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SYNERGISTIC AND COMPETITIVE BEHAVIOR OF ANISOTROPIC PARTICLES AND
SURFACTANT MOLECULES AT FLUID INTERFACES

ABSTRACT

Colloidal systems are a common feature in different application domains, from complex
underground frameworks such as petroleum recovery and water remediation to industrialized
consumer products such as cosmetics and paint. These systems usually consist of multiple
components, such as nanoparticles, polymers, surfactants, and ions exhibiting unique properties
that are different from those of simple fluids. In addition, in many applications involving the water-
energy nexus, these complex fluids come in contact with surfaces and interfaces. For instance, an
enhanced oil recovery operation usually consists of flooding a multicomponent fluid (e.g., aqueous
solution of surfactants and polymers) through a reservoir rock that has heterogeneous porosity and
anisotropic permeability. Another example is the treatment of produced water generated from the
oil industry to separate the organic contaminants that are stabilized by surface-active species
present in both phases. Given the range of phenomena that take place simultaneously, from the
dynamic wetting of complex fluids on a solid surface to interfacial stresses and deformations at a
fluid interface, advancing our understanding of the key factors that govern the interactions present
in such systems and their resulting properties, will lay the foundation for the engineering of

complex interfacial systems with a tailored set of properties.

To decode the behavior of multicomponent fluidic systems, it is crucial to understand the
role of components present, both individually and synergistically, in the governing physics. For
instance, surfactants, as amphiphilic molecules, populate the interface providing interfacial

stability via a reduction in interfacial tension. In contrast, colloidal particles stabilize an interface
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by occupying the contact area between the two fluids. Hence, attributes such as particle size and
surface chemistry can be used to control their position at the interface and the resulting reduction
in the free energy. Moreover, particles encountered in real-world applications, such as those
encountered in foam flotation for ore recovery, often diverge from the case of isotropic
homogeneous particles; thus, it is crucial to understand the impact of heterogeneities present in
such scenarios, on the resulting interactions, by studying model particles. These include particles
that are rough and possess anisotropies either in shape or surface chemistry. A classic example of
a chemically anisotropic particle is the Janus Particle (JP), named after the two-face Roman God.
The Janus motif brings unique functionalities to a multicomponent system, augmenting the number
of variables that can be tuned to achieve the desired outcomes. Although there is some literature
with respect to the dynamics of particles and surfactants at interfaces, little information is available
on mixed systems, especially for heterogenous and anisotropic, yet technologically relevant,

particles.

The present work is dedicated to probing the roles different surface-active species (i.e.,
surfactants and nanoparticles) paly in resulting interfacial phenomena such as surface pressure,
mechanical properties when subjected to dilational or shear stresses, and the stability of
multicomponent fluidic systems. We investigate various features that can be employed in tuning
the competitive vs. synergistic behavior of species that make up the system and determine the role
non-idealities play in tuning the properties of the populated interface and stability of the interfacial
systems. The knowledge base achieved from this PhD work, will equip us with a fundamental
understanding of the key attributes in design and engineering of solutions to address real-life
challenges in a broad range of applications from wastewater remediation to increasing the shelf-

life of a product.
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1. Introduction

Studying the behavior of anisotropic particles at fluid interfaces is a rapidly expanding
field, as understanding how the introduced anisotropy affects the resulting properties is essential
in the engineering of interfacial systems. Surface anisotropic particles, also known as Janus
particles (JPs), offer new possibilities for novel applications due to their dual characteristic and
stronger binding to fluid interfaces compared to homogeneous particles. Introducing surface
anisotropy creates complexity as the orientation of interfacially bound particles affects the
interparticle interactions, a contributing factor to the microstructure formation. Additionally,
surface rough particles are often present in various applications involving colloidal systems, and
the implications of their deviation from isotropic spherical shape are not completely understood.
Another layer of complexity arises when colloidal particles are present in a mixture along with
surfactant molecules, as they can either compete for populating the fluid interface or act
synergistically. Especially for the case of similarly charged particles and surfactants, the resulting

interactions near fluid interfaces are still not well understood.

The work performed in this dissertation aims to address a number of the open questions
related to these complex interfacial systems. In Chapter 2, we provide a background on the
behavior of colloidal particles at fluid interfaces and review the fundamentals behind the important
phenomena taking place in such systems. Chapter 3 details the materials and methods utilized to
perform the studies in this thesis including experimentation, modelling, and simulations. In
Chapter 4, we examine interfacial monolayers formed by colloidal particles and investigate how
surface roughness or anisotropy affects the interparticle interactions. We first discuss the impact

of particle roughness on the mechanical properties of a monolayer under compression and interpret



the data in terms of the interactions occurring at the fluid interface. Next, we move on to the case
of surface anisotropic particles and review the impact of Janus particle amphiphilicity on the
capillary interactions at the air-water interface. We then discuss the implications of JPs
amphiphilicity on the monolayer response to shear stress and further analyze a glass-transition-
like behavior at a high JP surface coverage. In Chapter 5, we proceed to the mixed systems of SDS
surfactant molecules, and the particles studied in Chapter 3. To better understand the synergistic
and competitive nature of interactions in mixed systems, especially near fluid interfaces, we start
by examining the adsorption of SDS surfactant molecules onto the surface of silica particles, and
the conditions that promote or prevent adsorption in this case of like-charged species. In addition,
we investigate the hydrolysis of SDS and how the dodecanol contaminant can impact the results
of surface measurements. Next, we probe the implications of having a surfactant on the subphase
for the mechanical properties of networks formed by spherical colloidal silica and rough fumed
silica particles. Finally, we provide a preliminary study on the interfacial shear rheology for the
case of mixed SDS molecules and Janus particles in order to illustrate the impacts addition of
surfactants could have on the stability and mechanical properties of JP monolayers. In Chapter 6

we summarize the findings of this PhD thesis and propose future research directions on the topic.



2. Background

2.1. Motivation

The behavior of colloidal particles in vicinity of fluid interfaces has intrigued scientists
ever since particles were first observed to reside at the surface of droplets and bubbles yielding
stabilization in emulsions and foams. ? There is a vast range of applications in which particles are
used in engineering the performance of interfacial systems including pharmaceutics, food industry,
oil recovery, and personal care products.>'° By binding to fluid interfaces, particles remove the
energetically unfavorable contact area between the two fluids and replace it with solid/fluid
interfaces, which results in an overall reduction in the free energy of the system. The energy
required to desorb an interfacially-trapped particle thus depends on the interfacial tension of the
fluids, particle contact angle at the interface, and particle size. A large value of binding energy
relative to the thermal energy can therefore lead to irreversibly adsorbed particles at the
interface.!*1” As such, parameters including particle size, wettability, and concentration have been
used to alter the stability of emulsions and foams.'82 With the recent advancements in synthesis
and fabrication techniques, particle anisotropy (both in shape and surface properties) has been
introduced as another avenue for manipulating the behavior of particles at fluid interfaces. Not
only this is a significant step from the standpoint of fundamental science, but is also essential from
the practical point of view where in many real applications the particles possess heterogeneities
and non-idealities.3**° Therefore, due to these deviations, their behavior cannot be fully described

by our understanding of homogeneous particles.

In addition to the presence of heterogeneous particles near interfaces, interfacial systems
are frequently populated by surface active molecules (or surfactants). Surfactants are molecules

that are central to various industrial and technological applications such as emulsions and foams,



drug delivery, coatings, and detergency.***> When present at interfaces, these molecules are
responsible for decreasing the excess free energy of the interface. Changes in the excess free

energy of the interface are quantified through surface tension (SFT) measurements.*

In mixed systems containing both species, depending on the physicochemical
characteristics of the colloidal particles and surfactants, and the resulting interactions, they can
either compete for populating the interface or act synergistically to achieve enhanced surface
properties. An intuitive way of combining the two species is through charge interactions using
opposing-charge particle and surfactant systems.***® Fewer studies address interfacial systems

composed of like-charged particles and surfactants,%-3

Given the ubiquity of particles in colloidal systems and their importance in technological
advancement, it is imperative to understand how particle attributes, such as roughness and
chemical heterogeneity (i.e., Janus particles) play a key role in governing the self-assembly and
the resulting microstructure at fluids interfaces. Additionally, to uncover the physics of more
complex interfacial systems composed of both particles and surfactants, it is critical to assess the
impact of the surfactant molecules on the resulting interfacial structure and its response under

applied stresses.

2.2. Fundamentals of Particles at Fluid Interfaces

2.2.1. Individual Particles at Interfaces

Particles lower the overall interfacial energy by lowering the contact area between two
immiscible phases. The equilibrium contact angle (6z) of a particle at a fluid interface can be
calculated by the minimization of the free energy of the system.* > For homogeneous particles,

this results in the well-known Young’s equation as follows:
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The factors that determine the interfacial positioning of the particle are thus the fluid/fluid
interfacial tension (y,,) and the surface tension of the particle with both fluid phases (y,, and
Yow)->>>" Therefore, from a thermodynamic standpoint, particles spontaneously adsorb on a
fluid/fluid interface, provided that the surface energy between the two fluids is greater than the
difference between the surface energies of the particle with each fluid phase.>® However, research
carried out by Manoharan et al. and others on dynamics of binding has shown that adsorption of
particles to a fluid interface can be characterized by a sudden breach, driven by capillary forces,
followed by a slow relaxation to equilibrium that appears logarithmic in time.%® € It is proposed
that complete equilibration of a particle to the predicted Young’s contact angle may take time due
to the presence of nanoscale heterogeneities on the particle surface.5® 2 Once the particles are
trapped at a fluid interface, their desorption back into the bulk requires an energy input that goes

as:
AE = R?y,,,(1 £ cos 0;)? (2-2)

where R is the radius of the particle. The value of desorption energy is much larger than the thermal
energy, e.g. ~10” kzT (where kg is the Boltzmann constant) for a 1 um neutrally wetting (8 =
90°) particle trapped at the air-water interface; thus, in contrast to surfactant molecules, the
adsorption of colloidal particles to interfaces can be considered as irreversible. It is important to
note that thermal energy can still contribute to particle translation at the interface. For non-
spherical particles, equating the volume to a spherical shape can be used for the calculation of the

detachment energy as shown by Anjali and Basavaraj.%



Similar to the derivation of Young’s contact angle, the equilibrium position of a Janus
particle at a fluid interface can be predicted from the minimization of the free energy of the system
with respect to the immersion angle.%* Because Janus particles carry a dual chemistry — a polar
face with a contact angle 6, and an apolar compartment with a contact angle 6, — they possess
an amphiphilic nature.®> % The degree of amphiphilicity, A9, for a Janus particle is defined as
A8 = (64 — 8p)/2. The surface boundary partitioning the polar and apolar faces is indicated by
the angle «; values of @ = 0° or « = 180°correspond to a homogenous particle, whereas a = 90°
refers to a Janus particle with two equal-sized patches of different wettability, as depicted in Figure

2-1a.%

Altering the particle amphiphilicity, through the wettability of each face (6, and 6,), or
the location of the Janus boundary, through the value of angle a, will impact the particle
configuration at the interface. By assuming that the Janus boundary will align parallel to the plane
of the interface, i.e., disregarding the rotational behavior of the particle, the minimization of the
free energy yields three possibilities for the equilibrium contact angle (6y) of a Janus particle at

the interface, schematically shown in Figure 2-1a-c, as follows:*
Hp < HA < a, HE = BA (2'3)
0p < a <8, 6 =a (2-4)

a < Hp < BA, BE = BP (2_5)

Therefore, the wettabilities of the two faces determine the equilibrium contact angle of the
particle straddling the interface (6g), which in turn impacts the magnitude of the particle
detachment energy from the interface (AE). Similar to homogenous particles, an increase in size

of a Janus particle leads to a larger energy of detachment.®’ In contrast with homogeneous particles
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that possess an isotropic surface chemistry, the detachment energy of a Janus particle can be further
enhanced by increasing the particle’s degree of amphiphilicity (Af), as shown by Binks and
coworkers.>® Analytical calculations illustrated that by switching from a homogeneous particle of
neutral wettability (R = 10 nm, A8 = 0°, 8; = 90°) to a highly amphiphilic Janus particle (A8 =
90°), the desorption energy is increased by approximately three-fold.*® Inspired by the potential of
Janus particles at fluid interfaces and the tunability of their behavior, research has boomed in this
area with applications spanning from enhanced oil recovery to bi-phasic catalytic reactions.® %-"1
However, the rotational behavior of Janus particles cannot be neglected as the particle stability is
also influenced by its orientation at the interface.> 27" Monte Carlo simulations performed by
Bon and Cheung illustrated that neglecting the Janus nanoparticle rotation at the interface
significantly overestimates the detachment energy and thus the orientational freedom of the
particle must be considered.” Further studies done by Lee et al. highlighted the impact of the
amphiphilicity on the Janus particle orientation at the interface.®® > Gold coated polystyrene Janus
particles assumed random orientations at the interface, due to their low amphiphilicity, yielding
small energy differences between the cap-up and sideways orientations. In contrast, for thiol-
modified Janus particles, a greater energy difference exists between the cap-up and sideways
orientations leading to over 90% of particles residing in a configuration where the Janus boundary

was aligned with the interface.
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Figure 2-1. Cartoons of equilibrium configurations of a Janus particle residing at a fluid/fluid interface: the
equilibrium contact angle (a) equaling the apolar contact angle (Equation (2-3)), (b) coinciding with the Janus
boundary (Equation (2-4)), (c) equaling the polar contact angle (Equation (2-5)); (d) the impact of combined shape
and surface anisotropy.

2.2.2. Interparticle Interactions at Interfaces

The stability of colloidal particles at fluid interfaces and the microstructure of the resulting
interfacial layer is dictated by the type and relative strength of the interparticle interactions that
exist in presence of an interface.”® While the properties of adsorbed particles and fluids making up
the interface are the factors determining the interparticle interactions, and consequently the
stability of the monolayer, the nature and spectrum of these interactions is an active area of

research. Different terms of interparticle interactions considered in the literature can be broadly



classified into attractive and repulsive categories?, examples of which are illustrated in Figure

2-2.
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Figure 2-2. Examples of some interparticle interactions that can be present at fluid interfaces. (a) Dissociation of
surface groups causing repulsive dipole-dipole interactions; (b) water entrapment on the particle surface in contact
with the oil phase causing long-ranged repulsive interactions; (c) gravitational forces deforming the interface
generating attractive capillary interactions; (d) interface undulations caused by surface roughness along the Janus
boundary resulting in capillary interactions.

The repulsive interaction between charged colloids trapped at a fluid/fluid interface has
been attributed to the dissociation of surface charges in the polar medium, which yields an
asymmetric screening cloud with respect to the interface plane, shown in Figure 2-2a.8082 As
suggested by Pieranski®’ and validated by experiments®®%, the effective dipole generated by the
particle surface charge and the resulting screening cloud in the polar medium leads to long-range
dipole-dipole interaction between particles that scales as F~ r~* for particle separation distance
of r.8% 8887 |t has also been suggested that monopoles, originated from the dissociated surface
groups in the polar phase and exposed to the non-polar phase, could contribute to the repulsive

interparticle interactions as illustrated in Figure 2-2b.8% 889

The attractive dispersion van der Waals (VDW) interactions that originate from the
fluctuations of the electron cloud around the atomic nucleus, can be calculated for colloidal
particles suspended in a fluid (3D) using the value of the Hamaker constant (A;3;) for particles

interacting through a medium.®* A similar formalism has been proposed for the calculation of



VDW interactions between interfacially-trapped colloidal particles using the Derjaguin
approximation, when the range of interactions is small compared to the particles radius of
curvature.? It has been assumed that the VDW interactions occur between the immersed parts and
the emergent parts of the particle through different fluid media, with different Hamaker constants

assigned for interactions through each fluid phase.

The double layer repulsion and the VDW attraction make up the Derjaugin—Landau—
Verwey—Overbeek (DLVO) potential, which dominates most aqueous dispersions and accounts
for the stability of colloidal particles in bulk (3D). However, the behavior of colloidal particles at
an interface (2D) is not fully captured by the DLVO approximation.®® The retarded VDW forces
are short-ranged and typically extend over a range of tens of nanometers for micrometer-sized
colloids,®* while an unexpected long-ranged attraction has been reported for interfacially-trapped
particles.%%" This strong long-ranged attractive interaction has been attributed to capillary forces,
an interfacial phenomena with no analogy in bulk aggregation,’> % which result from the
distortions imposed on the interface by the particles,®” %1% as illustrated in Figure 2-2c. The
interfacial distortions can originate from the weight of particles (gravity-driven capillary attraction
for heavier or bigger particles)'*° or electrostatic stresses caused by the particles dipolar field
(electrodipping).t°” ! In addition, surface roughness, chemical inhomogeneity, and shape
anisotropy of particles cause the meniscus to take an irregular shape over the particle surface in

order to satisfy the correct contact angle at all points along the perimeter, as shown in Figure

2-2d 101, 112-116

The relative strength of electrostatic repulsions and capillary interactions dictate the
assembly behavior of colloidal particles and the resulting microstructure. Hence, by tuning the

interactions and switching from a repulsive to attractive potential, clustering and aggregate
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formation can be stimulated.’® 117-11% A plethora of opportunities exists for tuning the colloidal
interactions, for instance, through particle wettability, introducing anisotropy, addition of
electrolytes, solution pH, and synergism in presence of surfactants.® 2% 120 121 For example,
Horozov et al. observed that silica particles of low hydrophobicity (68; = 65° measured through
the water phase) form disordered unstable aggregates at the octane/water interface, whereas very
hydrophobic particles (65 =152°) result in a highly ordered monolayer. These results were
explained in terms of a pair potential composed of contributions from electrostatic repulsion
(through both polar and non-polar media) and capillary attraction (due to three-phase contact line
undulations) and were attributed to the change in the magnitude of the surface charge density on
the particle/octane interface as particle hydrophobicity is increased.®® Achieving microstructures
with a percolated network can then be employed in designing interfaces with a desirable
stability.*?? For instance, interfacially-trapped colloidal monolayers of sufficient yield stress are
shown to impact gas dissolution from the particle-coated bubbles arresting Ostwald ripening in
foams.?* Similarly, the elastic modulus of a jammed network of colloidal particles at a droplet
surface is shown to offset the Laplace stress driving the fusion of droplets resulting in arrested
coalescence in emulsions.*?® Recent work on Janus particles as interfacial stabilizers also reports
on correlations between dilational viscoelasticity of particle-laden interfaces and foam drainage-
half time, where Janus particles exhibited higher elastic modulus and outperformed systems
stabilized with homogeneous particles, surfactants, or a foaming agent.'?* %5 As can be seen,
rheology plays a key role in performance of interfacial systems; therefore, to unlock the
tremendous potential of colloidal particles at interfaces, it is important to gain a fundamental
understanding on the link between interparticle interactions, especially in case of heterogeneous

particles, and the interfacial rheology of the ensuing microstructure as reviewed in the next section.
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2.3. Mixed systems of Particles and Surfactants

In addition to the presence of heterogeneous particles near interfaces, interfacial systems
are frequently populated by surface active molecules (or surfactants). Surfactants are molecules
that are central to various industrial and technological applications such as emulsion and foam
stabilization, drug delivery, coatings, and detergency.*'** When present at interfaces, these
molecules are responsible for decreasing the excess free energy of the interface. Changes in the
excess free energy of the interface are quantified through surface tension (SFT) measurements.*?
The surface activity of surfactant molecules is related to their amphiphilic nature, which is
determined by the balance between the hydrophilic head group and the hydrophobic tail
contribution, often referred to as the hydrophilic/lipophilic balance (HLB).*> 126 For example, a
head group that possesses a higher polarity is able to compensate for the lack of affinity from a

longer hydrocarbon tail when considering water-soluble surfactants.*?’

Colloidal systems combining nanoparticles and surfactants have gained considerable
attention in diverse sectors such as consumer care products, drug delivery, paper production, and
subsurface energy recovery.!?-131 The use of surfactant/particle mixtures in these applications,
with the aim of adjusting the formulation properties, is highly dependent on the interactions
occurring between the species present in the system. Interactions between particles can be
manipulated by altering a number of factors including the charges on both species, particles surface
chemistry, and surfactants HLB.**1*3 For instance, a study by Sharma et al. showed that enhanced
oil recovery (EOR) nanofluids exhibit an increased stability and effectiveness when anionic
surfactants are added with the negatively-charged hydrophilic silica nanoparticles, which in turn
improves recovery by altering the wettability of reservoir rocks, and reducing the interfacial

tension and the oil viscosity.!3* Another example is mixed systems with application to the laundry
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cycle, where surfactant adsorption to particle surface has been reported to be more toxic to bacteria
compared to unmodified silver nanoparticles. The study showed that negatively charged silver
nanoparticles display charge reversal when mixed with oppositely charged cationic surfactants. In
contrast, an increase in the magnitude of zeta potential was found in the same study when a
similarly charged anionic surfactant was added to the negatively charged silver nanoparticles,
which was attributed to adsorption of surfactant molecules onto the particles surface.*?® Besides
from the performance standpoint in an application of interest, the nature of resulting interactions
is of extreme importance from environmental remediation point of view since the nanoparticles
can act as surfactant carriers to the environment.®>13" Hence, it is imperative to gain a
comprehensive understanding on the interactions present between species in a mixed
surfactant/particle system, considering their widespread usage in technological advancements and

their environmental impact.

Fluid interfacial properties can also be impacted by the presence of mixed systems
containing both species. Depending on the physicochemical characteristics of the colloidal
particles and surfactants, and the resulting interactions, they can compete for populating the
interface and/or act synergistically to achieve enhanced surface properties. The majority of studies
found in the literature are focused on opposing-charge particle and surfactant systems.***° In these
systems, the surfactant adsorption on the particle surface results in a change of the particle
wettability, which could potentially improve the particle adsorption. In the work done by Maestro
et. al.*®, they show that by using a cationic surfactant (hexadecyltrimethylammonium bromide, or
CTAB) to modify their negatively charged silica nanoparticles (hydrodynamic diameter of 15 nm
and zeta potential of -30 mV) they could change the amount of particles populating the interface.

This led to an order of magnitude increase in the surface shear moduli, from 0.2 N/m (at 8x10°
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M) to 2 N/m (at 5x10* M). The same trend is shown by Vatanparast et at.,*® by measuring the
dilational dynamics of the CTAB and silica nanoparticles system with a pendant drop geometry.
They found that the synergism between CTAB and the negatively charged silica nanoparticles can
increase the surface elasticity by a factor of 3 for a CTAB bulk concentration of 0.09 mM upon

the addition of 1.5 wt% of nanoparticles.

Fewer studies focused on like-charged species.>®>® For example, in systems containing
both anionic surfactant and negatively charged colloidal silica particles dispersed in the bulk, no
particle adsorption to the air-water interface was observed.>! However, an increase in the surfactant
adsorption to the interface was reported in the presence of the particles. This was evidenced by a
decrease in the equilibrium interfacial tension of the system upon increase in particle
concentration, as well as the decrease on the dynamic surface elasticity in comparison to a pure
SDS solution (from 6 mN/m to 2.8 mN/m at 0.01 Hz). The increase in surface activity of anionic
surfactants by the presence of negatively charged silica particles was further investigated by
Eftekhari et al.>> The authors conclude that the increase in surface activity is due to a change in
ionic strength of the system rather than electrostatic repulsion between the particles and
surfactants. Katepalli et al.*® investigated the response of emulsions stabilized by negatively-
charged carbon black particles upon the addition of different kinds of surfactants. They found that
even the previously adsorbed particles were expelled from the surface upon addition of the anionic
surfactant. They attributed the behavior to the change in the particle wettability caused by the
hydrophobic adsorption of the surfactants. On the other hand, a study on negatively charged
polystyrene particles directly deposited at the air-water interface showed that the presence of like-
charged surfactants in the aqueous sub-phase affects particle interactions at the interface, the

resulting microstructure formed by the particles at the interface, and the response of such particle-
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laden interface to shear stresses.>® The authors reported that the presence of SDS in the subphase
changes the interfacial structure from a soft glassy state to a transition or hexatic state. In contrast,
by adding a non-ionic surfactant (polysorbate 80), the particles arranged in a hexagonal fashion
with consequential implications for the complex interfacial shear modulus, which, upon the
addition of ~0.8 mM of SDS, decreased close to 2 orders of magnitude compared to the case of
surfactant-free system at low salt concentration (40 mM NaCl). Therefore, it is clear that the
presence of surfactants on the subphase impacts the surface properties of the particle-laden

interface.
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2.4. Interfacial Rheology

Interfacial rheology studies the flow behavior of fluid interfaces in order to investigate the
response of adsorbed species (e.g. particles, surfactants, polymers, proteins, etc.) subjected to an
applied deformation, in form of changing either the area (i.e., dilational rheology) or shape (i.e.,
shear rheology) of the interface.’*%? Similar to bulk rheology, the interfacial rheological
techniques can be categorized into strain-controlled and stress-controlled instruments.*® Strain-
controlled instruments operate by applying a prescribed strain y (or strain-rate y) to the interface
and measuring the stress response, . The applied strain can be constant in time or change as a
function of time. For example, in step-strain measurements used to probe the stress relaxation in
the material, a known rapid strain is applied followed by the measurement of the stress response
as a function of time. In oscillatory measurements, the interface is subjected to sinusoidal strain of
a given frequency and the interfacial stress is monitored.'#14 The phase shift (§) between the
applied sinusoidal strain and the measured stress (in a strain-controlled rheometer), illustrated in
Figure 2-4a, can be used to determine the elastic and viscous moduli. Depending on the material,
the response may be purely elastic (stress is proportional to the strain, phase angle of § = 0°),
purely viscous (stress is proportional to the strain rate, § = 90°), or viscoelastic (0° < § < 90°).
The storage modulus provides information on the presence of structure in the sample and describes
the energy stored in such structure, whereas the loss modulus characterizes the energy dissipated

in the sample and represents the viscous nature of the material.

To measure the response of interfaces to changes in the area, a number of techniques
including Langmuir trough (Figure 2-3a), pendant drop tensiometer (Figure 2-3b), and the
capillary wave technique can be used.** 7 Langmuir balance is a versatile technique that can be

employed to measure the interfacial activity of particles,’*” examine their microstructure at fluid
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interfaces,*® 149 and probe the mechanical response of interfaces subjected to 1D compressions
and expansions.® **° This method measures the surface pressure (i.e., the difference between the
interfacial tension in presence of surface-active species and that of bare fluid interface) using a
Wilhelmy plate attached to a balance and monitors the change in the surface pressure (IT) as the
interfacial area (A) is altered. The resulting information is recorded as pressure vs. area isotherms.
Analogous to 3D systems, the static compression modulus of the interface (k) can be calculated
by taking the derivative of surface pressure with respect to interfacial area at a constant temperature

as follows:

s A(@H) B (617) 26
o = o4), = " \omal, (2-6)

Pendant drop tensiometry relies on a geometrical fit of the drop shape to the Young-
Laplace equation, which balances gravitational forces with surface forces. This instrument is
widely used to monitor the interfacial tension as a function of time, which can yield insight on the
adsorption and desorption processes of surface-active species onto the interface, %> but can also
be adapted to probe the interfacial rheology.}*? ¥ The drop (or bubble) is subjected to volume
changes, which consequently results in changes of the surface area. The advantage of this
technique is that less particles are needed to cover the interface (4 ~tens of mm? for droplets of
~10 pL) compared to a Langmuir trough (4 ~hundreds of cm? with volumes ~500 mL).1%
Moreover, instead of uniaxial compression/expansions, the pendant drop technique allows for a
more uniform change of the surface area. The capillary wave technique has also been used for
dilational interfacial rheology and is discussed in more details elsewhere.}4® 47 For shear
interfacial rheology, magnetic needle (Figure 2-3c),'®"*% interfacial disk/bicone (Figure 2-3d),*6°

and double-wall-ring (DWR) (Figure 2-3e)%! geometries can be used to probe the properties of
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the interface in response to applied shear deformations.'®> Microrheology is also utilized in
sensitive surface shear rheology measurements, where a ferromagnetic micro-probe pinned to a
fluid/fluid interface is actively torqued or forced using externally controlled electromagnets
(Figure 2-3f).163 164 A more detailed discussion on each technique and their limitations can be

found elsewhere 139 165
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Figure 2-3. Examples of techniques used to perform interfacial rheological measurements. (a) Langmuir Trough —
measures the pressure at the interface in response to applied compression and expansion; (b) Pendant Drop — fits the
shape of a droplet hanging from a needle in response to expansion and contraction of its volume; (c) Magnetic Needle
— measurements of interfacial rheology by shearing the interface with a needle-like probe using an externally applied
magnetic field; (d) Bicone — shearing of the interface with a conical shaped probe; (e) Double-walled Ring geometry
(R1-R4 define the dimensions of the cup, R5 and R6 indicate the ring dimensions, and H is the distance from the
interface to the bottom of the circular channel) — shearing of the interface with a ring; (f) Microrheology — indirect
measurements of rheological properties utilizing a microparticle probe pinned at the fluid interface. The radius of the
microprobe, a, is 50 um in this figure. Panel (c) reprinted with permission from ref. 15°, copyright 2021 American
Chemical Society. Panel (d) reprinted from the open access Ref. 145, Panel (e) reprinted by permission from [Springer
Nature]: [MDPI AG] [Rheologica Acta] Ref. ¢! [Copyright 2021]. Panel (f) reprinted with permission from ref, 163,
copyright 2021, The Society of Rheology.

In dilational interfacial rheology, the area perturbations can be carried out by either a
continuous surface compression at a specified constant rate or oscillatory compression/expansion

of the interface. The interfacial area (A) is altered and the resulting change in the surface stress or
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surface tension (o) is measured (as shown in Figure 2-4a) and captured in the complex dilational
modulus (see Equation (2-7)).24 The complex dilational modulus (x5*) can be split into elastic

(") and viscous (k*'") contributions as follows:

d
K = —le}l/A =k% + ik¥" = k%' + iwng (2-7)

where w is the frequency of oscillations and n is the surface dilational viscosity.

.
() : : (b) 10 ‘ . o
1.0 .G
103 . - 2 % 2 "“_mm.____:\_("___ (e, Ge)
2 0A& & A R Rl
pw Bl Bw Ble B 05 o "u '\
1.02- TN J g 7 T 1074 "
= & jo% Jow [om 19 L :3 = »
- TR IR T0 40 01 <2 "
ST IRETERLU [0S & &
ch s sb xr v Tl S 210 5
S Y | Y O B N o ™
1.00 Lo '@;’o -m-o l‘-["o-f-? ';; . |-05 ) \\
poWw WOWw W . G
oge{ ¥ R o 1072 G" *
o 1 2 3 4 5 102 102 107" 10° 10
t (sec) v (%)

Figure 2-4. Examples of data acquired from interfacial rheology measurements: (a) a bubble suspended in a 2 mM
sodium dodecyl sulfate (SDS) surfactant solution and oscillated at 1 Hz. Data depicts the change in surface tension
(y), normalized by the initial surface tension value (y,), (solid black symbol) vs. time due to the applied strain (open
red symbol) — variations in the surface area (AA) normalized by the initial area (4,). The phase shift (§) between the

two curves is used to calculate the elastic and viscous contributions to the complex modulus (x**) as defined in
Equation (2-7); (b) data on oscillatory shear rheology measurement performed using a TA Instruments Discovery
Hybrid Rheometer-2 (DHR-2) via the DWR geometry (inner cup diameter: 62 mm, inner ring diameter: 69 mm, outer
ring diameter: 71 mm, outer cup diameter: 79 mm, ring thickness: 1 mm). Measurements were carried out at 1 Hz on
the air-water interface decorated with silica/gold Janus particles. For this dataset, 5 mg of Janus particles were
suspended in 200 pL of 70/30 wt% isopropyl alcohol/water mixture that was used as a spreading solvent. After
deposition, the interface was left undisturbed for 20 min to allow for the IPA evaporation. The silica/gold Janus
particles were fabricated from 1 pum spherical silica particles (Fiber Optic Center, Inc.) half-coated with a 5 nm-thick
adhesive layer of titanium followed by a 10 nm gold deposition. The gold face is then modified with dodecanethiol
molecules to boost the amphiphilicity of the Janus particle (A8 ~40°). The solid symbol illustrates the elastic (G')
contribution and the open symbol shows the viscous (G'') contribution vs. strain (y) in a log-log plot. The critical
strain (y.) and the low-strain plateau elastic modulus (G.) were obtained using a procedure detailed in Ref.1% and the
yield stress (z,) value, calculated using Equation (2-8), was ~0.007 Pa.m for this sample.®’
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Interfacial shear rheology examines the response of interfaces to shear stresses. Similar to
the dilational experiments, a complex shear modulus (G*) can be defined as G* = G' + iG",
where G’ and G"' are the storage and loss moduli; respectively, as shown in Figure 2-4b.1% The
yield stress, at which viscosity decreases sharply, can be measured and verified by strain amplitude
sweep, stress ramp, and creep experiments.®® In amplitude sweep measurements, as illustrated in
Figure 2-4b, the critical strain (y.) beyond which the interface enters the nonlinear viscoelastic
regime is determined by the intersection of the low-strain plateau elastic modulus (G.) and a power

law fit to the data at high strain. From this information, the yield stress (z,,) can be estimated as:

T, = ¥ (2-8)

The challenge in designing an interfacial rheometer is the coupling between the flow profile
at the interface and that in the surrounding bulk phases.®® Interfacial rheology experiments are
therefore considered more difficult than bulk rheology.*’® To minimize the influence of the bulk
phase on the measurements and resulting data, interfacial rheometers rely on the design of
geometries that reduce the sub-phase drag contribution relative to that of the surface drag as

captured in Boussinesq number (Bo) defined as follows:

Bo = % - n”—a (2-9)
in which 7, is the surface shear viscosity, n is the sub-phase bulk viscosity, and a is a characteristic
length scale calculated from the dimensions of the geometry.'®® It should be noted that the
Boussinesq number, defined earlier for the interfacial shear rheology, has an analogue for the
interfacial dilational stresses relative to the bulk stresses, where the characteristic length is the drop

radius in the case of tensiometry.1’ 12 When Bo > 1, the interfacial stresses dominate, and the

surface rheology is captured. This can be accomplished by minimizing the value of a through a
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geometry design that maximizes the perimeter of contact between the probe and the interface for

a given contact area of the probe with the sub-phase.'%®

Interfacial rheology experiments can be conducted either with particles dispersed in the
bulk phase and diffusing to the interface forming a so-called Gibbs monolayer, or deposited
directly at the interface, generating a Langmuir monolayer.” Factors that need to be considered
with the former method are the time required for particles to diffuse to the interface, energetic
barriers to adsorption, and the relaxation of the adsorbed particles into their equilibrium
configuration.®® # In a diffusion-driven process, it takes ~1 s for a 1 um colloidal particle
suspended in water to diffuse its own radius, whereas for a 10 pum particle the required time
increases to 10%s. In addition, the stability of particles to sedimentation also needs to be
considered. Peclet number (Pe) - the ratio of convective to diffusive transport - is ~ 0.1 fora 1l um
silica particle suspended in water, whereas for a 10 um particle Pe ~10%. The diffusion process is
followed by the adsorption step, which can be hindered by a repulsion between charges on the
particle surface and the interface.®® There is evidence that even when the charge interaction
between the particle and the interface is attractive, adsorption can be hindered by the electrostatic
force resulting from an image charge.'® 1* The image charge effect is not always repulsive, as it
has been observed to cause either repulsive or attractive interactions in particle-interface systems
depending on the dielectric constant of medium the particle is initially suspended in compared to
that of the neighboring phase.'® 1 Finally, after breaching the interface particles experience a
relaxation process towards the equilibrium contact angle, 8, which can take up to months,
suggesting that experimental time frames may not be capturing the equilibrium state of particles
at the interface.®’ The interfacial deposition method relies on the use of a spreading solvent to

disperse the colloidal particles at the interface via Marangoni flow. However, the choice of
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spreading solvent is shown to impact the contact angle of particles at the interface, thus, different
results may be obtained based on the solvent used for this technique.’® ¥'” Fernandez et al.%’
studied the role of spreading agent on the interfacial entrapment of particles and concluded that
any amount of water in the spreading solvent was not beneficial as the particles would fall through
the interface during the deposition process resulting in a reduced entrapment efficacy. The trapping
of particles at the interface is therefore an important parameter to consider. It is a common
procedure to assume that all particles suspended in the spreading solution will be trapped at the
interface upon deposition. This assumption is used to estimate either the area available per particle
or the surface concentration of particles in the system under study. However, care must be taken
to consider the role of solvent and the particle surface properties on the entrapment efficacy of
particles. This is critical when comparing the interfacial behavior for particles of different
characteristics. For instance, hydrophilic colloidal silica particles, which are negatively charged at
neutral pH due to dissociation of surface silanol groups'’®& are more likely to fall through the
air-water interface upon deposition at the interface given that the interface carries negative
charges.’®! The presence of electrolyte in the sub-phase is shown to enhance the entrapment
efficacy of particles in this case and the mechanical properties of the resulting interfacial layer.'8
183 variation in binding efficacy has also been reported for Janus particles with different degrees

of amphiphilicity.>®
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3. Materials and Methods
3.1. Materials

All glassware used in this study was base cleaned by a 1wt% potassium hydroxide solution
(KOH, Fischer Scientific) solution in isopropyl alcohol (Fisher Scientific) overnight before its use.
DI water (18.2 MQ.cm) used throughout the study was generated via Milli-Q® IQ 7000 Ultrapure

Lab Water System (Millipore Sigma).

3.1.1. Salts, Acid, and Base
For surface measurements with background electrolyte (SDS studies and mixed systems

particles with SDS), we utilized 10 mM sodium chloride (NaCl) solutions (Fisher Chemical).

For bulk measurements with background electrolyte (Dynamic Light Scattering and zeta
potential studies) potassium nitrate (KNOgz, Fischer Scientific, purity > 95%), nitric acid (HNO3,

Fischer Scientific), and KOH were used as received.

3.1.2. Particles
3.1.2.1. Surface Homogenous Particles

Hydrophilic colloidal silica particles (Fiber Optic Center, nominal diameter of D = 250 nm,
calculated specific surface area of 10.5 m?g™) were utilized as received or hydrophobically
modified with Dimethyldichlorosilane (DMDCS, from Sigma Aldrich). The modification was
performed by oven drying 1g of the spherical particles overnight at 60°C and dispersed in 10mL
of cyclohexane. Then 121.7uL of DMDCS was added to the solution (107* M), which was
sonicated in an ultrasonic bath (Fisherbrand™ 11203 Series Advanced Ultrasonic) for 30 minutes.
Then, the solution was centrifuged at 7000 rpm for 5 minutes, and the supernatant was removed

via vacuum line. Next, an additional 10mL of cyclohexane was added and sonicated again for 30
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minutes followed by centrifugation and supernatant removal. This process was then repeated twice
with chloroform and anhydrous ethanol, followed by drying the particles in a vacuum desiccator.
Hydrophobic Fumed silica particles of low surface area, LSA (125 + 20 m?g™), and medium

surface area, MSA (195 + 20 m?g™t) from Cabot Corporation were used as received.

Silica nanoparticles with nominal size of 100 nm, 200 nm, and 500 nm (Fiber Optic Center

Inc.), were used for bulk measurements of dispersions.

3.1.2.2. Janus Particles

To fabricate the Janus particles (JPs), hydrophilic silica particles (1 pm, Fiber Optic Center)
were assembled onto a 2D PVC film by transferring the particles from air-water interface to the
air-solid interface using a Langmuir trough.*8* Next, the monolayers were transferred to physical
vapor deposition machine (Lesker Nano36 Evaporator, Kurt J Lesker) onto which a thin adhesive
layer (5 nm) of titanium was deposited followed by a 10 nm layer of gold. Resulting JPs were
labeled as Co as no further modification was carried out on the gold cap. To enhance the JP
amphiphilicity, gold faces were further modified with butanethiol and octanethiol (Sigma Aldrich)
by soaking the slides in 10 mM solution of the thiol in ethanol (Fisher Scientific) overnight. The
resulting JPs were labeled as C4 and Csg, respectively. All particles were removed from the substrate
and suspended in ultra-pure Deionized (DI) water via sonication, followed by a filtration using a
hydrophilic PC membrane filter (10 pm, Isopore ™) to remove large aggregates and gold flakes.
After these steps, the dispersions were centrifuged at 3000 rpm for 5 minutes (Legend X1R,
Thermo Scientific) followed by the aspiration of the supernatant. The JPs were set to dry under

vacuum overnight.

The JP degree of amphiphilicity (A8) is quantified via the measurement of wettability on

each face of the particle. Specifically, the wettability of the silica and gold faces were estimated
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by measuring the 3-phase contact angle of water droplets deposited on base-cleaned glass
substrates and glass substrates passed through the same gold deposition and surface modification
as the particles. The water-drop shape profile obtained in each measurement was fitted and
analyzed using a tensiometer, from which the 3-phase contact angle of the polar (6,) and apolar

(6,4) faces of the JPs were estimated.

3.1.3. Surfactants
3.1.3.1. Recrystallization

Sodium dodecyl sulfate (SDS) was acquired from Sigma Aldrich (purity >99%). The
samples of SDS solutions investigated in this work were used as received (labeled as unpurified
throughout the text) or recrystallized to remove the contaminant Lauryl alcohol (LOH). The
recrystallization process involves dissolving 25 grams of SDS powder in 100 ml of milliQ ultra-
pure water, heating the solution to 30°C, and stirring until SDS molecules are solubilized. The
solution is then cooled for 48 h at 5°C. The precipitates are vacuum filtered and resolubilized in
200 ml of ethyl alcohol (Fisher Scientific) with a similar procedure of heating and stirring. The
solution is once again refrigerated at 5°C for 24 h and then vacuum filtered and rinsed with ethyl

alcohol (Fisher Chemical). The crystals are further dried under vacuum for at least 72 h.

In the absence of electrolyte, the CMC values are measured to be 6.7 mM and 7.5 mM SDS
for unpurified and recrystallized SDS solutions, respectively. In 10 mM NacCl solutions, the CMC
values are decreased to 3.5 mM and 5.5 mM SDS for unpurified and recrystallized SDS solutions,

respectively.

3.1.4. Surfactant/Particle Mixtures
For dynamic light scattering and zeta potential measurements, SDS and KNO3 solutions

were prepared separately and then mixed to achieve the final desired concentrations of SDS (i.e.,
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0.01, 0.1, 0.5, 1, 4, 12, 15 mM) and KNO3z (0.01, 0.1, 1, 10, 100 mM). Thereafter, silica
nanoparticles were incorporated to the mixture at a final concentration of 0.005 wt%. The mixture
was sonicated for 20 mins prior to any measurements. For the pH titrations, controlled amounts of
HNOs and KOH solutions, at 1 mM and 100 mM, were added to the dispersion in order to vary
the concentration of H™ and OH" ions. For pH sweep runs in the range of 2-10, the pH of the
prepared dispersion was first increased to ~10, via KOH addition, followed by its gradual decrease

to 2 using HNOz. SDS concentrations of 0, 4, and 12 mM were used in the pH sweep studies.

3.2. Methods

3.2.1. Contact Angle Measurements

As a means of estimating the wettability of particles used in systems of interest in this
thesis, we measured the contact angle of a water droplet on glass slides similarly treated to the
particles. At least 20 droplets of 5 pL in volume were used to measure the contact angle on each

slide using a drop shape tensiometer (Biolin Scientific).

For contact angle measurements on particle coated slides, monolayers were deposited by
convective assembly technique, which consists of dispersing the particles (either spherical or
fumed particles) in ethanol and spreading the dispersion over a glass slide using a syringe pump.
Dispersions of 30wt%, 5wt% and, 3wt% were used for the spherical, LSA and MSA particles

respectively.

3.2.2. Scanning Electron Microscopy
3.2.2.1. Homogeneous Particles
The diameter (Dgzp, OF 2R) of silica particles were measured via a scanning electron

microscope (SEM, Thermo Quattro S field-emission). Fumed silica particles were also imaged.
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3.2.2.2. Janus Particles

To evaluate the orientation distribution of the JPs residing the air-water interface,
deposition of interfacially trapped particles on a silicon wafer was carried out following an earlier
work.'8 Briefly, a silicon wafer was placed at the bottom of the trough at the beginning of the
experiment. After the particles were spread at the interface, a 30 min wait period was allowed for
the evaporation of the spreading solvent. Next, the monolayer was compressed until a surface
pressure of 5 mN/m was reached. The JP network was then transferred from the air-water interface
to the silicon wafer substrate by gently aspirating the water from the side of the trough outside the
barriers and lowering the interfacial plane until the particle monolayer came in contact with the
silicon wafer. The deposited particles were then imaged via the environmental Scanning Electron
Microscope (Thermo Quattro S field-emission SEM) equipped with a backscatter detector, which

exhibits different brightness for materials of different density.

The distribution of particle orientations was obtained by analyzing ~50,000 particles, for
each amphiphilicity studied, using the HEXI software via brightness thresholding of the
particles.'® Particles that showed up brighter in the SEM images (i.e., in contact with the air-
phase) were counted as Janus cap up and those dimer were counted as Janus cap down (i.e., facing
towards the water subphase). To differentiate the tilted particles, we used the standard deviation
of the pixel brightness in each particle as the criterion, since a wider spread in the brightness
population is expected for a tilted particle compared to vertically aligned particles. More details
on the particle thresholding can be found in the Supplementary Information (Figure B0-2). Once

the orientation (&) of all particles is determined, one can calculate a 2D-alignment factor S =
<3c0525 -

> 1) as a means of quantifying the overall orientation of the JP cap in the particle

monolayers formed by different amphiphilicities.'®” To calculate a 2D alignment factor (S), the
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value of particle tilt angle (&) was simply assumed to be 0°, 90°, and 180° for cap up, tilted, and
cap down Janus particles, respectively. Therefore, a monolayer populated only by vertically
aligned particles (cap up and cap down) corresponds to S = 1, whereas for a monolayer comprised

of particles in sideways configuration the 2D alignment factor is § = — 0.5.

3.2.3. Dynamic Light Scattering and Zeta Potential Measurements
3.2.3.1. Particle Dispersions

Hydrodynamic size (D) and mobility (1) measurements were carried out using a dynamic
light scattering instrument (DLS, Nanobrook Omni, Brookhaven Instruments). Pe number informs
about the ratio of diffusive to convective time scales and can be useful in determining the

applicability of DLS for characterizing the particle dispersions. It is determined as per the formula:

2 4

R . : : . : :
Pe =2 kpi , Where 4p is the difference in density between the particle and the solvent, g is
B

acceleration due to gravity, R is particle radius, kg is the Boltzmann’s constant and T is the

temperature.

3.2.3.2. Analysis of Particle Zeta Potential and Surface Charge Density
The conductance values, measured and reported by the DLS instrument for SDS and silica

nanoparticles, were utilized to determine the effective ionic concentration (¢, ¢, mol/L) as follows:

O'.
Ceff = Z ¢ = ZA_:’ (3-1)
L

where o; is the conductance associated with the ion i, and A? is the molar ionic conductivity of the
ion i, values of which are provided in Table 3-1 for the species present in the system under study.
To calculate the ionic concentration of a sample, it was assumed that the molar ionic conductivities

of different ions in the solution were additive.'®® 18 The conductivity of the initial sample (o,) was
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taken as a reference, with its effective ionic concentration, Ceff g calculated based on the molar
ionic conductivity of salt ions present as follows, Ceffy = 0o/ (A%, + A%03-). Then, the analysis

was carried out using the conductance reading of the solution before (o, f,re) the addition of more
ions (e.g., those resulting from addition and dissociation of KOH, HNO3, SDS), comparing it to
the new conductance reading (o4s¢e), and attributing the change in the conductance value (Ao =
Oafter — Obesore) t0 the newly added ions, which in turn led to a change in the ionic strength. For
instance, in a pH titration with KOH, Ac = Aa/(A%, + A%,_). The resulting concentration can

be calculated s coff qfter = Ceffpefore T AC.

The calculated ionic concentration of the solution was then used in the determination of
the Debye length (x~1) as follows:

2 _ ZCeff(Ze)z

3-2
go€kgT (3-2)

where z is the valence of the ions and is equal to 1 in this study, e is the electron charge,
£y Is the permittivity of vacuum, ¢ is the permittivity of water. The magnitude of kR was then
calculated to determine the relative thickness of the Debye layer with regards to the particle size,
with a diameter 2R, as estimated from the SEM images. Thereafter, the value of kR was utilized

to calculate Henry’s function in each case as follows: 1%

16 + 18kR + 3(kR)?

3-3
16 + 18xR + 2(kR)? (3-3)

f(xR) =

Next, the zeta potential (¢) was calculated from the measured mobility values as follows:
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_ 2¢g0€(
=3,

1 f(kR) (3-4)

where u is the mobility [(w/s)/(V/cm)] and 7 is the viscosity of water (Pa.s). Thereafter, the particle
surface charge density (ps, pC/cm?) was determined using the following relation, which does not

assume any approximations for the Debye-layer thickness:

1+ k&R
KR

] (3-5)

ps = €€kl

and the surface potential (¥,) was approximated by the value of the measured zeta potential ({) to
avoid arbitrary assumptions on the thickness of the slip plane.?®1% It is important to note that to
determine the surface potential experimentally, titrating the particle dispersion with a known

amount of ions is required.*®

Table 3-1. Molar ionic conductivity (A7) of the ions present in the system under study. 8% 1%

A°
l
lon (cm?2.s/mol)
H* 349
OH" 198
K* 73.5
NO3 71.5
DS 23.4
Na* 50.1

3.2.3.3. Model for the Particle Zeta Potential at Various pH Values
The zeta potential of colloidal particles at various pH values can be predicted based on the

following implicit equation derived from the Gouy-Chapman formulation:'%
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—eNy 2e9ekpTK ( ed )
= in

1+ 10(®Ka-pH) exp (_ %) e 2kgT (3-6)
B

where Ny is the number density of acid sites, which is determined based on the estimated surface
charge density (ps), and pKa is the acid strength. The provided equation assumes that only acid
groups are present on the surface. In order to determine the appropriate value for the number charge
density, the region where the zeta potential remains nearly constant with pH alterations, (in the
current study pH range of 5 to 7), was taken as a reference. Right and left side of the equations

were solved independently, and their difference was minimized by varying the guessed value for
d.

3.2.4. Surface Pressure/Tension Measurements
3.2.4.1. Langmuir Trough

A NIMA Langmuir trough (Biolin Scientific) was filled with 160 mL of DI water and the
trough area was set at 150 cm?, i.e., the open barrier state, in all experiments. To ensure the absence
of impurities at the air-water interface, the trough was closed to 25 cm? and the change in the
surface pressure (IT), defined as the difference between the air-water surface tension (o) and the

effective surface tension in presence of particles (o.r;) was monitored. If the surface pressure

remained negligible (IT < 0.3 mN/m), the experiment proceeded. The spreading solution was
deposited at the interface in a dropwise fashion using a 50 pL syringe (Hamilton) where the
particles spread at the interface via the action of Marangoni flows. A 30 min wait period was
considered to allow for the solvent evaporation before proceeding with the measurements. The
trough area (A) was compressed at 10 mm/min and the surface pressure I1(A) was monitored via
a Wilhelmy plate. The compression was followed by an expansion of the interfacial area at the
same rate to probe the hysteresis of the JP interfacial network. All monolayers were subjected to
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3 cycles of compression and expansion. In conjunction with the compression-expansion cycles, an
inverted microscope (1X73 Olympus) was utilized to simultaneously capture the microstructure

formed by the particles at the air-water interface, using a 20x objective (6.6-7.8 WD, 0.45 NA),

and through a custom-designed window machined in the center of the trough (Figure 3-1a).

Figure 3-1. Langmuir trough couples with (a) an inverted microscope for microstructure visualization; and (b) a shear
rheometer for interfacial shear rheology measurements. Inset on (b) showing the schematics of the system, where the
diamond shaped ring sits at the interface.

3.2.4.1.1. Homogeneous Particle Systems

For a quantitative hysteresis analysis, the difference between the areas under the
compression and expansion curves were evaluated (). This can be understood as calculating the
work that is “recovered” from the system after the completion of the cycle. In addition, since after

the first cycle the monolayer might lose enough particles to not undergo collapse on the subsequent

cycles, we define a normalized hysteresis parameter (1) as follows:
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il Compression Expansion (3-7)

U= 3maa = AITAA

3.2.4.1.2. Janus Particle Systems

To examine whether the use of a spreading solvent in the deposition of particles at the
interface, and the associated Marangoni flows, result in ordered crystalline domains, we applied
the procedure provided by Juarez et al. to the captured SEM images to determine the ensemble
average of the order parameter Ce. In short, Ces represents the number of hexagonal close packed
neighbors around each particle. By averaging over all particles, we estimate <Cg¢>, which equals 0
for disordered fluid configurations and 6 for an infinite plane of hexagonal close packed

particles.'®® The equations associated with <Cs> are described in Appendix B.

3.2.4.2. Drop Shape Tensiometer

The surface tension measurements for contaminated and recrystallized SDS were carried
out in the drop shape tensiometer (Biolin Scientific), using a rising air bubble (RB) suspended in
the SDS solutions. The Attension® Theta software fits the shape of the bubble to the Young-
Laplace equation, which balances surface tension and gravitational forces. As it takes more time
for surface tension equilibration,'®” the RB method can be used to probe the dynamic surface
tension of a contaminated SDS solution by allowing the bubble age in the solution, while

monitoring its shape.

3.2.4.3. Wilhelmy Plate Tensiometer

The surface tension measurements for contaminated and recrystallized SDS solutions were
also carried out using Wilhelmy plate (WP) technique. The Wilhelmy plate (DCAT 25 from
DataPhysics) was used to measure the surface tension isotherms of solutions with different purity
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levels and with no added salt and in 10 mM NacCl solutions. In WP method, a platinum plate
hanging from a high precision balance is lowered until it contacts the air/solution surface. The
change in the measured force when the plate contacts the water surface is used to calculate the

surface tension acting on the plate.

The CMC values for unpurified and recrystallized samples were obtained by carrying out
surface tension measurements on solutions at various surfactant concentrations and plotting the
SFT readings as a function of the log of surfactant concentration following the procedure described
elsewhere!®®. Briefly, it consisted of finding the intersection of the trendlines before and after

reaching the CMC.

3.2.5. Thermodynamic Modeling of monolayers
3.2.5.1. Particles-only

To estimate the overall interparticle interactions experienced by the particles within the
network, and the resulting surface pressures, a surface equation of state was used to interpret the
surface pressure isotherms.'®® As shown by Fainerman et al., the surface pressure of a micron-
sized particle monolayer can be related to the particle surface coverage and interparticle interaction

parameter via the following equation:

Hw,
kT

=In(1-6) + 6 (1--2) + ag? (3-8)
w

where w, is the molecular area of the solvent, w is the fluid/fluid interfacial area occupied per
particle, and @ is the particle surface coverage. Therefore, using the information on the total area
occupied by the particles at any time, one can calculate 8. We estimated the total area occupied by
particles assuming an arbitrary value for the surface coverage at the inflection point (6;,) of the

isotherm. The Frumkin interaction parameter (a) captures the nonideality (i.e., positive for
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attractive and negative for repulsive interactions), and is related to the enthalpic contribution to the

interactions.!% We assumed that the % ratio goes to 0 since w > w,, and used both a and 6,, as

fitting parameters, to estimate the limiting surface coverage and interaction parameter that best
represents the surface pressure data obtained for the studied monolayers. From the maximum
surface coverage (i.e., 8;p) that best fits the experimental data, the area occupied by the particles
at the inflection point of the isotherm can be estimated. From the total area occupied by particles,
we can calculate the number of particles trapped at the surface. Next, the binding efficacy of the
particles can be estimated by dividing the total number of particles trapped at the interface by the

total number of particles deposited at the interface from the spreading solution.

3.2.5.2. Surfactants

We utilized three thermodynamic models for the fitting of the surfactant adsorption
isotherms: the Frumkin model, the van der Waals model, and a model developed by Kralchesvsky
et al.?® The latter builds on the van der Waals adsorption model to include the electrostatic
contribution to the free energy of the system. The surface tension isotherms experimentally
obtained for the SDS samples, via the WP technique, were used as an input to each adsorption
model. For the sake of simplicity, we show the adsorption isotherm equations for a one-component
system. The reader can find the equations derived for a two-component system, here applied to

mixed interfacial layers of SDS and dodecanol, in the Appendix A.

The Frumkin isotherm model assumes a localized adsorption as follows:?%

wl’ ( 2 ,81“) (3-9)

or
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6
= — 3-10
Kc e exp( — 2a0) ( )

where K is the adsorption constant, kg is the Boltzmann constant, T is the absolute
temperature, c is the bulk surfactant concentration, I is the surfactant adsorption at the interface,
and w is the minimum molecular area at the interface. Parameter £ is the interaction parameter,

usually attributed to the tail-tail van der Waals interactions.??® Parameter « is the dimensionless

interaction parameter, o = % ,and 8 = wI isthe surface coverage for the surfactant adsorbed
B

to the surface. The equation of state can then be written for one-component systems as follows:

kT
M=-—=2"In(1- ol — prz (3-11)
Wo
or
kyT
Il = —w— [ln(l - 6) + a@z] (3-12)

0

where IT is the surface pressure, defined as the air-water surface tension minus the surface
tension in presence of the surfactant molecules (IT = g, — o¢). The excluded molar area has been

shown to be dependent on the surface pressure of the system by the following expression:201-203
w = wy (1— €llf) (3-13)

where w, is the excluded area at zero surface pressure and € is the intrinsic compressibility
coefficient, which can be interpreted as the change in the tilt angle of the molecule tail upon an

increase in the surface pressure or surface compression.?%

The van der Waals adsorption model is similar to the Frumkin model, but assumes a non-

localized adsorption.?% The equations can be written as follows:
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Ko — wl’ ( wl’ 2,81“) 3-14
T I or P\ T r T kT (3-14)
or
0 0
= - 3-15
Kc 1_9exp(1_0 2a9> ( )
kgTT ,
= - 3-16
=r2— — Br (3-16)
or
kgT 6
n=—— — 92] -17
wy L (1-6) “ 3-17)

where the notation used in Eq. (3-9)-(3-13) applies here. To model the experimentally
measured isotherms for SDS solutions, the adsorption constant (K), the interaction parameters (a
or B), the excluded area at zero surface pressure (w,), and the compressibility coefficient (¢€) of
each individual species must be known. For two-component surfactant systems, one must also
consider the intermolecular parameters (w;, and a;,). By varying the initial guess on the amount
of contaminant in the bulk, one can find the LOH concentration that gives the best fit to the
measured surface tension isotherm. For both unpurified and recrystallized isotherms, one can vary
the initial guess for the molar fraction of dodecanol (a.k.a. LOH) and solve the two-component
equations (provided in the Appendix A) by changing the surface coverages (6; and 8,) until the
sum of squared differences between each experimental point and the value calculated by the

adsorption model is minimized.

The Kralchesvsky model utilizes Eq. (3-14)-(3-17) and solves for the free energy of the

surface accounting for electrostatic interactions present in the system with the Gouy equation.?%>
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206 By taking advantage of the pre-determined values for & and w for each surfactant, Kralchesvsky
et al. were able to develop an algorithm with only the molar fraction of LOH as an adjustable
parameter.?®® Briefly, the intermolecular parameters (a;, and w;,) were first calculated (see
Appendix A). Next, a guess was made for the molar fraction value of LOH, followed by guesses
on the surface adsorption concentrations I3 and ;. The adsorption isotherm was solved for the
LOH adsorption to determine the optimum values of I, for the given values of I7. Next, the
dimensionless surface potential was calculated based on the Gouy equation to implicitly solve for
;. Finally, the surface tension was calculated from the obtained variables and compared to the
experimental data. By changing the molar fraction of LOH one can find the best fit for the
measured surface tension isotherm. After its determination, the molar fraction of dodecanol can be
used to quantify important parameters of the surface, such as adsorption quantities, surface
potential, and the Gibbs elasticity. The authors used previous data from Reference 27 to validate

their model.

3.2.5.2.1. Estimation of Depletion Effects on Surfactant Mixtures

The depletion effects were calculated based on the work done by Alvarez et al.,'*” which
describes how the depleted bulk concentration is a function of the area available for adsorption
(4), the volume of the solution (V), the bulk concentration of surfactants (c;), their surface
adsorption at the maximum packing arrangement (I,), and their adsorption constant (K). By
applying Eq. (3-18), one can calculate the effective depleted concentration of a surfactant species

(cesy) as follows:
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where f = % is the ratio of the minimum bulk concentration needed to populate the

interface at maximum packing to the adsorption constant K, and 9 = % is the maximum

Ci
fractional potential mass lost to the interface.
The time necessary for equilibration is dependent mostly on the depletion depth (h,)

associated with the adsorption. For a planar surface adjacent to a semi-infinite surfactant solution,

h,, can be defined as follows:
h, = — (3-19)

The timescale for diffusion in this system is then given by 7, = %2 where D is the bulk

diffusion constant of a surfactant molecule in the solvent, and h = h,, for the planar case. This is
a good approximation for methods like the Wilhelmy plate. However, for surfaces with an
associated curvature, h must be corrected to account for the deviation from a planar geometry (see
Appendix A). A more in depth discussion can be found in elsewhere.® The beforementioned
equations (Eg. (3-18) and (3-19)) were used to estimate time scales and appropriate geometries for

our experiments in order to maximize the impact from LOH molecules.

3.2.5.3. Particles and Surfactants
Analogous to the previous model, to include surfactant contributions to the surface pressure

isotherm we can use an equation of state,?% as follows:
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kT
Il = ——[ln(l —9p _95) + Bp +95(1 - (1)0/(1)5) +a5952

@o (3-20)
+ ap63]
where 8, (6s) is the particle (surfactant) surface coverage, wg is the surfactant molecular area, ap
(as) is the particle (surfactant) interaction parameter. Note that Eq. (3-20) is the combination of
equations (3-12) and (3-8). Since the parameters related to the surfactants can be determined from
their surface tension isotherms at a given concentration, the only fitting parameters are the 6,(A4;p)

and ap, similar to the previous scenario.

3.2.6. Surface Rheology Measurements
3.2.6.1. Dilational Rheology for SDS Solutions

The interfacial rheology of rising air bubbles suspended in SDS solutions (unpurified,
recrystallized, and aged recrystallized) were measured using the Attension® Theta optical
tensiometer (Biolin Scientific). For unpurified and recrystallized samples, the rheology
measurements were performed in a concentration range of 1 to 10 mM SDS, with both no NaCl
and 10 mM NacCl. For the aged, recrystallized samples, measurements were done only at 5 mM
SDS concentration. The surface rheology was probed using rising bubbles (~6 uL) generated on
an inverted needle (Biolin Scientific, outer diameter of 2 mm). The concentration of SDS was
varied by incrementally increasing the bulk surfactant concentration for the same bubble under
study. The amount of solution required to increase the concentration of the solution by 1 mM was
added using an automatic pipette (Eppendorf, 20 ul) in 10-step increments, separated by 2-min
intervals, to avoid large perturbations to the system. Once the desired bulk concentration was
reached, the bubble was aged until the surface tension reading was stable. The bubble volume was

then oscillated at a small amplitude, corresponding to small oscillations in the surface area within
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the linear viscoelastic regime (area variation of less than 3%), and at a frequency of 1 Hz, which

is within the reliable frequency limit for the oscillating bubble tensiometry.2%

3.2.6.2. Shear Rheology for Particle-only and Mixed Particles and Surfactants Monolayers

A stress-controlled rheometer (DHR2) equipped with the Double Wall Ring (DWR)
geometry, mounted inside a Langmuir ribbon trough (LXW = 364x75 mm?), was used to generate
the particle-laden interfaces and examine their response to shear at different states of compression
(see Figure 3-1b). The surface pressure was measured by a platinum Wilhelmy plate placed
parallel to the barriers. The custom design of the jig for the rheometer, to accommodate the
integrated trough/DWR setup, and the 3D printed DWR geometry followed the pioneering work
of Vermant and coworkers.'®* The DWR used in this study is a two-dimensional double-Couette
fixture (cup) with 39 mm inner diameter, 60 mm outer diameter, and the dimensions of the ring
are 47 mm inside diameter and 49 mm outside diameter. The instrument was calibrated in precision
mode 4 times to reach a higher sensitivity. The Boussinesq number (Bq) is commonly used to
evaluate the balance between surface and subsurface drag.?!% 2! To ensure that the subsurface drag
is not impacting the generated data, one has to use a geometry that maximizes the contact with the
surface minimizing the effect on bulk flow (Bq > 1). The DWR geometry used in the current study
along with the measured surface viscosities yielded Bq > 10 in all cases. Experimental results were
analyzed and plotted with the “Interactive Rheology Information System” (IRIS) as outlined in a

recent review.?!?

After preparing the particle monolayer at the air-water interface on the trough in the open-
state (i.e., total surface area of 150 cm?), the double wall ring (DWR) was slowly lowered to
contact the interface via capillary action. The axial load on the ring was carefully monitored while

lowering it towards the interface; a sudden increase in the measured force indicated the onset of
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contact between DWR and interface. Once the initial contact was made, the ring (1 mm thick) was
lowered for an additional 500 um so that the DWR was centered at the interface. The integrated
trough/DWR setup enabled us to achieve specific surface pressure values and carry out rheological
measurements on particle networks at different surface coverages. The monolayer was compressed
at a rate of 25 cm?/min until reaching a desired surface pressure. The particles were then allowed
to relax and reorganize until the surface pressure stabilized (~10 mins) prior to carrying out the
rheological experiments. Strain amplitude sweep and small amplitude oscillatory shear (SAQS)
measurements were carried out using this integrated setup to characterize the JP monolayer. The
operating windows for the oscillatory measurements that lead to valid reproducible results are
calculated following the work of Ewoldt and coworkers.'®® These ranges are color coded in the
reported figures. In brief, the data falling in the green range represents an acceptable data set, the
data falling in the yellow region represents probably acceptable data, and the rest, falling in the

orange region needs to be handled with care.

3.2.7. Rheological Modeling
3.2.7.1. Dilational Rheology of Contaminated SDS solutions

To model the surface dilational rheology, we based our calculations on the work done by
Aksenenko et al.?!3 The dilational surface viscoelastic modulus (x**) can be defined as follows:?'

dy s

UD = Gy ©

(3-21)

where y is the surface tension, A is the available interfacial area, 2 is the angular frequency
of oscillations, and § is the phase shift of the surface tension oscillations in response to the applied
oscillations in the available surface area. The surface complex viscoelastic modulus can be further

divided into real (k%') and imaginary (x*"") parts, which correspond to the elastic and viscous
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contributions, respectively. Assuming that a diffusion-controlled exchange of surfactant molecules
between the adsorption layer and adjacent bulk solution is the governing relaxation process in the

system, the resulting surface rheology of a one-component solution is as follows:2> 216

e d_rJ@
o\'dcND 1+ {+i¢

K'S*(LQ) = d[‘\/m = Kg m (3-22)
s dall _ AYeq
= Ganr) T " ddnn) (3-23)
1
¢ = (‘;_D) E (3-24)
D /dc\?
0= 3

where E|, is the Gibbs elasticity (i.e., the limiting elasticity at low frequencies), v, is the
equilibrium surface tension as a function of the surfactant adsorption (I"), ¢ is the dimensionless
ratio between the time scale of the experiment and that of the diffusion process, 2, is the
characteristic diffusion frequency, and D is the surfactant’s bulk diffusivity. A description of the
equations used for the two-component mixture is provided in the Appendix A. A more in-depth

discussion on the surface rheology of surfactant systems can be found elsewhere.?!’

Using the relationship between I and c, obtained from the fitting of SFT isotherms to
thermodynamic adsorption models, one can apply the surface rheology equations to estimate the

complex modulus Eq. (3-21) of a surface populated with one type of surfactant or a binary mixture
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of surfactant species. From the resulting information, the real and imaginary contributions to the

complex dilational modulus can be calculated.

3.2.7.2. Shear Rheology of Particle Monolayers
Modelling the two-dimensional viscoelasticity of a particle monolayer under shear stresses
can be useful to predict interfacial material properties. In analogy to linear viscoelasticity in three

dimensions?!8 219 two dimensional linear viscoelasticity can be expressed with a stress o°(t):
t
os(t) = f dt' G5(t —t")ys(t") (3-26)

where y3(t") is the rate of deformation in the interfacial layer at past times —co < t’' <t, and

Tmax

G5(t) = Gy° + f %HS(r)e‘t/r (3-27)

0

is the interfacial relaxation modulus. The interfacial relaxation time spectrum H®(t) quantifies the
distribution of relaxation modes that contribute to G°(t). The largest relaxation time, 7,4y,

belongs to the slowest relaxation mode at long-time stress relaxation.

For practical purposes, the interfacial relaxation modulus may be described by a discrete

spectrum with the relaxation strength of, g;, corresponding to the relaxation time (z;) as follows:
N
G5(t) = Go° + Zgie_t/fi (3-28)
i=1

Small angle oscillatory shear (SAOS) results in dynamic moduli:
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Tmax w?t?
GS'(w) = GOS + J;) 71‘15(1’)m (3'29)
., Tmax dg Wt
G ((1)) = J;) 71‘15(‘[)m (3-30)

These modeling equations will be applied to interfacial rheology experiments in the
following manner. The particulate monolayer has no permanent connectivity and rheologically
will be treated as a liquid where the equilibrium modulus is zero, G,° = 0. Just like in 3D rheology
of viscoelastic liquids, the relaxation time spectrum, H*(t), is the only material property needed

for a quantitative description of the two-dimensional linear viscoelasticity of a complex liquid.

3.2.8. Surface Evolver

JPs possess chemical anisotropy, which generates deformations on the air-water interface
due to the entrapment of particles in a tilted orientation. Vertically aligned particles will likely
generate deformations associated with the surface roughness present at the Janus boundary
(commonly described via quadrupolar and hexapolar modes), whereas tilted particles introduce
dipolar deformations. Following the work of Rezvantalab et al.,*® the Surface Evolver software??
was employed to model a system of a single Janus particle straddling a fluid interface at an
arbitrary orientation angle 6. The software can be used to model interfacial deformations that are
induced by various forces and constraints present in the system. In our system, the surface energies,
which are dependent on the wettability of the particle hemispheres, were considered the governing
force. Once the geometry is created, one can refine the mesh and minimize the surface energy until
convergence is achieved. The software considers the surface tension between the fluids as 1, which
was converted afterwards to the surface tension of water (o, = 72.8 mN/m). To model the JPs of

various amphiphilicities, we set the contact angles of the hemispheres to the experimentally
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measured values, held the particle position constant, and incrementally increased the tilt angle.
Once the mesh is converged, the contact area between each hemisphere and the subphase was
exported and Eq. (4-1) was applied to calculate the desorption energy (AE ;) associated with each

orientation angle (6).
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4. Mechanical Properties of Particle-Laden Interfaces

In this chapter, we focus on the mechanical properties of particle monolayers at the air-
water interface to examine the implications of particle features, such as surface roughness or

surface anisotropy for the response of the network to the applied dilational or shear stresses.

4.1. Impact of Particle Roughness on the Mechanical Properties of a Particle-Laden Fluid Interface

4.1.1. Introduction

Particles stabilize fluid interfaces by removing the energetically costly contact area
between the two fluid phases. Thus, parameters such as particles size and surface chemistry can
be used to tune the resulting reduction in the excess free energy of the system. Furthermore, particle
geometry can also be exploited as another design parameter in tuning the stability of Pickering
emulsions and foams. Examples of anisotropic particle shapes performance of which have been
studied at fluid interfaces are ellipsoids, nanotubes, and fractal-like particles (e.g., fumed silica).
Such systems of non-spherical particles are usually dominated by capillary interactions due to the

irregular shape of the contact line surrounding the particle surface.

In this section, we have investigated the consequences of introducing surface roughness to
a particle monolayer at the air-water interface. We studied the intrinsic differences between the
mechanical properties of the resulting interfacial networks when spherical particles (250 nm of
diameter) are compared to monolayers formed by fumed silica particles of a similar hydrodynamic
diameter. In order to systematically investigate the impact of particle texture, two types of fumed

silica particles were used in these studies; i.e., a low specific surface area (LSA) and a medium
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specific surface area (MSA). All particles were hydrophobically modified with
Dimethyldichlorosilane (DMDCS). We review the surface pressure isotherm results obtained from
successive compressions and expansions of the monolayers and discuss the hysteresis associated

with each particle system.

4.1.2. Results and Discussions
4.1.2.1. Monolayer formation

SEM pictures of the particles used in this section are shown in Figure 4-1. It is evident that
the spherical colloidal particles shown in Figure 4-1a are remarkably different from the two fumed
silica samples (Figure 4-1b and c). This comes from the fact that while the first is a monodispersed
spherical particle with ~250 nm of diameter, fumed silica particles are made from smaller
nanoparticles (20 nm each) that are fused together and form a fractal like structure. Figure 4-1c
shows a magnified image of the particles, where the individual entities that compose the big
aggregate of particles are visible. Figure 4-1b shows a less magnified point of view for the LSA
particles, illustrating that fumed silica particles are far from the ideal spherical shape, and the

consequences associated with that will be discussed further on.

(a) Spherical

Figure 4-1. SEM pictures of (a) 250 nm spherical colloidal particles; (b) LSA fumed silica particles; (¢) MSA fumed
silica particles.
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To measure the response of particle monolayers formed by each sample to the applied
stress, concentrated particle dispersions were deposited to the air-water interface using a spreading
solvent. A total amount of 2.5 (0.5) mg of spherical (fumed) silica particles was used to generate
the surface pressure isotherms shown in Figure 4-2a. The reason for the different deposited mass
of particles is so that the monolayers would experience the entire phase space upon compression,
from a gaseous state where the surface pressure is ~0 up to the collapse of the monolayer upon
compression and beyond, as indicated by the kink present in all of the curves at high surface

pressures.

It is interesting to note that even though the same mass of particles was added for both
fumed silica particles, MSA shows a surface pressure that was mostly higher than LSA at similar
trough areas. This indicates that either the amount of MSA particles trapped was higher or that
they were able to form a network at a lower surface coverage (i.e., at a larger trough area). Figure
4-2b depicts the same isotherms normalized with their area at the inflection point. The inflection
point can be associated with the maximum packing that the monolayer experiences before
collapsing. It is possible to determine the percentage of trapped particles for the spherical sample,
since its cross-sectional area is known (Table 4-1). However, this is not a trivial task for the case

of fumed silica particles due to their irregular shape.

From this perspective it is possible to state that there is indeed an earlier network formation
for both fumed silica particles when compared to the spherical sample. However, both LSA and
MSA curves are overlapping throughout the normalized area span (Figure 4-2b), which indicates
that the generated monolayers have similar structural properties. This is further shown in Figure
4-2¢ where their isothermal compressibility modulus is plotted with the normalized area. It is

possible to see that the 250 nm spherical particles reach a higher xj than both fumed silica, which
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is indicative of a network that is harder to compress (Table 4-1). From these points of view, it is

clear that MSA particles have indeed a better trapping efficiency than LSA particles.
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Figure 4-2. (a) Surface pressure isotherm of spherical 250 nm particles, and low surface area (LSA) and medium
surface area (MSA) fumed silica particles as a function of trough area; (b) Isotherm normalized with the area at the
inflection point; (c) Isothermal compressibility of the monolayers as a function of the area normalized with the
inflection point. Black squares, red circles and blue triangles represent spherical 250 nm particles, LSA and MSA
fumed silica particles, respectively.

By utilizing an equation of state, one can estimate some physical parameters of relevance
for the particle monolayers. Figure 4-3 depicts the best fit results for Eq. (3-8) generated surface
pressure isotherms as a function of the estimated particle surface coverage (8), and Table 4-1
shows the fitting parameters from the best fit. It is possible to notice that for the case of spherical
250 nm particles, there is a good agreement between the model and the experimental curve, which
is expected. However, when comparing both LSA and MSA modeled curves to the experimentally
measured, there is a discrepancy between them. This clearly illustrates that this equation of state
lacks the important features to represent monolayers of fumed silica particles. Nevertheless, it is
interesting how both monolayers show similar results as well, only with a different maximum
packing fraction. Comparing the interaction parameters associated with the best fit for all curves
shows that for the case of spherical particles, the network is overall more attractive. However, it is
important to note that comparisons between the systems should be taken with care since the model

is not proper to represent fumed silica particles.
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Table 4-1. Colloidal spherical and fumed silica particles under study and their characterization as follows: binding
efficacy at the air-water interface, shift of the inflection point area due to either monolayer compaction and/or particle
lost to the subphase comparing compressions 1 and 3 on the Langmuir Trough, the parameters obtained from the
fitting of the surface pressure isotherms to the Frumkin equation of state, the surface coverage at the inflection point
(6,p), and the overall interparticle interaction parameter (a).

- % IP shift .
. Binding Maximum Coverage
Particle Efficacy after 2nd 15, (MN/m) at IP a
cycle
Spherical 71.7% 5.9% 160+ 12 89.7% 0.69
LSA Fumed - 54.2% 105+5 88.3% 0.42
MSA Fumed - 66.4% 105+5 89.8% 0.42
70 Spherical
60+ LSA
E'50- MSA
“-..__- 4
% 40+
\-—/30 1
=20
10
0 T T T ' T M T

02 04 06 08 1.0
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Figure 4-3. Surface pressure (IT) isotherms as a function of surface coverage of particle (6) obtained for different
particles monolayers. Spherical particles are shown in black squares, LSA fumed silica particles in red circles, and
MSA fumed silica particles in blue triangles. The experimental data are shown in lighter tones and the best fit from
the Frumkin equation of state (Eq. (3-8)) are shown in a darker tone. The function only fits the data for 6 < 6, since
at higher surface coverages the layer of particles is not a 2D structure.

4.1.2.2. Collapse and Hysteresis

When subjected to consecutive compressions and expansions, the monolayers might
experience hysteresis, since during compressions part of the applied work might be lost which
leads to expansions taking a different path. This is illustrated in Figure 4-4, which shows the first

and third cycle of compression and expansion for all systems under study. For the spherical
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particles, it is possible to note in Figure 4-4a that there is hysteresis between the first compression
and expansion. However, for the third cycle the difference between the compression and expansion
curves is minimized, indicating that the monolayer was compacted after the first cycle. Figure
4-4b shows the same curves for LSA samples, where it is possible to notice two major differences
in comparison to the spherical sample. The first major contrast is that there is a much larger
difference between the first compression and the first expansion curves in the case of fumed silica
particles. A similar behavior was captured for MSA monolayers. The second difference between
the behavior of spherical and fumed particles is that for the latter case, the maximum surface
pressure achieved at the third cycle is smaller than the one achieved at the first cycle. One can also
quantify the amount of shift on the inflection point from one compression to another, which is
associated with either particle desorption or monolayer compaction. As shown in Table 4-1, there

is a 10-fold increase in the shift when comparing spherical to fumed silica particles.

The bigger hysteresis experienced by both fumed silica monolayers indicates that they are
undergoing a much bigger irreversible change than the one experienced by the spherical particles.
To further investigate the processes that are taking place within the monolayer, in response to the
applied compressions and expansions, direct visualization via an optical microscope was carried
out in tandem with the experiments on the Langmuir trough. By analyzing the images of the
monolayer beyond the collapse point, we can see that the monolayer made by spherical particles
yields through buckling, generating large folds that maintain the surface area constant (Figure
4-4d). However, both fumed silica monolayers show smaller wrinkles upon compression (Figure
4-4e), accompanied by some discontinuities on the monolayer, where the particles are pushed out
of the interface, generating multilayers of particles ((Figure 4-4f). It is likely that fumed silica

particles are able to interlock with themselves, forming denser aggregates that do not separate
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during the expansion leg of the cycle. Both of these factors contribute to the irreversible character

of the monolayers.
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Figure 4-4. Surface pressure (IT) isotherm plotted as a function of the compression ratio (4,/A) for compression
(square closed symbols) and expansion (diamond open symbols) legs of cycles 1 and 3 carried out on monolayers
formed by (a) spherical, (b) LSA, and (c) MSA silica particles. Microstructure pictures of the monolayer beyond the
collapse point for (d) spherical, (¢) LSA, and (f) MSAsilica particles.

One way of quantifying the experienced hysteresis is by calculating the work that is added
to the system upon compression and “retrieved” from the expansion (Eq. (3-7)). This is analogous
to a piston cell in 3D, where the work applied to compress a gas can be calculated based on the
pressure and volume differences from the start to finish. However, it is important to highlight that
unlike the 3D parallel, the monolayer is not doing work to expand the barriers. Figure 4-5 shows
examples of how the hysteresis coefficient was calculated for monolayers formed with the

spherical particles (Figure 4-5a) and MSA particles (Figure 4-5b). Figure 4-5c shows the results

for the normalized hysteresis coefficient (1), as a function of the specific surface areas for each
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sample at different cycles of the isotherm. It is possible to notice that for all cycles, there is a direct

dependency between [ and the specific surface area, where MSA particles show 1 order of
magnitude larger hysteresis. After the first cycle, cycle 2 shows a decrease in the areas between
compression and expansion curves for all particles. From these results we can infer that once the
monolayer of spherical particles undergoes the first round of compression and expansion, it
achieves an equilibrium state, where the monolayer does not change upon further compressions.
However, fumed silica particles show a persistent decrease in J as the cycles of compression and
expansion are performed. This indicates that some changes in the microstructure are taking place
continuously, which are of irreversible character (Figure 4-4f). It is important to note that the
specific surface area is likely not the determining factor for higher hysteric behavior, but the fact
that MSA particles show a higher 0 than LSA particles hints that the surface area, which is related

to the porosity of the particles, is somewhat proportional to roughness.
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Figure 4-5. llustration of hysteresis coefficient () calculation for (a) spherical and (b) MSA compression and

expansion; (c) Normalized hysteresis coefficient () results for different cycles of compression and expansions as a
function of different specific surface areas. Black squares, dark grey circles and grey triangles represent the 1%, 2"
and 3" cycle respectively.

4.1.3. Summary of Findings
In this section, we discussed the consequences of introducing surface roughness to a

particle monolayer at the air-water interface. We showed that there are differences between the
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mechanical properties of the monolayer when comparing spherical particles with 250 nm of
diameter to two types of fumed silica particles (LSA and MSA). It was found that MSA particles
are more surface active than LSA particles, however both of them generate a monolayer that is
mechanically similar. When compared to the monolayer formed by the spherical particles, fumed
silica particles possess a softer but more open network, likely from the complex capillary
interactions taking place. We conclude that the used equation of state is proper for modeling
spherical particles but cannot capture the physics of important phenomena taking place within
monolayers of fumed silica particles. Nevertheless, it is still useful to make qualitative
comparisons with caution. We show that the measured surface pressure isotherm from successive
compression and expansion cycles depicts that the spherical monolayer collapses reversibly and is
able to regenerate its network in between cycles, whereas both fumed silica monolayers possess a
much more drastic hysteric behavior. Finally, we show that there is a relationship between the
specific surface area of the particle and the hysteresis experienced by the successive compressions

and expansions.
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4.2. Janus Particles, Amphiphilicity, and Capillary Interactions

4.2.1. Introduction

Janus particles bring together two different means of stabilizing interfaces. As a colloidal
particle, presence of JPs at a fluid interface lowers the overall free energy of the system.
Furthermore, the surface amphiphilicity of JPs can be tuned in order to enhance the desorption
energy of the particles from the interface by having both hydrophilic and hydrophobic surfaces in
contact with the aqueous and non-aqueous phases, respectively. Nevertheless, JPs might not
always be in an upright configuration (i.e., Janus boundary aligned with the interface) when their
orientational freedom is considered.??* To better understand the implications of the JP orientation
at interfaces, one can estimate the energy required to move an interfacially bound Janus particle to

the bulk using the following expression:*!8 222
AEg = 0(Agz c0s Oy + A,y cosbp — Ay) (4-1)

where 4; is the fluid-fluid interfacial area removed in presence of the particle, A, and A, are the
areas of the polar and apolar regions on the JP, respectively, that are in contact with the apolar
phase (e.g., air or oil). Therefore, assuming a tilted configuration will impact the values of 4,,, and
A,,. Tilted particles not only are associated with changing the desorption energy of the JP, but
may generate asymmetric deformations of the contact line depending on their tilt angle at the
interface (5).18 This is due to the fact that a tilted Janus particle exposes both of its two different
wetting surfaces to the subphase. The resulting asymmetric deformations of the fluid interface can

thus drastically modify the dominant interparticle interactions as will be discussed in detail next.

From the various interparticle interactions taking place at the fluid surface, Janus particles

are often dominated by capillary interactions. A mathematical approach has been developed to
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model these capillary interactions, where the deformation of the contact line around the particle
surface is captured as a summation of multipoles.’®® These deformations give rise to capillary

interparticle interactions that can be estimated by Eq. (4-2) as follows:??®

AUcap (4-2)

p—— H;S, + HESp — HyHpG cos(mppp — myup,)

1 2 2
- E(mAHA + mgHg)

Where AUcqp = Ugap (1) — Ucqp (o) is the energy of capillary interaction and r is the
center-to-center distance between interacting particles A and B. Considering Y as the index for
particles A and B, my is the mode of deformation (my = 1, 2, 3, ...) corresponding to dipole,
quadrupole, hexapole, etc., Hy is the undulation amplitude for particle Y, and ¢y is the azimuthal
angle of particle Y, or the rotation angle in the interfacial plane referring to the orientation of the
surface deformation. Sy is related to the mode of deformation and approaches my /2 at long
distances, and G is the pre-factor that accounts for the multipole interactions, descriptions of both

are as follows.

o n (4-3)
Z ¢ coth[n(z, + 15)] A%(n, my, Ty)
_ = nA(n,my,14)A(n,mg, t5) (4-4)
¢= Z sinh [n(t, + 75)]
min (m,n) _ (4_5)
D" *m+n—-k-1)!
Amn )= ) o= P
k=0
B = exp (—1y) (4-6)
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r2+r2 — r§> (4-7)

Ty = arccosh
Y ( 2rry

Where A(n,my,Ty) is a constant independent of the approach angle, 7y is one of the bipolar
coordinates related to the interparticle distance and their size, and 8 comes from the differentiation
of the integral form of A(n,my,ty) bringing the dependence on 7y to the summation. For

monopole-multipole interactions, another relation must be used.??3

Introducing the Janus character is shown to drastically change the microstructure generated
by particles straddling the interface,’? due to stronger capillary interactions.??* 22> Moreover, there
is evidence that interfacially trapped JPs can interact through different polar orders (quadrupolar
and hexapolar) at the same time.??® Furthermore, the Janus character brings additional complexity
when describing the resulting capillary interactions as the orientation of the JPs axis with regards
to the plane of the fluid-fluid interface (8) will affect the deformation of the contact line around
the particle, and thus the terms that remain dominant in the description of the capillary interactions
(i.e., m = 1 may not be ignored for JPs). As previously reported, JPs may assume different
orientations at the air-water surface.’> ??” The distribution of tilt angles, captured for interfacially
bound Janus particles, brings a unique character to JP monolayers, because in tandem with the
higher order interactions such as quadrupolar (U~ r~%) and hexapolar (U~ r~°), dipolar capillary
interactions (U~ r~2) can also be present.!*® The mixed modes of interactions may even generate
strong repulsion if the interfacial undulations around interacting particles are not matching as they
approach each other,2?2 phenomenon previously reported for particle rafts at fluid-fluid
interfaces.??® Therefore, understanding the network of interactions with the many modes of
capillary interactions present in JP monolayers is not trivial. Even more interesting is the concept

that by manipulating the JPs characteristics, such as the degree of amphiphilicity, one can tune the
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strength of these interactions.”> 18 Thus, a JP present in a populated monolayer might experience
a complex network of interactions, involving distinct modes of interaction, at different distances
from its neighbors. Nevertheless, not much is known about the relation between the complex
arrangement of JPs monolayers at a fluid-fluid interface and the modes of capillary interactions at

play, which is the focus of this chapter.

4.2.2. Results and Discussions
4.2.2.1. Janus Particles Degree of Amphiphilicity

The degree of amphiphilicity (A8) is a measure of the particles Janus character. In the
system under study, the hydrophobicity of the gold cap was tuned by attaching thiol molecules to
the surface. Therefore, by introducing thiols with longer carbon chains onto the gold cap, JP
amphiphilicity can be gradually increased, while retaining the wettability on the hydrophilic silica
side. Examples of water droplets formed on the unmodified glass substrate, gold coated substrate
and thiol modified gold substrates, and the resulting contact angles measured in each case are
provided in Figure 4-6. Based on this information, the degree of amphiphilicity was estimated for

Co, C4 and Cg particles, as provided in Table 4-2.
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Figure 4-6. Wettability of glass substrates, modified in an analogous fashion to the particles, and measured via the
contact angle of water droplets deposited on the substrate. The representative particle surfaces are also provided above
each panel. From left to right, (a) the untreated base-cleaned substrate, (b) unmodified gold coated substrate, (c) gold-
coated substrate modified with butane thiol, and (d) gold-coated substrate modified with octanethiol. Janus particles
are composed of a hydrophilic silica surface mimicked by the glass substrate shown on panel (a) and a gold cap,
unmodified or thiol-modified, as shown in panels (b)-(d).

4.2.2.2. Surface Pressure Isotherms

The surface pressure (IT) —area (A) isotherm for the three systems under study are provided
in Figure 4-7a. It can be noted that each curve goes through an inflection point which is associated
with an area (A;p) that is smaller for Co, intermediary for Cs, and larger for Cg. This can be
attributed to each amphiphilicity having a different binding efficacy (Table 4-2). The binding
efficacy is estimated based on the numbers of particles trapped at the interface, which was
calculated based on the particle surface coverage at the inflection point obtained from the fitting
of the isotherm to a thermodynamic model, divided by the number of particles deposited onto the
fluid interface.'® The area at the inflection point (4;p) was then used to normalize the surface area
along each isotherm, results of which are displayed in Figure 4-7b. The inflection point of the

isotherm has been associated with the point at which the monolayer has reached its maximum
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packing in two dimensions. Compressing the monolayer past the inflection point of the isotherm

is shown to result in the collapse of the interfacial network either by expelling the particles from

the interface or buckling of the particulate layer.'8

Table 4-2. Janus particles under study and their characterization as follows: degree of amphiphilicity (A8), binding
efficacy at the interface, shift of the inflection point area, from compression 1 to 3 on the Langmuir Trough, due to
hysteresis which can stem from either monolayer compaction and/or particle loss to the subphase, the parameters
obtained from the fitting of the surface pressure isotherms to the Frumkin equation of state are the surface coverage
at the inflection point (6,,) and the overall interparticle interaction parameter (a).

Particle A0 Binding Maximum % Lost between 0 a
Efficacy Ky (MN/m) cycles 1 and 3 e
Co 25+5° 79.2% 170+ 9 10.4% 80.0% -0.04
Cs 32+4° 85.5% 228 £43 9.9% 88.4% 0.59
Cs 38+4° 88.3% 308 £47 4.7% 91.0% 1.09

Comparing the three isotherms, it can be observed that by compressing the interfacial
monolayers, the surface pressure picks up for Co Janus particles at larger normalized areas, which
indicates an early network formation due to the anisotropic nature of interparticle interacitons.?*°
There is a clear progression from Co to C4 and then to Cg where Cg does not resist compression up
to areas close to the inflection point, which indicates a dominance of short-ranged interactions.
Plotting the isothermal 2D compressibility modulus (k) with the normalized area in Figure 4-7c,
further illustrates that resistance to the applied compression initiates at larger normalized areas for
the particle monolayer formed by the Co JPs, followed by the networks of Cs and Cg particles,
respectively. It should be noted that k§ reaches a maximum at the inflection point of the isotherm
as expected, from which one can obtain the maximum resistance to compression exhibited by the

monolayers. Surface compressibility values show a direct relationship with the degree of

amphiphilicity, as shown in Table 4-2. This indicates that JP of higher amphiphilicity yield
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monolayers that exhibit a larger resistance to the applied compression when compared at the

maximum particle surface coverage obtained in 2D.
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Figure 4-7. Surface pressure (IT) isotherm for Janus particles monolayers of different amphiphilicity as a function of
(a) trough area (A) and (b) area normalized by the inflection point area (A4;p). (¢) Surface compressibility modulus
(xg) of the monolayers for JPs of different amphiphilicity. Data belonging to Co, Cs, and Cg particles are illustrated
using black squares, red circles, and blue triangles, respectively.

After reaching their maximum resistance to compression at the inflection point, the
monolayers yield to the applied stress and undergo a collapse process, which is evidenced by the
“shoulder” recorded on the surface pressure isotherm. Imaging of the monolayer during the
compression illustrates that the monolayer formed by Co JPs possess particle clusters that, upon
compression, do not combine to form larger aggregates resulting in areas devoid of particles that
persist. In contrast, Cg monolayer is more uniform and shows wrinkles once compressed beyond
the collapse point. It should be noted that monolayer formed by Ca exhibits an intermediary
behavior, with both characteristics, where local wrinkles are observed before the holes between

clusters get filled up by particles and disappear completely.

To gain an understanding on how the strength of interparticle interactions is altered by the
JP amphiphilicity, we applied an equation of state, proposed by Fainerman et al., to the measured
surface pressure isotherms using both the surface coverage at the inflection point (6;,) and the
interparticle interaction parameter (a) as fitting parameters. The results are provided in Table 4-2

and are shown in Figure 4-8, where the comparison between the experimental data and the
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resulting fit are plotted for all amphiphilicities as a function of the particle surface coverage (9),
which was estimated based on the area occupied by particles at the inflection point, calculated
from 6,,. In agreement with the results shown in Figure 4-7, the surface pressure obtained for the
Co monolayer is always higher than the other two JP amphiphilicities when compared at a similar
surface coverage. In other words, obtaining similar surface pressures requires the lowest surface
coverage in the case of Co particles. This may be due to the slightly repulsive interaction parameter
(a =—0.04) in case of Co particles, which indicates that the network is overall resisting the applied
compression. In contrast, Cg particles show the lowest surface pressure at the same surface
coverage, resulting from the overall attractive interactions (a = 1.09). Moreover, the limiting
packing fraction (6,p) associated with Co is the lowest value (6;, = 80%), indicating a more open
network, devoid of particles, which corroborates with the idea that particle rafts are not attracted
to each other. On the other hand, the maximum packing obtained in monolayers formed by Cg

particles corresponds to a hexagonal-close-pack arrangement in 2D and is equivalent to 91%.

It is worth noting that the fitting on Co is not optimal. This could be attributed to the
complexity of interactions that are occurring at different length scales, i.e., interactions of different
magnitude, strength, and sign may be taking place at different interparticle distances as will be

discussed later.
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Figure 4-8. Surface pressure (IT) isotherms as a function of surface coverage of particle (8) obtained for J°P monolayers
of different amphiphilicities at the air-water interface. Co particles are shown in black squares, C4 particles in red
circles, and Cg particles in blue triangles. The experimental data are shown in lighter tones and the best fit from the
Frumkin equation of state (Eq. (3-8)) are shown in a darker tone. The function only fits the data for 8 < 8,, since at
higher surface coverages the monolayer is not a 2D structure.

4.2.2.3. Isotherm Hysteresis

Since interfaces are often subjected to repeated external stresses, further analysis was
carried on cycles of compression and expansion undergone by the particle monolayers, as the
resulting surface pressure isotherms can offer valuable information regarding the hysteresis
involved in these systems. Figure 4-9 shows the comparison between the isotherms obtained on
cycle 1 and cycle 3 for interfacial layers formed by the JPs of different amphiphilicity. The data is
illustrated as a function of the compression ratio (A4,/A), defined as the ratio between the initial
area at the open-barrier state (4,) and the area at any point (A) during the experiment, which can
be useful with regards to hysteresis analysis.?®* From these curves we can learn information
regarding the induced monolayer compaction (comparing different compressions), and overall
interparticle interactions (from the differences between compression and expansion isotherms). As
shown in Figure 4-9a, for interfacial layers formed by Co JPs, there is a minor shift in the isotherm

towards smaller normalized trough areas from cycle 1 to 3, which could be attributed to either
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particle loss from the interface or the compaction of the monolayer upon compression. The former
scenario is excluded in this case as the maximum pressure reached at the closed-barrier state
remains the same across all three cycles.'® For C4 and Cs monolayers, there is a similar shift to
the right comparing the compressions in cycle 1 to cycle 3, as illustrated in Figure 4-9b and Figure
4-9c. Using the inflection point from compressions 1 and 3, one can calculate how many particles
were lost between the cycles Lost%37¢ = (4352 — Alst)/ALSE, results of which are provided in

Table 4-2.

When comparing the compression to the expansion for each cycle, Co monolayers behave
similarly, depicted by similar shapes, regardless of the cycle number, with the expansion curve
always exhibiting smaller surface pressures than the compression. Interestingly, the expansion
surface pressure does not drop to 0 mN/m immediately after the area has reached values larger
than the collapse area, indicating that the network is opening and exhibiting a solid-like
behavior.2% In contrast, C4 and Cs monolayers exhibit hysteresis at the first cycle. However, in the
third cycle, the compression and expansion legs of the isotherms overlap each other indicating that
larger aggregates are being formed and are not breaking apart after the expansion, which could be
resulting from the lack of repulsion between the particles. C4 monolayers experience a similar but
less drastic version of the phenomena taking place in Co in which the surface pressure does not
drop vertically to 0, indicating some repulsion. In contrast, Cs monolayer reaches 0 mN/m of
surface pressure as soon as the area is larger than the collapse area, which is evidence of short-

range interactions of the particle clusters.

When analyzing k3, for the monolayer formed by Co, shown in Figure 4-9d, there are clearly
two regions, corresponding to a plateau on the lower surface concentrations (on the left) and the

peak at the inflection point. The fact that x§ for both compression and expansion cycles have a
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comparable shape and similar values indicates that the particles within this monolayer are
interacting repulsively, and once the expansion is taking place the same particle clusters that were
resisting the compression push each other away. In contrast, for the monolayer formed by the Cs
particles, the compressibility modulus from the first compression shifts to smaller areas and
remains relatively the same from the first expansion onwards as depicted in Figure 4-9f. This can
be attributed to a large degree of compaction taking place within the monolayer, where the particles
that were pushed together remain in the form of compact aggregates, due to the attractive nature
of their interactions. This is also evidenced in the maximum compressional modulus where the 3
cycle reaches a higher value (=476 mN/m) than the 1% (~308 mN/m), as the monolayer is
compacted upon compression, and thus is harder to compress. Finally, the monolayer formed by
C4 particles exhibits an intermediary behavior; analogous to the Cg system, the interfacial layer
compacts to some degree in response to the applied compression in the first cycle, as shown in
Figure 4-9b, whereas the shape of the compressional modulus is sustained indicating some

repulsiveness in the interparticle interactions, as can be seen in Figure 4-9e.
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Figure 4-9. Surface pressure (IT) isotherm plotted as a function of the compression ratio (4,/A) for compression
(square closed symbols) and expansion (diamond open symbols) legs of cycles 1 and 3 for the monolayers formed by
(@) Co, (b) C4, and (c) CsJanus particles; the compressional surface modulus (kg) for each particle monolayer are
presented below the isotherms corresponding to (d) Co, (€) C4, and (f) Cg Janus particles. Data belonging to Co, Ca,
and Cs particles are shown in black, red, and blue color respectively.

4.2.2.4. Microstructure Analysis

To better understand the impact of JP amphiphilicity on the microstructure of the
monolayers formed at the interface, imaging of the interface was conducted in tandem with the
compression of the layer. The acquired data allows us to simultaneously track the surface pressure
and visually inspect the resulting microstructure. Comparing the monolayers formed by JPs of
with different degrees of amphiphilicity (at 5 mN/m), different microstructures were observed at
the interface as depicted in Figure 4-10. The least amphiphilic Co JP system appears to consist of
mostly open air-water areas devoid of the particles, with some smaller dendritic particle chains
and some larger aggregates of more densely packed particles (Figure 4-10a). As the particle
degree of amphiphilicity is increased, by moving from Co JPs to C4 JPs (Figure 4-10b), a decrease

in the number of particle chains is observed, whereas the aggregate size and the connectivity of
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particle rafts increased. The packing in C4 particles appears to be more compact in comparison
with Co particles. For the largest amphiphilicity studied, the surface network of Cg particles is
predominantly covered by large, interconnected aggregates and the bare air-water surface area was
the least in this case (Figure 4-10c). These results agree qualitatively with Figure 4-8, where the
surface coverage is inversely proportional to the degree of amphiphilicity when compared at
similar surface pressures. The different degree of amphiphilicity present in the particles could
impact their orientation at the interface as further analyzed in the next section, which in turn alters
the sign and magnitude of the resulting interparticle interactions that govern the assembly of the

interfacial network yielding the captured microstructures.

The SEM images of the monolayers are used to further investigate the role of particle
amphiphilicity on the orientation distribution of particles and its connection to the microstructure
formation at the interface (Figure 4-10d-f). The SEM pictures were used since the gold caps,
which appear brighter, can be distinguished from the silica cores. From these images, we observe
that not all particles are oriented with their caps pointing upwards, towards the air phase, which is
predicted to be the preferred orientation for a single Janus particle residing an interface when the
rotational freedom of the particle is not cosidered.>® It is possible to observe that there is a
difference in the number of particles residing at various orientations depending on the degree of

amphiphilicity.
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Figure 4-10. Representative optical micrographs of interfacial monolayers formed by (a) Co, (b) C4, and (c) Cs Janus
particles of different amphiphilicity. Images are taken at 5 mN/m. Scale bars are 10 pm. Representative SEM pictures
of the clusters formed by the Janus particles of different amphiphilicity (d) Co, (e) Ca, (f) Ces.

The particle orientation distribution for the three systems was quantified and the results are
shown in Figure 4-11. The percentage of cap up-particles with increasing the JP amphiphilicity
improved from 66 + 2% for Co samples to 80 + 2% for Cg while the number of tilted particles
reduced in half. In addition, the 2D alignment factor, calculated for the different amphiphilicities,
illustrated that the presence of more tilted particles was associated with a less ordered monolayer
as there is a direct correlation between S and A8 (see Table 4-3). Since the particle orientation
distribution is governed by the surface energies between the particle surfaces and the two phases
present, the calculations of surface energies were carried out as a function of JP amphiphilicity,

and its orientation at the interface, as discussed in the next section.
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Figure 4-11. (a) Particles orientation distribution for different amphiphilicities. Gold color represents particles
residing with their Janus cap aligned with the interface and pointing up towards the air phase, grey pertains to particles
sitting with their Janus cap aligned with the interface and pointing down towards the water phase, and the diagonal
stripes of gold and grey belong to the particle population with a tilted Janus cap. (b) Schematic showing the orientation
angle (8) and the 2D alignment factor (S).

4.2.2.5. Desorption energy calculations for individual particles at different angles

The role of amphiphilicity in the particle orientation can be assessed by applying the
thermodynamics derivation of desorption energy (Eq. (4-1)) to particles at different tilt angles and
amphiphilicity. One can calculate the desorption energy assuming that the fluid interface remains
flat irrespective of JP tilt angle at the interface (Figure 4-12a, full lines). However, because of the
anisotropy in chemistry present on the surface of Janus particles, one needs to account for the
induced deformations of the air-water interface generated by JPs entrapment in a tilted orientation,
which affects the resulting wetted areas on each face of the particle. Deformation of fluid interface
ensued from JP tilt angle at the interface can be investigated using the Surface Evolver software.
Figure 4-12b illustrates the deformation of the air-water interface in response to a Janus particle

trapped at the interface with various tilt angles (&) for a Cg particle with 6, = 30° and 6,, = 100°.

The orientation angle varied from the cap-up orientation (i.e., Janus boundary aligned with the
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plane of the interface, § = 0°) to sideways orientation (§ = 90°). These calculations were carried
out for all three JPs trapped at different tilt angles at the interface. The change in the desorption
energy of the JP, considering the interfacial deformation, is plotted in Figure 4-12a as a function

of JP tilt angle at the interface.

When comparing the calculated desorption energies associated with a scenario where the
surface is flat to a surface that deforms in response to the particle, it should be noted that the
deformations of the interface are more thermodynamically favorable since they are associated with
more negative desorption energies. Furthermore, for each JP amphiphilicity, the desorption energy
becomes less negative as we move from a vertically aligned particle (6 = 0°) to a tilted particle
(6 =90°) indicating that the tilted state is less favorable. Finally, a higher degree of amphiphilicity

yields a higher desorption energy for any tilting angle, as expected.

By analyzing the results obtained from the Surface Evolver (Figure 4-12a, discrete points),
it can be noted that the desorption energy is nearly constant for all particles as we move from § =
0° up to a critical angle (6.). Co exhibits a higher §,, followed by C4 and Cg, which indicates that
Co is more likely to assume higher tilt angle at the interface compared to the higher amphiphilicity
particles. Moreover, the difference between the desorption energy associated with a particle
residing at the interface with a cap-up orientation compared to sideways configuration, with a 90°
tilt angle, is directly proportional to the particles amphiphilicity. This attribute can be the driving
force for the observed particle orientation distributions (i.e., Figure 4-11) and how they change
with JP amphiphilicity. Under these conditions, we can expect a higher population of particles
straddling the interface with their caps oriented upwards for the more amphiphilic system (Cs), as
observed from the SEM pictures of Figure 4-10d-f. Nonetheless, the high count of cap-down
particles cannot be explained from thermodynamics point of view, as this configuration is the most
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energetically unfavorable orientation. We offer two possible explanations for this observation. The
first is based on the non-ideal manufacturing process, where the presence of multilayers in some
locations on the substrate could block the particles residing on the lower planes from getting
exposed to the metal coating and therefore leave those particles unmodified. The second possibility
is that even though these particles are Janus, they might get trapped in a metastable orientation,
due to the energetic Marangoni flows associated with their deposition, at the air-water surface. We

believe that both possibilities could be taking place in our system.
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Figure 4-12. (a) Desorption energy (AE,) of an interfacially bound particle calculated for different tilt angles (&§). Full
lines represent cases where the surface remains flat regardless of the JP orientation. Discrete points represent results
where the deformation of the interface was considered in the calculation of the desorption energy. Results for Co, C4,
and Cgparticles are shown in black squares, red circles, and blue triangles, respectively. (b) Surface Evolver snapshots
and the resulting interfacial deformation induced by the JP tilt angle at the interface displaying a particle with surface
characteristics of a Cg JP on the polar and apolar faces. (c) The difference in the energy required to desorb a tilted JP
AE;[6 = 90°] and a cap-up oriented JP AE;[§ = 0°], from the interface, as a function of the degree of amphiphilicity
(A8) of the JPs.

4.2.2.6. Pairwise Capillary Interactions

In addition to the impact of amphiphilicity on assumed tilted orientations at the interface,
which could result in the deformation of the interface, one must also consider the role of particle
roughness on interfacial deformation. Since the Janus fabrication method is not seamless (i.e., the
Janus boundary introduces surface roughness around the particle), vertically aligned particles (cap
up or down) will introduce a contact line deformation that is likely correspondent to the shape of

the Janus boundary.?®® These deformations yield capillary interactions between the interfacially
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bound particles. Previous studies have associated the interactions between these particles to be
quadrupolar (U~ r~*) and/or hexapolar (U~ r~°).”> 226 While those higher-order capillary
interactions are associated with vertically aligned particles, tilted JPs can also be present on the
monolayer, which adds the dipolar mode of interaction (U~ r~2) to the system. For instance, even
though they are not in the most favorable thermodynamic state, tilted particles are present on the
monolayers analyzed in this study (Figure 4-10d-f). All of the beforementioned factors contribute

to a unique and complex monolayer at the interface and need to be taken into consideration.

As mentioned earlier, interactions between non-tilted JPs can be estimated with quadrupolar
and hexapolar interaction modes. These interactions result in different packing arrangements,
where quadrupolar dominated systems will form square ordered clusters, whereas hexapolar
dominated monolayers will assemble in a hexagonal arrangement.??* 22 For our system, we
observe amorphous clusters, with occurrences of both arrangements locally (see Figure B0-3a).
The presence of tilted particles also impacts the overall packing which makes it non-trivial to
determine a dominant mode of capillary interaction. One way of approaching this problem is to
analyze the bond angles between neighboring particles to investigate whether either squared or
hexagonal arrangements are more frequent.?3* From the analysis carried out in Figure B0-3c, it
can be seen that for all the systems under study in this work, there is a higher tendency of finding
pairs with bond angles of 60° and 120°, which originate from a hexagonal arrangement even
though the microstructure is overall amorphous, as seen in Figure 4-10d-f. Therefore, for the sake
of simplicity, further analysis of these JP systems was carried out with the assumption that the

vertically aligned particles (§ = 0°) deform the contact line predominantly by a hexapolar mode.

As shown in Eq. (4-2), capillary interactions depend on the approach angle between the

particles. When looking into a pair of similarly oriented particles, we can estimate the pair-
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interaction potential dependence on the azimuthal angle (or approach angle, A¢g). For a pair of
particles deforming the interface in a hexapolar fashion, the radial interaction map calculated using
Eq. 3 for different center to center distances (r) and approach angles (Ag), is shown in Figure

4-13a. The values shown in the figure represent the total interaction energy (AU.q,) normalized

by the surface tension (a,,) and the squared deformation amplitude (H?) assuming o, = 72.8 mN/m
and H = 32 nm. For our system, H was estimated based on the roughness of the core particle and
the roughness introduced by the metal deposition, following the work of Qiao et al.?%® It is possible
to notice that there are three attractive and three repulsive domains, as expected. Therefore, in a
dilute regime (i.e., low particle surface coverage), when two particles approach each other in a
favorable configuration (i.e., deformation modes are matching), attraction will be ensued. If the
particles approach each other in a unfavorable configuration, assuming they are free to rotate in
plane (radial movement on the graph), they can align their deformations and switch to the attraction
region of the capillary interaction map.1!8 2% For instance, in a system composed of two particles
interacting via hexapolar capillary interactions, the maximum in-plane rotation needed for a single
particle to switch the interaction signs and move from maximum repulsion to maximum attraction
is 60°. Figure 4-13b shows a similar scenario for two tilted particles deforming the interface in a
dipolar fashion. In comparison to the previous case, two tilted particles approaching each other in
the most unfavorable orientation may need to rotate up to (180°) to move from a repulsive domain
towards an attractive range. For a dilute system (i.e., low particle surface coverage) this is not an
issue. However, when considering populated surfaces, a complicated network of interactions arises

from the many-body interactions, which could constrain the in-plane rotations.
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Figure 4-13. Radial map of normalized pairwise capillary interaction for two particles as a function of center-to-center
separation distance (r) normalized by particle diameter (2R) distances and their in-plane approach angle (A¢). (a) Two
particles interacting through (a) hexapolar and (b) dipolar capillary interactions. Regions shown in red (blue) represent
repulsive (attractive) capillary interactions. Eq. (4-2) Was used to calculate the interactions.

From Figure 4-13, we can determine two possible scenarios for each particle pair: the most
attractive and the most repulsive paths, which depend on the alignment of the surface deformations
that are caused by these particles. These scenarios are illustrated in Figure 4-14a and Figure 4-14b
for particles interacting solely via hexapolar or dipolar modes, respectively. For cap up particles
interacting via hexapolar mode (Figure 4-14a), they may experience an attraction (particles la-
[1a) or a repulsion (particles la-11la) depending on how they approach each other. For tilted
particles interacting via dipolar mode (Figure 4-14b), we have a similar scenario where matching
deformations are attractive (particles Ib-11b) and opposing deformations are repulsive (particles
Ib-111b). It is also possible to observe that at smaller distances, vertically aligned particles interact

strongly, while the capillary interaction between tilted particles is longer ranged.

The interaction potential between a vertically-aligned particle and a tilted particle is not
trivial, as shown previously by Rezvantalab et al. under the simplifying assumption that upright
particles do not deform the interface (i.e., smooth Janus boundary), which is not realistic.*'® When

considering that vertically-aligned particles deform the surface in a hexapolar fashion, we arrive
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at a scenario with interaction profile depicted in Figure 4-14c. For the attractive pair (Ic-lic), at
large distances, the particles are attracted to each other, however their interaction energy reaches
a minimum before reaching close contact. Upon further reduction in separation distance, particles
start repelling each other. This can be explained by acknowledging that when moving a hexapolar
particle closer to a dipolar particle, there is a distance at which opposing deformations will overlap
because the dipolar deformations are wider than the hexapolar ones. This is exemplified by the
pair Ic-llc in Figure 4-14c, where the downwards interfacial deformation around the dipolar
particle matches the downwards deformation on the hexapolar particle. Nevertheless, if the
particles keep approaching each other, the downwards deformation of the dipolar particle will
overlap with the upwards deformations on the hexapolar particle, which is not an energetically

favorable state, as it increases the interfacial contact area between the two fluids.
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Figure 4-14. Cartoons showing the top-view of three particles trapped at the air-water interface, where upward
(downward) surface deformations are represented as a plus (minus) sign and in red (blue) color. Capillary interactions
resulting between two pairs are provided in the bottom panel for particles interacting either attractively (particles |
and I1) or repulsively (particles I and Ill) and are as follows: (a) Hexapolar-Hexapolar, (b) Dipolar-Dipolar, (c)
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Hexapolar-Dipolar. Scaling of capillary interactions with separation distance for each scenario is provided on the
plots. Interaction curves were calculated based on the numerical solution provided by Kralchesvky et. al. for multipolar
capillary interactions.??3

We have further analyzed the SEM pictures to examine pairwise interactions present in
monolayers formed by each particle amphiphilicity and for the different particle orientations. This
can be conducted by setting a threshold distance that characterizes the first shell of neighbors
(analysis can be found in the Appendix B, Figure B0-4), followed by counting each detected pair
and comparing their assigned orientations to get the number of interactions between each case (up-
up, up-tilted, etc). As shown in Figure 4-15, the majority of interactions are between particles
possessing cap up configuration, as expected. When considering Co JPs, ~21.0% of the interparticle
interactions are between the cap-up and tilted particles, in contrast to only ~12.5% for Cg JPs. This
indicates that within Co monolayer, there is a higher recurrence rate of the complex scenario shown
in Figure 4-14c. This is indeed expected as the higher number of tilted particles are present in the
interfacial network formed by Co particles, as displayed in Figure 4-11a, which in turn results in

a higher chance of interactions involving them.
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Figure 4-15. Frequency of pairwise interactions for pairs of different orientations as a function of JP amphiphilicity.
From left to right, up-up, up-tilted, up-down, tilted-tilted, tilted-down, down-down. Data belonging to Co, C4, and Cg
particles are shown in black, red, and blue color respectively.
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Once the interacting pairs are identified, the pairwise interaction experienced by each particle
can be calculated in order to determine the network of interactions present in each system. An
assumption that was made in these calculations was that the amplitude of deformation is constant
regardless of the particle orientation in the monolayer. Since upwards and downwards surface
deformations around vertically aligned particles cannot be distinguished from an SEM image, we
also assume that these particles are always in the most attractive configuration with respect to their
pairs. Therefore, pairs containing at least one vertical particle will follow the attractive capillary
interaction scenarios (blue curves) shown in Figure 4-14a and Figure 4-14b. For a pair of tilted
particles, the sign of interfacial deformation can be determined based on the cap direction and used

in calculating the magnitude and sign of the pairwise capillary interaction.
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Table 4-3. The 2D alignment factor (S), the normalized stored energy per particle (Anl;%), and the corresponding
energy in k, T for monolayers obtained with each particle system.

: AUgq AUgq
Particle s 7}{’; 10¢ (kI;T)
Co 0.77 -0.62 -3.5
Cq 0.84 -0.81 -4.6
Cs 0.88 -0.89 5.1

Figure 4-16 shows the normalized particle interaction energy as a VVoronoi diagram, where
area surrounding each particle is colored with respect to the amount of capillary interaction energy
corresponding to that particle resulting from its neighbors. The corresponding SEM images used
in the analysis of Figure 4-16 can be found in the Supplementary Information (Figure B0-5). It is
worth noting that the cluster formed by Co particles depicts a higher occurrence of repulsive
interactions (colored in red) when compared to the Cg cluster, which is dominated by attractive

interactions (blue).
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Figure 4-16. Voronoi diagram of a particle cluster from a (a) Co and (b) C4 (c) Cg monolayer. The particles center is
shown as a black circle, and the area surrounding the particle is colored with respect to the energy resulting from the
interactions with its neighbors summed up.

From the capillary interaction energy values calculated for each particle in the cluster, we

can estimate an average energy stored per particle (AU,), results of which are provided in Table

4-3. There is a direct correlation of interaction energy (AU .q,) With the JP amphiphilicity (A8). All
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amphiphilicities yielded attractive interaction energies, which is expected for a cluster that was
self-assembled at the air-water interface. These results are in agreement with the physics obtained
from the fitting of the isotherms, where Cg particles were found to exhibit stronger attractive

interactions (a = 1.09) compared to the other two amphiphilicities.

It should be noted that a number of assumptions were made in the beforementioned
calculations, as follows: (1) cap-down particles are equivalent to cap-up particles in the calculation
of pairwise interaction, which might not be true if those particles are indeed homogeneous
untreated particles and not cap-down Janus particles; (2) all amphiphilicities considered in this
study will result in the deformation of the surface with the same amplitude, whereas the
deformation should be dependent on the degree of amphiphilicity;}*® (3) tilted particles are
deforming the surface with the same amplitude as the vertical ones; and (4) depression and rise of
the fluid interface is the same for tilted particles, which is not necessarily the case since these are
not symmetric Janus particles. The impact of these factors on the resulting capillary interactions

needs to be carefully investigated.

4.2.3.  Summary of Findings

To shed light on the role JP amphiphilicity plays in the formation of an interfacial
microstructure and its mechanical properties, JP monolayers of different amphiphilicity were
subjected to compression and expansion stresses and their response was examined. The analysis
was carried out via the measurement of surface pressure isotherms followed by their
characterization with an equation of state to highlight the impact of JP amphiphilicity on the
resulting interparticle interactions. The role of JP amphiphilicity on the microstructure formation
was further investigated by determining the orientation distribution of JPs at the interface from the

images of the particle networks at the air-water interface. Surface Evolver software was used to
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estimate the desorption energy associated with such interfacially bound JPs, trapped at different
orientation angles with regards to the interface, to underscore the importance of particle
amphiphilicity. It was found that for higher amphiphilicity JPs, there is a larger energy penalty for
particles to assume a tilted orientation at the interface in comparison to those vertically aligned. It
is postulated that the different orientation distribution captured for various degrees of JP
amphiphilicity, dictates the modes of capillary interactions that are present within the monolayer.
When comparing JPs of different amphiphilicities, it can be concluded that the capillary
interactions induced by the tilted JPs at the interface and the resulting interfacial deformations are
the main contributing factor to such different self-assembly behavior at the air-water surface and
the accompanying response to the applied compression, which is of significance for designing

interfacial systems for industrial applications.

Tuning the rheological properties of interfacial networks by engineering the particle
attributes that form the monolayer has been envisioned in the field. For example, the rheological
properties of interfacial monolayers formed by ellipsoidal particles, such as their yield point, was
reported to be higher at similar surface coverages when compared to spherical particles, which in
turn has been shown to arrest bubble dissolution, a useful attribute in designing stable Pickering
foams.1®® Moreover, the surface pressure of JPs monolayers have also been shown to impact their
resulting interfacial rheology.?®® Consequentially, this illustrates the opportunity to use the
capillary interactions as a tool to tune the properties of interfacial systems.* 23" Understanding
these concepts is key in designing interfacial systems, by engineering the surface attributes of
particles, and is essential for numerous applications of soft-matter, as listed in the New Directions

for Chemical Engineering.?%
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4.3. Janus Particles, Amphiphilicity, and Interfacial Shear Rheology

4.3.1. Introduction

The study of JP-laden interfaces is an active area of research to discern the impact of JP
attributes such as amphiphilicity and roughness on the microstructure of the resulting network and
its interfacial rheology, which can be utilized in engineering the performance of resulting
interfacial systems.?®-24% Using a multicomponent Lattice-Boltzmann method, simulations have
shown that not only the Janus character and amphiphilicity of the particle affect the rheological
properties of the interfacially-trapped particle monolayer, but an applied shear flow itself has an
impact on the configuration of particles and their assembly. The authors observed the directed
assembly of a cluster of randomly oriented spherical JPs into ordered structures at a sheared
interface between two immiscible fluids.?*® Irrespective of the particle size and for intermediate
surface coverages (32 — 65%), the capillary-induced interactions — resulting from the overlap of
the deformed fluid interface under shear flow — yielded particle chain formation normal to the
shear direction. Despite the computational studies available on JP-laden interfaces, which indicate
their unique rheological properties, experimental studies are still lagging behind. A recent
investigation has shown that introducing JPs, at very low concentrations, to a monolayer populated
by homogeneous particles (1:40 Janus-homogeneous ratio) can increase the surface elastic
response by one order of magnitude. The change in surface behavior was attributed to the
augmented capillary interactions introduced by the JPs presence in the monolayer.??> A few studies
have assessed the response of JP monolayers to dilational stresses.?*" 248 For instance, the behavior
of poly(methyl methacrylate)/poly-tert-butylmethacrylate (PMMA/PtBMA) Janus particles
(diameter of 172 nm) at both air-water and decane-water interfaces was studied in comparison with

those obtained from PMMA and PtBMA homogeneous particles. Comparing the surface
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compression isotherms for the Janus system with their homogeneous counterparts revealed that
besides having the highest surface pressure at the entire range of area, Janus particles exhibited a
higher static compressional modulus (x3), indicating the presence of a stronger network.24” While
the shear rheology of particle rafts composed of homogeneous particles has been examined in the
literature and the role of particle shape anisotropy on the resulting shear rheology has been
highlighted, to the best of our knowledge, experimental studies on the shear rheology of interfaces

populated by JPs, which are dominated by capillary interactions, have not yet been reported.

As complex interfacial systems are often subjected to applied stresses in various industrial
and technological applications, it is important to study the dynamics and resulting stability of
interfacial microstructures. In this regard, we examined the behavior of JP-laden fluid interfaces
under large surface compressions (or high surface pressures) and interfacial shear in order to
highlight the impact of JP amphiphilicity on the resulting mechanics. To better understand how
the interfacial networks of various particle packing behave under shear flow, interfacial shear
rheology was carried out using the DWR geometry coupled with a Langmuir trough. As stated in
the previous section, the amphiphilicity of JPs affect the resulting interparticle interactions and
leads to variations in the microstructure of the particle networks even when compared at the same
surface coverage. We propose a comparison between different particles at similar surface
pressures, or similar surface energies. As we have determined the relationship between surface
pressure and surface coverage, we are able to compare the amphiphilicities under both
perspectives. We performed amplitude sweep experiments to identify the linear viscoelastic (LVE)
regions and subsequentially performed small amplitude oscillatory shear (SAOS) measurements
to characterize the impact of JP amphiphilicity on the surface viscoelasticity of the layer at various

frequencies of oscillation.
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4.3.2. Results and Discussion

To probe the viscoelastic response of the different JPs monolayers, the LVE regime needs
to be determined for each sample at different surface pressures. Figure 4-17 depicts the shear
amplitude sweeps performed for each of the JPs at various surface pressures. For all cases, as the
surface pressure increases, the surface elastic modulus (G*') also increases, which is expected as
higher surface pressures are associated with denser networks. The amplitude sweeps for Co JPs
(Figure 4-17a) show that there is a minimum surface pressure (~10 mN/m) necessary to get a good
signal to ratio response in these measurements. This behavior has a direct correlation to the
microstructure shown in Figure 4-10, where at 5 mN/m the network consists mostly of open spaces
and smaller aggregates. Compressing the monolayer increases the surface pressure (and the surface
coverage), which then results in a more cohesive and responsive network, that presents the
characteristic LVE region and deviates from it at larger amplitudes of oscillations. Figure 4-17b
shows the same curves for Cs; however, at 5 mN/m the network possesses a more responsive
character (compared to Co). Once again, this can be explained by the fact that to achieve 5 mN/m
of surface pressure, C4 particles require a higher particle surface coverage with less voided space
in between particle clusters. The same holds true for Cg as shown in Figure 4-17c. Additionally,
when comparing the plateau value of elastic modulus at the LVE plateau (GZ') for each surface
pressure, Co monolayers presented the largest enhancement in G2’ as the surface pressure was
increased, followed by Cs and Cg (Figure 4-18a) This is directly correlated with the range of
surface coverage changes experienced by these monolayers upon compression of the layer and

increase in the surface pressure (Figure 4-10).
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Figure 4-17. Elastic shear moduli of JP monolayers measured at w = 1 rad/s, with increasing shear strain amplitude
y*, as a function of surface pressure. The monolayers were formed by particles of different amphiphilicity as follows
(@) Co, (b) C4, and (c) Cs.

From the shear amplitude sweeps, one can estimate the yield stress (z,) associated with
each monolayer at a given surface pressure as described before (Figure 2-4b). Figure 4-18 shows
the results for all A8. Figure 4-18a depicts the critical elastic modulus (GS") for each JP at different
surface pressure. As discussed before, there is an increase in GS' as the surface pressure is
increased. Interestingly, Co monolayers always show a smaller G’ when compared to C4 and Cs.
However, C4 shows a transition from 10 to 15 mN/m where it shifts from an elastic modulus of
the same order of magnitude as Co to GZ' values comparable to Cg. This could be attributed to the
changes in the microstructure where a transition from a more open network to a more densely

packed is taking place upon the compression of the monolayer.

Figure 4-18b shows the critical shear strain (y7) for each sample at various surface
pressures. The value of y2 is closely related to the range at which interactions take place,?*° where
longer-range interactions are associated with higher critical strains. It is possible to note that over
the lower surface pressures studied (i.e., [T < 30 mN/m), Co monolayers show the higher yZ, which
can be associated with the dominance of the long-range dipolar interactions present at the

monolayer from the higher concentration of tilted particles (Figure 4-11). Once the monolayer is
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further compressed, the short-range hexapolar interactions take place and dominate the network,

represented by a convergence of all samples at 17 = 30 mN/m.

As shown by Eq. (2-8), the product of y§ and GZ' can be understood as the yield stress of
the monolayer (z,). Figure 4-18c shows t,, for each sample as a function of surface pressure and
Figure 4-18d illustrates the same data as a function of surface coverage (estimated from the
equation of state calculations, Figure 4-8). The shape of the curves is dictated by G5', especially
at higher surface pressures, where yZ values are similar for all samples. Nevertheless, 7,, of Co
monolayers are slightly closer to C4 and Cg due to its higher y7. When shifting perspectives and
looking into 7,, as a function of surface coverage () in Figure 4-18d, Co monolayers show a
higher yield stress at first, since it needs a lower surface coverage to form a network that resists
the shear stresses. However, at high surface coverages, 7, is comparable for all samples under
study, which indicates that surface yielding at close to jamming surface coverages is weakly related

to the monolayer amphiphilicity.
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Figure 4-18. (a) Critical dynamic moduli, (b) critical shear strain y¢, (c) yield stress 7,, of the JP monolayer with
different amphiphilicities at various surface pressures and (d) surface coverages calculated from Figure 4-8, measured
at ® =1 rad/s.

Similar to the analysis done in Figure 4-18, one can also determine the properties of the
surface related to yielding based on the crossover point, or the point at which G5 = ¢*"', and the
surface transitions from solid-like to fluid-like. Figure 4-19 shows the results associated with the
crossover for all amphiphilicities under study. It is possible to note that the crossover dynamic
moduli (Figure 4-19a) has similar features to the one shown before (Figure 4-18a). However,
from this perspective one can determine the crossover G*', for Co at the lowest surface pressure (5
mN/m), which was not captured in the previous analysis. Figure 4-19b shows the crossover strain

(v<,), Which is associated with the range of interactions taking place. It is clear that both Co and
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C4 are dominated by long range interactions at the lower surface pressures, whereas Cg has a

constant crossover strain amplitude throughout the surface pressures probed.
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Figure 4-19. (a) Crossover dynamic moduli, or the point at which G5' = G*"; (b) crossover shear strain y.5,, or the
amount of strain necessary to shift the monolayer from solid to liquid state.

Figure 4-20 shows the frequency sweep results within the linear LVE region for the
different JPs at various surface pressures. It should be noted that the experiments were performed
at a frequency range that encompasses a region dominated by instrument inertia (highlighted in
red). Therefore, no data analysis was performed on the data within the highlighted range. In line
with the results obtained for compression, the larger differences are observed between monolayers
formed by the Co particles (Figure 4-20a) and those created by the Cg particles (Figure 4-20c).
The network formed by Co particles shows a frequency dependent response, with G5’ increasing
as the oscillating frequency increases. In contrast, the interfacial network of Cg particles appears
to be less sensitive to the time scale of the applied stress within the experimental window of
frequency. Interfacial layer formed by the C4 particles (Figure 4-20b) behaved in an intermediary
fashion. This highlights that more amphiphilic particles tend to behave more solid-like when

compared to less amphiphilic Co JPs, likely due to the more packed state of the interface.
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Figure 4-20. Dynamic moduli of the JP monolayer with different amphiphilicities at various surface pressures,
measured at ® = 1 rad/s, with increasing shear frequency (w). (a) Co, (b) C4 and, (c) Cs. For any data interpretation,
high frequencies (highlighted in red) should be avoided since they are dominated by geometry inertia. Data highlighted
in yellow should be taken with care.

The viscoelastic nature of the monolayer can be evaluated by analyzing the loss tangent,
tan(6) = GS”/GS,, in which the value of tan(8) is lower than 1 for solid-like surfaces and smaller

than 1 for fluid-like surfaces. Figure 4-21 shows the evolution of the loss tangent over the
frequency sweeps (in the range of 0.02 — 10 rad/s), at 15 and 40 mN/m. There is a clear tendency
of a monolayer being more elastically dominated with higher amphiphilicities. Additionally, it is
possible to notice that throughout the frequency range probed at the lower surface pressure (Figure
4-21a), Co monolayers transition from a fluid-like behavior at low frequencies to a solid-like
response at frequencies higher than 2 rad/s. Such transition is present only for C4 particles, which
approach tan(é) =1 at frequencies close to 0.2 rad/s. Cg monolayers behave solid-like throughout
the whole range. It is important to note that at low surface pressures and frequencies, the measured
torque approaches the limits of the rheometer'®®, which explains the scatter data for Co. For the
higher surface pressure (Figure 4-21b), all curves are shifted down, towards a more solid-like
scenario, as expected. At these conditions of pressure and frequency, the monolayer formed by Co
particles is the only to cross tan(6) = 1. Once more, this is likely due to the different
microstructures present at these monolayers, in which Co possesses a lower surface coverage in
comparison to the other samples.
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Figure 4-21. Loss tangent, tan(8), for monolayers formed by each JP sample at (a) 15 mN/m and (b) 40 mN/m. Data
belonging to Co, C4, and Cg particles are illustrated using black squares, red circles, and blue triangles, respectively.

It is possible to model the elastic response by a power law relation as GS' < w? where the
exponent 8 = x — 1; x is the effective noise temperature and is related to the energy barriers the
particles need to overcome in order to jump into a new configuration of lower energy.* As x
approaches 1 (8 — 0), the system approaches a glassy state. We fitted the experimental points
within the frequencies of 0.1 and 10 rad/s as this is the most reliable range of measurements.'%
Figure 4-22 shows the exponent S as a function of both the surface pressure and surface coverage
of the monolayer. It is clear that there is an inverted correlation between £ and A8, as at all surface
pressures, Cg particles possess the smaller exponents, followed by C4 and Co. Even when changing
perspectives and visualizing the data as a function of surface coverage the trend is similar (Figure
4-22b). Therefore, this is an indication that at those conditions of surface pressure and frequency
of oscillations, Cg particles are approaching a glassy state. A more in-depth discussion on this topic

will be presented in the next section.
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Figure 4-22. Exponent g as a function of (a) surface pressure and (b) surface coverage. Data belonging to Co, Cs4, and
Cs particles are illustrated using black squares, red circles, and blue triangles, respectively.

4.3.3.  Summary of Findings

We studied the interfacial shear rheology of Janus particle monolayers formed by particles
of different amphiphilicities. Amplitude sweep experiments were initially performed to determine
the LVE regime and the conditions at which the surface layer yields. From the perspective of
surface pressure, Co was associated with the smaller yield stress in comparison to C4 and Cs.
However, when shifting the perspective to surface coverage, it is possible to notice that Co forms
a network strong enough to present a yield stress at lower surface coverages. Based on the
amplitude necessary to yield and/or to reach the crossover, Cg particles showed the shorter range
of interactions, followed by C4 and Co, which is in agreement with the study done in the previous
chapter. From the frequency sweeps, it is possible to conclude that Co monolayer exhibits a more
viscoelastic character, followed by C4 and Cg, which are more elastically dominated. From the
exponential dependence present in the elastic modulus with frequency, we were able to infer that
the Cg monolayer is approaching a phenomenon analogous to a glass transition, which is the topic

discussed in further detail in the next chapter.
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4.4. Two-dimensional glass-transition-like behavior of Janus particle-laden interface

4.4.1. Introduction

In many applications, interfacial materials become subjected to shear flows and the
interface does not remain static; therefore, the response of particle-laden interfaces under applied
stresses is of critical importance for the stability of interfacial systems. Bulk rheological studies
have been used to understand the properties of colloidal systems. For example, Katepalli et al.
(2017) investigated the rheological behavior of Pickering emulsions stabilized by either spherical
or fractal-like particles. It was demonstrated that by tuning the interparticle interactions of fractal-
like particles from repulsive to attractive, the emulsion viscosity increased by one order of

magnitude, whereas for spherical particles no appreciable difference was found.

The two-dimensional rheology of interfaces has been used to corroborate stability
mechanisms impacting the resulting performance of multi-component systems. Cicuta et al. (2003)
showed that the elastic modulus of highly concentrated protein monolayers (p-lactoglobulin) at an
air-water interface scales linearly with surface concentration. The authors relate this result to a
parallel in 3D, where compressed emulsions at concentrations above the random close packing
exhibit a similar behavior.?° Soft-glassy behavior, reported to occur for asphaltene populated
hexadecane-water surfaces (~2 molecules/nm?), is shown to be responsible for the prevention of
drop coalescence.?! Similarly, unique rheological features have also been reported for particle-
laden interfaces by altering the interparticle interactions via particle size, wettability, roughness,
and shape, and the fluid properties such as pH and electrolytic strength.'® 252 For instance, Van
Hooghten et al. (2013) reported that rough carbon black particles (33 and 62 nm) present at an
octane-water interface formed a monolayer that exhibited an attractive glassy behavior, which aged

with time yielding a more elastic interface.3* Maestro et al. (2015) demonstrated that hydrophobic
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modification of silica nanoparticles (diameter of 30 nm) with surfactants increased their surface
coverage and switched the surface behavior from fluid-like to solid-like, with 2D glass
properties.*® Shear-thinning behavior has been reported for percolating particle-laden interfaces at
surface coverages below jamming.?®® Polystyrene particles (diameter 3.1 + 0.2 pm) were studied
at the air-water interface (3-phase contact angle of 8 = 117°), where the presence of a monovalent
salt in the sub-phase (0.4 M NaCl) screened the repulsive interparticle interactions and allowed for
the formation of dense particle aggregates strongly bound to the interface. Shear-thinning behavior
at low surface coverage (I" = 0.6) was attributed to the breakup of initially densely packed
aggregates into smaller disordered clusters upon increasing the shear rate. At higher surface
coverages (I' > 0.7), some degree of shear induced ordering of particles into hexagonal packing
was observed. The existence of a slip plane separating high and low shear rate zones was an
indicator that the shear thinning behavior stems from vyielding of the particle layer at the
interface.?>® Shape anisotropic particles have also been studied at air-water interfaces.166: 254 25
Beltramo et al. (2017) demonstrated a significant yield stress in interfacial networks of shape
anisotropic particles (polystyrene ellipsoids 2.48 um long and 0.45 pm wide), much higher than
for spherical particles at the same interfacial coverage.'®® This was sufficient to halt bubble
dissolution and can be utilized in the design of Pickering foams with excellent stability to reduce
bubble Ostwald ripening. A more comprehensive review on the rheology of particle-laden

interfaces can be found elsewhere 147 256-258

The rheological properties of JP monolayers formed by particles of different
amphiphilicities were discussed in the previous section. In this section, we focus on interfacial
monolayers formed by JPs of high amphiphilicity (i.e., Cg) to demonstrate how existing knowledge

on 3D bulk rheology can help to gain understanding of the dynamics of particle-laden interfaces
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and provide predictive capabilities for other linear viscoelastic material functions. Our data on
frequency dependent interfacial rheology demonstrates that the 2D networks of JP-laden air-water

interface undergoes a transition that resembles a glass at increased surface pressures.

4.4.2. Results and Discussions
4.4.2.1. Surface Pressure and Microstructure of Janus Particles at the Air-Water Interface

The surface pressure isotherm and the accompanying microstructure formed by the Cg
Janus particles at various surface pressures are provided in Figure 4-23a. As the surface area
available for the particles was reduced by closing the barriers, from 150 to 60 cm?, the surface
pressure increased. The microstructure present at lower surface pressures (1 mN/m and 5 mN/m)
illustrates large particle clusters with an area spanning open network. Additional pictures of the
microstructure at 1 mN/m are provided in the Appendix B, Figure B0-6. The formation of area-
spanning dendritic structures by JPs at a fluid interface has been reported by Park et al.,?®® and is
attributed to the presence of capillary interactions between Janus particles. Compressing the
monolayer further to surface pressure of 10 mN/m and above resulted in the disappearance of the
open spaces and yielded a dense surface monolayer that is highly populated by the particles. The
surface pressure isotherms obtained from these experiments were in good agreement with
measurements carried out on the ribbon trough. The analysis of JPs orientation distribution with
regards to the plane of the interface, performed on the SEM images, examples of which are
provided in Figure 4-23b and Figure BO-7, shows that 78% of the particles resided at the interface
with their gold cap orienting upwards (i.e., the Janus boundary was aligned with the air-water
interface). It should be noted that the ensemble averaged value of the crystallinity order parameter
(Cs), obtained over all particles in the monolayer captured within the SEM images, is calculated

to be ~2.0 £ 0.1, indicating an amorphous structure (Appendix B).
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Janus particles at fluid interfaces tend to present microstructures dominated by capillary
interactions.?®® 260 These capillary interactions are usually of high order multipoles (either
quadrupoles or hexapoles) as monopolar interactions are negligible for micron-sized particles
(~107 kgT) and dipolar interactions are neglected for homogeneous particles.?”®> However, as
shown in the SEM pictures of the microstructure and their analysis (cf. Figure 4-23b), not all the
particles have their Janus boundary aligned with the surface. The presence of tilted particles

118 which in addition to the higher order capillary

introduces dipolar capillary interactions,
interactions dictate the overall microstructure. Moreover, while the capillary interactions between
particles separated at large distances are attractive because the particles are able to reorient
themselves with the generated torque, at smaller distances, and with the many-body interactions
present in a dense monolayer, particles might not be able to reorient; thus, the lateral capillary
interactions in the near field can even be repulsive. This is also evidenced in Figure 4-29, whereby
increasing the surface pressure the maximum relaxation time increases, indicating larger structures
that take longer to relax. Therefore, a complex network arises from these capillary interactions,
which yields the interfacial rheological behavior reported in this work. The role of the particle

orientation distribution on the resulting microstructure and its consequence for interfacial rheology

of the JP monolayer have been discussed in chapters 5 and 6, respectively.
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Figure 4-23. Surface pressure isotherm for the Janus particle monolayer at the air-water interface; examples of the
microstructure formed at different surface pressures and captured by an inverted optical microscope are provided
along the isotherm; from right to left the micrographs belong to the surface pressures in increasing order as follows:
1 mN/m, 5 mN/m, and 10 mN/m, respectively. Scale bar is 11 um. (b) Illustrative SEM picture of Janus particle
monolayer at 5 mN/m along with the distribution of the Janus cap orientation with regards to the plane of the interface
(i.e., cap up, sideways, and cap down). Scale bar is 10 pm.

4.4.2.2. Surface Shear Rheology of Janus Particles at the Air-Water Interface

To identify the linear viscoelastic regime (LVE) for 2D interfacial networks, images of
which are provided in Figure 4-23, strain amplitude sweeps were performed at 1 rad/s, and in the
oscillation shear strain range of 0.001-100%, results of which are provided in Figure 4-24. It was
found that the connectivity of the JP surface layer is strong enough to support shearing up to a
shear strain amplitude of about 0.04%. With the knowledge obtained on the LVE region, the JP
monolayer was subjected to a shear frequency sweep and its dynamic response was calculated
from the instrument torque. The measured dynamic moduli are shown in Figure 4 at various surface
pressures, which are related to the surface packing of JPs. Small amplitude oscillatory shear
(SAOS) experiments provided reliable modulus data, G*'(w) and G*" (w), by choosing a shear

strain amplitude of 0.03%, which is in the LVE regime as determined earlier (see Figure 4-24).
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The dynamic modulus increases in value as the surface pressure is increased as displayed in Figure

4-25.

As shown in Figure 4-23, the particle surface coverage is increased by compressing the
surface area, as expected. From the Langmuir trough measurements, it is possible to note that most
of the surface is occupied by particles at 10 mN/m, indicating that the surface coverage does not
change considerably upon further compression. However, from the rheological measurements,
there is an increase in G*' as the surface pressure is increased, which has been related to an increase
in surface coverage.’®® We attribute this difference in behavior to the high interfacial shear
viscosity of the monolayer, which can lead to a heterogeneous pressure distribution along the
interface, specifically through the side openings of the geometry cup. Therefore, differences could
exist between the surface pressure inside the cup and the value obtained from the Wilhelmy plate

residing outside the cup.
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Figure 4-24. Dynamic moduli of the JP monolayer at /T = 30 mN/m, measured at © = 1 rad/s, with increasing shear
strain amplitude y°. Colored bars on the horizontal axis depict the operating windows as follows: measured
stress/inertia stress is (orange) < 5, (yellow) > 5, and (green) > 10.
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Figure 4-25. Dynamic moduli at increasing surface pressure (shown by the arrow) of IT = 5, 10, 15, 20, 30, 40, and
50 mN/m; (a) Storage modulus, (b) Loss modulus. Colored bars on horizontal axis depict the operating windows as
follows: measured stress/inertia stress is (orange) < 5, (yellow) > 5, and (green) > 10.

With the exception of the lowest surface pressure (5 mN/m), which showed particle-void
domains within the microstructure (cf. Figure 4-23), all G5’ and G*"' data assume the same shape,
for all surface pressures studied, and can be merged into a single set of master curves via a time-
pressure superposition (tI1s). The tI1s process follows the classical pattern of 3D time-temperature
superposition. Data at surface pressure of IT = 30 mN/m were chosen as reference state for
generating the master curves. This required the time shift (horizontal shift factor, a;) and the
modulus shift (vertical shift factor, b;;) values of which are provided in Figure 4-26. The resulting
master curves belonging to the various surface pressures are illustrated in Figure 6a and expressed
as complex viscosity in Figure 4-27b. Both shift factors are about equally involved. In this way,
the time-pressure superposition (tI1s) of JP monolayer dynamics varies from traditional time-
temperature shifting where the vertical shift factor for G5 and G*"' is close to unity for many

viscoelastic materials (3D).
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Figure 4-26. Horizontal shift factors a;; (closed symbol) and vertical shift factor by (open symbol). The reference
state is IT = 30 mN/m.
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Figure 4-27. (a) Dynamic modulus data merged onto IT = 30 mN/m; b;G*'(w) closed symbols, b;G"' (w) open
symbols. (b) Complex shear viscosity from master curve at IT = 30 mN/m. (c) tan §° for master curve with

experimental data as red open circles. The lines belong to the power law relaxation time spectrum, Eq. (4-8), as
discussed in the text, with parameters listed with Figure 4-28.
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The same data are presented in three different ways, always in conjunction with the
respective spectrum predictions (Eq. (4-8), below). The loss tangent, displayed in Figure 4-27c,
has the typical format as expected for a liquid. The choice of surface pressure IT = 30 mN/m as
reference state is purely arbitrary. The data can now be shifted to other surface pressures, even to
IT values in between, where no experiment has been executed. This free use of the data is possible

because of the known tIIs shift functions, values of which are provided in Figure 4-26.

The validity of the G, GS"' data was confirmed using the Kramers-Kronig check,?%! which
involves the calculation of the relaxation time spectrum. At first, the data of Figure 4-27 were
modeled with the parsimonious model of Baumgértel et al.,?6% 263 which seeks a discrete relaxation
time spectrum, Eq. (4-8), with the least number of discrete modes for optimal fit (avoiding over-
fitting) and converts this spectrum into an approximate continuous form. The pattern of the
parsimonious spectrum for the JP monolayer suggests a power law format. Inserted into equations
(3-29) and (3-30), the continuous relaxation time spectrum of the parsimonious model?%? 262 was
able to fit the experimental G'and G*"' of Figure 4-24 and Figure 4-27a. The shape of the
parsimonious relaxation time spectrum (Figure 4-28), having a dominant positive slope and a
fairly abrupt cutoff, indicates the possibility of a power-law spectrum very much like the BSW
spectrum of a colloid near its glass transition.?%* 2%° This is expressed as a linear superposition of
two power laws. The long-time relaxation behavior (a-mode) belongs to large scale
rearrangements in the surface layer, while localized particle rearrangements and their short time

characteristics give rise to the faster S-mode:

Ng —ng
L <i) (4-8)
Tmax B

HS(D) = H,° (
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Valid for t < 7,,4,. Beyond that upper time limit, 7, = 7,4, the spectrum does not exist,

H®(t) = 0, for T > 7,,4,. T3 denotes the minimum in the spectrum where the two power laws

meet. This spectrum was found to closely reproduce the experimental data as shown in Figure
4-27 for the IT = 30 mN/m interface. An overlay of the parsimonious spectrum and the BSW

spectrum compares the two in Figure 4-28.

As previously discussed by Winter (2013), the relaxation time spectrum for glass transition
and gelation phenomena of bulk materials broadens and assumes a power law format. However,
the power law exponent is positive for glass transitions and negative for gelation near the transition.
This distinguishing difference originates from the fact that gel rheology is dominated by fast modes
of relaxation, whereas glass transitions are dominated by slow modes of larger patches.?®®
Therefore, the fact that H obtained for the Janus particle monolayer at 30 mN/m has a positive

slope, corroborates the idea that a transition analogous to a glass is taking place.

The re-appearance of the BSW spectrum is really striking. There seems a common
rheological pattern in viscoelastic liquids when caging dominates their dynamics. The BSW
spectrum has occurred in polymeric liquids with long linear flexible molecules of uniform
length.?®® There, polymer molecules are envisioned to be caged by neighboring molecules in a
tube-like constraint.?®’ In this study, 2D dynamics of the Janus particles at the interface involves
constraining by neighboring particles, which can be envisioned as two-dimensional caging. To go
even further, the glass transition of colloids can also be envisioned as a caging process, which will
occur in three dimensions and also is governed by BSW dynamics. Caging is the common feature
that might connect all three. However, as the capillary interactions governing the monolayer of JPs
of this work are dependent on the orientation of the Janus patches as the particles approach each

other, and because densification of the particles at higher surface pressures constrains their
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reorientation at the interface, both attractive and repulsive capillary interactions may be present
between the particles throughout the interfacial monolayer. Therefore, the 2D cages present in our

experiments are more complex and harder to define as further elaborated below.
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Figure 4-28. Continuous relaxation time spectrum H*(t) as determined by parsimonious method?®% 263, shown with
discrete points, and approximated as continuous function, Eq. (4-8), shown in dashed line. IT = 30 mN/m data were
approximated with H,* = 0.03 N/m; 7, = 34.7s; n, = 0.2; 75 = 1.35 x 1073s; ng = 0.7, using a simplified Hy* =
H,5.

The pair of master curves of dynamic moduli for all surface pressures (see Figure 4-27a),
shifted to 30 mN/m, includes the crossover between G and G*", which characterizes the
frequency at which the surface behavior is switched from viscous-dominant to elastic-dominant,
all while remaining in the liquid state. It has become common practice to define a nominal longest

relaxation time based on the frequency of the G5 = G5"' crossover.

2m
Tesl=gs!! = ——————— (4-9)
Wegs! = gs!

For the JP monolayer of this study, the longest relaxation time is close to 7,s/_ ;s only

slightly smaller:
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T
__max — 042 (4_10)

Tes'=gs!!

The value of this ratio depends on material specifics but is the same for all compositions
of this study satisfying tITs. That includes the Janus dynamics, see Figure 4-27. The BSW model,
Eq. (4-8) with data of Figure 4-28, provides the values of ts/_ ;s and of 7,4, as appropriate for
the experimental data. The values of t,,,, obtained for different surface pressures are provided in
Figure 4-29. The relation between ,,,, and IT was generated by taking the z,,,, value at the
reference state, 7,4, = 34 s at IT = 30 mN/m, and shifting it in the same way as G*' and G*"" were

shifted to generate the IT = 30 mN/m master curve.
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Figure 4-29. Dependency of the maximum relaxation time on the surface pressure of the JP monolayer.

The relaxation time spectrum of interfacial layers formed by Janus particles, Eq. (4-8), is
new for 2D viscoelasticity, but it is exactly the same as was found earlier in 3D viscoelasticity.
There, it defines the dynamics of the colloidal glass transition in three dimensions.?%
Macroscopically, the colloidal dynamics of the 3D glass transition is re-occurring in the two-

dimensional viscoelasticity of the Janus particle monolayer. From these findings, and due to the
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similarity to the 3D phenomenon, we infer that the interfacial assembly of Janus particles

undergoes a transition analogous to a 2D glass.

4.4.2.3.Linear viscoelastic properties of Janus particle-laden interfaces

The known relaxation time spectrum can now provide predictive capabilities to be used to
evaluate linear viscoelastic material functions such as the relaxation modulus G*(t), as defined in
Eq. (3-27), and the creep compliance J°(t). For this, we use the relaxation time spectrum as
calculated with the parsimonious model in comparison to BSW. The time-dependent relaxation
modulus and creep compliance, Figure 4-30, are very similar for the two models of the relaxation

time spectrum presented in Figure 4-28.
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Figure 4-30. The known relaxation time spectra allow predictions of other linear viscoelastic functions for IT = 30
mN/m dynamics: (a) Relaxation modulus, (b) Creep compliance; dotted lines for parsimonious spectrum and
continuous lines for BSW power law relaxation time spectrum, Eq. (4-8), and parameter values as listed with Figure
4-28.

The SAOS experiments did not allow us to increase the frequency to a level where more
of the B-dynamics would govern as the geometry inertia takes place. It is outside our SAOS range,
while barely showing the onset of S-dynamics as the upper end of the w-window. Dedicated high
frequency methods would be needed to learn more about the S-dynamics, which is outside the

focus of the current study. In consideration of this limitation, little information is available here
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about the f-modes since G*' and G*" data were taken in a frequency range were the a-modes

dominate. Without accounting for the S-modes, the zero-shear surface viscosity reduces to:

HaSTmax
s 4-11
Mo 1+n, ( )
The corresponding zero-shear compliance calculates as:
= (g
= 1+ —— 4-12
Jo H,° + 2n + n? (4-12)

These are a few examples. The choice of IT = 30 mN/m is arbitrary. With the given
spectrum we can equally predict properties at the other surface pressures, or in between, as long
as they satisfy the tI1s. Material functions as shown here are useful for advancing application

examples which were provided in the introduction.

The shear response of monolayers at interfaces is frequently weaker when compared to that
of bulk materials. For that reason, measurements are usually taken close to the lower torque limits
of rheometers. In addition, the subphase drag contribution might introduce noise into the system
if one is operating at low values of Bq number.1®® To account for the subphase corrections, flow
field calculations were developed by Vandebril et al. to correct the apparent shear rate taking into
account the coupling of bulk and interface.’®* In short, the algorithm consists of solving the
velocity profile at the interface and in the subphase numerically, and estimating the drag
contribution from the subsurface, which allows for its removal from the raw data. As stated in
Vandebril et al., Bg >> 100 is desired when conducting interfacial rheology measurements to
ensure negligible contributions from subphase drag.!®* Therefore, we applied the subphase
correction to decouple the interfacial contribution from the bulk generated drag and examine the

significance of the bulk contribution in the generated data. The comparison between the raw data
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and the sub-phase corrected data is provided in Figure 4-31, which illustrates that the master curve

obtained from both data sets are in good agreement.
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Figure 4-31. Comparison of the master curves generated by the raw data and the subphase-corrected data obtained
using the algorithm by Vandebril et al. Red is the raw data and blue the corrected data.

4.4.3. Summary of Findings

In this chapter, we demonstrated how classical rheology analysis can be applied to the
generated small amplitude oscillatory shear data obtained in 2D such as the Janus particle
monolayers, which are the subject study in this thesis. The data obtained at various surface
pressures were collapsed into a master curve via a time-pressure superposition (tI1s). By analyzing
the time relaxation spectrum, we have found that a transition that resembles that of a glass
transition is occurring in the interfacial network of Janus particles. The time-relaxation spectrum
further provides us with predictive capabilities and allows us to describe additional linear
viscoelastic material functions for two-dimensional materials that can be useful in the rational

design of formulations tailored to different applications.
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5. Mixed Systems of Negatively Charged Particles and Sodium Dodecyl Sulfate

In this chapter, we focused on studying the mixed systems of particles and surfactants at
interfaces to understand their synergistic/competitive behavior near interfaces. However, since we
are investigating a system with similarly charged particles and surfactants, we first need to address
two subjects carefully: (1) Is there adsorption of SDS onto the surface of silica? If so, what are the
conditions that promote or prevent such adsorption? (2) What is the importance of SDS hydrolysis
on interfacial properties relevant to the system? At which point does the contaminant concentration
become relevant? We will first investigate these two questions and then proceed to the interfacial

measurements of the mixed system.

5.1. Adsorption of SDS onto hydrophilic silica particles: Studies in Buk

5.1.1. Introduction

The interactions of oppositely charged species are well documented, especially for mixed
systems including silica particles, due to their ubiquitous industrial and technological
applications.t3! 268 \When negatively charged silica particles are mixed in solution with a cationic
surfactant such as Dodecyltrimethylammonium Bromide (DTAB), the strong attractive interaction
between the two species leads to the adsorption of surfactant molecules onto the surface of
nanoparticles.?®®2°  This phenomenon has been reported for multiple sizes of silica
nanoparticles?®® 29 and has been employed in tuning the particles wettability. Adsorption of

cationic surfactants onto the surface of silica particles, — that are hydrophilic due to the dissociation

of their surface silanol groups in water — promotes the hydrophobicity of silica particles, which in
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turn makes the mixture of silica particles and cationic surfactant an effective stabilizer for foams
and emulsions.?”* 22 While at low surfactant concentrations, the attraction of the cationic
surfactants polar head onto the surface of the negatively charged particle leads to an adsorbed
surfactant layer, increasing the surfactant concentration can result in the formation of a bilayer on
the surface of the particles, with the surfactant head groups exposed to the bulk solution.?’12"3
Since the adsorption of surfactants, in form of a single layer or a bilayer, onto the surface of an
oppositely charged particle can alter the particles wettability and surface charge differently, tuning

the surfactant concentration is of interest in many industrial applications.?’% 27

When comparing like-charged species, such as silica nanoparticles and anionic surfactants,
a distinct scenario can arise in contrast to oppositely charged species. One observation is that the
addition of anionic surfactant to a dispersion of silica nanoparticles can induce a more negative
zeta potential in the system; this behavior has been attributed to the surfactants adsorption onto the
surface of the particle, in a tail down configuration, since the polar head is repelled from the
surface.?’* This type of interaction could decrease particle agglomeration and enhance the
dispersion stability as the presence of anionic surfactant molecules on the particles surface leads
to a pronounced repulsive interparticle interaction.?’* In contrast, it has also been reported in the
literature that silica nanoparticle dispersions can be slightly destabilized by the addition of anionic
surfactant, a behavior which has been attributed to an increased negative background potential that
facilitates particle collisions.?”® A number of factors are reported to affect surfactant adsorption
onto silica particles including the particle size, surfactant concentration, and solution properties
such as its ionic strength and pH.2"6-2’® Even for the case of widely used anionic surfactant, sodium
dodecyl sulfate (SDS), previous studies?’® 277280286 have been inconclusive with regards to the

solution conditions at which SDS adsorption onto silica particles occurs, if at all, specifically
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regarding the impacts salt addition and pH alterations will have on the resulting behavior, as

illustrated in Figure 5-1.
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Figure 5-1. Studies available in the literature on mixed SDS surfactant/silica particle systems reporting on adsorption,
or lack thereof, SDS molecules onto the surface of silica particles. Available data on studies carried out at various
SDS concentrations are presented as a function of (a) salt concentration, and (b) pH. Green circles (red crosses)

indicate conditions at which adsorption (no adsorption) was reported. Data is reproduced from the following references
276, 277, 280-286

In presence of salt, in a mixed solution of silica nanoparticles and SDS molecules,
adsorption of the surfactant onto the particle surface has been reported under certain conditions.
For instance, significant adsorption has been reported at electrolyte concentrations above 10 mM
and surfactant concentrations above 0.01 mM.?’® Adsorption has also been observed to increase as
surfactant concentration increases under varying salt conditions until the critical micelle
concentration (i.e., CMC) is reached, at which point adsorption is reported to decrease as micelles
form in the solution.? In contrast, a complete lack of adsorption of SDS on the surface of silica
particles has also been reported even in the presence of electrolyte.?®” As can be seen in Figure
5-1a, with the reports available on the effects of salt addition on the adsorption, or lack thereof, in
a mixed system of SDS and like-charged silica particles, it remains unclear what electrolyte

conditions induce adsorption.
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The effect of pH on adsorption is similarly inconclusive. At a slightly basic pH of 8, low
quantities of SDS were found to adsorb onto the silica particle surface.?8® Adsorption is also
reported at the more basic pH of 10 where the occurrence of adsorption was confirmed by both
increased hydrodynamic size of silica particles and their supercharging.?®? In some cases, it has
been suggested that SDS does not adsorb onto silica particles, specifically near neutral pH
conditions.?8% 283288 |n contrast, occurrence of adsorption has also been reported at a neutral pH,
for SDS surfactant concentrations in the range of 3.5 mM to above CMC (~8 mM).?8: 289 A study
on pH effects reported adsorption at various pH values tested (i.e., 3, 5, and 7); where a decrease
in the amount of adsorbed surfactant was found upon increasing the pH, increasing the SDS
surfactant concentration was reported to promote adsorption at all pH values.?’® As can be seen in
Figure 5-1b, while reports are available on mixed system of silica particles and SDS, the findings
are inconclusive about the pH range and surfactant concentration at which adsorption between the
two species occurs. Furthermore, in mixed SDS/silica systems, without any background
electrolytes, conflicting results have been reported regarding the SDS adsorption. Some authors

suggest the occurrence of adsorption, while others argue its absence.?® 284 2%, 291

In order to tune the adsorption of surfactants onto the surface of similarly charged particles,
it is first necessary to determine the conditions that induce adsorption. Through systematic
variation of the surfactant concentration, ionic strength of the solution (i.e., by the addition of
background salt and/or SDS), and the particle’s surface charge, conditions needed for adsorption
could be examined. For instance, pH variations affect the dissociation of the surface groups on the
particles surface, altering the strength of electrostatic interactions between similarly charged
species.®® Additionally, changes in the ionic strength could affect the interactions between the

surfactant molecules and the corresponding CMC value.?®? Therefore, one needs to carefully
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examine the impact of each contributing factor on the resulting behavior in order to specify the
regions within the parametric space over which adsorption occurs between similarly charged silica
particles and SDS surfactant. The focus of the present work is to investigate the significance of
factors that, in the available literature, are reported to play a role in the observed behavior in the
mixed SDS/silica system and decouple the convoluted impacts of solution pH, electrolyte
concentration, and surfactant concentration. We utilize light scattering experiments to measure the
mobility of particles in mixed SDS surfactant/silica particle systems. From this information, we
estimate the particles surface charge density and examine the impact of different variables such as
the electrolyte concentration, pH, and surfactant concentration on the adsorption behavior. Our
findings provide insight on the significance of these attributes with respect to adsorption behavior

and highlight the range of solution properties that promote like-charge adsorption.

5.1.2. Results and Discussions
5.1.2.1. Characterization of Particle Dispersions

Results of SEM imaging of particles and the characterization of particle dispersions at low
background salt concentration of 0.1 mM KNOs are provided in Table 5-1. The pH value, averaged
over all the dispersions used in these studies, was 5.4 + 0.2. It should be noted that silica particles
of size larger than 500 nm, for which Pe > 1, were not deemed suitable for this study as particle

sedimentation impacts the DLS measurements.

Table 5-1. Properties of silica nanoparticles used in this study: particle diameter estimated from SEM analysis (Dggp),
hydrodynamic diameter (Dy) obtained from the DLS measurements carried out in 0.1 mM background KNO3
electrolyte solution, value of particle’s zeta potential (¢) measured at the same conditions, and the charge densities
estimated using xR determined based on the measured Dgg,,. The pH for all dispersions was 5.4 + 0.2.

Silica particle
nominal size
(nm)

Dspm Dy 4 Ps
(nm) (nm) (mV) (nC/em?)
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100 100£30 129+1 -57%1 0.31+0.01
200 210+40 253+4  -58+6 0.26 + 0.03
500 50060 529+7 -72+2 0.31 0.02

5.1.2.1.1. Effect of Electrolyte

Variation in the electrolyte concentration was carried out in particle dispersions of different
sizes in order to examine the severity of the resulting aggregation. Initial experiments were carried
out in the absence of SDS to determine the salt concentrations that can be used in the study of
mixed surfactant/particle systems to generate reliable data from the DLS measurements. The
experiments were performed at a number of KNOs electrolytic concentrations (0.1, 1, 10, and 1000
mM), without adding any acid or base to the dispersion. The effect of salt concentration on the
measured hydrodynamic diameter (D) of the particles is presented in Figure 5-2a. As expected,
with increasing the salt concentration, the average particle size also increased. As the salt
concentration increased in the range of 1 to 100 mM, the rate of increase in the measured
hydrodynamic size was larger for the 500 nm particle sample, which could be interpreted as
aggregate formation even at low salt concentrations (1 mM) in this case and faster sedimentation
for aggregates forming by the larger 500 nm particles. As the salt loading was further increased to
100 mM KNOs, the 100 nm particles formed aggregates of larger size (1578 + 296 nm) compared
to those resulted from 200 nm (298 £+ 10 nm) and 500 nm particles (850 + 61 nm), which can be
explained by their higher surface to volume ratio and the reduced surface electric potential at the
high salt concertation used. Figure 5-2b depicts the variation in the measured zeta potential of the
particle dispersions as a function of electrolyte concentration. It can be observed that zeta potential
exhibited a logarithmic dependence on the ionic strength, where increasing the electrolyte
concentration led to a reduced magnitude of the zeta potential. Moreover, with increasing the

electrolyte concentration, the magnitude of zeta potential reduced for all particle dispersions. This
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trend is expected due to screening of particle surface charges by increasing the ionic strength in
the bulk, which results in a shorter Debye length. The value of x~* estimated from the calculated
effective concentrations reduced from 17.8 £ 0.7 nm at 0.1 mM KNO3, to 1.0 £ 0.1 nm at 100 mM

KNO:s.

It is important to highlight that the hydrodynamic size measurements could be used as an
indication for colloidal stability vs. aggregate formation. Therefore, these experiments were run as
screening tests in order to determine whether such effects (e.g., aggregation) are present in particle
dispersions, at various solution conditions of interest, because they could impact the results and
interpretation of the mobility measurements, which are then used to infer about SDS adsorption.
Since the 500 nm particle samples exhibited an increase in measured particle size at all electrolyte
concentrations, we limited the study of mixed surfactant/particle systems in bulk to the 100 nm
and 200 nm particle sizes only. In the latter two cases, we also restricted the interpretation of the
data obtained via hydrodynamic size measurements to electrolyte concentration below 10 mM in

order to avoid aggregation effects impacting the results of the measurements.
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Figure 5-2. Effect of KNOjs electrolyte concentration on (a) hydrodynamic size (Dy) and (b) zeta potential of particle
dispersions with particles of size 100 nm (black square), 200 nm (blue triangle), and 500 nm (red circle).
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5.1.2.1.2. Effect of pH

In order to examine the response of particle-only dispersions to alterations in pH and the
differences between the characteristics of the two particle sizes under study (i.e., 100 nm vs. 200
nm), zeta potential measurements were carried out at different pH values (at 1 mM KNO3) results
of which are displayed in Figure 5-3. It is worth noting that no pronounced aggregation was
observed for the systems analyzed here. For the case of 100 nm particle dispersions (Figure 5-3a),
at a neutral to high pH range (6-9), the value of measured zeta potential remained nearly constant
with pH alterations. This behavior could be attributed to the complete dissociation of the surface
silanol groups present on the silica particles, which may possess several pKa values depending on
their characteristics.!’®8 At low pH values (pH <5), due to the presence of excess hydronium
H3O" ions in the bulk, there was a reduced tendency for ionization of the surface silanol groups,
which consequently resulted in a decrease in the magnitude of the measured zeta potential.
Applying the model described in Eg. (3-6), it was found that the pKa value associated with the

best fit is ~2.1, which is aligned with the pKa value attributed to vicinal silanol groups.*&

For the 200 nm dispersion (Figure 5-3b), a similar response to pH alterations was captured.
Modeling the zeta potential values obtained from the pH sweep in case of 200 nm particle
dispersions yielded a pKa value of ~2.9, which agrees with the pKa values for external geminal
silanol groups.*® This corroborates the higher surface charge density found for 100 nm particles
when compared to the 200 nm (Table 5-1), since vicinal groups are associated with silanol that
are in proximity to each other. In addition, at the high pH region, there was a further increase in
the magnitude of the zeta potential, which might be associated with isolated silanol groups (pKa

~8.9) present in the 200 nm particle surface.!”® 8 To incorporate this factor when fitting the data
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with the model, the left-hand side of the Eq. 6 was calculated with both pKa values (2.9 and 8.9)

and summed.
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Figure 5-3. Effect of pH on the zeta potential of (a) 100 nm (b) 200 nm particles. The model was calculated based on
Eg. (3-6) and a pKa input value of 2.1 was used to fit the zeta potential data obtained for 100 nm particles, while a
combination of pKa values of 2.9 and 8.9 were used for the case of 200 nm particles.

5.1.2.2. Characterization of Mixed Surfactant/Particle Systems in Bulk
5.1.2.2.1. Effect of SDS at Various pH

The behavior of the mixed surfactant/particle system was analyzed as a function of the
solution pH, for the salt (KNO3) concertation of 1 mM. It should be noted that for the mixed
surfactant/particle systems, no pronounced increase in the measured particle size was observed as
the pH was lowered. Figure 5-4a illustrates the change in the measured zeta potential for mixtures
prepared with 100 nm particle dispersions. The presence of surfactant affects the particle surface
characteristics, as manifested in the increased zeta potential magnitude across pH values smaller
than 5. Measuring a more negative zeta potential value, in presence of the surfactant within the
mixture, can be attributed to the adsorption of surfactant molecules onto the particles surface. At
a neutral to high pH range (6-9), the effect of surfactant addition on the zeta potential was less
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pronounced compared to its impact at low pH range (2-5). This trend is expected since at the high
pH range, there is a higher extent of dissociation for the silanol groups present on the particle
surface, which may have curtailed the interaction between the silica particle surface and surfactants

due to charge-charge repulsion.

Figure 5-4b presents the calculated charge density on the particle surface, for the case of
100 nm particles, and its variation as a function of pH and SDS concentration. It is noteworthy that
the charge density on the silica surface remained higher for all cases involving SDS, at all pH
ranges under study, compared to the values calculated for the particle-only dispersions in the
absence of SDS. In addition, the particle’s surface charge density was higher in samples containing
12 mM SDS compared to those prepared at 4 mM SDS. This result contradicts another study
mentioned beforehand, where SDS adsorption was found to decrease at concentrations higher than
CMC (~8 mM for SDS at these salt conditions).?®> However, as stated elsewhere, surfactant
adsorption reaches a plateau at CMC, and the additional surfactant molecules are responsible for
populating the micelles,?®® which is in line with our findings that the maximum adsorption is at
concentrations equal or above the CMC. Therefore, the higher magnitude of zeta potential
observed for cases involving SDS, can be attributed to the presence of charged species on the silica

particle surface.

Figure 5-4c illustrates the change in zeta potential at various SDS concentrations for 200
nm particles. When comparing the particle-only to SDS/silica mixtures, there is a clear increase in
the magnitude of the zeta potential when SDS is present for almost all pH values. Interestingly, at
the higher pH values (pH > 8) there is a decrease in the magnitude of the zeta potential for both
samples containing SDS, whilst the particle-only dispersion showed an increase in the magnitude

of the zeta potential, as discussed previously. This corroborates the earlier finding that isolated
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silanol groups (pKa ~8.9) are present in the 200 nm particles. While the dissociation of these

isolated silanol groups, at high levels of pH, generates an increase in the charge density for the

particle-only systems, it deters SDS adsorption and therefore leads to a decrease in the particle

surface charge density for the samples with SDS (Figure 5-4d). Therefore, adsorption of SDS is

considered to be at its maximum at lower and intermediary pH values, in the range of 5 to 8, and

decreases upon the increasing the pH to highly basic conditions (pH > 8).
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Figure 5-4. Effect of surfactant concentration on (a, c) zeta potential, and (b, d) surface charge density of 200 nm and
200 nm silica particle dispersions measured as a function of solution pH at salt concentration of 1 mM.

5.1.2.2.2. Effect of SDS at Various Electrolyte Concentrations
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In order to isolate the effect of added electrolyte on the overall ionic strength of the solution
and the resulting impact on the surfactant/particle interactions, variation in the salt and surfactant
concentration was carried out at a fixed solution pH. This was done by considering not only the
background salt concentration but also the effect of any added electrolyte to the overall ionic
strength (i.e., I = Igno, + Ixon + Iuno, + Isps) Of the mixture. Figure 5-5a depicts the
measured change in the zeta potential resulting from varying the overall ionic strength in the
solution at pH values between 5 and 6. As expected, for the particle-only dispersions (i.e., no SDS
systems), a decrease in the magnitude of the measured zeta potential was observed with an increase
in the ionic strength. This trend is expected and is attributed to the screening of particle surface
charges by the ionic cloud and shortening of the Debye length. In the presence of surfactants,
however, a deviation from this trend was observed depending on the SDS concentration. At low
surfactant concentrations (csps < 0.01 mM), the trend was similar to that observed for no SDS
systems. For intermediate SDS concentrations (0.1 < cgps <0.5 mM), results of some
measurements showed deviations from the trend observed for the no SDS condition. Furthermore,
as the surfactant loading was increased (csps = 1 mM), the zeta potential became more negative,
which could be caused by the presence of surfactants on the particle surface. The excess negative
charges were probably caused by the added SDS head groups. This was further evidenced when
comparing charge densities, depicted in Figure 5-5b. At high surfactant concentrations (csps = 1
mM) in mixed surfactant/particle systems, presence of surfactant molecules enhanced the
magnitude of the particle surface charge density. This finding further confirmed that the reported
deviation stems from the surfactant adsorption onto the particle surface. However, at low ionic
concentrations, originating from the presence of either salt or surfactant in the dispersion, the

density of surface charges on the particle were lower. This results from the calculation of the
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charge density (Eq. (3-5)), where the Debye length is the dominating variable at low ionic
strengths, overcoming the increased zeta potential measured. In contrast, at high ionic strengths,
ionic effects are minimized as electric fields are dissipated at shorter distances due to the high
solution conductivity. Therefore, there is a tradeoff for increasing the overall ionic strength, which
changes both the Debye length and the measured zeta potential. This can be visualized in Figure
5-5b, where there is a maximum supercharging at total ionic concentrations between 1 and 10 mM.
In other words, increasing the overall ionic strength leads to screening of charge effects, which
neutralizes the charges around the particle surface. Therefore, there are signs of adsorption at
moderate pH conditions (between 5-6). Nevertheless, from the charge density perspective, the

results are scattered since there is a convoluted effect of SDS and KNO3z on the ionic strength (I).
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Figure 5-5. Effect of variation in the added salt (KNO3) and surfactant (SDS) concentration, reflected in an increase
in the total ionic concentration (1) of the dispersion, on (a) zeta potential and (b) charge density of the particles. Data
includes measurement on both 100 nm and 200 nm particle samples with pH values in the range of 5 to 6. Data
belonging to particle-only dispersions, prepared at different KNOj3 concentrations, are shown using blue symbols,
whereas measurements obtained for mixed SDS/silica samples, obtained at different KNO3 and SDS concentrations

are shown using red symbols. Darker tones of red represent higher SDS concentrations.

5.1.2.2.3. Effect of SDS from the Perspective of Mean lonic Product
To decouple the effects of SDS on the ionic strength of the solution, from that of the added
KNOs3 salt, and examine the origin of the observed supercharging on the particle surface, we used
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the mean ionic product (c*), which accounts for the impact of ions, other than those resulting from
SDS, present in the system to normalize the concentration of surfactant solutions at various

background salt concentrations. In this approach, the mean ionic product is defined as follows:2%

¢* = ¥+ (Csps+ other ions X Csvs)l/ 2 (5-1)

where cgps is the concentration of SDS, cspstotner ions 15 the concentration of all species, y4 is
the average activity coefficient of the system, calculated from the Debye-Hickel equation as

follows:

| 0.5115 x I 0.055 x| (5-2)
0 = — :
&+ 1+1316x VI

Using the mean ionic product to analyze the measured data allows for the comparison of
the results in mixed SDS/silica systems to those obtained from particle-only dispersions with a
similar ionic strength. Data on the particle’s zeta potential and surface charge density as a function
of the effective ionic concentration (c*), for samples containing SDS, is shown in Figure 5-6. For
comparison, the corresponding values for samples without SDS, i.e., particle-only dispersions, are
also provided in the figure as a function of the total ionic strength (7). In addition, data available
in the literature on the mixed SDS/silica system, obtained from various references, 28 281, 262, 285, 286
are also displayed on the same plot. It is worth noting that inferring about the SDS adsorption, or
lack thereof, onto the particle surface, solely based on the zeta potential results shown in Figure
5-6, is not trivial since there are multiple factors at play in case of mixed systems. There is a large
scatter in the data, both from this work and those reported elsewhere.2® 281 282,285,286 Tq j||ystrate
the clear distinction between the data obtained for mixed surfactant/particle systems with SDS (full

symbols) and those for particle-only dispersions without SDS (open symbols), the particle surface
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charge density was calculated from the measured zeta potential in each case, as shown in Figure
5-6b. As can be seen, at the same effective ionic concentration, particle dispersions containing
SDS exhibit a higher charge density when compared to a sample without SDS. This effect appears
to be enhanced at larger SDS concentrations, which is expected since there is a higher activity of
SDS molecules in the bulk. It is important to note that some of the data taken from the literature
pertain to particles that are not spherical in shape (fumed silica). For those cases, the reported Dy,
was used in the charge density calculations and therefore the results exhibit greater variability.
Compared to Figure 5-1a where a definitive region indicating SDS adsorption was not clearly
delineated, Figure 5-6b offers a more distinct differentiation between the characteristics of

samples with SDS and those of particle-only dispersions.
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Figure 5-6. Effect of variation in the salt and surfactant concentration, at pH values between 5 and 6, in 100 nm and
200 nm particle dispersions: (a) zeta potential and (b) surface charge density. Data is plotted as a function of the ionic
strength (I) for samples without SDS and mean ionic product (c*) for samples with SDS. Our data is shown along
with data taken from several references.?8 281 282,285,286 || symbols correspond to mixed surfactant/particle samples
and open symbols belong to particle-only dispersions (black squares for reference data, red and blue circles for data
from this work). Area shaded in teal color corresponds to data for mixed surfactant/particle systems falling in the
region for which the resulting particle surface charge density is higher than that obtained for salt only particle
dispersions (no SDS), which is attributed to the adsorption of SDS onto the particle surface in the former case.

5.1.2.2.4. Effect of SDS at Various pH and Electrolyte Concentrations
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To determine the extent of SDS adsorption onto the silica particle surface for a mixed
system that is not at neutral pH, an analogous analysis to the one conducted in the previous section
was performed on data acquired at various pH values. The data was generated at two pH ranges
that were considered “low” (i.e., pH < 5) and “high” (i.e., pH = 6). These values were selected
based on the response of the particle-only dispersions to pH alterations, where at low pH range,
reducing the pH resulted in a decrease in the magnitude of the zeta potential, and over the high pH
range, increasing the solution pH did not have a pronounced impact on the measured zeta potential,

as depicted in Figure 5-3.

Figure 5-7 illustrates the measured zeta potential and calculated charge density
corresponding to measurements carried out at low and high pH ranges for SDS/silica mixtures
using data from both 100 nm and 200 nm systems. Figure 5-7a shows that the measured values of
zeta potential in the mixed surfactant/particle samples have a higher magnitude compared to those
obtained for the particle-only dispersions in presence of KNOs. The same trend is observed in
Figure 5-7c, where the charge density for samples containing SDS is overall higher than those
without SDS. It is worth noting that the results at low pH show a more pronounced difference
when comparing the particle surface charge density for samples containing surfactant with those
of dispersions without SDS. This can be explained by the fact that at these lower pH values, the
system is closer to the isoelectric point of silica particles (see Figure 5-3), indicating a lower
density of surface charges on the particle, which could promote the SDS adsorption onto the
particle surface. It is important to note that the variation in ionic strengths for particle-only systems
are not only due to different KNO3 concentrations but also acid addition. Therefore, there is a

downward trend of surface charge density with ionic strength as the acid concentration is higher.
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Such downward trend is not present in systems with SDS even though the particles were exposed

to the same pH conditions.

Figure 5-7b presents systems at high pH range, which do not exhibit a clear distinction
depending upon the presence of SDS. This is also evidenced in Figure 5-7d where the calculated
charge density for some of the mixed surfactant/particle samples falls in the region that belongs to
particle-only data in presence of KNOs salt, even at high effective concentrations of SDS. Higher
pH values are associated with a higher surface charge on the silica surface, as shown in Figure
5-4b and d, which may hinder adsorption. Nevertheless, at high pH and high SDS concentration,
there is indeed an elevated charge density observed, suggesting that even under these conditions,

some level of adsorption occurs.
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Figure 5-7. Effect of variation in the salt and surfactant concentration at fixed pH on (a, b) zeta potential, (c, d) charge
density, as a function of total ionic concentration (1) for samples without SDS, and effective concentration (c*) for
samples with SDS. Top charts (a, ¢) show data obtained at “low pH” values (pH < 5), while the bottom charts belong
to those measured at “high pH” range (pH = 6). Data obtained from both 100 nm and 200 nm particle samples were

used in generating these plots.
5.1.3. Summary of Findings

In this section, we investigated mixed systems of silica particle and SDS surfactant, and
examined changes in particle surface properties in response to alterations in solution pH and
electrolyte concentration in order to shed light on factors that promote or prevent surfactant
adsorption onto the particle surface in case of like-charged SDS/silica system. We applied dynamic

light scattering to measure the particles zeta potential, under various dispersion conditions, and
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estimated the surface charge density from the conductivity and mobility measurements. We
decoupled the contribution of SDS to the ionic strength of the solution and alteration of zeta
potential for negatively charged silica nanoparticles. These studies aided in identifying variable
domains in which SDS adsorption onto silica particles is more or less likely to occur, and the
conditions at which it may affect the zeta potential readings, which are usually used as a direct
indication of surfactant adsorption. We showed that charge density is a more fit parameter for
identifying adsorption of SDS onto silica particles. Our findings show that SDS adsorption onto
the silica surface occurs, likely through entropically-driven interactions, under certain conditions

as follows.

i. At moderate pH conditions (between 5 and 6), SDS adsorption takes place over the range
of the ionic strengths studied in this work (0.1 to 100 mM). However, it might not decrease

the particles zeta potential (i.e., supercharging of the particle surface may not be detected);
li.  An acidic environment improves surfactant adsorption and “supercharging” effect;

iii.  Basic environments could hinder adsorption and supercharging in the presence of isolated
silanol groups on the silica surface; however, high SDS concentrations (¢* = 10 mM)

might overcome the pH effect.

iv.  There is a tradeoff between the ionic strength decreasing the particle’s zeta potential and
dispersion’s Debye length, which leads to a maximum of increase in the magnitude of
charge density on the surface of particles to take place in the range of 1-10 mM of total

ionic strength.
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V.  The supercharging effect is less pronounced if the particle’s zeta potential is high (-60 mV)
prior to the addition of the SDS surfactant and becomes more pronounced as the zeta

potential is reduced, which can be achieved by increasing the ionic strength of the solution.
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5.2. Contamination in Sodium Dodecyl Sulfate Solutions

5.2.1. Introduction
One of the most commonly used surfactants is sodium dodecyl sulfate (SDS), which is an
anionic surfactant with a critical micelle concentration (CMC) of 8.2 mM at 25°C in the absence

of electrolytes.?®

Its HLB is estimated to be 40, which characterizes it as a highly water-soluble
surfactant.*?® SDS is synthesized by sulfating the long-chain alcohol, n-dodecanol, also known as
lauryl alcohol (LOH), which is considered a contaminant in SDS samples.?® As stated by
Mysels,?®” impurities that have similar surface activity to SDS (by weight percent) do not impact
the SFT readings. However, LOH exhibits a higher surface activity compared to SDS due to its
lower solubility in water, which is attributed to the relatively lower polarity of its head group. As
LOH does not form micelles by itself, it is not considered a surfactant species and does not have
an HLB value attributed to it. However, for means of comparison, utilizing the method developed
by Davies,?® one can estimate the HLB of a dodecanol molecule to be ~3. Therefore, even trace
amounts of LOH present in the solution can affect the behavior of the solution and resulting
experimental measurements.?®* For instance, in a6 mM SDS solution (99.98 mol%) contaminated
with 0.02 mol% LOH, the dodecanol molecules occupy more than 80% of the total surface
coverage, which yields an additional 20 mN/m reduction in SFT.?% The isotherm is therefore
shifted to lower values compared to that obtained for a purified SDS sample. The amplified
reduction in SFT, contributed by LOH molecules, will continue to persist as the SDS concentration
is increased. This effect can be attributed to an increase in the bulk concentration of LOH
molecules present in the sample until the CMC of the SDS solution is reached.?®’ Once SDS

micelles are formed, contaminant LOH molecules can be solubilized in the micelles.?®® As a result,

increasing the SDS concentration past the CMC results in SFT readings that are closer to the values
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for pure SDS samples.?® A characteristic dip in SFT isotherm around CMC value is thus an
indicator for the presence of LOH in the sample.> It is important to mention that the presence of
LOH molecules at the interface is not as consequential if the non-polar phase is oil. As LOH is

highly soluble in organic phases, it does not accumulate at the interface.3*

Adsorption of SDS molecules onto the interface is strongly impacted by the presence of
electrolyte in the solution. The air-water interface carries a negative electrostatic potential
compared to the bulk due to the ordered water molecules at the interface and/or preferential
adsorption of anions (e.g., hydroxyl group from the dissociation of water).3%? The net surface
charge at the air-water surface becomes less negative in presence of electrolyte, promoting SDS
adsorption.®% 3% Additionally, the presence of ions in solution increases the surface activity of
SDS molecules by decreasing the electrostatic repulsion between the anionic head groups.3%
Reduced electrostatic repulsion between the SDS head groups at higher electrolyte concentrations
facilitates micelle formation and leads to lower CMC values and higher aggregation number in

SDS micelles.3% 307

To remove LOH from SDS solutions, several purification methods have been developed.
Among these methods, foaming the sub-micellar solution,?%” 3% 309 passing the solution through
an adsorption column,®!° successive compression and aspiration of the surface,3!! and repeated
recrystallization of the solution with alcohol (e.g. reagent alcohol or ethanol) and water2®": 308 312,
313 have been utilized, individually or in series, to achieve a higher degree of purity. However,
even after laborious work of purifying the sample, contamination could still remain a problem as
SDS molecules hydrolyze back to LOH after the purified solution begins to age with the rate of
hydrolysis depending on the concentration of both SDS and LOH molecules, temperature, and pH

of the solution.?%4 297314
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Few methods have been proposed since the 1980s, mostly relying on the direct
measurement of fluid properties, to quantify the amount of LOH present in the solution. To our
knowledge, Czichocki and co-workers were the first to determine the amount of LOH in SDS
samples based on both high performance liquid chromatography (HPLC) method and later SFT
measurements.3'> 31 The HPLC method was shown to be sensitive to the alcohol chain length and
could distinguish between different alcohols present in the solution. The HPLC results were
complementary to the surface tension readings, which cannot differentiate between varying
alcohol chain lengths. A criterion for surface chemical contaminations, under equilibrium and non-
equilibrium conditions, and based on surface tension shifts, was derived by Lunkenheimer et al.3*’
as a means to check the purity of the system via SFT measurements. Therefore, the criterion is not
based on the bulk concentration of the contaminant, but it is based on its impact on the surface.
Thus, it relies on the sensitivity and accuracy of the instrument used to measure the SFT values.
Vollhardt and Czichocki®!® studied the effect of different isomeric alcohol molecules co-adsorption
with SDS. When comparing the reduced SFT in contaminated SDS solutions with that of the
purified solutions, it was found that increasing the contaminant concentration leads to an increase
in the SFT difference, where 0.1 wt% of contamination yields a 15 mN/m difference from the pure
SDS surface tension value. A more rigorous approach based on a thermodynamic adsorption model
was developed by Kralchevsky et al.?® to determine the amount of dodecanol contamination in
the sample. Further information on this thermodynamic model will be provided in the materials

and methods section.

When considering the use of SFT readings to trace the presence of contamination in SDS
solutions, several techniques are available for SFT measurements, such as the Wilhelmy plate, the

drop weight, and the bubble shape tensiometry methods. The use of different surface geometries
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(e.g., planar in the Wilhemly plate vs. spherical in the bubble shape tensiometry) can impact the
adsorption dynamics by potentially hindering the adsorption of less concentrated species to the
interface.3'® Not only the geometry, but differences in aging time for surfaces to reach equilibrium
with the bulk phase can also be a crucial consideration.'®” If one compares the SFT measurements
using a pendant liquid droplet in air with that of a rising air bubble in the solution, besides the
higher area per volume ratio (4/V) for the drop geometry, the surfactant adsorption will also be
impacted by the concavity of the interface itself.*®” A low concentration of contaminants can also
be an issue when comparing two different methods; depending on the method’s A/V, the initial
bulk concentration could be considerably depleted, influencing the equilibrium state of the
system.1®” This effect has been illustrated by Addison and Hutchinson3!?, where the drop weight
method (performed at different rates) and the Wilhelmy plate method were used to measure the
surface tension of SDS solutions. The slower the rate of formation of the drop on the drop-weight
method, the more time was allowed for the adsorption of contaminant molecules, and the closer
the surface tension was to the SFT readings obtained from the stationary (planar) surface of the
Wilhelmy plate method. All these factors impact readings of both thermodynamic (surface tension)

and dynamic (surface dilational rheology) measurements using the drop geometry.

Dynamics of interfaces can be examined in two modes: shear rheology (i.e., interfacial
response to shear deformation at a constant area) and dilational rheology (i.e., interfacial response
to variations in the interfacial area while conserving the shape). A number of methods have been
developed for probing the response of interfaces to shear such as the magnetic needle "%
interfacial disk/bicone,*®® double-wall-ring,*®* and microrheology.3® 183 164 For example,
Poskanzer et al.3? studied the effect of adding dodecanol to the surface viscosity of SDS solutions

and found that a synergism between the two molecules greatly increase the surface viscosity (up
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to a factor of 5). Surface dilational rheology can be probed using techniques such as capillary
waves, a Langmuir trough with oscillating barriers, and oscillating drop/bubble,#7: 217 321 322 the

latter two are the focus of studies carried out in this section.

The surface dilational rheology of LOH-contaminated SDS solutions was studied by
Wantke et al., using the oscillating bubble method with frequencies ranging from 1-500 Hz.32% To
model their experimental results, the one-component rheology model was used due to the relatively
constant concentration of LOH molecules at the surface during oscillations. It was shown that pure
LOH surfaces exhibit a completely elastic response, whereas pure SDS samples present a strong
viscoelastic behavior, with mixtures showing intermediary properties. It should be pointed out that
the sample labeled as “pure-SDS” in these experiments exhibited a small dip in the SFT isotherm,
which points to some degree of contamination. These results were later utilized by Aksenenko et
al.,>® as input to their two-component rheology model. However, even with the more robust
approach compared to Wantke et al.®?® their model was only able to qualitatively fit the

experimental data from the previous work done by the authors.3?®

When considering the effect of background electrolyte, Fainerman et al.3** measured the
dynamic surface tension and the surface rheology of SDS solutions with hardness salts such as
CaCl, and MgCl2 present in the solution. It was found that the presence of hardness salts results in
a higher viscoelastic modulus when compared to solutions with NaCl as the electrolyte, which was
attributed to the formation of Ca(DS). and Mg(DS). complexes that are more surface active than
SDS. Moreover, the rate of hydrolysis was much higher for the SDS solutions in presence of the
divalent salts. The dynamic surface tension results were used to estimate the concentration of

dodecanol in these solutions via the generalized Frumkin model 3%
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This section aims to better understand the importance of SDS hydrolysis and how it impacts
surface measurements. We compare the results obtained from the interfacial rheological
measurements with the values predicted by different thermodynamic adsorption models. In
addition, we investigate the effect of electrolyte on the results obtained for both unpurified and
recrystallized samples. Findings of these studies provide valuable insights on more complex
interfacial systems in which interfacial activity of SDS molecules under dynamic conditions is of

interest.

5.2.2. Results and Discussions
5.2.2.1. Surface Tension Isotherms

The surface tension isotherms of the unpurified and recrystallized samples, measured using
the WP method, are depicted in Figure 5-8. A comparison is provided with the reference data from

Tajima and coworkers3?

on pure SDS solution (purified by isotropic mixing with dodecanol in
ethanol followed by extraction with ether to remove the dodecanol), also measured using the WP
method and with no background electrolyte present. From Figure 5-8a, it is noticeable that the
SFT measurements obtained for both the unpurified and recrystallized samples are not in
agreement with the reference data. This is due to the synergistic effect of SDS and LOH when both
present at the surface, which results in a decrease of the SFT to a larger extent compared to a
surface solely populated by SDS molecules.®?° The difference between the measured curve for
recrystallized sample in this study and the reference curve in®?® hints at the presence of LOH
molecules in the solution even after the recrystallization process. Data obtained for the

recrystallized sample displays the characteristic contamination dip in the curve before plateauing

at concentrations above CMC.
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Next, we moved on to SFT measurements in presence of electrolyte using 10 mM NaCl
solutions, as shown in Figure 5-8b. For comparison with the data available in the literature, in this
case we used the reference curve provided by Tajima.®?” In this reference, the SFT was measured
with the drop-volume (i.e., drop-weight) method, with a similar pure SDS sample used in the work
by Tajima et al.,*?® but using 10 mM NaCl solutions. For the present study, the measured SFT
curve for recrystallized samples in 10 mM NacCl solutions overlaps with the reference data from
Tajima.®?” The higher ionic strength of the solution promotes the adsorption of SDS, which can be
explained by the decreased electrostatic repulsion between the negatively charged dodecyl sulfates
and the reduction in net negative charge at the air-water surface,®* thus, increasing SDS activity.
However, as established from the results in Figure 5-8a, it should be noted that the recrystallized
sample still contains LOH molecules. Therefore, the presence of background electrolyte could
mask the presence of dodecanol impurities in the surfactant solution when one is only interpreting

the thermodynamic data via the surface tension isotherm.
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Figure 5-8. Surface tension isotherms of unpurified (red circles) and recrystallized (blue triangles) SDS solutions with
(@) no background electrolyte and (b) 10 mM NaCl. Comparison is also provided with reference data (black squares)
from Tajima on: (a) pure SDS solutions with no electrolyte 3% and (b) pure SDS solutions with 10 mM electrolyte 327,
Some error bars are not visible because they are smaller than the symbol size. Data adapted from Refs 32 and 3?7 are
provided with permission from the Bulletin of the Chemical Society of Japan.
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5.2.2.2. Depletion Effects in Different Techniques

Determining the appropriate technique for measuring the surface tension of dilute SDS
solutions is an important factor. The difference in geometry (i.e., the area-to-volume ratio) between
varying techniques makes one method more sensitive to contamination than another. This is
because a smaller volume used in a method results in fewer total molecules being present in the
bulk in one technique compared to another. For instance, the Wilhelmy plate method relies on a
large volume with a relatively small area available for adsorption (4/V ~100 m~1), which makes
it more sensitive to impurities — usually present in small concentrations — compared to the pendant
drop shape tensiometer, which has a larger area-to-volume ratio (A4/V ~2000 m~1). This
phenomenon is caused by the depletion effect that takes place when highly surface-active
molecules, such as LOH, are present in bulk in dilute concentrations and have access to a large
area available for adsorption.'®” When the amount of molecules on the surface exceeds the amount
of molecules in the bulk (I' x A > ¢ x V), depletion is considered to be significant . As
explained by Semmler et al.®?®, when depletion effects cannot be neglected, both dynamic and
equilibrium surface tension readings differ from systems with an infinite surfactant reservoir.
Therefore, one should take depletion into account when the conditions of the application fall into
the beforementioned criterion. Table 5-2 shows the A/V for the three geometries discussed in this

work.

Table 5-2. Values of area to volume ratio (4/V) calculated for different methods used in the measurement of the
surface tension.

Method A/V [m™1]
Pendant Drop 1916
Rising Bubble 110

Wilhelmy Plate 94
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In order to compare the impacts of different geometries, the normalized effective

concentration (CEC#, Eq. (3-18)) of LOH, calculated for the unpurified sample, is provided in Figure

5-9a. Pendant drop shape tensiometer results are most affected (notice the high A/V value in Table
1), having less than 100% of the initial LOH bulk concentration (c;, Eq. (3-18)) over the entire
range of SDS concentrations. By analyzing this graph one can infer that both WP and the RB shape
tensiometry (overlapping) are less affected by depletion of the contaminant compared to the
pendant drop shape tensiometry. This is mostly caused by the higher surfactant reservoir available
in both WP and RB methods in contrast to the pendant drop. Therefore, methods with a high A/V
value may not be suitable for capturing the impact of contamination’s presence in the bulk through

surface measurements.

As diffusion to the surface is a key factor in the systems affected by depletion, aging time
is also expected to play a role in the results. Figure 5-9b compares the isotherms obtained for the
unpurified sample using the WP method and the RB shape tensiometry. Two major differences
can be noticed between these measurements. First, the surface tension measurements in the RB
geometry take a longer time to stabilize due to the slow adsorption process.®”31® For comparison,
the surface tension readings after 30s and 3h are provided as a function of concentration for the
RB measurements. Such slow adsorption is caused both by the A/V of the system and the “quasi-
spherical” shape of the bubble, and the fact that the air-water surface is surrounded by the
surfactant solution and adsorption is taking place in a convex surface;'°” hence, the time necessary
to reach equilibrium is increased as compared to the WP, which has a planar adsorption geometry
and a slightly smaller A/V value (see Table 5-2). In addition, measurements at low surfactant

concentrations (below 1 mM of SDS for our samples) indicate that even after 3h the surface tension
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readings from the RB measurements do not match those obtained by the WP (Figure 5-9b). This
is possibly due to the slightly larger A/V for the RB, which can affect the equilibrium surface

tension at a constant bulk concentration.'9"- 328

Finally, by using Eq. (3-19), one can calculate the depletion depth and the diffusion time
scale for WP geometry. For the RB geometry, one has to correct h, to h to account for the
curvature.!®” Comparing the two geometries, as shown in Figure 2c, it can be seen that the WP
requires less time for equilibration than the RB, for both unpurified and recrystallized samples. At
lower concentrations of SDS, the number of LOH molecules present in the bulk is small; therefore,
the time required for equilibrium is just a function of the geometry. As SDS concentration
increases, the unpurified and recrystallized samples start to behave differently due to the different
molar fraction of LOH present. There is a peak in the diffusion time scale for LOH molecules in
both unpurified and recrystallized samples, which can be explained by the sharp increase in the
equilibrium adsorption (I') calculated for LOH (see Figure A0-2a in Appendix A). Therefore,
there is an increase in demand for LOH molecules from the surface, while the bulk concentration
increases at the same rate. The peak shift in LOH diffusion time scale peak observed between the
unpurified and recrystallized samples can also be explained by the different molar fraction in both
samples, as shown in Figure A0-2b, where both adsorption curves for LOH increase sharply at
the same bulk LOH concentration. Past this critical point, the diffusion time decreases with the

bulk concentration and the surface adsorption does not change drastically.
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Figure 5-9. (a) LOH normalized effective concentration for different geometries (blue dashed curve for WP; red
dotted curve for RB; and green full curve for pendant drop) at different SDS concentrations. (b) Comparison of the
surface tension isotherms for unpurified SDS solutions in the absence of electrolyte measured with: (i) the rising
bubble shape tensiometer (RB), at two different aging times (open purple circles are 30s, full purple circles are 3h),
and (ii) the Wilhelmy plate (WP) method (red circles). The values reported by Tajima for pure SDS solutions
(measured by the WP technique) are provided as a reference (black squares)®?. (c) Calculated diffusion time scales
with model given by ref!®” for LOH molecules based on their bulk availability in unpurified (red curves, estimated
molar fraction of 0.478 mol%, see next section) and recrystallized (blue curves, molar fraction of 0.104 mol%) for
both WP (full) and RB (dashed) geometries.

5.2.2.3. Determination of the Impurity Content via Thermodynamic Models

Isotherms obtained for both unpurified and recrystallized samples were fitted by the three
thermodynamic adsorption models in order to estimate the degree of contamination in the samples.
Results achieved from each model are shown in Table 5-3. The error related to the LOH molar
fraction estimation was calculated, based on the method used in the appendix of the work by
Kralchesvsky?®, by relating the minimum standard deviation calculated comparing the fit to the
experimental data to the estimated error on the molar fraction value. The Kralchesvsky model
yielded a higher degree of contamination, which can be attributed to the additional feature of

considering the charged air-water surface.

Table 5-3. Molar fraction of dodecanol (XLOH in mol%) obtained from best fit of the experimentally measured
isotherms, using WP method, to each thermodynamic model for both unpurified and recrystallized samples.

Adsorption Model Unpurified (mol%) Recrystallized (mol%)
Frumkin 0.435 £0.009 0.028 +0.003
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van der Waals 0.338 £0.027 0.044 £ 0.007
Kralchesvsky 0.478 + 0.006 0.104+ 0.004

The fit obtained by the Kralchesvsky model for both unpurified and recrystallized samples
is shown in Figure 5-10. The fits obtained using both Frumkin and van der Waals model are shown
in Figure AO-1. As previously discussed in Figure 5-9a, at lower SDS concentrations the
depletion effect is significant, which could possibly result in a higher surface tension reading. To
circumvent the effect of depletion phenomenon, data obtained for SDS concentrations above 1
mM SDS were used to fit the model. The best fits to the unpurified and recrystallized samples
corresponded to LOH molar fraction of 0.478 mol% and 0.104 mol%, respectively. The order of

magnitude of the results agree with those obtained in the original work by Kralchesvsky.?®

=]
<

-1
=}
T

=)
<
T

o
[—]
T

Surface Tension (mN/m)
s 3

o
[—3

10°
SDS Concentration (mM)

._.
o

Figure 5-10. Surface tension isotherms for the unpurified (red circles) and recrystallized (blue triangle) samples fitted
to the thermodynamic model developed by Kralchevsky et al.?%

5.2.2.4. Surface Rheology Measurements
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In order to obtain the surface rheology of the adsorbed layer, one can impose oscillations to
a bubble surface area, as illustrated in Figure 5-11a, and track how the surface tension changes
with the applied perturbations (Eq. (3-21)). The surface storage modulus (k") obtained from
rheological measurements on a rising bubble suspended in unpurified and recrystallized samples
is shown in Figure 5-11b. Results are provided for solutions in the absence and presence of the
electrolyte. The surface viscous modulus (k°'") of both unpurified and recrystallized samples is
not negligible as depicted in Figure 5-11c. This implies that the surface layer is populated by a
mixture of SDS and LOH molecules since a surface purely covered with LOH molecules would
be elastic in nature with a negligible viscous modulus.?!® 3% As expected, due to the higher
concentration of LOH molecules in the unpurified solutions, these samples resulted in a higher
surface elastic modulus (one order of magnitude larger) compared to those measured for the
recrystallized samples.

The impacts of electrolyte’s presence in the solution on the resulting surface properties has
also been examined for both unpurified and recrystallized samples. As illustrated in Figure 5-11b,
the k%' of the unpurified sample is not greatly affected by the addition of 10 mM NaCl at
concentrations below the CMC, other than shifting the entire curve to lower SDS concentrations.
This indicates that the composition of the surface layer is not very different between the two cases,
possibly due to the high degree of dodecanol contamination present in the unpurified sample. In
contrast, addition of electrolyte to the recrystallized solutions resulted in a decrease in E’ and an
increase in k%', This can be attributed to the higher surface-activity of SDS molecules in presence
of NaCl in the aqueous phase. While the screening of the electrostatic repulsion between the SDS
polar head groups is present in both unpurified and recrystallized samples, the larger contamination

present in the former is sufficient to mask this effect. As a result, the addition of salt did not result
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in a pronounced impact on the surface rheological response of the unpurified solutions. For all
samples, there is a significant drop in k*' at concentrations above the CMC. This behavior indicates
that the surface is populated by both SDS and LOH molecules at concentrations below the CMC,
whereas the solubilization of LOH molecules into SDS micelles at concentrations above CMC
dramatically reduces the effective concentration of LOH in the bulk, which drives the adsorbed
LOH molecules out of the surface and into the bulk.?**2?%° For the recrystallized samples in 10 mM
NaCl, measurements on SDS solutions at concentrations larger than 6 mM SDS (above the CMC

of 5.5 mM for this sample) yielded negligible rheological readings.
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Figure 5-11. (a) The area oscillations (red open circles) and resulting surface tension readings (black full circles) of a

2 mM unpurified SDS solution at 1 Hz. (b) The elastic modulus (x*) and (c) viscous modulus k°" of unpurified (red
symbols) and recrystallized (blue symbols) samples. The effect of electrolyte is examined using samples with no added
salt (open symbols) and in 10 mM NaCl solutions (full symbols). Some error bars are not visible because they are
smaller than the symbol size.

5.2.2.5. Surface Rheological Modeling via Two-Component Model

The composition of the solution (i.e., the amount of LOH and SDS present in the sample),
obtained from the fitting of SFT isotherms to thermodynamic models (see Table 5-3), is used in
calculating the resulting surface rheology via a two-component model. The experimentally
measured rheological properties (i.e., Figure 5-11b and c) are compared to results obtained from
the two-component model as illustrated in Figure 5-12. For the unpurified SDS sample, there is a

qualitative agreement between the experimental data and the predicted values. However, using the
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LOH values obtained from the fits of the SFT isotherms to Frumkin and van der Waals models as
an input for the rheological modeling yields some features in the rheology predictions (see Figure
5-12a and b) that are not observed in the experimentally measured data and are not expected, as
the surface concentration of both molecules is expected to increase monotonically with bulk
concentration. In comparison, these local minima and maxima are not present in predictions
derived from Kralchesvsky’s model as shown in Figure 5-12c. These local maxima and minima
present for both Frumkin and van der Waals models are due to the dependence of the adsorption
value calculated from the surface tension fits (Figure A0-2c-d). In addition, the Kralchesvsky
model properly predicts the viscous contribution measured experimentally; however, there is a
large difference in the predicted versus experimentally measured elastic modulus. This is likely
due to both the bulk depletion affecting LOH adsorption (Figure 5-9¢) and the high LOH

adsorption value predicted from the adsorption isotherm (Figure A0-2a).

For the recrystallized sample, a good agreement does not exist between the measured data
and the predicted results based on any of the adsorption model inputs, as shown in the Appendix
A (Figure A0-3). This could be due to depletion effects playing a more prominent role in the
recrystallized samples because of the much lower LOH content in these systems. This will affect
both the time necessary to achieve the equilibrium surface tension and the magnitude of it, as

discussed earlier.
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Figure 5-12. Comparison of the experimentally measured surface rheological properties (elastic modulus, x*, in blue

circles and viscous modulus, x*, in red open circles) to the predictions obtained from a two-component rheological
model. The presented data is for unpurified samples and no electrolyte is added to the solutions. Input to the two-
component rheological model is provided from fitting of the surface tension isotherms to (a) Frumkin, (b) van der
Waals, and (c) Kralchevsky adsorption models.

5.2.2.6. Aging and Hydrolysis

To examine the aging of the solution, we monitored a recrystallized sample, prepared at 40
mM of SDS and kept at room temperature, for a period of 90 days. This concentration was chosen
to increase the rate of hydrolysis based on the work done by Nakagaki and co-workers.31* Over
the 90 days period of aging, surface tension and rheology experiments were performed on a
recrystallized SDS solution. The occurrence of hydrolysis process is expected to increase the
overall degree of contamination in the sample.3** Shown in Figure 5-13a are the surface tension
isotherms measured after 0, 14 and 90 days of aging. The measured surface tension isotherms are
also fitted to the Kralchesvky thermodynamic model, results of which are provided in Figure
5-13a as well. The sample’s dodecanol quantity, obtained from the thermodynamic model, is
tracked as a function of aging time as shown in Figure 5-13b. As can been seen from this data,
there is no appreciable difference between the surface tension measurements from day 0 (XLOH =
0.119 + 0.004 mol%) to day 14 (xLOH = 0.122 + 0.003 mol%). However, once 90 days have
passed it is possible to notice a downward shift of the surface tension values, corresponding to a

larger dodecanol content (XxLOH = 0.138 £ 0.003 mol%). By comparing the isotherms at 5 mM

142



SDS, it can be seen that the surface tension values exhibit a slight decrease due to aging (i.e., 46.5
+ 0.9 mN/m at day 0 and 44.7 £ 0.2 mN/m at 90 days of aging). To capture the effect of aging on
the surface rheology, rising bubble shape tensiometry measurements were carried out in parallel
on solutions at 5 mM SDS concentration. This concentration was chosen because it is high enough
to maximize the adsorption of LOH molecules within a reasonable experimental time necessary
(Figure 5-9c), ~1h, while remaining below the CMC of the solution to prevent the solubilization
of the LOH molecules into the SDS micelles. As shown in Figure 6c, the complex modulus (x**)
of the surface increases with aging time,?** 324 while the phase angle (&) exhibits a reduction in
magnitude, indicating a more elastic response. This is expected for surfaces with high coverage of
LOH molecules, which behave more elastically than SDS populated surfaces.?** 32 When
comparing the values from day 0 to day 90, E increases by a factor of 3 and § decreases from 62
+ 29° to 6.1 = 0.8°. In agreement with the results obtained from fitting of the isotherms to the
thermodynamic models, the surface rheology of the system points to a higher degree of
contamination of the aged sample. However, it is noticeable that the increase in the complex
modulus and the decrease in the phase angle are more pronounced than the increase in the molar
fraction given by the best fit to the thermodynamic model. This highlights the higher sensitivity

obtained when examining the dynamics of the surface in contrast to its equilibrium condition.
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Figure 5-13. (a) Surface tension isotherm of aged samples for day 0 (empty triangles), 14 (half-filled triangles) and
90 (full triangles), and the corresponding fits from the Kralchesvsky adsorption model. (b) Molar fraction of LOH
present in a recrystallized SDS sample as a function of the solution aging time (blue circles). The amount of LOH
contamination in an unpurified sample is also shown for reference (red dashed line). (c) Surface rheological results
obtained for a recrystallized sample at 5 mM SDS as a function of the aging time. The complex modulus is shown in
black circles and the phase angle is shown in orange diamonds. Some error bars are not visible because they are smaller
than the symbol size.

5.2.3. Summary of Findings

This section discussed the implications of LOH presence in SDS solutions. In mixed SDS
and LOH solutions, even small concentrations of LOH (e.g., below 0.5 mol%) have a strong impact
on the surface properties, such as surface tension and surface dilational rheology, which is

summarized as follows.

(i) In contrast with pure SDS solutions, the surface tension of mixed systems can further
decrease by 20 mN/m at concentrations close to the CMC. The adsorption models were used to
calculate the degree of contamination present in the solution, where a higher contamination was

predicted by the Kralchesvsky model.

(if) With regards to the surface rheology, the surface becomes more elastic as the surface
concentration of LOH increases in the mixed solution. For instance, the complex modulus
increases one order of magnitude as the amount of LOH contamination goes up from 0.1 to 0.5

mol% in the bulk. Fitting of the surface tension isotherms to the three thermodynamic models
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provided an estimate for the LOH content in the solution; these values were then used as an input
to a two-component rheological model. All thermodynamic models yielded surface rheology
predictions for the mixed solution that were in fairly good agreement with the experimentally
measured data. Nevertheless, the only model able to capture the experimentally measured

rheological data, without features that are not physical, was the Kralchevsky model.

(i) The presence of background electrolyte improves the SDS adsorption and decreases
the overall impact of LOH molecules on the readings of surface measurements carried out on the
contaminated sample. This was evidenced by the apparent disappearance of the characteristic dip
in the surface tension isotherm for the mixed solutions (Figure 5-8b) and the lower values of
elastic modulus for the recrystallized sample in presence of added electrolyte (Figure 5-11b).
However, the surface rheology of the 10 mM NaCl system probed at concentrations lower than the
CMC indicates that traces of impurity are present in the recrystallized samples. This is further
confirmed by the decay in the elastic modulus once the CMC is reached, with the LOH desorbing

from the interface and populating the mixed micelles.

(iv) The hydrolysis process that converts SDS molecules back into LOH molecules was
examined using a recrystallized sample. Both surface tension and surface dilational rheology were
measured during the aging time up to 90 days. The effect of aging on surface tension and surface
rheology readings were compared using data at 5 mM SDS. While the surface tension values
exhibited a slight decrease due to aging, our results highlight that the surface rheology
measurements can capture the increase in LOH content through an increase in the complex

modulus and a decrease in the phase angle.
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5.3. Mechanical Properties of Mixed Monolayers Composed of SDS and Silica Particles at the Air-

Water Interface

5.3.1. Introduction
As stated in the previous section of this chapter, interfacial systems composed of like-charged
particles and surfactants are not well understood. Even less is known on the effect of particle

attributes such as roughness on their behavior in presence of similarly charged surfactants.

We investigated these scenarios using negatively charged silica particles (spherical and
fumed) and the anionic surfactant sodium dodecyl sulfate (SDS). The systems were tested at the
air-water interface using a Langmuir trough coupled with a microscope for microstructure
observation. We compared the impact of SDS presence on the measured surface pressure isotherms
and the related compressibility modulus. Next, we estimated the contact angle of the spherical
particles at various SDS concentrations and discussed how the interparticle interactions and
packing efficiency of monolayers formed are affected by the presence of SDS on the subphase.
Finally, we discussed the hysteresis associated with each of the systems and relate it to the

observed mode of collapse.

5.3.2. Results and Discussions
5.3.2.1. Contact Angle and Zeta Potential

As a means of characterizing the particle systems studied in the section, the contact angle
of a deposited monolayer of particles was measured with DI water droplets and the zeta potential
of the particles was measured at the experimental salt and SDS concentrations under study on this
section, shown in Figure 5-14. The measured contact angles illustrate a hydrophobic character for
all the particles used in this study, which originates from the replacement of the silanol groups on

the surface of silica particles via silanization reaction using DMDCS. Since these contact angle
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measurements were performed on a particle-coated slide, there is inherently roughness associated
with the measured value, which is known to alter the wettability of a surface.®?°® Thus, since the
surface is far from smooth, the measured contact angle can be represented by the Cassie-Baxter
equation, which considers the air that is trapped between the particle surface and the drop and how
it enhances the hydrophobic character of the surface.®?® This effect is expected to be more
prominent on surfaces with higher roughness, which is the observed trend in Figure 5-14a; as the
specific surface area increases from spherical to LSA and MSA, the measured contact angle also

increases.

Figure 5-14b depicts the measured zeta potential for the particles at different background
salt and SDS effective concentrations. As established in the previous sections, the effective
concentration of SDS is useful to account for the background electrolyte concentration on the
activity of the molecule. It is possible to note that for all systems there is a tendency of
supercharging as the SDS effective concentration increases. As established in the first section of
this chapter, supercharging can be interpreted as SDS adsorption to the silica surface. In fact, since
the silica particles under study in this chapter are hydrophobically modified, it is likely that SDS
tail-down adsorption, with the polar head facing the solution, is enhanced due to the favorable
interactions between the SDS hydrophobic tail and the dimethyl groups on the particle’s surface.
Therefore, it is expected that the particle will become more hydrophilic at higher SDS

concentrations, which will be discussed further in this section.
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Figure 5-14. (a) Contact angle of DI water droplets on glass slides coated with the particles of interest. From top to
bottom, spherical silica particles, and LSA and MSA fumed silica particles; (b) Measured zeta potential of the particle
systems in dispersions of 1 and 10 mM of NaCl electrolyte concentration as a function of effective SDS concentration

(c).
5.3.2.2. Surface Pressure Isotherms

When a mixture of particles and surfactants is present near a fluid interface, both species
will impact the surface pressure measured by the Wilhelmy plate. For the case of SDS, which are
soluble in water and can readily adsorb to and desorb from the interface, it is assumed that their
presence in bulk leads to a constant contribution to the resulting surface tension (or surface
pressure), which is set by their bulk concentration. Figure 5-15a shows the total surface pressure
that result from the spherical silica particles and surfactant mixtures at three different SDS
concentrations of 0, 9, and 42% CMC value at that background salt concentration of 10 mM. It
should be noted that the surfactant was added to the bulk first followed by the deposition of
particles to the air-water interface. As can be seen from the figure, higher SDS concentrations are
associated with a higher initial surface pressure, related to their adsorption at the air-water surface.

We can assume that their contribution to the overall surface pressure is only a function of their
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bulk concentration in order to isolate the impact of particles on the resulting surface pressure by
defining a “particle-only” surface pressure (I, = I — Ilsps(csps)). Figure 5-15b shows 11, as
a function of trough area for the same systems. It is important to note that, different from Figure
5-15a, where all the surface pressures converged at the end of compression, i.e., in the closed-
barrier state, Figure 5-15b exhibits different surface pressures for each case at the end of the
compression, since we excluded the surfactant contribution. Additionally, from Figure 5-15b we
can infer that the presence of SDS at the air-water surface affects the binding efficacy of the
deposited spherical particles, represented by the shift of the inflection point towards lower trough

areas. The binding efficiency of the particles will be discussed further on.

Following the procedure that was utilized in previous chapters, we chose the trough area
at the inflection point of the isotherm as the reference point and normalized all isotherms with
regards to it, as shown in Figure 5-15c. Interestingly, there is an overlap at all SDS concentrations,
indicating that, aside from the lowered particle trapping efficacy in presence of surfactant
molecules, the monolayers formed by the particles are interacting over a similar range. Figure
5-15d shows the compressibility modulus for the monolayers as a function of the normalized area.
It is possible to note that the compressibility modulus decreased from 160} 11 mN/m at 0% CMC
to 77 £ 5 mN/m at 42% CMC. Thus, the presence of SDS in the system decreased the amount of

force required to compress the monolayer.
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Figure 5-15. Surface pressure isotherms for spherical particles with varying SDS concentrations in bulk at 10 mM
NaCl. (a) Total surface pressure (considering particles and surfactants contributions) as a function of trough area; (b)
Particle only surface pressure as a function of trough area; (c) Particle only surface pressure as a function of the
inflection-point normalized area; (d) Surface isothermal compressibility as a function of the inflection-point
normalized area. Different concentrations of SDS are shown in different shades of grey, where darker tones are
associated with higher SDS concentrations.

An equation of state can be used to shed light in the differences between mixed and particle-
only systems. Eq.(3-20) can be used to fit the experimental data by varying the particle surface
coverage at the inflection point (6;p) and the Frumkin interparticle interaction parameter (ap).
Figure 5-16a depicts the surface pressure isotherms and the best fits from Eq.(3-20) as a function
of the particle surface coverage (8p). It is possible to note that the isotherm modeled for the particle

only system is in good agreement with the measured data and possessed the highest 8, of ~0.89.
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For the mixed system of particles and surfactants, as the surfactant concentration was increased,
the curves shifted to the left, indicating a more open network is being formed. It is important to
note that the agreement between the model and the experimental data worsened at concentrations
close to 50% of the CMC. This indicates that some key attributes of the monolayers are not being
captured by the used equation of state at high SDS concentrations. The possible sources
contributing to the resulting discrepancy could be that the model lacks the contribution from
interactions between the surfactants and the particles, and/or that dodecanol molecules (which are

not being considered in the model) are affecting the surface pressure.

1.0

4

(@) 70] 0% cme SDS (b) ,
607 6% cme SDS 0.8- ' B
£ 504 9% cmc SDS L1
> _0.6{ : -
& 0 &
E = 0.41
oy = 1
0.2' 2
, : : 0.0 : . . 3
02 04 06 08 1. 0 1 2
Op ¢* (mM)

Figure 5-16. (a) Spherical Particle-only surface pressure (II) isotherms as a function of particle surface coverage
(6p) obtained for different SDS concentrations. Results for the case in the absence of surfactants is shown in black
squares, whereas mixed particle/surfactant systems are displayed in red circles and blue triangles for samples with
SDS at 6% CMC and 9% CMC, respectively. The experimental data are shown in lighter tones and the best fit from
the Frumkin equation of state (Eq.(3-20)) are shown in a darker tone. The function only fits the data for 6 < 6, since
at higher surface coverages the monolayer is not a 2D structure. (b) Fitting parameters for Eq. (3-20) found for systems
as a function of the effective SDS concentration (c*) calculated for various systems. Particle surface coverage at
inflection point 6;, is shown in black, and the Frumkin interaction parameter (ap) is shown in red.

By analyzing all measured isotherms at each effective SDS concentration with the equation
of state, we can determine the trend of the fitting parameters taking place as SDS concentration is

increased, shown in Figure 5-16b. First, ap shows a downward trend as the SDS concentration
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increases, shifting from attractive (positive) to repulsive (negative) at 1 < ¢* < 2 mM. This can be
related to the fact that in the presence of surfactant, interparticle interactions shift from attractive
through capillary and hydrophobic interactions, to repulsive through electrostatic interactions, as
the surfactants adsorb onto the particle surface. This agrees with the supercharging effect
experienced for the spherical particles shown in Figure 5-14b. Next, 6,, decreased as c* increased.
This is agreement with the results shown earlier on Figure 5-15d, where higher SDS
concentrations show a lower resistance to compression, indicative of a less populated monolayer.

However, the magnitude of decrease is likely overestimated by the model.

Another way to capture the interaction between the hydrophobic spherical particles and
SDS is by estimating the contact angle of the particles as the surfactant concentration increases.
To avoid spreading effects associated with drop tensiometer contact angle measurements, we chose
to use the surface pressure isotherms to indirectly determine the contact angle at which the particles
are sitting at the interface. As shown by Aveyard et al.>*° the collapse point can be interpreted as
the work necessary to desorb a particle trapped at the surface. This is therefore related to the energy
associated with a particle straddling an interface with an equilibrium contact angle (65) as shown

in Eq. (2-2). Rearranging and solving for 8 we obtain:

lcAc 1
AP O-SDS (5-3)

-1

0 = cos

Where I1. is the particle contribution to the collapse pressure, A, is the collapse area, Ap is the
area occupied by particles at the surface and, osps is the surface tension of the system at a given

SDS concentration. Ap can be estimated from the calculated 8,, on Figure 5-16b.
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Figure 5-17 shows the results for the contact angle as a function of the effective SDS
concentration. It is possible to note that as SDS concentration increases, there is a decrease in the
contact angle, indicating that the silica particles are becoming more hydrophilic. This is in
agreement with the data shown previously, where the zeta potential becomes more negative as the
SDS concentration increases (Figure 5-14b). It is important to note that Eq. (2-2) is valid only for
single particles at interfaces and does not account for interparticle interactions. Therefore, the trend

observed in Figure 5-17 should be taken as qualitative rather than quantitative.
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Figure 5-17. Contact Angle calculated from the collapse pressure of spherical particles based on Eq. (5-3) as a function
of the effective SDS concentration.

5.3.2.3. Hysteresis

As reported in chapter 4, increasing the surface roughness of particles drastically impacts
the resulting hysteresis in response to cyclic compressions and expansions. In this section, we
extend the same analysis to the mixed SDS/silica systems under study to examine the impacts of
SDS on the resulting hysteresis obtained from different particle systems at the air-water interface.

Figure 5-18 shows the 1%, 2" and 3" compressions for all particles under study at SDS
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concentrations of 0 and 42% CMC. The trend observed for particle-only systems in Figure 5-18a-
c is similar to what was discussed earlier in chapter 4, and is shown here as a baseline for the
implications of SDS presence. Figure 5-18d illustrates the compressions at 42% CMC, which
exhibit no overlap at the higher compression ratios from 2" to 3" compression, in contrast with
the behavior reported for the particle-only system in Figure 5-18a. The hysteric effect is more
dramatic for the fumed silica particles (Figure 5-18e, f), where after the first compression, the
subsequent isotherms do not reach the inflection point, which would indicate that no collapse is
taking place. However, this is not the case since from the second compression to the third

compression, there is evidence of hysteresis shown by the lower surface pressures measured.
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Figure 5-18. Surface pressure isotherms of the successive compressions for (a, d) spherical particles in different
shades of grey, (b, ) LSA fumed silica particles in different shades of red and, (c, f) MSA fumed silica particles in
different shades of blue. The top row shows the results for 0% CMC, and bottom row shows the results for 42% CMC.
Darker tones are associated with higher counts of compressions.
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Analogously to procedure carried out in previous chapters, it is possible to quantify the
hysteresis experienced by each particle system by applying Eq. (3-7). Figure 5-19 shows the

results for the three cycles measured. It is clear that for the first cycle (Figure 5-19a), for all SDS

concentrations, I is directly proportional to the specific surface area, as found before in chapter 4.
However, in the second cycle, at SDS effective concentrations higher than 0, spherical particles
show a higher hysteresis when compared to the fumed particles (Figure 5-19b). The same is true
for the third cycle (Figure 5-19c). We attribute this trend to the fact that, even after the first cycle,
monolayers made from spherical particles collapsed, which was not observed for the monolayers
formed by either fumed silica particles (Figure 5-18e, f). Interestingly, for the first cycle, SDS

concentration is mainly affecting the spherical particles hysteresis, as increasing SDS

concentration resulted in an increase in .
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Figure 5-19. Normalized hysteresis coefficient (0) results for different particles as a function SDS concentration for
(@) 1%, (b) 2", and (c) 3" cycle. Black squares, red circles, and blue triangles represent spherical particles, and LSA
and MSA fumed silica particles, respectively.

5.3.2.4. Collapse Mode

The inflection point on the surface pressure isotherm can be used as a reference to identify
the state at which the particle monolayer achieves its maximum compaction in 2D. Beyond that
point, further compressions cause 3D deformations (for example, in form of particle expulsion to

the bulk phase or buckling of the particle monolayer).'® Figure 5-20 shows the state of the
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monolayer at surface areas smaller than the collapse area for the different particles under study at
SDS concentrations of 0 and 42% CMC. Monolayers formed by spherical particles exhibited
buckling, with large amplitudes and wavelengths for both 0 (Figure 5-20a) and 42% (Figure
5-20d) CMC SDS concentrations. For LSA monolayers, at 0% CMC, the collapse is characterized
by wrinkles with small amplitudes and wavelengths (Figure 5-20b). This is attributed to the fact
that fumed silica particles have intrinsically smaller features than the round and smooth spherical
particles. As SDS concentration increases to 42% CMC (Figure 5-20e), the wrinkles disappear,
and thicker structures are formed, which are interpreted as subduction of fumed silica particles
forming multilayers. A similar trend is seen for MSA particles at 42% CMC (Figure 5-20f), where
thicker aggregated structures are visible in the micrographs. Additionally, MSA particles at 0%
CMC (Figure 5-20e) show an irregular point at which particles are forced out of the surface,
caused by the irregular edges of the clusters overlapping. This is likely the cause for the high
hysteresis observed for all fumed silica particles at 0 SDS concentration, and such phenomena has

not been observed for monolayers formed by spherical particles.
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Figure 5-20. Snapshots of the collapse mode for monolayers formed by (a, d) spherical silica particles, and (b, ) LSA
and (c, f) MSA fumed silica particles. The top row shows the results for no SDS system, and the bottom row shows
the results for mixed systems at SDS concentration of 42% CMC.

5.3.3. Summary of Findings

In this section, we investigated the properties of surface monolayers formed by like-
charged particles and surfactants using negatively charged silica particles (spherical and fumed)
and the anionic surfactant sodium dodecyl sulfate (SDS). We studied the impact of SDS presence
on the measured surface pressure isotherms and the related compressibility modulus. Our results
show that SDS decreases the trapping efficiency of spherical particles and their packing at the
inflection point, which lowers their maximum compressibility. We inferred the interparticle
interactions via the surface equation of state, which indicated that as SDS concentration is

increased, the interactions shift from attractive to repulsive. This was attributed to the tail-down
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adsorption of SDS onto the silica surface, which yields the particles more hydrophilic, as shown
by the supercharging captured in the zeta potential measurements and the decrease in the estimated
contact angle of particles at the interface based on the collapse point of the monolayer. Finally, we
compared the effects of roughness on the hysteresis at various SDS concentrations. We conclude
that for the first compression cycle, the hysteric behavior is directly proportional to the specific
surface area. However, on the subsequent cycles, SDS increases the hysteresis experienced by
spherical particles. For fumed silica particles, subsequent cycles do not reach an inflection point,
indicating that there is an irreversible compaction taking place at every cycle. This is illustrated by
the mode of collapse, which is unchanged for spherical particles, but is drastically altered for the

monolayers of fumed silica particles upon the presence of SDS.
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5.4. Preliminary Studies on Mixed Systems of Janus Particles with SDS

5.4.1. Introduction

In the previous chapters, we learned that the presence of surfactants in the subphase lowers
the interfacial tension of the system, which not only impacts the trapping efficacy of the deposited
particles but could also decrease the energy required to desorb a particle from the interface. In
addition to populating fluid interfaces, surfactants can adsorb onto the surface of particles.
Depending on the driving force for the adsorption, surfactants can be present on the particle’s
surfaces in a head-down or tail-down configuration, which will in turn alter the surface
characteristics of the particles. For Janus particles, each hemisphere needs to be considered
separately with regards to its interaction with surfactant molecules. In the case of the negatively
charged silica cores, an anionic surfactant like SDS will adsorb tail-down onto the surface,
promoting the magnitude of the surface charge and rendering the silica surface more hydrophilic.
When considering the gold cap (or thiolated gold), a tail-down adsorption is likely, which once
again yields the surface more hydrophilic. Therefore, the presence of surfactants not only changes

the surface energy of the system but also can alter the amphiphilicity of the particles.

As Janus Particles can be present at the interface with a distribution of cap orientations, as
depicted in Section 4.2, different JP faces might be submerged in the aqueous subphase and
available for SDS adsorption. As the area of contact between each hemisphere and the aqueous
phase is only a function of the JP contact angle and cap orientation at the interface, and because
the SDS adsorption can alter the wettability of JP faces, the orientation distribution of particles
may be tuned by the addition of surfactants to the subphase. For instance, considering the JPs used
in this study, it might be possible to enhance the amphiphilicity of JP particles that are in the cap

up configuration via adsorption of SDS on the silica face in contact with the aqueous subphase,
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whereas for the case of tilted particles, SDS adsorption would enhance the particle hydrophilicity,

as shown schematically in Figure 5-21.

(@) More amphiphilic (b)  Less amphiphilic

Figure 5-21. Schematics of JPs in a (a) vertically aligned or (b) tilted configuration at the air-water interface. Cartoons
illustrate the impact of SDS adsorption onto the faces of the JP particle on the particle’s amphiphilicity.

5.4.2. Preliminary Results
As a first approximation, if one considers one particle, assuming no SDS adsorption onto
the particle’s surface, the overall free energy of the system (E;) can be considered to arise from

independent contributions by each species present as follows:*
Ei = ESDS + NPAEd (5'4)

Where Esp IS the energy contribution from the surfactant covered interface, Np is the number of
particles trapped at the interface, AE; is the desorption energy of the particles from the interface,
as discussed earlier in Chapter 4. Since AEp is a function of JP’s amphiphilicity and its orientation,

by plugging Eq. (4-1) the expression becomes:
Ei = O-SDSASDS + NPO-(AaZ Ccos HA + ApZ CcoSs 9p - Al) (5'5)
Where agp¢ is the surface tension at a given SDS concentration, Agps is the area occupied by the

surfactants and, o is the surface tension in the absence of SDS. Since there is a competition between

the JP particle and SDS molecules for populating the fluid interface, we can compare which species
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is more likely to occupy the interface by calculating the free energy difference (AE,4;) between
the two following states; a state associated with a particle being adsorbed to the surface and a state

in which surfactants are adsorbed onto the interface, with the same interfacial area occupied:

AE,4s = (0sps — 0)A; — AEp (5-6)

From Eq. (5-6), we can calculate AE,,;s for each amphiphilicity at different SDS
concentrations. When AE, ;s > 0, JPs would be more likely to occupy the interface, whereas if
AE,4 < 0, adsorption of SDS molecules onto the fluid interface would more energetically
favorable. Results of this analysis are shown in Figure 5-22, for the JPs of three different
amphiphilicity under study in this thesis. It is worth noting that the wettability of each JP faces that
were estimated in Chapter 4, Section 4.2, are used in these calculations. The color map shows the
sign and magnitude of AE,;; normalized by the thermal energy. As expected, there is a higher
tendency for SDS adsorption onto the fluid interface with increasing either the SDS concentration
or the JP tilt angle. It is interesting to note that C4 particles are the particles most likely to desorb
from the interface at a lower tilt angle. This can be explained by the fact that Co particles less area
from the interface due to its contact angle of ~76°, whereas Cs particles sit at a contact angle of
90°, occupying the maximum area, which makes more area available for SDS molecules to adsorb,

further reducing the surface free energy.
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Figure 5-22. Energy of adsorption (AE,4) map calculated with Eq. (5-6) for (a) Co, (b) C4 and, (c) Cs. Red regions
pertain to phase space in which JP adsorption to the fluid interface is more favorable, whereas blue regions pertain to
condition that favor the SDS adsorption onto the interface.

With these results on the competition of Janus particles and SDS molecules for adsorption
onto the interface, interfacial shear rheology experiments were conducted at several concentrations
of SDS as follows. The particle monolayer was first prepared by depositing JPs at the air-water
interface and compressing the particle network to the surface pressure of 50 mN/m. Next, a
concentrated solution of SDS was added dropwise to the subphase from the outside of the trough
barriers. After the addition of SDS molecules, the system was allowed to equilibrate. To ensure
the systems equilibrium, we tracked the time evolution of the dynamic moduli with small
amplitude oscillations at a constant frequency of 1 rad/s until they reached a constant value (~40
minutes) prior to the frequency sweep experiments. The results for the elastic and viscous moduli
of the interface are shown in Figure 5-23 as a function of the SDS concentration and compared to
the case of particle-only system in the absence of SDS in the subphase. It is possible to note that
there is a decrease in both moduli for all amphiphilicities after the addition of SDS, which could
be attributed to the desorption of particles from the interface. However, at 0.5 mM SDS, Co shows
the least variation, which is in agreement with the energy map provided Figure 5-22, where at this
concentration there is minimum likelihood of desorption for Co particles, even at high tilt angles.

It is important to note that the energy calculations assume no SDS adsorption to the particle
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surface, which might be important. In contrast, both C4 and Cs particles show an appreciable
difference in the dynamic moduli measured as the SDS concentration was increased. At higher

concentrations of SDS, all monolayers are affected by the presence of surfactant.
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Figure 5-23. Dynamic moduli of JPs monolayers at 50 mN/m in the absence and presence of SDS in the subphase at
concentrations of 0.5, 2, and 4 mM. Panels (a, b, and c) show the surface elastic moduli, G%', and panels (d, e, and f)
display the surface viscous moduli G*". Results are obtained for particles of different amphiphilicities, namely, Co,
C4, and Cg respectively. Data belonging to particle-only monolayers are shown in red, while measured data on mixed
systems are provided in different shades of blue.

When looking at the loss tangent, however, there is a clear difference between all
amphiphilicities as shown in Figure 5-24. Co monolayers shows a decreasing loss tangent with
increasing in SDS concentration (Figure 5-24a). In contrast, C4 monolayers show an increase in
the loss tangent as SDS is added at 0.5 mM, but upon the increase in concentration, tan(é§) tends
to overlap with the particle-only scenario (Figure 5-24b). Cg monolayers show a departure from
the particle-only curve at the lowest frequencies probed, but at frequencies higher than 0.1 rad/s,

the loss tangent is similar for all cases (Figure 5-24c).
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Figure 5-24. Loss tangent results from frequency sweep measurements of JPs monolayers at 50 mN/m upon the
addition of different concentrations of SDS to the subphase for (a) Co, (b) C4 and, (c) Cs, respectively. Particle-only
monolayers are shown in red, and mixed systems with SDS are shown in different shades of blue.

We attribute this difference to the interparticle interactions taking place within the
monolayer. For instance, Co monolayers have a poor packing efficiency due to the high frequency
of occurrence of dipolar capillary interactions, which upon the addition of SDS, become less
relevant since a lower surface tension compensates for the surface deformation. Therefore, upon
the addition of SDS to the subphase, the particles are able to rearrange and achieve higher packing
states, as illustrated by the SEM pictures of a deposited monolayer of Co in the absence of SDS
and in the presence of SDS at a concentration of 4 mM (Figure 5-25) in a procedure similar to the
one used in Section 4.2. For C4 and Cg particles, since at the higher surface pressures (50 mN/m)
they are mainly dominated by short-ranged capillary interactions, the monolayer should remain

relatively unchanged upon the addition of SDS.
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Figure 5-25. SEM micrographs of a deposited monolayer of Co at (a) 0 mM SDS and, (b) 4 mM SDS

5.4.3. Summary of Findings

In conclusion, in this section we discussed the effects of surfactants on the thermodynamic
and rheological properties of the interface considering the likelihood of adsorption for each JPs
along with SDS at different concentrations. We were able to measure the frequency dependence
of a monolayer originally populated solely by JPs but altered upon the addition of SDS. It was
possible to notice a difference in the behavior for each amphiphilicity, where C4 was the most
affected in the magnitude of the storage modulus, likely due to the desorption of particles from the
interface. Next, Co monolayers became more solid-like upon the increased concentration of SDS,
which was attributed to the attenuation of the repulsive long-ranged dipolar interactions in
presence of SDS. Finally, Cg particles were the least affected since their monolayer is
predominantly populated by cap-up particles, which interact with short-ranged interactions and,
most likely, will not desorb from the interface in the presence of SDS. Further studies on important
properties of the monolayer such as the orientation distribution of JPs in presence of SDS, or their
overall interparticle interactions are needed to test the proposed hypothesis of the change in the

range of interactions between the particles.
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6. Conclusions & Future Work

This work provided a fundamental study on thermodynamic and rheological characteristics
of fluid interfaces populated by particles and/or surfactants. We studied two particle attributes,
namely roughness and surface anisotropy, to investigate their impact on the mechanical properties
of the particle network formed at the air-water interface by examining the resulting changes in the
interparticle interactions at play. The interfacially trapped particle monolayer was analyzed on a
Langmuir trough in order to investigate the linkage between the particle characteristics and
interparticle interactions, resulting microstructure, and the surface pressure exhibited by the
network. For monolayers consisting of rough fumed silica particles, we found that the particle
roughness gives rise to repulsive capillary interactions between the particles, and their fractal shape
allow them to interlock, which has a profound impact on its collapse mode and the observed
hysteresis. In addition to the particle surface roughness, we examined the impact of particle surface
anisotropy on the properties of the resulting interfacial networks. The study on Janus Particles
showed that the orientation distribution of the Janus boundary at the interface will be altered as the
JP amphiphilicity changes. It was found that the particle amphiphilicity can be used as a tuning
factor to not only increase the energy associated with the particle desorption from the interface but
can also affect the range and strength of interparticle capillary interactions occurring within the
surface monolayer, which will in turn impact the response of the interfacial network to applied
dilation or shear stresses. Highly ordered monolayers formed by Janus particles at a high surface
coverage presented characteristics of a two-dimensional glass transition. For mixed systems of
silica particles and SDS surfactant molecules, we found that SDS adsorbs onto the silica surface,

which promotes the particles hydrophilicity, resulting in a more repulsive interparticle interactions
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and a lowered trapping efficacy at the interface. For rough particles, SDS changed the collapse
mode from wrinkling to multilayer formation. For JPs, the presence of SDS induces the desorption
of some particles, and depending on their amphiphilicity, might change the range at which their

interactions are taking place.

The work performed in this dissertation shed light on some of the open questions in the
field of particles and surfactants at fluid interfaces. However, there are still opportunities to
discover and expand on what has been done. First, this work focuses on the fundamentals of air-
water interfaces, and how particle attributes affect the microstructure formed at the fluid interface
and its resulting rheological properties. Given the ubiquity of oil-water interfacial systems in
technological and industrial applications, it would be useful to expand the studies presented here
to incorporate measurements at the oil-water interface, because of the importance of long-ranged
dipolar electrostatic interactions through the oil phase. Macroscale measurements of interfacial
systems, such as foam and emulsion stability and rheology, can also be helpful to connect the dots
between the insights obtained from the fundamental studies carried out in this thesis and the
performance in complex multicomponent formulations. Additionally, studies on the mixed
systems of JPs and surfactants are still scarce. In particular, there is a gap in our understanding of
the dynamics in these complex interfacial systems under various operating conditions such as
electrolyte concentration and solution pH, and the nature of the non-aqueous phase (i.e., air vs.
oil). For instance, at oil-water interfaces, presence of contaminants resulting from SDS hydrolysis
have been shown to impart minimal impact on the measured surface properties. Lastly, examining
the behavior of particle systems studied in this thesis; i.e., negatively-charged silica cores and gold
caps, in combination with an oppositely-charged cationic surfactant could uncover some unique

features, as it opens up the possibility for flipping the wettability of JP faces. For instance, this
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task could be achieved by rendering the silica face hydrophobic via the head-down adsorption of
surfactant, and turning the the gold side hydrophilic via the tail-down of the surfactant. The
resulting amphiphilicity of the JP would then impact its orientation distribution at the interface and
the interparticle interactions, therefore, opening up a path for switching the surface properties on

demand.

168



Appendix A

Surfactants

Two-component Frumkin adsorption model

The surface pressure can be written as:20% 213

Iwg
———==In(1 - 0,=0,) + a6, + @;0,” + a1,0,6,
KT
0)* — wloel + (1)2092
0 0,+ 6,
A1z = 4/ A1Q7

01 = Mwio(1 — €116)
B, = w30 (1 — €,110)
0= 06,+6,

where I is the surface pressure; wy is the molar excluded area for both account for both
species 1 and 2; kp is Boltzmann constant; T is temperature; 0; is the surface coverage of the i*"
species; a; is the interaction parameter of i species; @, is the intermolecular interaction
parameter; I} is the surface adsorption of the i species; w;, is the molar area of species i at 0
surface pressure; €; is the surface compressibility constant of the i species. Therefore, we can

write the adsorption isotherm as:?0% 213

01

Kic, = T — R exp( — 2a,0, — 2a,,0,)
0,

Koo = 17 6, — 6, exp( — 2a,0; — 2a;,6,)
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where K; is the adsorption constant and c; the bulk concentration for the i species.

Two-component van der Waals (VDW) adsorption model

The surface pressure can be written as: 2% 202

Hwy  0:+06;

kT (1—0,— 6,) — (016, + @30, + 21,6,6,)

and the adsorption isotherm is written as follows:

K = ! ( L 20,0 2 0 >
101 1 61 3 exp 1 ) 3 o101 a0,
92 ( 92 >

Supplementary equations for the Kralchesvsky adsorption model

The Gouy equation is defined as follows:2%

Ips- — Ingy = %sinh (%)

where I,5_ is the surface adsorption for dodecyl sulfate ions, Iy, is the surface adsorption for
sodium counter ions, I is the ionic strength, and k and ¢ are the Debye parameter and the

dimensionless surface potential, defined as follows:

5 8me?l
K4 =
€kgT
_ Zyeys
(pS kBT
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where € is the dieletric constant of water, e is the electronic charge, Z; is the ionic valence of the

dodecyl sulfate ion, and v, is the surface electric potential.

Two-component surface rheology

The equations for surface rheology are described below:?*3

S*_1(an) in 4 in I"1+ i ( )
K~ = B\amr; N D1a11 D2a1zr2 m A110A22 — Q12037

+1<6H) if N i F1+ i ( )
B\ainr, . Dzazz D1a211"2 \/m A11027 — Q12027

in i i
B=1+ D—1a11 + D—Zazz +\/ﬁ (a11a2; — Q12021)

where (2 is the angular frequency; D; is the molecular diffusion coefficient, and x** is the complex

viscoelastic modulus for dilational surface rheology. Then, the real (x°,.) and imaginary (x*;) parts

can be defined as:

. (PR+0QS)

s _ (PS—0QR)

| = (R% + 52)
INIGEED)

S .

K l
§ = arctg (KT)

r

with P, Q, R and S as:
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Finally, a can be written as:
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172



Calculation of the depletion parameters for non-planar surfaces

For surfactant solutions in a spherical shell, adsorbing from outside to the inner spherical

surface:1%’

P
V= §n(R,§ — b?)

_ 3Ipb?
- K(R}—b3)

_ 3L.b?
(R} -b3)

o) o

where V is the volume, Ry is the shell radius, b is the inner radius, I, is the maximum
surface adsorption, K is the adsorption constant, ¢; is the initial bulk concentration, h,, is the planar
depletion depth, h is the depletion depth corrected for the shell geometry, f is the ratio of the
minimum bulk concentration needed to populate the interface at maximum packing to the

adsorption constant K, and 9 is the maximum fractional potential mass lost to the interface.

Surface tension isotherms fitting
Figure AO-1 shows the fits to the surface tension isotherms using the Frumkin and van der

Waals adsorption models mentioned in Section 5.2.
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Figure A0-1. Surface tension isotherms of SDS for unpurified (red) and recrystallized (blue) samples as a function of
SDS concentration. The isotherms are fitted with (a) Frumkin and (b) van der Waals adsorption models.

Surface adsorption curves

Figure A0-2 shows the surface adsorption isotherms calculated by the Kralchevsky’s
model.?% As can be seen, there is a predominant adsorption of LOH molecules in both unpurified
and recrystallized samples. However, when comparing both samples, there is a shift in the
concentration at which the adsorption increases sharply. This is due to a decrease in LOH
concentration present in the bulk for the recrystallized sample. When comparing both adsorption
isotherms with respect to LOH concentration in Figure AO0-2b, there is a critical LOH
concentration at which the surface adsorption increases and is located at the same LOH

concentration for both samples.
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Figure A0-2. Kralchevsky derived surface adsorption of SDS (dashed) and LOH (full) for both unpurified (red) and
recrystallized (blue) samples as a function of (a) SDS concentration and (b) LOH concentration. (c) Frumkin derived
surface adsorption of SDS (dashed) and LOH (full) for both unpurified (red) and recrystallized (blue) samples with
SDS concentration. (d) van der Waals derived surface adsorption of SDS (dashed) and LOH (full) for both unpurified
(red) and recrystallized (blue) samples with SDS concentration.

Rheological modeling of recrystallized SDS solutions

Figure AO0-3 displays the comparison between the surface dilational rheology for

recrystallized SDS samples obtained experimentally and the curves predicted by the rheological

model.
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Appendix B
Particles
Monopolar capillary interactions
Capillary interactions resulting from monopolar deformation of a fluid-fluid interface in

presence of bound particles can be calculated as described by Danov et al.?%

AUy = —2m0Q,Q2Ko(qr)
1 503 3 ;
Q; = 24 R;(2 —4D; + 3cos; — cos°0;) (i=1,2)

q° = Apg/o
D; = (pi — pu)/ (o1 — pur)

Where AU, is the monopolar pairwise capillary interaction energy, o is the interfacial
tension between the two fluids, r is the center to center distance between the particles, Q; is the
capillary charge on each particle, K, is the modified Bessel function of the second kind and zero
order, g is the acceleration due to gravity, p; (p;;) is the density of the lower (upper) phase, p; is

the particle density, R; is the particle radius, and 6; is the particle contact angle.

The resulting monopolar capillary interaction energy for two interfacially bound particles
separated by a distance of r = 4R, calculated for particles of various radii and for particle density
of 2.3g/cm?, is shown in Figure BO-1a. It can be noted that the interaction is negligible for particles
of size below 10 um. For instance, Figure B0-1b shows the monopolar pairwise capillary
interaction as a function of the interparticle separation distance, for a pair of particles with diameter
of 1 um. The resulting capillary interaction energy is considerably smaller than the thermal energy

(kgT) in this case, even for small separation distances.
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Figure BO-1. (a) Monopolar capillary interactions between two interfacially bound particles of various diameters at a
separation distance of r = 4R. (b) Resulting interactions between two particles of radius 1 um at various interparticle
separation distance.

Analysis of particle orientation distribution

The particle orientation distribution at the interface was determined by analyzing the
average brightness of each particle in the SEM images and is visualized in the histogram shown in
Figure B0-2a. The particles population can be distributed into three possible orientations. The JP
with cap up orientation is expected to have a higher brightness, as shown in the far-right end of
the orange peak in Figure BO-2a, whereas the cap down particles should have the lower brightness
as shown in the far-left peak present in Figure B0-2a. We simply took the middle brightness (red
dashed line) between the highest and lowest averages on the distribution (shown in blue dashed
lines) as a threshold to differentiate between the two orientations. Tilted particles, however, should
have intermediary brightness, and were differentiated from the other two (i.e., cap up and cap
down) based on their brightness standard deviation (BSD). Each particle was sectioned into 4
quadrants and the average brightness of each slice was taken and used to calculate the brightness
standard deviation or BSD, as shown in Figure BO-2b. Since the shape of the histogram resembles

a skewed distribution, we utilized statistical parameters as a threshold for defining tilted particles.
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To be categorized as tilted, the particle had to have a BSD higher than the average BSD of the

population plus one standard deviation of the distribution of BSD.
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Figure B0-2. (a) Histogram of the average particle brightness intensity (from 0 to 255) showing the peaks represented
by cap up particles and cap down particles in orange, with the particles characterized as tilted (with an average
brightness in between the grey dashed lines) shown in blue. (b) Histogram of the brightness standard deviation (BSD)
of the particles, which was used to differentiate tilted particles from the other two (i.e., cap up and cap down JPs).

Bond angle analysis on JP monolayers of different amphiphilicity

The bond angle was used to characterize the preferred type of packing for the particles
studied. For a particle with neighbors, one specific neighbor is selected as the reference, with a
bond angle of 0°, while the other neighbors have their bond angle relative to the reference neighbor,
as schematically shown in Figure B0-3a. The histogram of bond angles for the three JP
amphiphilicity used in this study is provided in Figure B0-3b. Despite the amorphous nature of
the monolayers, particles exhibit a tendency to pack in a hexagonal array based as the bond angles

that are found to be more frequent are 60° and 120°.
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Figure B0-3. (a) an example SEM picture illustrating the occurrence of both types of arrangement, square in green
and hexagonal in red. Scale bar is 10 um; (b) schematics illustrating the bond angle between a particle and its
neighbors; (c) Histogram of the bond angles obtained by analysis of SEM images captured for monolayers of JP with
different amphiphilicities.

The radial distribution function, g(r), shown in Figure B0-4, was used to determine the
threshold for the first shell of neighbors. The minimum after the first peak, at r = 22 pixels (where
1 um corresponds to 15 pixels), was taken as the criterion of distance for a particle to be counted
as a neighbor. It was found that for all different amphiphilicities in this study the first minimum in

g(r) was consistently at around 22 pixels.
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Figure B0-4. Radial distribution function of a Co JP monolayer. It should be noted that the first minimum position
was found to be similar for all amphiphilicities used in this study.

SEM pictures of JPs monolayers
SEM pictures of the monolayers on which the analysis of Figure 4-16 was carried out are

provided in Figure BO-5.

(a) 0 J (b) C, (¢)

Figure BO-5. SEM graphs corresponding to the Figure 10 of the main text. (a) CO, (b) C4, and (c) C8 monolayers.

Images of the monolayer formed by Janus particles after deposition onto the air-water interface
The following micrographs were generated with A NIMA Langmuir trough (Biolin
Scientific) equipped with an imaging window machined in the center mounted on top of an
inverted microscope (1X73 Olympus). The imaging of the particle-laden interface was carried out
using a 20x objective (6.6-7.8 WD, 0.45 NA). The trough is supported by a moving stage (Applied

Scientific Instrumentation) and thus the trough position can be controlled precisely. Therefore, it
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is possible to image the microstructure at different locations throughout the monolayer for a better

representation of the surface monolayer as shown in Figure BO-6.

Figure B0-6. Micrographs of the interfacial monolayer formed by Janus particles at the air-water interface sampled
at different locations within the interface. Scale bar is 10 um.

SEM images of Janus particles transferred from the air-water interface onto a silicon wafer
Scanning Electron Microscope (SEM) images were collected for particles deposited on a

substrate, examples of which are provided in Figure BO-7. The SEM utilized was a Field Emission

environmental SEM from Thermo. For the image acquisition, we utilized an accelerating voltage

of 10.00 kV and a working distance of 9.7 mm.
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Figure BO-7. SEM pictures of interfacial monolayer of Janus particles formed at the air-water interface imaged after
transferring to a silicon wafer from the air-water interface.

From the captured SEM images, examples of which are shown in Figure B0-7, we
calculated the crystallinity order parameter Cs 1% which is defined as the number of hexagonally
packed neighbors of a specific particle. The number of neighbors (NJ) to the particle k are all
particles j within a coordination radius (7). Identification of crystalline neighbors for particle k is
based on a six-fold orientation order parameter for that particle, (1X), which is calculated as

follows:
NE
l/)k — i [eiﬁekj e < ,r]
6 — Nk kj = 'c
c =1
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Next, we can calculate the crystalline connectivity ()(é‘j ) between particles k and j.

kj _ |R€[1/)’6€1/_’6'*]
° lwkw!”

where ¢é* is the complex conjugate of wé. The number of crystalline near neighbors (CX) for

particle k is as follows:

1 x> 0.321
0 x¥ <032

NE
ck = Z[
=1

which is based on a criterion that a connection between particles k and j only to be crystalline for

)(gj > 0.32. Finally, we can calculate the ensemble average over all particles ({C¢)) as:

N

1
(Coh = = ) Ck

k=1

Following this procedure and using ~ 50,000 particles imaged via SEM in this analysis, we
estimated the (C¢) of our particle system to be ~ 2.0 £ 0.1. Our data analysis was done on a
modified version of the software HEXI.'® In short, HEXI identifies individual particles and

determines their position. With that information one can calculate the beforementioned properties.
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