, the drag coefficient of
particles can be extracted from attraction curves using the equation:

S’ =85 — —— -1t (3.7)

where S is the particle center-to-center separation distance, uo the vacuum permeability,
my; the induced magnetization of particle i, and S the separation distance at time 7y = 0.
Details for the calculation of eqn (3.7) can be found in reference.'®’

Fig. 3.7 shows values of drag coefficients extracted from magnetic repulsion and
attraction curves as a function of polymer adsorption to the water-oil interface and ionic
strength of the aqueous phase. For all conditions the data show no significant differences
between the two approaches.
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Figure 3.7: Comparison between interfacial drag coefficient f of particles at a water-oil interface as a function
of polymer adsorption time obtained from magnetic repulsions (solid symbols) and attractions (open symbols)
of IPM experiments. Polymer concentrations [cp] are expressed in units of 1073 w/w%. Panel (a) shows data
for 150 mM PBS and panel (b) for 20 mM PBS in the aqueous phase. Every measurement point is extracted
from a fit according to eqn (3.3) and eqn (3.7) for the average of 5 curves of the same particle pair. Error bars
include fitting errors and an uncertainty of the induced magnetization of 10%.

3.C Comparison between Intra-Pair Magnetophoresis and
Brownian motion experiments

During the time-dependent experiments of polymer adsorption to a water-oil interface, we
quantified the particle interfacial drag with both IPM and Brownian motion (BM) meth-
ods. Trajectories were acquired for 30 s with a sampling rate of 30 Hz. From the motion of
the center of mass of the particle ensemble we estimate the drift of particles superimposed
on the Brownian motion. This is performed according to the algorithm developed by V.
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Pelletier et al.'*? (algorithm available at: http://people.umass.edu/kilfoil/downloads.html).

(a) (b)

J J

particle 1 particle 2 L particle 1 particle 2

—— x, yraw ‘

—@— X,y drift corrected

ko . S
B : i )
e
B E
= =
= particle 3 > | particle3 particle 4
- Ky
o
oy *‘ il
1 pm = 1um

(c) X (um) (d) X (um)

10

r T
10" 10° 10* 10* 10° 10*
lag time 1 (s) lag time 1 (s)

Figure 3.8: Particle motion data from Brownian motion experiments. Panels (a) and (b) show examples of raw
trajectories (blue squares) and drift corrected trajectories (red circles) of particles moving in bulk water over a
glass substrate and at the water-oil interface respectively. In panel (¢) we reproduce for convenience Fig. 3.2b,
the MSD curve of the average of 12 particles diffusing in bulk water over a glass surface. Panel (d) shows the
MSD curve of the average of 4 particles diffusing at a water-oil interface (150 mM PBS, ¢p = 1- 1073 w/w%,
ta = 7736 s). In (c) the fit of the MSD curve (red line) follows the expected behaviour according to eqn (3.4),
while in (d) artifacts due to a poor drift correction lead to a deviation from eqn (3.4).

Fig. 3.8a,b show examples of raw x, y trajectories (blue squares) and drift-corrected
trajectories (red circles) for different particles in bulk water on a glass surface (Fig. 3.8a)
and at the water-oil interface (Fig. 3.8b). The corrected trajectories are then used to
construct MSD curves and to extract the drag coefficient of particles, as explained in
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section 3.2.5. Results for particles moving in bulk water over a glass surface (Fig. 3.8c)
show the expected linear relationship according to eqn (3.4) (red line in Fig. 3.8c). An
incorrect estimate of the drift may introduce artifacts that lead to an incorrect estimation
of the drag coefficient, as shown in Fig. 3.8d for particles at a water-oil interface (details
of fluid composition in the figure caption). According to eqn (3.4), an MSD curve should
start from the origin for 7 = 0 and then increase linearly (@ = 1) for a purely viscous fluid,
or sub-linearly (@ < 1) for a visco-elastic fluid. In this example it is clear that the former
condition is not satisfied and it is not possible to correctly estimate the drag coefficient
(see inset of Fig.3.8d, red line).

(a) W Brownian motion (b) B Brownian motion
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Figure 3.9: (a) Particle interfacial drag coefficient f as a function of polymers adsorption time at the water-oil
interface extracted from Brownian motion experiments for different polymer concentrations [cp] (expressed in
units 1073 w/w%). Experiments are performed for an aqueous solution containing 150mM PBS (solid symbols)
and 20mM PBS (open symbols). Symbols marked with an asterisk represent data with artifacts (Fig. 3.8d). (b)
Comparison between drag coeflicients of particles extracted from BM and IPM experiments performed on the
same sample.

We extract the particle drag coefficients from the linear part of MSD curves (7 < 2s).
Results in Fig.3.9a are obtained for an aqueous solution with 150 mM PBS (solid sym-
bols) and 20 mM PBS (open symbols). Points marked with a gray asterisk are data that
show an incorrect MSD curve, as shown in Fig.3.8d. In Figure 3.9b we directly compare
data obtained from IPM and BM experiments for high and low salt concentration, and cp
equal to 1 and 4 - 1073 w/w%. For low polymer concentrations and short adsorption times
both data agree quantitatively, while for longer times and concentrations BM experiments
show systematically lower values. A possible explanation for this discrepancy is the in-
troduction of artifacts due to a poor drift correction, as a limited number of particles was
used to construct the MSD curves (between 4 and 20).

In literature other examples can be found where Brownian motion experiments show
systematically lower values as compared to active methods. Lee et al. studied the protein
layer formation at a water-air interface with passive (BM) and active (magnetic nanowire
microrheology) methods.®® Both approaches show an increase of interfacial viscosity
over a few orders of magnitude, with systematically lower values of interfacial viscosity
for passive microrheology. They excluded a possible depletion effect in the vicinity of the
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probes by probing the correlated motion of particles over longer length scales ( 3 - 30 um)
using two-particle microrheology.'®” As an alternative explanation, the authors proposed
that the increasing layer thickness for longer times might lower the contact angle of the
adsorbed probes, thereby probing a less compact underlayer. Samaniuck et al.,? studying
interfacial viscosities of monolayers of different polymers at a water-air interface with
macro- and (passive) micro-rheology, showed several experimental artifacts that result in
an underestimation of interfacial viscosities, such as tracking particles in the immediate
vicinity of the interface, large scale heterogeneities of the layer, and the influence of the
static noise of the experimental setup. The latter one may become comparable to the
average squared displacement of particles for high viscosities, e.g. 75 > 1078 Ns/m, and
an incorrect estimation of the drift leads to lower values for interfacial viscosities. In
IPM experiments, the use of spatially localized forces makes the method insensitive to
the drift of particles and suited for the study of systems with high viscosities, where BM
experiments have been shown to provide incorrect results.

3.D Interfacial concentration of polymers at a water-oil
interface

In this section we estimate the surface density of polymers at the water-oil interface. When
the water-oil interface is formed, polymers diffuse to and adsorb to a pristine interface. In
absence of an energy barrier for adsorption and steric hinderance, the surface coverage I

(mol/m?) as a function of time ¢ can be estimated using the Ward-Tordai equation:’!

() = 2¢, ,/%, (3.8)

where c;, is the molar concentration (mol/m?) of polymer in the oil phase, and D is the
diffusion coefficient of the polymer. For concentrations below the overlap concentration
c*,%02 the diffusion constant D can be estimated using Einstein’s relation (eqn (3.5)) by
assuming the polymer to be a sphere of radius R, the measured radius of gyration. The
molecular weight My, of the polymer of this study is not known. If we assume a My =5
kDa, this corresponds to ¢* = 2.5 - 1077 g/mm?>. For a polymer concentration of ¢p =
10 - 10~% w/w% the overlap concentration is cp=285- 1078 g/mm?, which is smaller than
¢*. Since ¢* increases linearly with My, for cp < 10 - 107> w/w% the polymer solution is
always in the dilute regime.

It is possible to estimate the surface coverage I without knowing the molecular weight
of the polymer. To do so, we assume that the area occupied by an adsorbed polymer at
the interface is:

ap=1,-h, =Nl - hy, (3.9)

where [, and h, are the length and height of the polymer respectively, /,, and A, the
length and height of the N monomers respectively. With this ansatz, we can estimate the
maximum number of polymers that geometrically fits the interface:

Aint

NP = —, 3.10
P a, (3.10)
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where A;,, is the surface of the interface according the geometry of the fluid cell (Fig.
4.5). The term that we still need to estimate in eqn 3.8 is the bulk polymer concentration
¢p. In our experiments we measure the concentrations as weight percentage w, (w/w%),
so we can express the polymer concentration as

Wp * Poil ) L
100 M{’

cp = @3.11)

where p,; is the density of the oil and M";, is the (unknown) molecular weight of the
polymer. Since M";, = N - my,, with m,, the mass of a monomer, and combining the eqn
(3.8 - 3.11) we can calculate the relative surface coverage 'z (expressed as a ratio) as:

[r() =

T A oil Ly (DI\2
it _ WpPoil 1 (_’) (3.12)

Npex 50 my, \m

which is independent of the molecular weight of the polymer.
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Figure 3.10: Relative interfacial concentration of polymer at a water-oil interface as a function of polymer
adsorption time computed using eqn (3.12) for different initial concentrations of polymers cp (expressed in
units 1073 w/w%). Calculations are performed using p,; = 0.85 g/cm3, Iy, = 3.11 A, hy =17 A, my, = 74.15
Da,and D =24 ymz/s‘

In Fig. 3.10 we show calculations according eqn (3.12) with the concentrations that
were used in our experiments. For cp = 0.5 - 1073 w/w% we expect an interfacial concen-
tration of about 40% at the adsorption time 74 = 1000 s. Experimental results in the same
conditions show values of interfacial drag coefficients that do not depend on time (Fig.
3.3), in agreement with the calculated sub-monolayer polymer density at the interface.
For cp = 1 - 1073 w/w% the expected interfacial coverage at 4 = 1000 s is expected to
approach a full monolayer. Here, the experimental results show first a constant value of
drag coeflicients, followed by an increase over several orders of magnitudes (Fig. 3.5a).
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The onset of interfacial drag increase observed in the experiments for the different poly-
mer concentrations seems to be in agreement with a very rough model based on polymer
diffusion towards the interface.

3.E Interface ageing

Data for intermediate polymer concentrations (Fig. 3.5) show a power-law increase of
particle interfacial drag, with f ~ zﬁ/. A similar relationship was observed by Maestro et
al. from the study of interfacial viscosity of poly(tert-butyl-acrylate) of different molecu-
lar weights at a water-air interface using passive microrheology.® The authors measured
a power-law increase of interfacial viscosity 175 as a function of surface concentration I
(75 ~ TP), with increasing values of 3 for polymers with higher molecular weights.

The adsorption time 74 can be related to I' via eqn (3.8) in case of diffusion limited
transport. To test the validity of eqn (3.8), we plot log(z*) as a function of log(cp), where
t* is the adsorption time for a fixed value of the drag coefficient f. For a diffusion limited
adsorption process, eqn (3.8) predicts a slope equal to -2. This condition is satisfied only
for cp < 21073 w/w%, as shown in Fig.3.11 (solid lines). According to Fischer’s model,
the drag of a particle straddling a fluid-fluid interface can be expressed in a first order
approximation as a linear function of the interfacial viscosity ns5.%° Hence, 8 = 28" and
we obtain 8 = 7.4 + 0.1 and 8 = 7.6 + 0.2 for cp equal to 1 and 2 - 10~* w/w% respec-
tively. Although these measurements were not performed at equilibrium, the results are
in the correct order of magnitude with the expected maximum scaling of g ~ I'6,46:38,203
suggesting a strong polymer-polymer interaction at the interface. This is also confirmed
by the observed increase of drag coefficient over several orders of magnitude in a short
timespan.

diffusion-limited
adsorption

10"+

CUEL TR 21105 (Ns/m)

t[s]

e £ =1-10%(N-s/m)
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CP [- 103 w/w%]

Figure 3.11: Time for drag increase in case of a diffusion-limited model for the adsorption of polymer at a
water-oil interface. The values for #* are extracted from a linear fit of the power-law increase of Fig. 3.5a for a
fixed value of the drag coefficient f*. Error bars are determined from the fit. Solid lines represent the expected
relationship for a diffusion limited adsorption as described by eqn (3.8).






Inter-particle capillary forces at a fluid-fluid
interface with strong polymer-induced ageing

We report on the forces between spherical magnetic particles adsorbed at a water-oil in-
terface in the presence of polymer. The role of the polymer is twofold. First, the cationic
polymer interacts electrostatically with the negatively charged particles, thereby modulat-
ing the particle contact angle and the magnitude of capillary attraction between the parti-
cles. Second, polymer adsorption to the interface generates an increase of the interfacial
viscosity, over several orders of magnitude in a timespan of a few hours. An important
challenge is to disentangle the conservative inter-particle forces from dissipative effects
caused by interfacial ageing. We have designed an experiment in which well-controlled
inter-particle magnetic forces are applied (~pN) and repeated motion trajectories are
measured on pairs of particles. The experiment gives an independent quantification of
the interfacial drag coefficient (1077 ~ 10~* Ns/m) and can reveal correlations with non-
viscous attractive inter-particle forces (0.1 ~ 10 pN) in the system. We observed that the
attractive force depends on the initial amount of polymer in the oil phase and on the par-
ticle pair. However for a given particle pair the attraction appears to be independent of
the interfacial viscosity, with changes over a wide range of viscosity values due to ageing.
Given the direction (attraction), the range (~ um) and the distance dependence (~ 1/S7)
of the observed inter-particle force, we interpret the force as being caused by quadrupolar
deformations of the fluid-fluid interface induced by particle surface roughness. The re-
sults suggest that capillary forces are equilibrated at the early stages of interfacial ageing
and thereafter do not change anymore with strong changes of interfacial viscosity. Our
approach may be useful to study the microrheology and the aggregation kinetics of the
self-organization of micro- and nano-particles at fluid-fluid interfaces for systems out of
equilibrium.?

#Parts of this Chapter have been submitted as: S. Cappelli, A.M. de Jong, J. Baudry, and M.W.J. Prins,
Inter-particle capillary forces at a fluid-fluid interface with strong polymer-induced ageing.
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4.1 Introduction

Scientists are seeking new routes for the production of materials with novel optical, ther-
mal, electrical and/or mechanical properties. An attractive approach is to organize micro-
and nanoparticles into 2D ordered structures, where the properties on macroscopic length
scales depend on the materials, the shape, and the spatial dimensions between the parti-
cles. This approach has already been used for the improvement of solar cells efficiency,*?
for the fabrication of anti-reflective coatings’® and ultrathin membranes.”?® Particles
can be assembled with nanometer accuracy using top-down approaches, such as electron-
beam lithography and focused ion-beam milling. However, true applications demand for
a large-area production, inexpensive and scalable techniques. A promising alternative is
to use bottom-up approaches based on self-assembly,*>297-208 guch as the self-assembly
of colloidal particles at fluid-fluid interfaces. The strong adsorption energy (>> kzT),*°
makes the interface an ideal plane where particles can laterally diffuse and arrange into
microstructures as the result of inter-particle interactions.?'-36:% The resulting assemblies
can be then deposited on solid substrates for surface patterning.'!

The interactions of particles at fluid-fluid interfaces differ both in range and nature
with respect to the interactions in a single fluid phase. As introduced in Chapter 2, the
presence of the interface between a polar and non-polar phase is responsible for long-
ranged electrostatic interactions. The resulting force is always repulsive, it may extend
over several micrometers, and can be modulated by changing the charged species on the
particle surface, the particle three-phase contact angle, or the ionic strength of the aqueous
sub-phase.?%3%38-40 Deformations of the fluid interface are responsible for long-ranged
capillary interactions, driven by surface minimization. The inter-particle potential has
been formally treated as a superposition of capillary multipoles, in analogy with electro-
statics, where the order of the capillary multipole (charge, dipole, quadrupole, etc.) de-
pends on how the interface is deformed at the boundary conditions (e.g. by gravity, shape
anisotropy, surface heterogeneities).”®’* 17! The resulting interacting force can be either
repulsive or attractive depending on inter-particle orientation and order of the capillary
multipole.® In the last years, progress has been made in developing theoretical models
together with numerical methods in order to describe the interaction of particles at fluid
interfaces with arbitrary shapes. Experiments have focused on self-assembly processes
of anisotropically shaped particles monitored using video microscopy,’>’#7%7 and to
optical tweezers experiments.*’ The small size of the particles, the optical discontinuity
between the two fluid phases, and the required control of the positions of and/or the forces
on the particles are complicating factors in the experiments.

The inter-particle potential can be measured with both indirect and direct experimental
approaches. When the concentration of colloids at the interface is sufficient to form a 2D
crystal (surface fraction ¢, > 0.2), Zwanzig et al.>* demonstrated that the interaction
potential can be calculated from the dependence of macroscopic shear modulus on surface
coverage. However, this approach is sensitive to both hydrodynamic interactions and
defects in the crystal, providing a lower limit for the interaction force.”!® At a low surface
fraction of colloids at the interface (¢, — 0), it is possible to measure the pair correlation
function g(r) from digital images and then determine the pair interaction potential from
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fitting the Boltzmann distribution U(r) = —kgT In g(r).*%?!0 This method requires a large
number of particles and images, and only provides an average potential.

Direct methods allow to measure interactions on single particles and are mainly re-
stricted to optical tweezers experiments.®*#? Force versus distance curves are measured
on pairs of particles within a force range of 0.1 — 100 pN and with a position accuracy of a
few nanometers, from which the interaction potential is determined. Results have shown
that electrostatic and capillary forces can be conveniently modulated by the addition of
salts, surfactants or polyelectrolytes. This in turn changes particle wettability, surface ten-
sion and the rheology of the interface.’®3® Several microrheology techniques are available
to monitor the interfacial viscosity, such as magnetic micro-needles,%%% magnetic micro-
buttons,** and optical tweezers, but only the latter one is suited to measure inter-particle
forces. Despite this, most of the studies have been limited to measurements of capillary
forces for interfaces at equilibrium.*® Only a few studies have shown time-dependent
inter-particle interactions upon the addition of surfactants and salts,?!'>'? but only on
very large timescales (~hours). The study of non-equilibrium systems poses several chal-
lenges, as changes of interfacial viscosities and of inter-particle forces happen on a wide
range of timescales and values, and possible correlations have not been fully explored yet.

In this Chapter, we used magnetic tweezers to investigate inter-particle capillary forces
between spherical particles adsorbed at a water-oil interface with strong polymer-induced
ageing. Magnetic tweezers operates with commercially available magnetic particles,
which can be conveniently manipulated by means of external magnetic fields with forces
ranging from tens of nN to hundreds of pN,3! and with low interference with the surround-
ing materials. Moreover, magnetic particles can be easily functionalized and are available
with a wide range of sizes, material and optical properties, making them suitable for a
wide range of applications'? and material systems.

We quantify the interfacial drag coefficient of pairs of particles using the intra-pair
magnetophoresis (IPM) technique, as described in Chapter 3.'8213 Pairs of magnetic
particles are displaced using well-controlled magnetic dipole-dipole forces, (~ pN), al-
lowing one to measure changes of interfacial viscosity within a few seconds and over
very large variations (1077 to 10~ Ns/m). In the absence of the magnetic field, we record
multiple trajectories of particle attraction utilizing the same particle pair. The experiment
gives an independent quantification of the interfacial drag coefficient and of the magnitude
of non-viscous inter-particle forces in the system.

4.2 Materials and methods
4.2.1 Materials

We use a silicone-based amino-functionalized polymer (KF8004, provided as samples by
Shin-Etsu Silicones Europe B.V.), which is soluble only in the oil phase. The oil phase is
isononyl-isononanoate (Lanol 99, Seppic, 7,; = 6 mPa-s) and polymer concentrations are
prepared by weighting the components. The aqueous phase consists of phosphate buffered
saline (PBS), prepared by dissolving PBS tablets (PBS tablets, pH 7.4, Sigma Aldrich)
in 200 mL of ultra-pure water (resistivity > 18.2 MQ-cm) according to the supplier and
then further diluted to a final concentration of 20 mM. All the components were used as
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Figure 4.1: Principle of colloidal attraction experiments. (a) Pairs of super-paramagnetic particles at a water-oil
interface are separated by applying a brief magnetic field in the direction normal to the interface.'8° In the
absence of a magnetic field, spontaneous attraction is observed. (b) Sketch of magnetic particles at a water-
oil interface in the presence of an amino-modified silicone polymer. Particles adsorb to the interface only in
the presence of the polymer as the result of electrostatic interactions between the carboxylated surface of the
magnetic particle, with negative charges, and the amine group of the polymer exposed to the water phase,
with positive charges (see Chapter 3).>> The Scanning Electron Microscopy (SEM) image of M270 particles
(2R = 2.8 um) shows a particle surface roughness of about 50 to 150 nm. Panels (¢) and (d) show time-traces
of the center-to-center separation distance S during colloidal attraction experiments for particles at a water-
oil interface and for particles in bulk water moving on a glass substrate respectively. In (c) the highlighted
points (coloured solid symbols) show the trajectories of spontaneous (non-magnetic) particle attraction, which
is observed for particles adsorbed to the water-oil interface (as in panel ¢), but not for particles in bulk water (as
in panel d). This proves that the spontaneous attraction is caused by the fluid-fluid interface and not by magnetic
forces.

received from the suppliers, without any further purification step.

We use carboxylic super-paramagnetic particles (Dynabeads M-270 carboxylic acid,
diameter 2R = (2.8 = 0.1) um, Life Technologies) to quantify the particle interfacial
drag coefficient and inter-particle interactions. In the presence of a magnetic field, the
induced magnetization follows a Langevin function, with a particle-to-particle variation of
magnetic susceptibility of about 8%.'% We use carboxylic ferromagnetic particles (CFM-
300-5 carboxylic acid, ferromagnetic, nominal size 28 —34.9 um, Spherotech) to quantify
the particle contact angle at the water-oil interface. Particles were magnetically washed
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four times in ultra-pure water in order to remove surface-active elements present in the
storage buffer, and were then dispersed in each corresponding buffer in a ratio 1 : 10000
from the stock solution. The fluid cell and the setup required to actuate magnetic particles
are described in Chapter 3.

4.2.2 Quantification of particle drag coefficients and attractive capil-
lary interactions at a water-oil interface

We quantify the drag coefficient of particles and the magnitude of attractive capillary
forces at the water-oil interface with a method developed in a previous paper of us and
described in Chapter 3, namely intra-pair magnetophoresis (IPM).'8%213 Pairs of magnetic
particles are attracted and repelled by well-controlled magnetic dipole-dipole forces Foa.
During magnetic separation of the particles, both attractive capillary forces F cap and drag

forces F, drag Oppose to the motion of the particles, with a total force expression
= = -
Fdd+Fcap+Fdrag=0 (41)

In section 2.3.4 of Chapter 2 we introduced a class of interactions that originate from
the deformation of fluid-fluid interfaces, namely capillary interactions. Formally, these
deformations are described as a superposition of capillary multipoles of order m, where
m =0, 1,2, ... represent capillary charges, dipoles, quadrupoles etc., in analogy with elec-
trostatic.>> For micrometer sized particles (< 10 um) deformation due to gravity can be
neglected (Eo << 1). In the absence of any external torque the first non-vanishing term
is the quadrupolar interface deformation (m = 2) and the resulting force between two
identical particles can be expressed as

6EAB ) rf
Fouaa = — i —48myH; cos(2(pa + ¢3))§ (4.2)

where H; is the amplitude of the quadrupolar meniscus and 7, is the radius of the cross
section formed by the particle with the interface, which is related to the equilibrium con-
tact angle 6 by the geometrical relation . = R cos 6 (Fig. 4.1b). For ease of notation, we
rewrite eqn (4.2) as

2R\’
Feap = —FO(?) , with § >2R, 4.3)

where Fy = g—;yHg sin* @ is the closest proximity capillary force, i.e. the force calculated
at § = 2R. For particles in a purely viscous fluid (e.g. water) and in the absence of
magnetic forces (i.e. Fgg = 0 in eqn 4.1), this force is counterbalanced by the particle
drag force Fgpqq = %‘Z—f, where f is the particle drag coefficient, and the resulting equation
of motion can be expressed as

B 12Q2R)’F,
A

from which F can be estimated once the drag coefficient of particle f is known.

§6 = (t—1o) +S§ (4.4)
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In Chapter 3, we introduced the formalism to describe magnetic dipole-dipole forces,
which we summarize here for convenience. Briefly, by applying a field normal to the plane
of the interface, the particles induced dipole moments are parallel and point in the same
direction. If only drag forces are present (i.e. F cap = 0in eqn 4.1), the center-to-center
separation S increases according to

150 mgimgp
S’ =2 —F -+ St.dd (4.5)

where p is the vacuum permeability, m,; is the magnitude of the induced magnetic dipole
moment (in units Am?) for particle 7, and S 4, is the separation distance at time 7. In
principle, the particle drag coefficient f could be then quantified from fitting magnetic
repulsion experiments with eqn (4.5). However, in the presence of capillary forces, eqn
(4.5) does not hold anymore. By considering eqns (4.3) and (3.2), the equation of motion

(4.1) can be recast as ) ;
Jé% = Foaa (?) - Fy (%) (4.6)
where for ease of notation we introduced the closest proximity magnetic force Fo g =
m—gf in analogy with the notation we used for the expression of the capillary force.
The relation between the particle drag coefficient f and the interfacial viscosity 7, re-
lies on the assumptions of the underlying hydrodynamic models,?%3%:6%6 and depends
on the actuation dynamics of the probe (e.g. rotation or translation).%” In Chapter 3, we
addressed these issues related to the current technique and we demonstrated that the re-
sponse of the interface for the material system used in this study is mainly viscous.?!* In
this study we do not make any assumption on the underlying hydrodynamic model and
we will characterize the ageing of the interface through the particle drag coeflicient f.

In order to disentangle conservative inter-particle forces from dissipative effects caused
by interfacial ageing, both Fy and f needs to be taken into account in eqn (4.6) and eqn
(4.4). We designed an experiment in which for every particle pair, (i) we first acquire
a magnetic repulsion trajectory by applying a repulsive field for 4 s, thereby separating
the particles of a few particle diameters. After positioning magnetically the particle pair
at § = 2R, we use a short repulsive field to separate pairs of magnetic particles. Then,
in the absence of any magnetic field, (ii) we record 3 motion trajectories of the resulting
interaction (Fig. 4.1c) and compute the average of the curves that show full approach.
The entire motion trajectory can be recorded in about 60 s. From the trajectories acquired
with (i) and (ii), we estimate f and F as described in section 4.D.

4.2.3 Numerical methods

We performed Brownian Dynamics (BD) simulations in order to generate trajectories of
particles that undergo Brownian motion in the presence of a total (conservative) force
F. The aim of BD simulations was twofold. On one hand, we determined the interplay
between dissipative (viscous) forces and conservative (capillary) forces. On the other
hand, we validated and determined the accuracy of the analysis method as described in
section 4.2.2 in estimating both f and Fj. Simulations were performed by following the
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approach described by Grassia et.al.>!* A massless particle i is moving with a tensor
coeflicient of linear friction &; and diffusivity tensor D;; = kpT/&;;, where kgT is the
Boltzmann temperature. The trajectories of particles are obtained by adding at each time-
step 0t a random displacement x;*" to the systematic displacement F,-(fl.‘jl )ot. If we neglect
hydrodynamic interactions between the particles and we consider a constant linear friction
coeflicient &; = f, then BD trajectories x;(7) are computed from the relation

X=X %& + (24D61)7 1 4.7
where 1! is a random vector with independent components, each of them extracted from
a uniform distribution in the interval [-0.5,0.5]. The generated random displacements
will converge to a Gaussian distribution, provided a sufficiently small time-step and the
correct moments of the distribution,?!” i.e. zero mean and a variance that follows from the
dissipation-fluctuation theorem.?'® Simulations are performed with a time-step 6t = 2 -
1073 5. We validated this numerical method following the approach proposed by Northrup
et al.,*"" as shown in section 4.A.

4.3 Results

We studied the interaction of carboxylic magnetic micro-particles at a water-oil interface
in the presence of an amino-modified silicon polymer in the oil phase. For an aqueous
solution containing 20 mM of phosphate buffered saline (PBS), we observed an attractive
interaction between particles over tens of micrometers, depending on polymer concentra-
tion. On the other hand, polymers are known to adsorb to fluid-fluid interfaces, wherein
the interactions between the adsorbed polymers (e.g. hydrogen bonding, hydrophobic or
electrostatic interactions) can contribute to large variations of the interfacial shear vis-
coelasticity,’® '°7 on a timescale varying from a few seconds to several hours. In order to
disentangle conservative forces from dissipative effects, we have designed an experiment
in which pair of particles are magnetically separated of a few um using the IPM method.
Then, repeated motion trajectories are recorded on the same particle pair (section 4.2.2).

In this section we present the results as follows. We first provide examples of colloidal
attraction experiments for particles at a water-oil interface for different concentrations of
polymer in the oil phase. Then, we use Brownian dynamics (BD) simulations to inter-
pret the experiments and to validate our analysis method to quantify capillary and viscous
forces. Finally, we quantify the interfacial drag coefficient of particles and attractive cap-
illary forces as a function of polymer concentration.

4.3.1 Measurements of colloidal attractive interactions

In a typical experiment of particle attraction, pairs of magnetic particles are first separated
by a few particle diameters by shortly applying an out-of-plane magnetic field and then,
after removing the field, the field-free motion trajectories are recorded (Fig. 4.1a). In
order to exclude the influence of any magnetic component (e.g. setup, particle magnetic
moment) on particle attraction, we performed the same experiment using particles in bulk
water moving on a glass substrate (Fig. 4.1d). In the absence of the magnetic field, the
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particles showed free diffusion with a diffusion coefficient of 0.18 um?/s, consistent with
the diffusion of a sphere with radius R = 1.4 um in a fluid of viscosity n = 1 mPa-s (free
diffusion D = 0.15 um?/s) in close proximity to a solid substrate.!*® In the absence of
a magnetic field, particles did not show full approach and attraction was observed only
when an in-plane magnetic field was applied.

In Fig. 4.2 we show results of colloidal attraction experiments for particles at a water-
oil interface at increasing initial concentrations of polymer in the oil phase. Panels (al)-
(a3) show the center-to-center separation S as a function of the particle approach time
tappr = t — 1", where t" is the time for the particle pair to reach § = 2R. In each graph,
trajectories are recorded on the same particle pair. For cp = 1 - 1073 w/w% (al) the
trajectories show either partial or full approach and thermal (Brownian) noise is large
compared to the attractive interaction. Attraction is clearly shown for § < 4 ym. For ¢,
equal 2 and 4 - 1073 w/w% (panel a2 and a3 respectively), attraction is clearly seen for
S <6umand S < 8 um respectively. The reproducibility of the trajectories is high, with
a mean standard deviation of 6% and 3% respectively.

According to the model described by eqn (4.4), the timescale for particle attraction
is determined by the initial separation S between the particles, the interfacial drag coef-
ficient of particles f, and the magnitude of the capillary force Fj. In order to take into
account the drag coeficient f experienced by the particle at different ageing times #,g, of
the interface, we plot the mean and standard deviation of the trajectories that show full ap-
proach (denoted as N, ) as the product f - 56 and as a function of the particle approach
time #,,,, (Fig. 4.2b). Data show two distinct regions. For separation distances of a few
particle diameters (1,,,, < —2s), the curves show large variations. When the inter-particle
distance decreases (f4ppr > —2 s) the curves approach the relationship described by eqn
(4.4) (Fig. 4.2b, insets). The observed increase of the steepness of f - S curves points to
an increase the attractive force as a function of polymer concentration.

4.3.2 Brownian dynamics (BD) simulations of capillary attraction

In order to interpret the attraction curves measured in our experiments and to determine
the interplay between attractive forces and thermal fluctuations, we used BD to generate
trajectories of pair of particles according to eqn (4.7) and in the presence of an interacting
force as described by eqn (4.3). In these simulations, we consider the diffusion of particles
in a purely viscous fluid with a constant drag coefficient f and we do not take into account
the relative angular orientation nor the hydrodynamic interactions between the particles.

In each graph of Fig. 4.3a, we show 6 trajectories of particle attraction obtained with
the same set of initial conditions. For a capillary force F, gim = 0.112 pN (al) trajectories
show both partial and full approach, with a high variation between repeated simulations.
For increasing values of F 8”” the range of the attraction extends towards larger inter-
particle distances S and the encounter rate of particles increases (section 4.B), with a
reduced variation between the trajectories.

Fig. 4.3b shows curves expressing f - §° as a function of particle approach time.
These results show similar features as compared to the experimental trajectories shown
in Fig. 4.2b. For a low interacting force (bl) and separations larger than ~ 2 particle
diameters, the motion is dominated by thermal fluctuations, as the attractive interacting
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Figure 4.2: Colloidal attraction experiments for particles at the water-oil interface for increasing concentrations
of polymer in the oil phase (cp) and different ageing time (44). (a) Center-to-center separation S as a function
of particle approach time #,,,,. Each panel (al, a2, a3) shows 3 approach trajectories measured on the same
particle pair. Different panels (al, a2, a3) show different particle pairs. (b) In order to quantitatively compare
measurements performed at different ageing times, i.e. to take into account the drag coefficient f of particles
experienced at a different 7,4, we plot attraction curves expressing f - S 6 as a function of particle approach time
for particles with full approach in panels (a), i.e. S = 2R at t4p, = 0. Points and error bars in panels b2 and b3
represent the mean and the standard deviation. The solid red line is a fit according to eqn (4.4), performed only
on the linear part of f - § 6 attraction curves close to tappr = 0, as shown in the insets. From the fit, we extract
the value of the capillary force Fy , i.e. the capillary force at S = 2R. The gray arrow indicates a reference value
on the y axis for comparison.

energy is less than ~ 2 kgT. At shorter separations the attractive interaction overcomes the
thermal fluctuations and the curve approaches the expected result based on eqn (4.4). This
becomes clearer for increasing values of F’ gi’” (b2), where the linear relationship extends
towards larger separation distances (S =~ 7 um). Therefore, in order to correctly estimate
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Figure 4.3: Brownian Dynamics simulations for a pair of particles (R = 1.4 um) in the presence of an attractive
force as described in eqn (4.3). (a) Center-to-center separation S as a function of particle approach time obtained
from 6 simulations performed with the same set of initial conditions (as indicated in each graph). (b) Attraction
curves expressing £-S© as a function of particles approach time. Points and error bars represent the mean and the
standard deviation of the curves that show full approach in the corresponding panel (a), i.e. § = 2R at t,pp, = 0.
The solid red line is a fit according to eqn (4.4) of only the initial linear part of the f - S attraction curves. The
dashed blue line represents the simulated attraction curve without Brownian motion. The gray arrow indicates a
reference value on the y axis for comparison.

Fo, we select the points close to #,,,- = 0 that follows eqn (4.4). With this approach we
are able to retrieve values of the simulated parameters with an accuracy of at least 15%
for Fj™ < 1 (see section 4.B, Table 4.D.1).

The last step required to quantify the capillary force Fy from the experiments shown
in Fig. 4.2b is to determine the drag coefficient f of particles at the water-oil interface.

4.3.3 Ageing of the interface due to the presence of polymer

We quantified the drag coefficient f of particles at the water-oil interface from magnetic
repulsion experiments using the IPM method (section 4.2.2).!3%213 In particular, we stud-
ied the ageing of the interface by quantifying f as a function of polymer adsorption time,
for different initial polymer concentrations cp in the oil phase. We consider the moment
the interface is formed within the fluid cell as the reference time for the experiments.

For all polymer concentrations, data show an increase of f as a function of polymer
adsorption time (Fig. 4.4a). The time onset for drag increase shifts towards lower ad-
sorption times for higher values of cp, consistent with a higher diffusive flux of polymer
towards the interface. Values obtained from different particle pairs show a variation within
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Figure 4.4: Capillary attraction in the presence of polymer-induced interfacial ageing. (a) Interfacial drag
coefficient f as a function of interfacial ageing time, as measured by IPM experiments.'® Experiments were
performed for different initial polymer concentrations cp (colours) using an aqueous solution with 20 mM PBS.
In both graphs, connected symbols represent data recorded on the same particle pair (a total of 8 pairs are
shown). (b) Fy as a function of f. Error bars include a variation of the particle magnetic moment of 8%, '
and the error from the iterative fitting used to estimate the particle drag coefficient f and the capillary attraction
force F, as described in section 4.2.2.

the experimental errors (= 10%), suggesting a homogeneous ageing of the interface. As
we will show in the next section, capillary forces may become comparable to the mag-
netic forces used to separate particles. This can be taken into account in our analysis, as
described in section 4.2.2 and demonstrated with BD simulations in sections 4.C and 4.D.

4.3.4 Quantification of colloidal attractive force

With the same particle pairs used to quantify f in Fig. 4.4a (represented by open symbols
connected by a solid line), we computed the magnitude of the capillary attractive force
Fy, thus providing a direct correlation between f and F. Fig. 4.4b shows values of F as
a function of f for different initial concentration of polymer in the oil phase (represented
as different colors). For a fixed polymer concentration, the capillary attraction varies
strongly per particle pair, but for a given particle pair, interestingly the capillary attraction
does not depend on f, hence on the amount of polymer adsorbed to the interface. In
particular, for cp = 2- 1073 w/w% the represented pairs (up and down red triangles) show
similar values for f, but F| differs by almost one order of magnitude. For increasing
amounts of cp, F increases with values ranging between ~0.1 and ~10 pN. For cp > 4 -
103 w/w% (data not shown) the attractive force exceeds the maximum magnetic repulsive
force achievable with the configuration of the electromagnets used for this study (Fyy; =~
20 pN), so that it was not possible to record repeated attraction trajectories.

4.4 Discussion

We investigated attractive forces between spherical magnetic particles adsorbed at a water-
oil interface in the presence of an amino-modified silicon polymer. The role of the poly-
mer is twofold. First, the very low solubility of the polymer in water causes only the
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amine groups to penetrate the interface into the water phase, which then interact electro-
statically with the negatively charged particles.>>!°7 This in turn modulates the particle
contact angle?'? (see section 4.E) and the magnitude of capillary attraction between the
particles (Fig. 4.4b). Second, polymer adsorption to the interface generates an increase
of the interfacial viscosity, over several orders of magnitude in a timespan of a few hours
(Fig. 4.4a). In this section, we first focus on the origin of particle attraction. Then, we
discuss how changes of interfacial viscosity influence the conservative attractive force.

4.4.1 Interpretation of capillary attraction curves

Deformations of fluid-fluid interfaces are know to be responsible for long-range cap-
illary forces and torques between particles (see section 2.3.4). The inter-particle po-
tential can be described in terms of capillary multipoles, as described by eqn (2.22),
whose terms depend on the nature of the deformations (e.g. gravity, shape or chemical
anisotropy).”1=73- 141

The results in Fig.4.2 show that at large separations, motion trajectories are domi-
nated by thermal (Brownian) motion. Therefore, we performed BD simulations in order
to disentangle the contribution of thermal noise from that due to the attractive force and
to validate the analysis method described in section 4.2.2. We demonstrated that from
the linear part of f - §¢ curves (Fig. 4.3b) it is possible to compute the magnitude of the
capillary coefficient F\y with an accuracy of at least 15% depending on the magnitude of
the attractive force, given the particle drag coefficient f as a fixed parameter (see section
4.B, Table 4.D.1). We tested the ability of our approach to discriminate between differ-
ent orders of attraction by performing BD simulations using m = mu + mp = 3,4,5 in
eqn (2.22). With this analysis method we were able to discriminate between the differ-
ent orders only in the presence of capillary forces greater than a few pN (section 4.B).
Nonetheless, for the system of this study (2R = 2.8 um, y = 20 mN/m, pp = 1.8 g/cm3)
the E6tvos number Eo ~ 107 << 1, and deformations due to gravity (m = 0) are neg-
ligible. For spherical particles, dipolar deformations (m = 1) require the application of
an external torque or the presence of surface chemical anisotropy, such as for Janus par-
ticles.'*>  Super-paramagnetic particles are known to have a small remanent magnetic
moment. The maximum magnetic torque ¥ = 7 X B applicable on the particles of this
study has been calculated by van Reenen et al.%° to be 4 - 10~'® Nm/rad (for a magnetic
field of 36 mT). We used the results from Xie et al.'*? to determine the torque required
to deform a fluid-fluid interface (see Chapter 5). The authors performed lattice Boltz-
mann simulations of capillary deformations for magnetic Janus particles at a fluid-fluid
interface. The strong affinity of the two phases with the hemispheres of the Janus particle
mimic the pinning of the three-phase contact line to the surface of the particle, so that only
interfacial deformations are considered. In the limit of small interfacial deformations, the
required torque to deform the interface is ~ 10~'°> Nm/rad, which is well above the max-
imum applicable magnetic torque in our system. Therefore, the first non-vanishing term
in eqn (2.22) is the capillary quadrupole (m = 2).

The attractive force observed in experiments performed at the water-oil interface (Fig.
4.2) agrees in range (~ 10 um) and magnitude (~pN) with BD simulations (Fig. 4.3),
with an inter-particle dependence as ~ 1/S°. Stamou et al. suggested that quadrupolar
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interface deformations may originate from the pinning of the three-phase contact line to
local heterogeneities (e.g. chemical or topological) of the surface of the particles,”® with
the corresponding interacting force as described by eqn (4.3). The particles used in this
study (M270 - carboxylic, 2R = 2.8 um) have a surface roughness between 50 nm and 150
nm, as determined by SEM images (Fig. 4.1b). According to eqn (4.2), a contact angle
6 ~ 16° (with H, = 50 nm, y = 20 mN/m) would be sufficient to generate attractive forces
as large as Fy = 1 pN. Therefore, we interpret the force as being caused by quadrupolar
deformations of the fluid-fluid interface induced by particle surface roughness. A similar
conclusion was reported by Park ef al. from measurements of attractive forces between
polystyrene beads confined at a water-decane interface using time-shared optical traps.®?
The authors measured forces with the same functional form as eqn (4.3) and magnitudes
similar to the ones shown in Fig. 4.4b, with values that depended on fluid composition
and particle contact angle.

Electrostatic interactions may also play a role between particles at fluid-fluid inter-
faces.** The asymmetry of the charge distribution across the interface is responsible for
long-ranged repulsive forces that scale with inter-particle distance as ~ 1/S*. Attractive
electrostatic forces have been previously observed only at short inter-particle distances
(< 100 nm), resulting from patches of charges on the surface of the particles.>'® We
performed experiments of particle attraction using different ionic strengths of the aque-
ous phase. For an aqueous solution containing 150 mM PBS, no significant repulsion
or attraction was measured for all polymer concentrations (data not shown), while for an
aqueous solution with 20 mM PBS experiments showed an increase of an attractive force.
The contribution of the dissociated charges in the water side of the interface is negligi-
ble for both fluid compositions, as the Debye length «™! ~ 0.8 nm and «~! =~ 2 nm, for
150 mM and 20 mM PBS in the aqueous phase respectively. A small amount of surface
charges may be present in the oil phase due to residual water in the non-polar solution or
to water entrapped on cavities present on the surface of rough particles. This would be
sufficient to generate long-ranged repulsive forces.®® In our system, the negative charges
exposed to the oil side of the interface are expected to be counterbalanced by the cationic
polymer.'3° Moreover, in the experiments no distance dependence as ~ 1/S* was ob-
served, so that electrostatic forces can be neglect in our analysis. Other forces, such as
van der Waals or solvation forces may be present, but are relevant only at small distances
(~nm), with a contribution to the total energy potential of only a few kT .>°

4.4.2 Capillary attraction as a function of interface ageing

We quantified the dissipative effects caused by interfacial ageing using the IPM method.!8-213
With this technique, we were able to quantify the drag coefficient f of particles at the
water-oil interface within a few seconds (~ 5 s) and over long timescales (several hours),
with a sensitivity to changes of interfacial viscosity as low as 7, = 7 - 107 Ns/m.2!3
Using BD simulations, we demonstrated that the presence of known attractive capillary
forces can be correctly taken into account in the analysis, providing results with an ac-
curacy within 4% in retrieving the input parameters (section 4.C). When both f and Fy
are unknown, our analysis method provided results with an accuracy of 9% and 30%
respectively with respect to the input parameters (see section 4.D, table 4.D.1).
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When the interface is formed, polymers adsorb to a pristine interface without steric
hindrance. In absence of an energy barrier for adsorption, at short times (¢t — 0) the sur-
face coverage can be estimated by a diffusive transport.?°! For longer times the adsorption
rate is lowered by the presence of only few remaining adsorption sites in the interfacial
monolayer.** Here, the interactions between the adsorbed polymers contribute to a strong
interface ageing, as shown by the increase of the particle drag coefficient f over several
orders of magnitudes (f ~ 1077 to 10~* Ns/m, Fig. 4.4a).

In Chapter 3,>'3 we demonstrated that the adsorbed polymer layer to the interface
responds to the motion of the probe mainly as a viscous fluid, so that the magnetic induced
motion of the probe can described by eqn (4.5). For increasing polymer concentrations,
the time onset for drag increase shifts towards lower times, in agreement with a higher
diffusive flux of polymer to the interface. The rate of drag increase depends strongly on
cp. Forcp = 1-107° w/w% f increases of a factor 2 in a time span of one decade,
while for cp equal to 3 and 4 - 1073 w/w% f shows a 1000 fold increase. Moreover, we
found the adsorption kinetics to be strongly influenced by the ionic strength of the water
sub-phase. In particular, for an aqueous phase with 20 mM PBS and cp = 1 - 107% w/w%
(black squares Fig. 4.4a), the adsorption kinetics cannot be described only by diffusive
transport, as compared to experiments performed with higher polymer concentrations or
higher ionic strength of the aqueous phase.”!® These results point to a history-dependent
adsorption kinetics, where the evolution of the interface is determined by the early stages
of polymer adsorption.*’

The presence of the polymer at the interface is also responsible for the modulation of
the position of the particle at the interface, i.e. its contact angle, as the result of electro-
static interactions as described in Chapter 3.3>2!3 Particles adsorbed to the interface only
in the presence of the polymer and, for a sufficient polymer concentration, the particles
transited into the oil phase. Typically, the adsorption of particles to fluid-fluid interfaces
is driven by strong interfacial forces, with timescales varying from milliseconds to several
minutes or hours. The slower times can be attributed to friction forces due to the displace-
ment of the three-phase contact line on the surface of the particle.’’-3>%* Measurements
of the contact angle of larger particles (2R ~ 34 pum) (with a similar surface chemical
functionality as the small particles) show an increase of the particle contact angle for in-
creasing polymer concentrations, with a time-dependent increase (~min) for cp > 5-1072
w/w% (see section 4.E).

From a direct comparison between Fy and f (Fig. 4.4b), we observe that capillary
attractive forces increase for increasing polymer concentration in the oil phase. According
to eqn (4.2), this could be attributed to an increase of the particle contact angle, provided
the other parameters are the same. This is in agreement with contact angle measurements
(section 4.E) and with the observation of attractive forces exceeding magnetic repulsive
forces for higher concentrations of polymer. Moreover, the absence of attractive forces
for a high ionic strength solution suggests a small particle contact angle due to a weak
electrostatic interaction between the polymer and the particles.

However, for a fixed polymer concentration, Fjy does not depend on f and changes
are dominated by particle-to-particle variation. Data in Fig. 4.4b show that F, depends
only on the initial amount of polymer in the oil phase and is independent of f, hence
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on the amount of polymer that is subsequently adsorbed to the interface. For low and
constant values of f, the density of the polymer at the interface is low (s ~ 0) and the
motion of the probe is sub-phase dominated (Bo << 1).% In this regime, the drag of the
particle is sensitive to changes of §. For cp = 1 - 107> w/w%, f increases by a factor of
2, but Fy do not show any correlation with f. Therefore, we attribute the increase of drag
as an increase of polymer concentration at the interface, while the contact angle remains
constant. For increasing values of f, the motion of the probe is dominated by changes
of interfacial viscosity (Boussinesq number >> 1). The lack of a correlation between the
corresponding values of Fy suggests again a constant value of the contact angle.

Overall, these results suggest that the position of the particle at the interface is fixed at
the early stages of polymer adsorption. As proposed by Maestro et al. studying polymers
to an air-water interface,*® at an early ageing time (tage = 0) and a low polymer concentra-
tion, all the monomers in a chain are adsorbed at the interface, with an ideal pancake-like
conformation (for a good solvent condition). Here, the polymer exposes the amine groups
to the water side of the interface, where they interact with the carboxylic groups of the
particle surface. For increasing initial polymer concentration in the oil phase, the higher
polymer flux towards the interface combined with the strong attractive force of polymer
to the particle contributes to an increasing polymer density on the surface of the particle,
which translates in an increase of the particle contact angle. Thereafter (7,,, > 0), the
entangled polymer layer hinders further diffusion of polymers to the particle surface, thus
equilibrating the particle contact angle and capillary forces.

4.5 Conclusions

We have studied attractive forces between spherical magnetic particles at a water-oil in-
terface for a system with strong polymer-induced interface ageing. The experiment gives
an independent quantification and a direct correlation of the interfacial drag coefficient
(1077 ~ 107 Ns/m) and the non-viscous inter-particle forces (0.1 ~ 10 pN) in the sys-
tem. We have validated the proposed method by performing Brownian Dynamics (BD)
simulations, showing a good qualitative and quantitative agreement with experiments.
Given the direction (attraction), the range (~ um) and the distance dependence (~ 1/57)
of the observed inter-particle force, we interpret the force as being caused by quadrupolar
deformations of the fluid-fluid interface induced by particle surface roughness.

The magnitude of the attractive force can be modulated by the addition of a cationic
polymer in the oil phase, where the amine groups of the polymer exposed to the water
phase (with positive charges) interact electrostatically with the carboxylic groups (with
negative charges) on the surface of the particles.’ The increase of the attractive force for
increasing concentrations of polymer in the oil phase can be interpreted as an increase
of the particle three-phase contact angle, as proposed by Stamou et al.’”® and confirmed
by measurements of contact angle (see section 4.E). Surprisingly, for a fixed polymer
concentration the magnitude of the attractive force shows no dependence on the amount
of polymer adsorbed to the fluid-fluid interface. The results suggest that capillary forces
are equilibrated at the early stages of interfacial ageing and thereafter the polymer layer
hinders further attachment of polymers to the particle surface, while the polymers still
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contribute to strong changes of interfacial viscosity.

The IPM technique appeared to be a very versatile method to disentangle conser-
vative inter-particle forces from dissipative effects caused by interface ageing. To our
knowledge, this represents the first study of a fluid-fluid system far from equilibrium,
which gives new opportunities. The availability of magnetic colloids with a tailored sur-
face roughness would allow one to investigate the relation between attractive capillary
forces and surface structures. In particular, the IPM technique could be used to study
capillary interactions at different length scales by modulating the strength of the dipole-
dipole force. In the far-field (S >> 2R), capillary interactions can be described as a
superposition of leading-order capillary multipoles, with the quadrupolar term being the
leading one.3>7%7* In the near-field (S =~ 2R), this approximation may not hold as the
interaction is dominated by the shape details of the undulated meniscus around the parti-
cle and higher orders may appear. Moreover, the rotational dynamics could be studied by
coupling fluorescent tags on the surface of the particle.

A current issue of particle-based microrheology is that for low Boussinesq number,
the interfacial drag coefficient of particles is sensitive to changes of the particle contact
angle.’®%7 Variations of the capillary attraction, together with surface tension measure-
ments (e.g. with a Langmuir trough), could be used to indirectly determine changes of the
particle contact angle, thus obtaining reliable rheological information. With this informa-
tion available, IPM could then be applied to study the dynamics of interface ageing, using
polymers with different molecular weights as the dynamics is strongly dependent on chain
length.*® We foresee that IPM will help scientists to shed light on the complex interaction
of micro- and nanoparticles at fluid-fluid interfaces for a wide range of materials, with
particular interest for systems out of equilibrium.



Appendix

4.A Validation of Brownian Dynamics (BD) simulations

In order to validate the numerical method described in section 4.2.2, we first performed
BD simulations of the 2- and 3-dimensional Brownian diffusion of particles experiencing
a constant drag coefficient f = 1 - 10~ Ns/m, without hydrodynamic interactions. The
diffusion coefficient D of particles can be computed from the mean-squared displacement
(MSD) of simulated trajectories

< (X(t+7) = X))’ >=2dD -7 (4.8)

where x(7) is the position of the particle at time ¢, 7 is the lag time, and d = 2,3 is the
dimensionality of the system.”> Then, the diffusion coefficient D can be related to the
drag coefficient f via the Einstein equation D = kzT/f. We performed BD simulations
with a time step of 6t = 107> s, and generated trajectories for a total time of 10 s. The
MSD curves were computed for 7,,,, = 2 s. From simulations performed in 2 and 3
dimensions we obtained f22 = (1.03 + 0.01) - 107® Ns/m (2390 trajectories) and f30 =
(1.02 £ 0.01) - 10~8 Ns/m (1990 trajectories), in agreement with the input parameter.

As a second method, we followed the approach proposed by Northrup et al.,?'” used
to calculate the diffusion-influenced bimolecular reaction rates in a 3-dimensional system.
The diffusion-influenced reaction rate between two identical spheres of radius R can be
expressed as?!”

k=kp(S)p (4.9)

where kp(S) is the rate constant (expressed in units m3/s) governing the rate at which
particles achieve center-to-center separation S, and p is the probability of reaction upon
contact. Assuming p = 1, if no forces or hydrodynamic interactions are present, then the
rate constant is given by the Smoluchowski result

K).(S) = 4nDoS (4.10)

In the presence of an interaction potential U(x) and hydrodynamic interactions, both cen-
trosymmetric, the more general result of eqn (4.9) is given by

(T, [explUG) kT ]\
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Brownian Dynamics (BD) simulations can be used to estimate the reaction rate con-
stant between pair of particles. In principle one would require to generate a large number
of trajectories diffusing from large separations to the reaction surface, but this is highly un-
practical and computationally infeasible. Northrup et al. proposed an alternative method
based on the estimation of the particle encounter rate S and recombination probability Q
from BD trajectories. Here, we summarize the main results useful for our analysis.

A pair of particles is separated at an initial arbitrary distance S = b and then allowed to
diffuse according to eqn (4.7). The simulation is terminated upon reaction, i.e for S = 2R,
or if the particle diffused to a distance S > ¢ > b. From the resulting encounter rate 3
(computed on the finite domain S € [b, q]) it is possible to determine the reaction rate
from the relation

kp(b)B

1-(1-pQ
where Q = kp(b)/kp(q) can be computed using eqn (4.11). The values obtained for k are
independent on the choice of b and g.

We simulated the 3-dimensional diffusion of pairs of particles in the presence of a
potential with the functional form as of eqn (2.22), with my = mpg = 2 (i.e. a quadrupolar
interaction) and ¢4 = ¢p = O (rotational independent). The resulting interacting force is
described by eqn (4.3), which we rewrite here for convenience

(4.12)

2R\’

where F) is the magnitude of the capillary force at shortest separation, i.e. S = 2R. In
these simulations we neglect hydrodynamic interactions between particles and we con-
sider a frequency independent drag coefficient, hence D(x) = D = kgT/f.

The encounter rate 8 is computed from the simulations of 1000 trajectories performed
with the same set of initial conditions. Then, the reaction rate k is computed using eqn
(4.12). In Fig. 4.5 we show the reaction rates k obtained from different values of the
capillary coefficient Fy. The results obtained from BD simulations are in agreement with
the expected analytical solution of eqn (4.11), thereby confirming the validity of our nu-
merical method.

4.B Analysis of BD simulations of particle attraction tra-
jectories

Particle trajectories always contain thermal (Brownian) noise, which may mask an under-
lying interaction potential. In order to disentangle thermal noise and particle attraction at
the water-oil interface, we performed BD simulations in the presence of an inter-particle
attractive force as described by eqn (4.13). The motion of the particles due to the attractive
force is counterbalanced by the drag force, which for a continuous, nonelastic Newtonian
medium, and under no-slip conditions can be expressed as F.q, = %%' The resulting
equation of motion is given by eqn (4.4), which we rewrite here for convenience

12F(2R)’

50 =
f

S(t—1)+S§ (4.14)
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Figure 4.5: Reaction rate constant k as a function of the closest-proximity capillary force Fy, obtained from BD
simulations with interaction force as in eqn (4.13). Particles are initiated at a distance » = 8 um and simulations,
performed with a time step of 20 us, are terminated if § = 2R (reaction), or if S > ¢ = 10 um (no reaction).
The open black squares and error bars represent the mean and standard deviation of 6 simulation runs (every
simulation run consist of 1000 trajectories, for a total of 6000 trajectories). The red lines represents the analytical
solution according to eqn (4.11) with § = 2R.

With this equation it is possible to extract F(y from particle trajectories, once the drag
coefficient f is known. The results of BD simulations (Fig. 3b), show curves expressing
f - §6 with two distinct regions. At large separations, the attractive interaction is weak
and the motion is dominated by thermal noise. At short separations, the attractive force
dominates and trajectories approach to the expected behaviour of eqn (4.14). In order
to correctly estimate Fy, we consider only the linear part of the f - §¢ curves close to
approach time 7,,,,, = 0 s (see insets of Fig. 4.3b). In order to assess the accuracy of this
procedure, we introduce the parameter Ry, defined as

ngm _ FO
0

With this procedure, and considering f as a known fixed parameter, we obtained es-
timates for F, with an accuracy of at least 15% with respect to the input parameters
depending on the magnitude of Fy (see Table 4.D.1).

For a given starting distance between particles, the fraction of trajectories that show
full approach, i.e. achieve S = 2R, depends on the magnitude of the interacting force
Fy. Using the concepts presented in the previous section, we can determine the size of
a "capture radius" R.,,, which represents the size of the region required to obtain the
same association rate as in the case of free diffusion.?!° In other words, for a given value
of kp computed by eqn (4.11), we compute the effective radius that the particle would
have in the absence of any attractive force in order to achieve the same reaction rate,
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Figure 4.6: (a) Capture radius R..p as a function of the closest proximity capillary force Fo. The gray dashed
line represents the capture radius for particles diffusing in the absence of any force, which correspond to the sum
of the radii of the two particles. (b) Association rate 8 for simulations performed in 3 dimensions (red circles)
and in 2 dimensions (black squares). Values of 8 are computed from 1000 simulated trajectories, with initial
separation b = 8 um and cutoff distance ¢ = 10 um. Every dot is obtained from the average of 6 simulation runs
(for a total of 6000 trajectories), with the standard deviation as error bars. Lines are a guide to the eye.

ie. k% = kp. Typical values of the capture radius are shown in Fig. 4.6. With the
values of F( used in the simulations shown in Fig. 3 (bl) and (b2), we expect a capture
radius of Re,, = 6 um and R.,, = 16 um respectively. However, this reasoning is only
applicable for a system with spherical symmetry, i.e. for the 3 dimensional diffusion of
particles with a centrosymmetric potential. When a particle is diffusing in 2 dimensions
— as for the diffusion of particles trapped at the water-oil interface — these conditions
don’t hold anymore and it is not possible to obtain an exact solution for the steady-state
rate constant.’”? Nonetheless, the reaction rate in 2 dimensions provides an upper bound
estimate of the true rate constant. This is also shown by our numerical calculations of
the association rates 3, with higher values for simulations performed in 2 dimensions as
compared to 3 dimensions (Fig. 4.6, Table 4.B.1). The range of the attractive interaction

Table 4.B.1: Results of BD simulations. Values of the three phase contact angle 8 were calculated according the
model proposed by Stamou et al.”® (see eqn (4.2)), computed for ¢4 = ¢ = 0, ¥ = 20 mN/m, R = 1.4 um, and
H; = 50— 150 nm.

Fo/pN Bsp oo 0/deg
0.1 0.34 0.42 9.0-52
1 0.87 0.89 16.1-9.2
10 1.00 1.00 29.6 - 16.6

(capture radius) and the magnitude of the capillary force F used in these simulations are
in qualitative and quantitative agreement as compared to experiments of particle attraction
performed at the water-oil interface (see Fig. 4.2).

In order to test the sensitivity of our analysis method to discriminate between different
orders of the attractive interaction, we performed BD simulations with an interaction force
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with a scaling law as

2R\"
F(S) = Fy (?) with  n=ma+m,+1=4,5,6, (4.16)

and, for a given n, the same initial conditions (Fo, S¢). We then analyzed the results
considering the attraction as the result of quadrupolar induced deformation of the inter-
face, i.e. by fitting the linear part of curves expressing f - §° to eqn (4.14) starting from

tappr = 0.
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&1 - n=4 207 F,=(0.74 +0.06) pN - (n=4)
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Figure 4.7: BD simulations of capillary attraction between a particle pair in the presence of an attractive force
that scales with distance as ~ 1/S", with n = 4,5, 6. (a) Center-to-center separation S as a function of particle
approach time. The points represent the mean and standard deviation of 3 attraction curves. (b) Normalized
attraction curves f - S© as a function of particle approach time of the same curves as shown in (a). The solid
lines are a fit according to eqn (4.14) of only the linear part of the curve for approach times close to zero.

The simulated trajectories show small differences between different values of n (Fig.
4.7a). The curves in Fig. 4.7b show that for a low interacting force (panel bl), it is
possible to determine a linear region close to #,,,, = 0 and to obtain accurate results from
the fit according to eqn (4.14) regardless the value of n. Only for n = 4, the estimated
value of F| is higher as compared to the simulated one. For a higher interacting force
(panel b2), only a careful analysis of the residuals allows one to find systematic variations
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from eqn (4.14) for n equal 4 and 6, in particular at large separations. Therefore, our
analysis method can retrieve the right scaling order n only for F greater than a few pN.
In our experimental system, we can exclude n = 4 as it would require one of the two
particle to induce a dipolar deformation of the interface (m = 1). This is not the case of
this study, as discussed in section 4.4.1. Higher interaction orders (m4 + mgp+ 1 =n > 5)
may be present, but only relevant at short separations. At large distances, the slowest
decaying term of the inter-particle force is n = 5, i.e. a quadrupolar capillary interaction.

4.C Quantification of drag coefficient in the presence of
attractive capillary interaction

In order to quantify the capillary force Fj from eqn (4.14), it is necessary to quantify the
drag coefficient f of particles at the water-oil interface. This can be done using the intra-
pair magnetophoresis (IPM) method, where f is quantified from the displacement of pairs
of particles using well controlled magnetic dipole-dipole forces (see section 4.2.2). Dur-
ing magnetic separation of the particles, both attractive capillary forces and drag forces
oppose to the motion of the particles, with a total force expression described by eqn (4.1).
We evaluate the accuracy of the IPM method in retrieving the value of f in the pres-
ence of capillary forces, by performing BD simulations of pairs of particles obeying eqn
(4.1). The dipole-dipole force F 4, during magnetic repulsion can be approximated by the
equation'®’
Fy= 3poma,may
4784
where p is the vacuum permeability, and m,; is the magnitude of the induced magnetic
moment (in units Am?) of particle i, which we assume to be identical for both particles
(mg,) = myp). In the absence of capillary forces, one can use eqn (4.5) to compute f (see
section 4.2.2), which we rewrite here for convenience

4.17)

15u0 mgimgp

S@t) = Era (1= 10) + S3 4 (4.18)

In the presence of capillary forces the equation of motion can be expressed as eqn (4.6),
that is . 5
fds 2R 2RY

~— =F —| - Fy|— 4.19

T 0.dd| g ol (4.19)

where for ease of notation we introduced the closest proximity magnetic force Foqs =
% in analogy with the notation we used for the expression of the capillary force.
In Fig. 4.8 we show how the magnetic force and the capillary quadrupolar force scales
with inter-particle distance. In our magnetic repulsion experiments Fo 44 =~ 20 pN, while
capillary forces are maximally a few pN. As shown in Fig. 4.8, capillary forces are rele-
vant only at short separation distances as they decay faster with distance as compared to
magnetic forces.

In order to study the influence of attractive capillary forces on the quantification of

the drag coefficient f, we analyzed the simulated trajectories with Fy = 0 and with Fy
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Figure 4.8: Magnetic force (blue squares) and capillary quadrupolar force (red circles) as a function
of inter-particle distance. Magnetic and capillary forces are computed using Fy,s = 20 pN and
Fy = 10 pN respectively.

at the input parameter, hence using eqn (4.18) and eqn (4.19) respectively. Example are
shown in Fig. 4.9a. Then we evaluate the accuracy of our analysis method in retrieving
the simulated drag coeflicient f;,, via the parameter R, defined as

Ry = (M) -100% (4.20)
fsim
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Figure 4.9: Influence of attractive capillary forces on the quantification of drag coefficient, studied with BD
simulations. (a) Trajectories of magnetic repulsion simulations plotted as S as a function of time. Each symbol
represent the mean and standard deviation of 6 trajectories. The dashed blue line represent a fit according to eqn
(4.18), thereby neglecting the influence of capillary forces. The solid red line represents a fit according to eqn
(4.19). (b) Relative error Ry of the estimation of f as a function of Fy. Simulations were performed for a range
of f between 1-107% and 5 - 10~* Ns/m.
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Results in Fig. 4.9b show that F influences the estimation of f when Fy becomes
comparable to the magnetic force, e.g. for Fy > F%" S (with § > 2R). When the capillary
force F| is taken into account in the analysis and considered as a fixed parameter, it is
possible to estimate f with an accuracy that is less than 4% (see Table 4.D.1), represented

as the standard deviation of the distribution of Ry as shown in Fig. 4.9b.

4.D Iterative quantification of f and F

A typical attraction experiment of particles at the water-oil interface consists of two steps.
First, pairs of particles are magnetically separated of a few um. Then, particle trajectories
are recorded in the absence of the magnetic field, as shown in Fig. 4.1c. In the case
of magnetic separation, the particle trajectories are described by eqn (4.19). In the case
of particle spontaneous attraction, the particle trajectories are described by eqn (4.14).
In order to estimate the particle drag coefficient f and the capillary force F from eqns
(4.19) and (4.14), both quantities need to be considered. Therefore, we iteratively estimate
f from magnetic repulsion trajectories by considering Fy as a fixed parameter of eqn
(4.19). Then, we estimate Fy from spontaneous attraction trajectories by considering
the previously estimated value of f as a fixed parameter of eqn (4.14). The iteration
is performed until the difference of both quantities between two consecutive iterations
becomes less than 1075,

We tested the accuracy of this analysis method on the numerical data generated by
BD simulations, as presented in sections 4.2.2, 4.B and 4.C. With this approach, we were
able to estimates values of f and Fy with an accuracy of at least 9% and 30% respectively
with respect to the input parameters (see Table 4.D.1). In all cases, the precision, defined
as the average of Ry and Rp,, was about 2%. These results confirm the validity of our
analysis method.

Table 4.D.1: Evaluation of the analysis method as described in section 4.2.2 using BD simulations. Rp, and
Ry are computed with eqn (4.15) and eqn (4.20) respectively and values are expressed as the standard deviation
obtained from N simulations.

Fo/pN Rp,/% (f fixed) Ry/% (F fixed) Rp,/% (iterative) Ry/% (iterative)
<1 15% (N = 132) 4% (N, = 100) 30% (N = 116) 9% (N = 116)
I<Fy<5 8% (N = 110) 4% (N, = 100) 16% (N = 97) 9% (N =97)
>5 6% (N =21) 4% (N, = 100) - -

4.E Contact angle measurement of particles using z-stack
of images

Magnetic particles with a carboxylic functionalized surface adsorb to a water-oil interface
only in the presence of a cationic polymer dissolved in the oil phase as the result of elec-
trostatic interactions.>> This in turn modulates the particle three-phase contact angle.?!?
To study how contact angle depends on polymer concentration and time, we measured the
contact angle of particles at the water-oil interface using a method based on the acquisi-
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tion of images of the particle at different focal planes. A similar approach was previously
developed by Mohammadi and coworkers.!% However, the particles used in this study
are too small (2R =~ 2.8 um) to be able to resolve their vertical position with respect to the
fluid-fluid interface by microscopy. Therefore, we measured the contact angle on larger
particles, but with the same surface chemical functionality as the small ones (CFM-300-5
carboxylic acid, ferromagnetic, nominal size 28 — 34.9 um, Spherotech). Samples were
placed on a motorized stage and digital images (30x objective, NA = 0.5) were acquired
at different focal planes (Fig.4.10a), with a vertical interval of Az = 0.4 um. For every

(ao)il phase (d) . - -

" radial profile

Figure 4.10: Method to determine the particle three-phase contact angle 6 from z-stack of images.
(a) Images of a particle were taken at different focal planes using a motorized stage with vertical
steps of Az = 0.4 um. (b) Images were acquired combining transmission and fluorescent imaging,
so that the magnetic particle resulted as a dark disk and fluorescent nanoparticles as bright dots.
For every image the mean radial intensity profile was extracted (red dotted lines). (¢) Form the 3D
graph of the radial profile as function of height it is possible to extract the position z,, of maximum
contrast. (d) The position of the interface z;,, is determined from the focal plane where the fluores-
cent nanoparticles are present using astigmatic lenses, so that the eccentricity of the image of the
particle depends on z. Thus, from & = z;,, — z,, the particle contact angle can be computed using eqn
(4.21).

z position, the mean radial intensity profile of the particle was extracted (red line in Fig.
4.10b). From a stack of z-radial profiles it is possible to locate the height z, where the con-
trast of the particle is maximum, corresponding to its equatorial plane (Fig. 4.10c). The
position of the interface z;,, was determined by adsorbed fluorescent nanoparticles (Fluo-
Spheres, carboxylic acid, yellow/green, 0.2 um diameter) at the interface, whose position
was determined using astigmatic lenses. Hence the contact angle can be determined by
geometrical considerations, yielding the relation:

6 = cos™! (%) 4.21)

where h = zjy — 2.

In order to calibrate the method for particle height determination, particles were de-
posited on a glass substrate in PBS buffer. The small fluorescent particles interact non-
specifically with the glass surface giving the position of the interface (glass-water), while
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the big particles sediment at the surface. The data in Fig.4.11a show a relative height
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Figure 4.11: Measurements of particle three-phase contact angle 6 from z-stack of images. (a) Exper-
iments performed with large ferromagnetic particles (2R =~ 33 um) on a glass substrate show that
the ratio between the height / and the particle radius R is close to unity, with a weighted standard
deviation of 5%. (b) Contact angle measurement of 2R =~ 33 um ferromagnetic particles at the
water-oil interface as a function of polymer adsorption time and different concentrations of cationic
polymer dissolved in the oil phase. For every polymer concentration (color), each symbol rep-
resents measurements performed on the same particle. The experimental error bars are computed
considering the uncertainties of the height of the interface z;,, the height z,, relative to the maximum
contrast of the particle, and the radius R of the particle to be Az;,, = 2 um, Az, =2 um, and AR = 1
um respectively.

h/R = (1.0 £0.05), so that the focal plane at which the contrast of the particle is maximal
corresponds to the equatorial plane of the particle with an accuracy of 5%.

We apply now this method to measure the contact angle of large carboxylic particles
(2R ~ 33 um) trapped at the water-oil interface as a function of polymer concentration and
time, with the cationic polymer dissolved in the oil phase. Experiments were performed
right after the interface was formed. Results in Fig. 4.11b show that the three-phase con-
tact angle increases with increasing polymer concentration in the oil phase, with a transi-
tion from hydrophilic to lyophilic for increasing polymer concentrations. The timescale
for the particle to reach the equilibrium contact angle depends on polymer concentration,
with relaxation times on the order of several minutes. The slow relaxation times can be
attributed to the pinning of the three-phase contact line on surface heterogeneities of the
particle, as previously suggested by several authors®"3? and recently reviewed by us.”*

These results confirm that the contact angle of large particles (2R ~ 33 um) depends
on the polymer concentration in the oil phase and on time. These measured values cannot
be directly used to describe the contact angle of the small particles (2R ~ 2.8 um) used
for the main study. However, they support our hypothesis that the increasing values of the
capillary attraction force Fy observed for increasing polymer concentration (Fig. 4b) is
the result of an increase of the particle contact angle.
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With the model proposed by Stamou et al.,”” we can estimate the contact angle that

the particle would have in order to generate a certain capillary force for a fixed amplitude
of the corrugation of the three-phase contact line around the particle. These calculations,
performed for the particles used in the main study (2R ~ 2.8 um), are shown in Table
4.B.1. These values are in a similar range as the one observed for the large particles and
a polymer concentration cp = 5 - 1073 w/w%.






Dynamic wetting of single particles at fluid-fluid
interfaces

The fundamental molecular and microscopic properties of materials leading to dynamic
wetting and relaxation effects have been subject to numerous studies in the past decades,
but a thorough understanding is still missing. While most previous experiments utilize flu-
ids deposited on planar substrates, this Chapter focuses on an alternative method based
on single colloidal particles: colloidal particles have the ability to strongly interact with
fluid-fluid interfaces and the behavior strongly depends on the surface properties of the
particles and the fluids used. Recent progress in the manipulation and synthesis of col-
loidal particles with well-defined surface properties and shapes makes them ideal candi-
dates to probe the fundamental surface properties leading to dynamic wetting effects. In
this Chapter we propose a new experiment based on the rotation of ferromagnetic parti-
cles at an aqueous-two-phase-system (ATPS) interface. Particles are interrogated with an
out-of-plane rotating magnetic field. The rotational motion trajectories show wetting pat-
terns that depend on the particle surface properties. We interpret the results with a model
that includes dissipative effects due to contact line friction and elastic contributions due
to interface deformation.?

Parts of this Chapter have been published in: S. Cappelli, Q. Xie, J. Harting, A.M. de Jong, and M.W.J.
Prins, Dynamic wetting: status and prospective of single particle based experiments and simulations. New
Biotechnology, 32(5):420-432, 2015.
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5.1 Introduction

In Chapter 2 we focused on unanswered questions about the origin and scaling relation-
ships of dynamic wetting. From an experimental point of view, dynamic wetting plays an
important role in the adsorption process of colloids at fluid-fluid interfaces. From a fun-
damental point of view there is a need to understand the mechanisms underlying dynamic
wetting processes, over a wide dynamic range in space and time. One important chal-
lenge is to gain access to the small scale of a moving contact line. This problem may be
addressed by studying wetting on single colloidal particles at fluid-fluid interfaces. The
knowledge of dynamic wetting of single particles is important for technological applica-
tions in order to be able to predict the behavior of ensembles of particles and to scale up
systems.

Optical tweezers and colloidal probe AFM are suitable techniques to study relaxation
to equilibrium of colloids with different surface functionalization and sizes (1-100 um),
and for different systems (e.g.water-oil and water-air interfaces). To move a particle out of
its equilibrium position forces normal to the interface or torques can be applied. Forces in
the range of several hundreds of pN to uN are typically required. Optical tweezers provide
a “contact-free’ actuation method that can apply both translational and rotational forces.
Vertical forces range from 0.1 pN to hundreds of pN, but for such high forces a high
intensity laser is required, which might heat the sample changing the local properties of
the interface or even melt or destroy the particle. Torques can only be applied to optically
anisotropic particles,”?! in the range of 1—10° pN nm. AFM can apply translational forces
from a few pN to hundreds of nN, depending on the cantilever spring constant,3'-?? but
it cannot apply torques.

Another technique that allows to apply forces and torques is magnetic tweezers. Mag-
netic tweezers use magnetic fields and magnetic field gradients to manipulate magnetic
particles.'>3*81 A magnetic particle in a magnetic field gradient experiences a transla-
tional force that depends on the magnitude of its magnetic moment and of the gradient.
In a spatially uniform, but rotating, magnetic field, a magnetic particle does not expe-
rience a translational force but experiences and exerts a torque. Magnetic fields can be
controlled by electrical currents which gives the possibility to create magnetic fields with
different magnitudes and orientations. Particles can be imaged using conventional digital
microscopy techniques to resolve their position. Typical forces range from few pN to tens
of nN®! depending on the magnetic properties of the particles and the source of the mag-
netic fields. Typical torques range from 10 to 107 pN nm (for particles with a magnetic
moment between 107!¢ and 10~!* A-m? and magnetic fields of 0.1-100 mT!%8%),

The main advantage of magnetic tweezers is the possibility to actuate the probe with
6 degrees of freedom (3 translational and 3 rotational). By measuring the translation and
angular orientation of the particle it is possible to measure the response of the system
upon external stimuli. This method has been exploited for example for interfacial mi-
crorheology studies,’® as demonstrated in Chapter 3. Translation can be resolved with
microscopic techniques; rotation can be resolved if optical features are present on the ro-
tating object, such as holes on a flat disk,** or fluorescent tags on a magnetic particle.'> 8

Here we propose an attractive alternative based on magnetic tweezers to study wetting
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at small scales. A magnetic particle trapped at a fluid interface is interrogated with dif-
ferent magnetic torques. The torque is applied in such a way to displace the three-phase
contact line on the surface of the particle, so called out-of-plane rotation, as sketched in
Fig. 5.1. We performed experiments at a water-decane interface and at an aqueous-two-

Figure 5.1: Study of dynamic wetting of single particles at a fluid-fluid interface, by out-of-plane rotation. (a)
A magnetic particle with radius R is trapped at a fluid-fluid interface; optical labels (e.g. fluorescent nanopar-
ticles) on the particle surface allow for orientation tracking. The magnetic moment 7 and magnetic field B are
aligned and normal to the interface. (b) In the presence of a magnetic field parallel to the interface the particle
experiences a torque. We define the particle angular orientation ¢p as the angle between the magnetic moment
and the vertical axis z. (¢) Coordinate system for the tracking of the 3D rotation of a particle. The particle-fixed
coordinate system x’y’z" is rotated according to the extrinsic rotation matrix of eqn (5.5). As an example we
show a rotation with Euler angles ¢ = —15°, 6§ = —30°, and ¢ = 0°. (d) Scanning electron micrographs of a
33 um ferromagnetic particle used for this study. The particle (large image) has a polystyrene core, on top of
which chromium dioxide crystals are deposited to make them ferromagnetic (enlarged image). The scale bars
are 10 um and 1 um in the large and enlarged image respectively. (a) and (b) have been adapted and reprinted
from Ref..** Copyright (2015), with permission from Elsevier.

phase-system (ATPS) interface, which represents a high-surface tension interface and a
low-surface tension interface respectively. From the study of the particle angular orien-
tation as a function of time we observed different behaviors depending on the particle
surface properties and on the fluid-fluid interface used. We interpret the results with a
model that includes dissipative effects due to contact line friction and elastic contribu-
tions due to interface deformation.
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5.2 Materials and methods

5.2.1 Preparation of fluid-fluid interfaces

We performed experiments of out-of-plane rotation of particles at a fluid-fluid interface,
for two material systems. A water-oil interface was prepared using decane as the oil phase
(Sigma-Aldrich), as received from the supplier, and ultra-pure water (resistivity > 18.2
MQ-cm) as the aqueous phase. An aqueous-two-phase-system (ATPS) interface was pre-
pared by mixing 8 w/w% of polyethylene glycol (PEG, m,, = 7000 — 9000 Da, BioUltra,
Sigma-Aldrich) and 15 w/w% of dextran (Dextran from Leuconostoc spp., m,, = 450—650
kDa, Sigma-Aldrich) in ultra-pure water. The weight percentage is computed with respect
to the final weight of the mixture. The mixture was prepared in a plastic test-tube and the
interface was allowed to equilibrate overnight. The system phase separates, with a bottom
phase that is rich with the more hydrophilic and denser dextran phase, and a top phase that
is rich with the less dense and more hydrophobic PEG.?>*22* The bottom phase was care-
fully extracted from a pierced hole at the bottom of the test tube, while the top phase was
extracted using a pipette. The two phases were then centrifuged at 5000 r.p.m. for 15 min
to remove counter-polymers excessively dissolved in each phase. The stock solutions of
PEG and dextran phases were stored at 4°C.

We created a flat water-oil interface using a custom made fluid cell, with a design
similar to the one shown in Chapter 3 (see section 3.A). The fluid cell consists of two
circular aluminum rings. The outer ring, with a bottom hole to host a glass coverslide
(19 mm diameter, Thermo Scientific™), contains the inner ring with a central hole with
sharp edges where the bottom phase pins. Prior to any measurement all the fluid cell
components (inner rings and glass cover slides) were washed in a sonic bath for 10 min
first in acetone and then in isopropanol, ethanol (Sigma Aldrich), and finally in ultra-pure
water. For creation of a fluid-fluid interface, the top phase is gently deposited on top
of the bottom phase. For a water-oil interface, we dispersed magnetic particles in the
aqueous phase and brought the particles to the interface by shortly applying a vertical
magnetic force with a permanent magnet. For an ATPS interface, particles were gently
deposited in close proximity of the interface from the top phase, which then sedimented
to the interface by gravity. The particles remained at the interface for the whole duration
of the experiments. The position of the particles within the fluid cell was determined by
the position of the focal plane of the microscope with micrometer accuracy.

5.2.2 Particle functionalization

We performed out-of-plane rotation experiments using ferromagnetic particles with a di-
ameter of about 33 um (CFM-300-5 carboxylic acid, ferromagnetic, nominal size 28—-34.9
um, Spherotech). The particles were used both with the as-supplied surface functional-
ization (carboxyl-coated, which we abbreviate for convenience with FM-C), and with a
surface functionalization using Protein G (Thermo Scientific, FM-G), tryptophan (Sigma
Aldrich, FM-T) and with fluorescent nanoparticles (FluoSpheres, Invitrogen, biotiny-
lated, yellow/green, 0.2 um diameter; FM-FL-G).

We used EDC-NHS chemistry to functionalize carboxylated particles with FM-G
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and FM-T. Particles were washed twice with 25 mM 2-N-morpholinoethanesulfonic acid
(MES) at pH 5. To activate the carboxylic groups, the particles were suspended in 50 uL of
25 mM MES buffer containing 50 mg/mL of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and 50 uL of 25 mM MES buffer containing 50 mg/mL of N-Hydroxysuccinimide
(NHS), and incubated at room temperature for 30 min with slow tilt rotation. The excess
of EDC and NHS were removed by washing the particles twice with MES buffer. Then,
the surface of the particles were functionalized by adding 100 uL of 25 mM MES buffer
containing ~ 1 uM of ligand (e.g. protein G and tryptophan) and incubating the solu-
tion for 2 hours at 4°C under slow tilt rotation. To quench the reaction, the supernatant
were removed and the particles were suspended in 100 uL. of 150 mM phosphate buffered
saline (PBS) solution at pH 8 containing 50 mM of ethanolamine for 1 hour. Finally, the
particles were washed in PBS buffer containing 0.5 w/w% of BSA and 0.01 w/w% of
Tween 20. All the chemicals were provided by Sigma Aldrich.

To functionalize particles with fluorescent nanoparticles (FM-FL-G), we used a two
step protocol. We first functionalized the particles with anti-biotin IgG antibodies by
incubating the particles for 50 min (1:40 volume) with a 150 mM PBS solution (7.4 pH)
containing 13 pM anti-biotin IgG antibodies, 1 mg/mL of BSA and 0.01 w/w% of Tween
20. Then, an excess of biotinylated fluorescent nanoparticles were added to the solution
for 20 min, which specifically bound to the antibody on the surface of the particles.

Prior to experiments, ferromagnetic particles were magnetized by applying a magnetic
field of at least 100mT using a set of Helmoltz coils, enough to overcome the coercive
magnetic field of the particle.

5.2.3 Out-of-plane rotation of particles

When a particle with magnetic moment 77 is exposed to a spatially uniform magnetic field
B, it exerts a torque, according to the equation

Z=mxB (.1

Equation (5.1) shows that the torque will drive the magnetic moment to align with the
direction of the applied magnetic field, as sketched in Fig. 5.1a,b. If a uniform and
rotating magnetic field is applied with the rotation axis in the xy-plane, e.g. along the y-
axis (Fig. 5.1b,c), then the particle surface is rotationally displaced across the fluid-fluid
interface, with a portion of surface moving from phase 1 to phase 2, and another portion
of the surface going from phase 2 to phase 1, so called out-of-plane rotation.

In order to reconstruct the trajectory of a magnetic particle subjected to an exter-
nal magnetic field, it is necessary to track its translational and rotational motion. The
translational in-plane motion of a particle (xy-plane) can be resolved with microscopic
techniques. A translational motion may be present due to magnetic field gradients or fluid
flow within the sample. For particles larger than the spatial resolution of the microscope,
a common approach is to filter the image with a convolution kernel representing a theo-
retical image or a template image of the particle.?” Then, the center is determined from
the location of the maximum intensity of the convoluted image. An alternative approach
is to use the Hough transform,% an algorithm that looks for a set of pixels belonging to
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the same geometrical object (e.g. the circular shape of a particle in a 2D image), which
was already introduced in Chapter 3. This approach has the advantage to be robust to
fluctuations of pixel intensity and noise in the image data, and to the close proximity of
other particles. The translational out-of-plane motion of particles (z-axis) can be deter-
mined using holographic imaging, where the z position is determined from the fitting of
a diffraction image of the particle using a Mie-scattering model (e.g. see Fig. 2.4a of
Chapter 2).°! In experiments performed at a fluid-fluid interface, the vertical motion of
particles is usually limited to a few nm due to the strong interfacial forces (see Chapter 2),
so that it is not necessary to track the z displacement in out-of-plane rotation experiments.

The rotational motion of a particle can be resolved if optical features are present on its
surface. A common strategy is to couple fiduciary markers on the surface of the particles,
such as with fluorescent nanoparticles as sketched in Fig. 5.1a,b.8%89 In the following,
we will describe the theoretical framework as proposed by Irmscher et al.®® The xy po-
sition of nanoparticles below the diffraction limit (= 200 nm) can be determined using
centroid-tracking algorithms,®” or by fitting the nanoparticles intensity profile with a two-
dimensional Gaussian, a common approach used in super-resolution imaging techniques
such as STORM and PALM.??> The z position of the nanoparticles can be determined
indirectly by assuming a spherical geometry of the particle, so that

e=|R+r? - (X -0 - (Y- y)2]% (5.2)

where (X, Y) and (x,y) are the center of the magnetic particle with radius R and of the
nanoparticle with radius r respectively. Finally, the set of locations found in all the frames
are correlated with an algorithm based on spatial and temporal correlation, so that the
trajectory of each single nanoparticle is reconstructed.®’” We can then write the location
of the n nanoparticles present at frame i with the matrix

xil x!
xi = [y! ¥ (5.3)
z z

1

The nanoparticles on the surface of the particle represent a particle-fixed coordinate sys-
tem, so that their locations can be used to map the rotation R; from frame i to frame i + 1
as

Xis1 = Rixj (5.4)

According to Euler’s theorem, the rotation matrix R can be described by three successive
rotations around the three coordinate system axis x, y and z, with angles , 6 and ¢
respectively (see Fig. 5.1c¢).

In this framework, we consider extrinsic rotations, so that the elementary rotations
occur around the axis of the fixed coordinate system xyz, as described in Fig. 5.1c. In this
way, the rotation of the particle-fixed coordinate system x"y’z" is described by the matrix

R = R,R/R, (5.5)
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Usually the rotation matrix R cannot be determined by inverting eqn (5.4), as uncertainties
in the locations of the nanoparticles are usually present. An alternative approach is to
compute the rotation at the i-th frame R; by solving the nonlinear least-squares problem

E = |lxis1 — Rixill® (5.6)

Due to the nonlinearity of the problem, eqn (5.6) might not converge to a global minimum.
To tackle this problem, the amplitude motion of the Euler angles could be restrained using
the a priori knowledge of the actuation sequence used for the experiments.

5.2.4 Experiments

In the previous section, we described a general framework to perform out-of-plane rota-
tion experiments, where fluorescent nanoparticles coupled to the surface of the particle are
used to reconstruct the rotation of a magnetic particle under the influence of an external
magnetic field.

In order to resolve the 6 degrees of freedom of the motion of a particle, it is necessary
to visualize in the same image both the fluorescence particles as well as the outline of the
larger magnetic particle. This requires to simultaneously combine fluorescence imaging
and bright field imaging. In a conventional upright microscope (e.g. a Leica DM6000 B,
the one used in this study), fluorescence imaging is obtained using a filter cube, mounted
between the light source and the microscope objective, that allows only the light emitted
from the fluorescent nanoparticles to reach the detector. However, most of the light from
the excitation source (Leica EL6000) is blocked by the narrow bandpass filter of the filter
cube, and the outline of the particle may not be visible. To circumvent this problem,
transmitted light field microscopy can be used, but it requires the optical path of the
microscope to be clear from any light-blocking object.

Out-of-plane rotation experiments can be performed by modulating the magnetic field
between directions normal and parallel with respect to the plane of the interface (see Fig.
5.1a,b). With the electromagnet setup described in Chapter 3, horizontal and vertical mag-
netic fields can be obtained in principle using only 2 electromagnets (see Fig. 5.2a). This
configuration has the advantage that transmitted and reflected light can be used simulta-
neously, thus allowing to combine in one image both bright field and fluorescent imaging.
However, this configuration limits the magnitude of the applicable magnetic fields and
introduces relatively strong magnetic field gradients towards the pole tips. With the ad-
dition of a bottom magnet (see Fig. 5.2b), higher magnetic fields are applicable with
reduced field gradients. However, this configuration limits to the use of only reflected
light microscopy as the bottom magnet blocks the optical path. As we will show in the
next section, high magnetic fields are required in order to overcome interfacial forces and
to observe particle rotation. Therefore, we choose the 3-electromagnet configuration for
our experiments (see Fig. 5.2b).

Particles were imaged with a total magnification of 40 X using an air objective. Flu-
orescent microscopy was used to visualize Protein-G coated magnetic particles labeled
with fluorescent nanoparticles (FM-FL-G, see section 5.2.2). We used a high density of
fluorescent markers in order to enhance the contrast of the large magnetic carrier (Fig.
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Figure 5.2: Setup for out-of-plane rotation experiments. An out-of-plane rotating magnetic field can be gener-
ated using (a) two or (b) three electromagnets.

5.3a), as the imaging system was limited to only one light source (see Fig. 5.2b). Dark
field microscopy was used to image particles functionalized with carboxylic acid (FM-
C), protein G (FM-G) and tryptophan (FM-T) (Fig. 5.3b), as no fluorescent tags were on
the surface of the particle. The scattered light due to structures on or in the particle (see
Fig. 5.1d) were sufficient to determine the rotational motion.

We performed out-of-plane rotation experiments utilizing the sequence shown in Fig.
5.3c. The rotation is performed around the y-axis with a sinusoidal modulation. With this
actuation protocol, we can describe the particle rotation with the angle ¢p between the
particle dipole moment and the position of the particle at equilibrium, which we assume
to be aligned with the z-axis (see Fig. 5.1a,b).

5.3 Results

5.3.1 Water-decane interface

We performed out-of-plane rotation experiments at a water-decane interface using parti-
cles coated with protein G and labeled with fluorescent nanoparticles (FM-FL-G, Fig.
5.3a). Particles were positioned at the interface using a cylindrical permanent magnet,
so that the magnetic moment is oriented normal with respect to the plane of the interface
(Fig. 5.1a). Particles exposed to an external rotating magnetic field (Fig. 5.3c), did not
show out-of-plane rotation. Only an in-plane rotation was observed. A small deviation
of the magnetic moment from normality with respect to the plane of the interface would
result in an in-plane component of the magnetic moment. This would be enough to apply
a torque and rotate the particle in the plane of the interface.

We performed experiments at a lower surface tension of the water-decane interface by
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Figure 5.3: Actuation protocol for out-of-plane rotation experiments. (a) Fluorescence imaging (FL) of a 33 um
ferromagnetic particle functionalized with protein G and 200 nm fluorescent nanoparticles at a water-decane
interface. The bright spots correspond to the fluorescent light from the nanoparticles. (b) Dark field (DF)
imaging of a 33 um ferromagnetic particle functionalized with protein G at a PEG-DEX interface. The brighter
spots correspond to the scattered light due to structures on or in the particle. Scale bars correspond to 10 pm.
(c) Rotation of an external magnetic field expressed with Euler angles as defined in eqn (5.5).

adding different concentrations of an anionic surfactant (sodium dodecyl sulphate, SDS,
Sigma Aldrich) in the aqueous phase. Again, the results showed no out-of-plane rotation
motion, suggesting that interfacial forces dominate over magnetic forces.

5.3.2 Aqueous two-phase system

Experiments performed at a water-decane interface showed that an external magnetic
torque is not sufficient to induce an out-of-plane rotation of the particle. A water-decane
interface has a high energy density (~ 10 kzT/nm?). An interesting alternative is to use
aqueous-two-phase system (ATPS) interface, which represents a low-surface tension sys-
tem.

ATPS interfaces, such as the one obtained by mixing polyethylene glycol (PEG) and
dextran (DEX), have been previously used to partition macromolecules such as proteins,
nucleic acids and cells organelles in one of the two phases.?”® The driving mechanism
of phase separation is determined by the interactions between the monomeric units of
the two polymer used, where a small repulsion between the units of different polymers
is sufficient for phase separation.??’ If a macromolecule, e.g. a protein, is added to the
mixture, it will partition in one of the two phases depending on several factors, such as on
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its charge, the ionic composition of the phase system and type and molecular weights of
the polymers. Liu ef al. recently measured the surface tension of an ATPS system using
a spinning drop tensiometer.”?® The authors found that the surface tension depends on
the mass fraction of the polymer used, with values ranging from 10~7 to 10~* N/m, which
corresponds to an energy density of ~ 1073 — 1 kzT/nm?.

We performed out-of-plane rotation experiments using particles functionalized with
protein G, tryptophan and with the as-supplied carboxylic acid surface. Particles were
deposited at a PEG-DEX interface (see section 5.2.1) and thereafter exposed to an exter-
nal rotating magnetic field, with an orientation as described in Fig. 5.3c. Particles were
imaged using dark field microscopy (Fig. 5.3b), since no fluorescent nanoparticles were
used to label the surface of the particle. The motivation of this particular choice is twofold.
From a fundamental standpoint, we wanted to compare the motion of particles with a dif-
ferent surface functionalization. The presence of nanoparticles would have altered the
surface properties of the magnetic particle depending on the surface properties and the
density of the nanoparticles. From an experimental standpoint, the labeling of the mag-
netic particles would have required different chemical strategies depending on the desired
final surface chemistry, which was out of the scope of the present study. Although no tags
were present, it was possible to track the particle rotation by observing the scattered light
from the irregularities of the surface of the particles. However, the lack of reference points
on the surface of the particle complicated significantly the development of an image pro-
cessing algorithm for automated tracking of the particle trajectory. Therefore, the fixed
locations on the surface of the particle were determined by a manual visual analysis of the
recorded images. We determined the position of three fixed points on the surface of the
particle at frames i and i + 6¢. Then, the tracked points were used to calculate the rotation
matrix R using eqn (5.6). The errors associated to the estimate of R were determined from
the fitting routine. The trajectory was then computed by summing each incremental step
between the measured points. In this way, the error of the estimated rotation propagates
through the measurement times (see the increasing error bars in Fig. 5.4). Nonetheless,
this method provided a good estimate of the particle rotation trajectories (Fig. 5.4).

The results in Fig. 5.4 show an out-of-plane rotation that is in phase with the exter-
nal applied magnetic field for all the particles. The maximum amplitude motion of the
particles depended on the surface functionalization. The trajectory of the FM-C function-
alized particle shows a maximum amplitude motion of ¢p =~ 120°, which exceeded the
maximum angular difference used for the experiments of App = 90° (see Fig. 5.3c). This
extra rotation can be explained with a magnetic moment of the particle not aligned with
the initial direction of the external magnetic field.

5.4 Discussion

In the previous section, we observed that the out-of-plane rotation of a particle under the
influence of an external magnetic torque is dependent on the fluid-fluid interface used
and on the surface functionalization of the particle. For a water-decane interface we did
not observe any out-of-plane motion. For a PEG-DEX interface we observed out-of-plane
rotation, with an absolute amplitude motion that depended on the surface functionalization
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Figure 5.4: Results of out-of-plane rotation experiments for particles at a PEG-DEX interface (see section 5.2.1).
Experiments were performed using particles functionalized with carboxylic acid (FC-C), protein G (FC-G) and
tryptophan (FC-T). An external magnetic field is applied according the actuation sequence of Fig. 5.3c, so
that the rotational axis of the magnetic field is parallel to the plane of the interface and aligned with the y-axis
of the image coordinate system (see Fig. 5.1c). We define the particle orientation ¢p and the magnetic field
angular orientation ¢p as the angle that the magnetic moment and the magnetic field forms with the vertical axis
z respectively.

of the particle. In this section we propose a model to describe particle rotation at a fluid-
fluid interface. We then discuss our experimental findings and we propose experiments to
further investigate wetting phenomena of single particles at fluid-fluid interfaces.

In Fig. 5.1a,b we sketched how contact angle and interface deformation might play
a role in particle out-of-plane rotation under the influence of an external magnetic field.
From such experiments, we expect to observe different behaviors (Fig. 5.5a). First, the
particle will deform the interface (region I) until the torque is sufficient to overcome the
contact-line pinning, which depends on the particle surface properties and fluid surface
tension (see Chapter 2). Then, for higher torques we expect a displacement of the contact
line at different rotational speed (regions II and III). These experiments represent the ana-
logue of dynamic wetting experiments performed on planar substrates (see section 2.2.5
of Chapter 2), but now performed on colloidal particles trapped at a fluid-fluid interface.

We describe the torque applied to the particle with the equation

- - - -
T8+ Tint + Thydro + Tel = 0 5.7

where 7p is the magnetic torque due to the external magnetic field B as defined by eqn
(5.1). The magnetic torque is opposed by the interfacial torque 7;,, due to interface de-
formation, the hydrodynamic torque Ty, and the torque generated by the contact line
friction 7,;. In the following we will describe the different components of eqn (5.7).
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Figure 5.5: (a) Sketch of hypothetical outcome of an out-of-plane rotation experiment. Particle orientation as a
function of time, for increasing applied torques. Below a wetting threshold, the particle deforms the interface but
cannot freely rotate, so the magnetic moment cannot align with the field (region I); above the wetting threshold,
dynamic wetting takes place and the three-phase contact line is displaced over the particle (regions II and III). (b)
Snapshot of a numerical simulation of a particle at a fluid-fluid interface exposed to a constant torque mimicking
a rotating magnetic field. The deformation of the interface due to the interactions between particle surface and
fluids can clearly be observed. Figures have been adapted and reprinted from Ref.,>* copyright (2015), with
permission from Elsevier.

5.4.1 Torque required to deform a fluid-fluid interface

Let’s assume that the three-phase contact line of a particle trapped to a fluid-fluid interface
is pinned to the surface of the particle. If the particle is rotated with an angle ¢p (as
sketched in Fig. 5.1b) the interface will deform in a dipolar shape.'*!'#?> This shape
is determined by the boundary conditions imposed by the Young’s equation and can be
described by V2 = 0, which can be solved for the interface height / using a multipolar
analysis, as described in section 2.3.4 of Chapter 2.%

The torque required to induce such a deformation is related to the surface free energy

AE with the equation
»
AE = f Tinedp (5.8)
0

The modeling of the shape of the interface and of the position of the contact angle for an

arbitrary deformation is rather complex and there is no exact analytical expression.
Recently Xie et al. derived an analytical solution for the free energy associated to

the dipolar deformation of a fluid-fluid interface around a Janus particle, as a function of
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particle orientation.'*? A symmetric Janus particle is characterized by a hydrophilic and
a hydrophobic hemisphere. When each of the hemispheres is immersed in their favourite
fluid phase (e.g. water and oil), the particle is strongly bound to a flat interface. Due to
this high binding affinity, the contact line is strongly pinned along the line joining the two
hemispheres, so that when the particle is rotated the interface will deform without the slip
motion of the three-phase contact line.

The particles used in this study have a homogeneous surface functionalization. How-
ever, the contact line may be pinned to surface heterogeneities of the particle (e.g. chemi-
cal or surface roughness as shown in Fig. 5.1d). Therefore, in order to estimate the torque
required to deform the interface, we use the result from Xie et al. in the limit of small tilt
angles (¢p < 30°) of the particle:

Ting o€ — = myR*a (5.9)

where « is the angle between the plane of the interface and the maximal interface height
at the contact line (see Fig. 5.1b). Here, « is expected to vary between 0° — no interface
deformation — to a maximum deformation & = |6p — 64| — the moment the contact line
starts to move on the surface of the particle. Therefore, @ depends on the history of
the particle motion. Interestingly, eqn (5.9) shows that the dipolar deformations of the
interface can be described as a torsional spring, with a torsion coefficient that depends
on the product of the square of the radius R and the surface tension y. This result was
obtained in the limit of small interface deformations and for a system in thermodynamic
equilibrium.

In Fig. 5.6 we show calculations of the torque required to deform a fluid-fluid in-
terface as a function of surface tension and different particle radii using eqn (5.9). The
permanent magnetic moment of the ferromagnetic particle used in this study (CFM-300)
is not known. As a lower limit, we use the value of the magnetic moment of smaller
ferromagnetic particles (CFM-040, Spherotech) that are produced in the same way as the
larger particles. As an upper limit, if we assume that the magnetic moment scales linearly
with the amount of chromium dioxide on the surface of the particle, we estimate a max-
imum torque that is 2 orders of magnitude larger than the CFM-040, Tcry—-300 = 10°13
Nm/rad. This estimation suggests that out-of-plane rotation experiments could be in prin-
ciple performed using an interface with a maximum surface tension of about 1 mN/m.
These results are in agreement with the lack of rotation observed for experiments of par-
ticles at a water-decane interface, where the surface tension is ~ 50 mN/m and interfacial
forces dominates over magnetic forces. Moreover, these calculations show that it is pos-
sible to deform the interface for particles at an ATPS interface, where the surface tension
is orders of magnitude lower as compared to a water-decane interface.??®

5.4.2 Dissipative contributions to the rotation of a particle at a fluid-
fluid interface
In eqn (5.7) there are 2 terms associated with dissipative effects that oppose to the rotation

of the particle: the hydrodynamic torque T4y, and the torque associated to the contact
line friction 7.;. While the latter contribution is present only when the particle starts to
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Figure 5.6: Torque required to deform a fluid-fluid interface as a function of surface tension. Calculations were
performed using eqn (5.9).'4? We show calculations for particles relevant for this thesis, namely M270 (R = 1.4
pum, m ~ 2 - 10710 Am?, van Reenen et al.%%), CFM-040 (ferromagnetic, R = 2.2 um, m ~ 2.2 - 10713 Am2,
Irmscher et al.%%) and CEM-300 (ferromagnetic, R = 16.5 um, assumed m ~ 10~'"" Am?). The dashed lines are
the maximum torque that can be applied to M270 particles (black line), to 4.4 um ferromagnetic particles (red
line), and assumed for 33 um ferromagnetic particles (blue line) for a magnetic field with magnitude 36 mT.

rotate, the former contribution is always present. For a spherical particle rotating in a
fluid with shear viscosity 1, the hydrodynamic torque is related to the Stokes drag with
the equation

N

7_-’hydro = 87rcdragnR3d_¢ (510)
dt

where Cypqe > 1 for a particle in the vicinity of a solid substrate.!*® For a particle ro-
tating at a fluid-fluid interface the rotational drag coefficient is not known and depends
on the non-trivial flow field around the particle, which might be further complicated by
an asymmetric interface dipolar deformation. Moreover, if one of the two phases or both
behaves as a viscoelastic fluid, eqn (5.10) is not valid anymore and the drag coefficient
would depend on the frequency or on the history of deformation.

When the applied torque is large enough to overcome the contact-line pinning energy,
the particle will start to rotate and contact line friction forces will oppose the particle
rotation. According to the molecular kinetic theory presented in section 2.2.7 of Chapter
2, the motion of the contact-line can be described by a stochastic process that depends
on the energy landscape provided by the atoms of the substrate. This process can be
approximated by a friction force that depends linearly on the contact-line velocity (see
eqn (2.10) of Chapter 2). According to the molecular kinetic theory, we can approximate
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the torque due to contact line friction as

d d
T = fcled—(';J f(r,6p) = Ko - d—f ~ y(c08 Oeq — cosbp) -1 - R - f(r,0p) (5.11)

where Rdy/dt is the tangential velocity, f; is a friction coefficient (with units Ns/m), [ is
the contact line perimeter and f(r, 8p) is an adimensional function that is expected to be
dependent on the radial dipolar deformation of the meniscus around the particle.

Under these assumptions, the dissipative effects of a particle rotating at a fluid-fluid
interface could be described by a linear dependence on the rotational velocity dy/dt of
the particle, with a coefficient K.; = f.;-[-R- f(r,6p). In Fig. 5.7 we show calculations of
the particle angular orientation under the influence of an oscillating magnetic field using
eqn (5.1), eqn (5.10) and eqn (5.11). These calculations show that an increasing value of

1

‘ A (b)

—
(2]
~—

-~ 0 | . 0
(@) \ I 1
% \ I ! —
I I

= 1) ' ', K,=210%F T
o \ ! ! c o O
= 1 I _ -15 =
i \ A K, =410 c
2 459 ! {g \ / f ‘ --45 -og Rel
c \ ! \ ' K|=8-10'15 [T
g \ / \ 1 ¢ % E
5 Y : \ / [Nms] S O
@ \ \ / € <
= \ / \ o
%‘ -90 A N - S - --90
Q_ T T T

0 5 10

time (s)

Figure 5.7: Dissipative contributions to the out-of-plane rotation of a particle at a fluid-fluid interface. (a) A
magnetic particle is at rest at the interface, with the magnetic moment 77 aligned with the external magnetic field
B. (b) The particle rotates under the influence of an external magnetic torque (eqn (5.1)). The rotation of the
particle is opposed by friction forces as described by eqn (5.10) and eqn (5.11). Interfacial deformations are
neglected, so that 6p = 6,,. (¢) Particle orientation ¢p as a function of time for different values of K.; (Nms).
Calculations were performed by considering B = 20 mT, m = 2.2- 1073 Am? and R = 16.5 um.

the effective friction coefficient (either hydrodynamic drag or contact-line friction) results
in an increase of the phase lag between the orientation of the applied magnetic field ¢p
and the orientation of the particle ¢p. Moreover, also the amplitude motion is reduced, as
the particle cannot follow the rotation of the oscillating magnetic field.
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5.4.3 Interpretation and discussion

In section 5.3 we showed that when a particle at a water-decane interface is interrogated
with an external magnetic torque, no out-of-plane rotation was observed. According to
the model described by eqn (5.9), the applied external torque is not sufficient to overcome
interfacial forces (Fig. 5.6). For particles at a PEG-DEX interface, we observed out-of-
plane rotation. Here, the low surface tension of the interface reduces greatly the magnetic
torque required to overcome interfacial forces (Fig. 5.6).

Several experimental issues limited the analysis of the out-of-plane rotation motion
for experiments performed at a water-decane interface. First, the presence of a relatively
large translational motion of the particles limited the measurement time as the particles
diffused away from the field-of-view. Due to the configuration of the magnetic setup
(Fig. 5.2), magnetic field gradients are present along the plane of the interface, with an
intensity that increases closer to the pole tips of the electromagnets. The high magnetic
content of the ferromagnetic particles used in this study, combined with a low interfa-
cial viscosity of a water-decane interface,”® would be enough to generate speeds up to
a few pum/s in the experiment. Moreover, a translation motion might occur for slightly
deformed interfaces due to gravity, or if convection is present within the fluid cell. Sec-
ondly, this translational motion limited also the maximum magnification applicable, as
higher magnifications would further limit the field-of-view. This in turn translates in a
poorer resolution of the magnetic particles. The addition of surfactant had the side effect
to strongly reduce the adsorption of particles at interface as the result of a steric barrier
for adsorption.

Results of experiments performed at a PEG-DEX interface (Fig. 5.4) show that all
the motion trajectories are in phase with the applied magnetic field, with a maximum
amplitude motion that depends on the surface properties of the particle. According to
the model proposed in the previous section, a description of the motion based only on
dissipative effects (see eqn (5.10) and eqn (5.11)) predicts that an increase of the overall
friction force would decrease the maximum amplitude motion of the particle, but would
also introduce a significant phase lag between the direction of the applied magnetic field
¢p and the orientation of the particle ¢p. The data of Fig. 5.4 show that within the
resolution of the experiments there is no significant phase lag between the trajectories and
the orientation of the magnetic field. This suggests that other contributions to the out-of-
plane rotation of particles might be present, such as an elastic deformation of the interface
as described by eqn (5.9).

We can interpret qualitatively the difference in the maximum amplitude motion be-
tween different coated particles. The ATPS interface has been used to partition macro-
molecules, e.g. proteins, where the partition coefficient depends on the relative affinity
of the macromolecule with one of the two phases. In our experiments, a different surface
functionalization might translate in a different contact angle. This in turn would translate
in a different contact line perimeter, hence a different contact line friction (eqn (5.11)).
Moreover, the magnitude of the dynamic contact angle is expected to depend on the parti-
cle surface properties, thereby changing the contribution of the elastic deformation of the
interface (eqn (5.9)).
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In order to be able to fully capture the dynamics of particle rotation, further research
is required. In particular, it is necessary to understand how the rotational frequency of the
particle, the magnitude of the external torque, the history of the interface deformation and
the motion of the contact-line are related to each other in a time-dependent fashion. In the
following we propose experimental and numerical approaches that might help to tackle
some of these issues.

From an experimental perspective there are several avenues that could be undertaken
in order to get a deeper insight in the rotation dynamics of particles at fluid-fluid interface.
For example, (i) an external torque could be applied to induce small rotations of the
particle. After removing the external field, the relaxation to the equilibrium position could
be measured, thus revealing the elastic response of the interface. For a particle with radius
R =16.5 um, an angular displacement Ag = 1° would correspond to a displacement of a
fixed point on the surface of the particle of about 0.3 um in the xy-plane of the image of the
particle, which correspond to a resolution that can be easily resolved with conventional
microscopy. (ii) The particle could be further rotate so that the contact-line would start to
slip on the surface of the particle. This experiment, combined with the results obtained in
(1) could be used to extract information about the contact-line pinning. (iii) The rotation of
the particle at different frequencies might help in understanding the underlying physical
mechanism of wetting, thus testing the validity of the proposed eqn (5.11). (iv) Finally,
wetting could be studied as a function of full revolutions of the particles, so that hysteresis
effects might be revealed.

In order to be able to perform the proposed experiments, some experimental features
need to be improved. The success of these experiments relies on the ability of tracking
accurately the 3D rotation of particles. The use of external fluorescent tags might limit
the flexibility of surface functionalization, both chemical and topological. An envisaged
strategy would be to produce particles with embedded optical anisotropies in the core
of the particle, so that it would not affect the outer surface properties. Moreover, the
availability of particles with a tailored surface roughness would help to disentangle the
contribution of topological and chemical surface features to both the contact line friction
at hydrodynamic contribution to the rotation of the particle. Finally, the force needed to
drive particles out of equilibrium depends a.o. on the presence of contact line pinning
and surface tension. A water-decane interface has a surface tension of roughly 50 mN/m,
or 10 kzT/nm?, which represents a large energy density. Therefore, to make all modes
of particle motion accessible in a magnetic tweezers experiment, it is preferred to have
high magnetic fields and particles with high magnetic moments available, ideally with a
wide variety of particle surface properties such as roughness and surface functionaliza-
tion. With this available, contact-line pinning energies and contact angle hysteresis can
be quantified as a function of microscale surface features, for example, roughness and
chemical properties, and different combinations of fluids. The quantification of the defor-
mation of the interface for a known torque can be used to determine the surface tension,
or to study capillary-dipole interactions. Moreover, wetting dynamics can be studied on a
microscale level for different Capillary numbers, and a large number of parameters.

These experiments can be accompanied by computer simulations. For example, Razavi

et al.'®” use molecular dynamics simulations to investigate the effect of localized features
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on the rotational dynamics of nanoparticles straddling a fluid-fluid interface, based on
Kramers’ model. They show the presence of long-lived metastable states where the parti-
cle remains locked in angular orientations. Alternatively, simulations based on combined
lattice Boltzmann and molecular dynamics methods can be applied.'** Fig. 5.5b shows
an example snapshot from such a simulation: a magnetic particle is trapped at a fluid-fluid
interface and a constant torque is applied. Due to the resulting rotation of the particle and
the interaction of the particle surface with the fluids, the interface deforms and the dy-
namic contact angle on the particle surface can be measured. The advantage of this kind
of simulations is that parameters such as surface tension, particle surface morphology and
time dependence of the magnetic field can be varied systematically and independently.

Another interesting approach is to use anisotropic particles. Although many experi-
mental studies have been done with spherical particles, computer simulation on particles
with different shapes (e.g. ellipsoids, cylinders, dumbbells, etc.), or surface properties
(e.g. Janus particles), or a combination of shape and surface properties (e.g. Janus ellip-
soids), reveal unique properties that may be exploited for particle self-assembly at inter-
faces or as a platform for the design of novel colloid-based materials.

5.5 Conclusions

The equilibrium shape of a fluid interface and the displacement of a fluid over a surface
are the result of fluid molecules interacting with another phase. The specific proper-
ties of the involved fluids and surface result in macroscopic effects which are typically
characterized by experimentally accessible parameters such as viscosity, surface tension,
wetting speed and dynamic contact angle. However, these parameters give only indirect
information about the underlying microscopic and molecular-scale processes, and this in-
directness complicates the development and validation of model descriptions. Studying
the wetting of single colloidal particles trapped at fluid-fluid interfaces may offer novel
avenues, where small scale effects are dominant and quantitatively observable.

In this Chapter we have presented a novel methodology to study dynamic wetting on
single colloidal particles at fluid-fluid interfaces. Particles were interrogated with an oscil-
lating out-of-plane magnetic field. Experimental results showed that the particle angular
orientation depended on the surface tension of the interface and on the particle surface
properties. We discussed the results in relation to a model that includes elastic contribu-
tions due to interface deformation and dissipative effects due to contact line friction.

The novel experimental approach reported in this Chapter opens new avenues to study
dynamic wetting at the microscale. With single particle based methodologies, pinning en-
ergies and wetting hysteresis may be studied as a function of morphological and chemical
surface features for particles at different fluid interfaces, in order to test different mod-
els under a wide range of parameters. The quantification of interface deformation for a
known torque can be used to quantify surface tension, or to study capillary-dipole inter-
actions. Moreover, wetting dynamics can be studied on a microscale level for different
Capillary numbers and fluids. Computer simulations based on combined lattice Boltz-
mann and molecular dynamics methods'*> might be used to complement experiments
since they allow to model the impact of varying molecular interactions or microscopic
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surface properties such as roughness, elasticity, charges, or hydrophobic/hydrophilic in-
teractions individually.

These experimental approaches in combination with numerical tools should help sci-
entists and engineers to tackle a wide range of challenges that require to be predictive
and to have exquisite control on the wetting behavior at different spatial and temporal
scales. We expect that the resulting understanding and materials control should lead to
novel bottom-up approaches in the field of colloidal self-assembly and novel particle-
based concepts for miniaturized (bio)analytical tools.






Conclusions and Outlook

6.1 Introduction

The aim of the work presented in this thesis was to develop new methodologies using
magnetic particles in order to capture different wetting phenomena occurring at fluid-fluid
interfaces. In particular, we focused on the study of microrheology, capillary interactions
between particles and dynamic wetting of single particles at fluid-fluid interfaces. In this
concluding Chapter we synthesize the main findings regarding each topic and propose
future prospects.

First we review the reasoning for using magnetic particles at fluid-fluid interfaces.
Magnetic particles are nowadays available in a wide range of sizes, material and optical
properties, and offer many bio-functionalization options, thus making them suited to study
a wide range of material systems and applications.'> Moreover, magnetic tweezers have
the advantage of low interference, because organic materials are fully permeable and in-
sensitive to magnetic fields. In this thesis, we developed methodologies based on the use
of two classes of magnetic colloids at fluid-fluid interfaces, namely superparamagnetic
and ferromagnetic particles. We summarize some of the key features of using magnetic
particles that helped us in developing the experimental work described in this thesis.

(i) Actuation properties. In the presence of an external magnetic field, superparamag-
netic particles acquire an induced magnetic dipole moment along the direction of the field.
When particles are in close proximity of each other, the resulting dipole-dipole force can
be used to displace particles over several micrometers in a few seconds and to apply well-
defined forces from a few pN to several nN, depending on the magnetic properties of the
particles and the source of the magnetic fields.®"'%° By alternating the orientation of the
magnetic field it is possible to induce magnetic separation and attraction, so called Intra-
Pair Magnetophoresis (IPM).'% The IPM approach was used in Chapter 3 to quantify the
drag coefficient of particles at a water-oil interface in the presence of polymer adsorbing
to the interface. In the absence of an external magnetic field, superparamagnetic particles
have no net magnetization. This allowed us in Chapter 4 to measure repeated motion
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trajectories of inter-particle capillary attraction. Ferromagnetic particles are characterized
by a permanent magnetic moment that can be used to exert a magnetic torque. This ap-
proach was used in Chapter 5 to study dynamic wetting of single particles at fluid-fluid
interfaces.

(ii) Surface properties. The surface of magnetic particles can be conveniently modi-
fied to study a wide range of material systems. In Chapter 3 we studied a material system
where polymers with positive charges interacted electrostatically with the negative sur-
face of magnetic particles at a water-oil interface. This in turn changed the affinity of the
particle to the oil phase and for a sufficiently high concentration of polymer the particles
transited into the oil-phase. The same principle was used in Chapter 4 to modulate the
particle contact angle, which then resulted in a change of capillary attractive forces. In
Chapter 5 we studied dynamic wetting as a function of particle surface functionalization.

(iii) Optical properties. Micrometer sized particles are directly accessible using video-
microscopy techniques,®”-8 which are used to visualize and reconstruct the translational
motion trajectories of particles (see Chapters 3 and 4). The rotational motion of parti-
cles can be determined by conveniently coupling optical features on the surface of the
particles, such as fluorescent nanoparticles®®%° (see Chapter 5).

6.2 Phenomena investigated using magnetic particles at
fluid-fluid interfaces

6.2.1 Interfacial micro-rheometry

Amphiphilic molecules, such as surfactants, proteins and certain polymers, have the ten-
dency to populate fluid-fluid interfaces due to their strong affinity to both phases. Upon
adsorption, the time-dependent evolution of the microstructure of the adsorbed species
is responsible for changes of the mechanical properties of the interface.®7-2%47-48 Stud-
ies of these processes require rheometry techniques that are suited for small amounts of
materials, small length scales, short and long timescales, and that are easy to use.

In Chapter 3 we used IPM to quantify interfacial drag coefficient of particles in the
presence of an amino-modified silicon polymer adsorbing to a water-oil interface. With
this method we were able to simultaneously record many particles in parallel over short
(~ s) and long (~ hours) timescales, and to measure drag coefficients spanning more than
three orders of magnitude (1077 to 10™* Ns/m). The results showed that the particle drag
strongly depended on polymer concentration, on time, and on the ionic strength of the
aqueous phase. Moreover, for a low ionic strength of the aqueous phase the rate at which
the drag increased depended on the initial polymer concentration, suggesting a history-
dependent ageing of the interface determined by the dynamics and interactions of the
adsorbed polymer at early stages.

The use of active microrheology allows one to measure higher interfacial viscosities
as compared to passive methods and has the potential to study the nonlinear rheological
response of the interface. Examples from literature include the use of rotating magnetic
micro-needles,®? oscillating probes driven by magnetic fields®* or optical tweezers.'3
The experiments performed in Chapter 3 showed that the response of the interface to the
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motion of magnetic particles was essentially Newtonian. Interestingly, for long polymer
adsorption times and small particle separations a very small deviation appeared, point-
ing to a nonlinear response of the interface. In these experiments large displacement
amplitudes were used, which might perturb an elastic structure forming at the interface.
Alternatively, the IPM technique may be applied with small amplitude oscillatory motions
and frequencies of tens of Hz, thus revealing viscoelasticity. Another interesting feature
of the IPM method is that particles can be separated and attracted, thus allowing to study
potential differences between interface elongation and compression.

Care must be taken when interpreting microrheology data obtained from the forced
motion of a probe, as different dynamic modes, e.g. shear and dilatation, could be mixed
in one single measurement.®’ Here, the interpretation of interfacial rheology depends on
the hydrodynamic model used.?®-%%:%° This could be further investigated by comparing
experiments of particle translation using IPM and particle in-plane rotation, using the
same setup described in this thesis.

Another known issue of particle-based microrheology is to obtain reliable data from
measurements performed on systems with a low Boussinesq number. The drag of a parti-
cle at fluid-fluid interfaces depends on the viscosities of the two fluids and on the particle
contact angle. At low Boussinesq number, the motion of the particle is dominated by the
sub-phase viscosity and changes of the particle drag coefficient may be caused by varia-
tions of the particle contact angle, thus providing only apparent rheological data.?6:36-67
To this purpose, variations of the particle contact angle could be determined by measuring
the vertical displacement of particles using holographic imaging,”! or by indirectly mon-
itoring changes of inter-particle capillary interactions, as proposed in Chapter 4. Another
approach would be to perform IPM experiments using magnetic particles with different
sizes, since an intrinsic material property like the interfacial viscosity must not depend on
particle size.

6.2.2 Inter-particle capillary interactions

The understanding and the control of inter-particle interactions at fluid-fluid interfaces
is of theoretical and practical interest. Electrostatic and capillary interactions are the
dominant forces between particles at fluid-fluid interfaces. Electrostatic interactions orig-
inate from the asymmetric distribution of charges on the particle surface across the inter-
face; capillary interactions are determined by interface deformations, where inter-particle
forces are driven by surface minimization.*’ The adsorption of particles to fluid inter-
faces may result in an irregular meniscus due to the pinning of the three-phase contact
line to surface heterogeneities, such as chemical or surface roughness.”’ This results in
long-ranged capillary forces associated to a quadrupolar deformation of the interface.®
In Chapter 4 we investigated inter-particle capillary forces at a water-oil interface in
the presence of strong polymer-induced ageing. To this aim we expanded the use of
IPM to record multiple motion trajectories of particle attraction. Pairs of magnetic parti-
cles were first separated by a few particle diameters by shortly applying an out-of-plane
magnetic field and then, after removing the field, the field-free motion trajectories were
recorded. This approach provided us with an independent quantification and a direct
correlation of the interfacial drag coefficient and the non-viscous inter-particle forces.
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The results showed that capillary forces depended on the initial polymer concentration.
Thereafter the polymer still contributed to changes of interfacial viscosity without further
changes of the attractive capillary forces. This suggests that the polymer dynamics at the
early stages of interfacial ageing is responsible for the equilibration of capillary forces.
The measured force is consistent with a model description based on quadrupolar defor-
mations of the fluid-fluid interface caused by particle surface roughness, and is modulated
by changes of the particle contact angle.

Current methods to study inter-particle capillary forces include particle tracking based
on video-microscopy’®74787 and optical tweezers experiments.**-3%-32 Qur method rep-
resents an interesting alternative where both conservative and dissipative effects can be
quantified and the motion of many particles can be recorded in parallel. For further stud-
ies it would be interesting to study inter-particle capillary force for particles with a tailored
surface roughness. The far-field interaction, i.e. for inter-particle separations greater than
several particle radii, is well described as a superposition of leading-order capillary mul-
tipoles, where the interaction is almost universally determined by the quadrupolar term
(see Chapter 4).3%7%-74 The near-field interaction is dominated by the shape details of the
undulated meniscus and the superposition approximation fails. The IPM method could be
used to study capillary interactions at different inter-particle separations by modulating
the repulsive magnetic force. Moreover, the coupling of optical features on the surface
of the particle would allow one to investigate the rotational dynamics at different length
scales. This knowledge will help scientists to understand the dynamics of colloidal self-
assembly and to predict new structures.

6.2.3 Dynamic wetting of single particles

The interactions between fluids and substrates are mostly described by macroscopic ob-
servables which are easily accessible, such as viscosity, surface tension and dynamic con-
tact angle. However, these parameters provide only an indirect description of the under-
lying microscopic and molecular-scale processes. Despite much research, a consensus on
the underlying physical mechanism of wetting is still a matter of debate.®® An attractive
alternative is to use micrometer sized colloidal particles trapped at fluid-fluid interfaces,
where small scale effects are dominant and quantitatively observable.

In Chapter 5 we proposed an alternative approach to study dynamic wetting of single
particles at fluid-fluid interfaces, where ferromagnetic particle were interrogated with an
oscillating out-of-plane magnetic field. Results showed wetting patterns that depended
on the particle surface properties and surface tension of the interface. We interpreted
these results with a model that includes interfacial elastic deformations and contact line
friction. Previous experiments of dynamic wetting on single particles were based on
optical tweezers®' and colloidal probe AFM.>? Both methods allow to resolve the vertical
motion of particles adsorbing to fluid interfaces with a spatial and temporal resolution of a
few nanometers and us, but are limited to the translational motion of the probes. With the
addition of 3 rotational degrees of freedom, new avenues could be taken to study contact
line pinning, contact angle hysteresis, dipolar-capillary deformations, wetting hysteresis
effects, and the hydrodynamics of rotating particles at fluid-fluid interfaces.

To make these experiments accessible, an improvement of the tracking sensitivity of
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the rotational motion of the particles is required. A possible strategy is to embed optical
features in the core of the particles and to design a setup that allows to combine different
imaging modes, such as transmitted and fluorescent imaging. The use of high magnetic
fields and particles with high magnetic moments are preferred, so that high surface ten-
sion interfaces could be studied. Particles with well defined surface properties, such as
roughness and surface functionalization, would allow to explore wetting phenomena in
a wide range of material systems. These experimental improvements accompanied by
reliable numerical tools to study dynamic wetting effects on colloidal particles at micro-
and molecular scale, will help scientists and engineers form diverse disciplines to tackle
a wide range of problems and develop new applications.

6.3 Future work

The research performed in this thesis has shown the potential of using magnetic particles
to address questions regarding wetting phenomena at fluid-fluid interfaces. Fluid-fluid
interfaces are an intrinsically complex problem, even for mono-component phases. This
complexity is further increased by the adsorption of macromolecules to the interface,
which is accompanied by structural changes on very different spatial and temporal scales.
We foresee that the availability of new experimental and numerical tools will allow scien-
tists from different areas to study gradually more complex material systems, which will
eventually lead to a deeper theoretical understanding of the relevant molecular processes.

Mastering this complexity will have an important impact for several technologies. In
the upcoming generations of lab-on-a-chip systems, complex fluids (e.g. blood, saliva,
urine) come in contact with solid surfaces and secondary phases. The miniaturization
of such devices implicates very large surface-to-volume ratios, where dynamic wetting
effects are relevant, particularly in systems where small droplets or colloidal particles
are used for sample manipulation, target extraction, purification, detection, etc.'> The
control of the interactions of particles at fluid-fluid interfaces will open novel bottom-up
approaches for the creation of new functional materials with unique properties.> As an
example, magnetic nanoparticles could be used to create micro-capsules for targeted drug
delivery, where an external magnetic field is used to trigger the release of the therapeutic
cargo.' In next generations of in-vivo diagnostics, the use of nanoparticles will play an
important role. Particles can be conveniently functionalized to target specific biological
components, e.g. proteins, viruses and cancer cells, for imaging and therapy. The success
of these applications relies on the interactions of the nanoparticles with their biological
environment that contains numerous complex soft-matter interfaces.
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