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provided with permission from the Bulletin of the Chemical Society of Japan.............. 133

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 tensidhasms 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) methodéd circles). The values reported by Tajima for pure SDS solutions (measured
by the WP technique) are provided as a reference (black sdéér@3)Calculated diffusion time
scales with model given by fé&ffor LOH molecules based on their bulk availapin 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.137

Figure 5-10. Surface tension isotherms for the unpurified (red circles) and recrystallized (blue
triangle) samples fitted to the thermodynamic matdsieloped by Kralchevsky etZf........ 138

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 modlilgsafd
(c) viscous modulu$ ee@eunpurified (red symbols) and recrystallized (blue symbols) samples.

The effect of electrolyte is examined using samples with no added salt (open symbols) and in 10
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mM NaCl solutions (full symbols). Some error barsraoevisible because they are smaller than
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Figure 5-12. Comparison of the gerimentally measured surface rheological properties (elastic
modulus,ll &in blue circles and viscous modullisg2 @ red open circles) to the predictions
obtained from a twa@omponent rheological model. The presented data is for unpurified samples
and no electrolyte is added to the solutions. Input to thectwigponent rheological model is
provided from fitting of the surface tension isotherms to (a) Frumkin, (b) van der Waals, and (c)

Kralchevsky adsorption MOGEIS. ..........uuuiiiiiiiiiii e 142

Figure 5-13. (a) Surface tension isotherm of aged samples for day 0 (empty triangles), 14 (half
filled triangles) and 90 (flultriangles), 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
sampe 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 di@n®8athe error bars are not visible

because they are smaller than the Symbol.Size................ooiiiieeeiiiiiiii e 144

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 patrticles;
(b) Measured zeta potential diet particle systems in dispersions of 1 and 10 mM of NaCl

electrolyte concentration as a function of effective SDS concentran.(....................... 148

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 functiasf trough area; (b) Particle only surface pressure as a function of trough
area; (c) Particle only surface pressure as a function of the inflgmtiohnormalized area; (d)
Surface isothermal compressibility as a function of the inflegtimnt normalzed area. Different
concentrations of SDS are shown in different shades of grey, where darker tones are associated
With higher SDS CONCENIIALIONS........uviiiiiiiiiiiii et 150
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Figure 5-16. (a) Spherical Particlenly surface pressure (0) isotherms as a function of particle
surface coverage—) obtained for different SDS concentrations. Results for the case in the
absere 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 besh fihe Frumkin
equation of state (Eq{30)) are shown in a darker tone. The function only fits the data—for
—"Osince at higher surface coverages the monolayer is not a 2D structiigtirfg)parameters

for Eq. (320) found for systems asfanction of the effective SDS concentratiao?] calculated

for various systems. Particle surface coverage at inflection pe@is shown in black, and the

Frumkin interaction parameteid () is SNOWN iN T€d..........ccooeoveereviieeeeeeeeeeee e, 151

Figure 5-17. Contact Angle calculated from the collapse pressure of spherical particlesohased

Figure 5-18. Surface pressuresotherms 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 showsuhs res

for 0% CMC, and bottom row shows the results for 42% CMC. Darker tones are associated with
higher counts Of COMPIESSIONS.......cuiiiiiiiiii s 154

Figure 5-19.Normalized hysteresis coefficient) results for different particles as a function SDS
concentration for (a)%4 (b) 2% and (c) & cycle. Black squares, red circles, and blue triangles

represent spherical particles, and LSA and MSA fumed silica particles, respectively...155

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, @nthe bottom row shows the results for mixed systems at SDS concentration of
X 1 1Y, SRR POPPPPRP 157

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

particleds ..amphi.phid . Cl ity 160
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Figure 5-22. Energy of adsorptionYO 6 ‘() map calculated with Eq. {6) for (a) G, (b) G and,
(c) Gs. Redregions 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
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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. Panelsauid, &), show the surface elastic
moduli, "Oigeand panels (d, e, and f) display the surface viscous ni@ia#Results are obtained

for particles of different amphiphilicities, namelyy, ©4, and G respectively. Data belonging to
particleonly monolgers are shown in red, while measured data on mixed systems are provided in
different shades Of DIU..........cooii i 163

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 (18) G and,

(c) Gg, respectively. Particlenly monolayers are shown red, and mixed systems with SDS are
shown in different shades Of DIUE............oeeeieeiii e 164

Figure 5-25. SEM micrographs of a deposited monolayer eiC(a) 0 mM SDS and, (b) 4 mM

Figure AO-1. Surface tension isotherms of SDS for unpurified (red) and recrystallized (blue)
samples as a function of SD&ncentration. The isotherms are fitted with (a) Frumkin and (b) van
der Waals adSorption MOUELS..........coiiiiiiiiiii e 174

Figure AO-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 (dashedPahfull) 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 concentratiQn...............couvviieceiiieeeeeeeiiiiieeeeeeenns 175

Figure AO-3. Comparison between the experimentally measured and predicted values for the
surface rheology of the recrystallized samples estimated using the inputs from thermodynamic
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models. Experimental values fGeandCegaae shown in blue circles and red triangles; respectively,

and the calculated curves are presented by the.lines.............cccoovvieeeei e 176

Figure B0O-1. (a) Monopolar capillary interactions between two interfacially bound particles of

variols diameters at a separation distance of tY. (b) Resulting interactions between two

particles of radius 1 e&m at ..v.alr...0Uus..L..nN¥8&r part

Figure B0O-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., capand cap down JPS)................... 179

Figure B0O-3. (a) an example SEM picture illustrating the occurrence of both types of arrangement,

square in green and hexagonal in red. Scale barsimi(b) schematics illustrating the bond angle

between a particle and its neighbors; (c) Histogram of the bondsaolgiained by analysis of

SEM images captured for monolayers of JP with different amphiphilicities................... 180

Figure B0O-4. Radial distribution function of adlJP monolayer. It should be noted that the first

minimum position was found to be similar for all amphiphilicities used in this study.....181

Figure B0-5. SEM graphs corresponding to the Figure 10 of the main text. (a) CO, (b) C4, and (c)
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Figure B0-6. Micrographs of the interfacial monolayer formed by Janus particles at thetar

interface sampled at different | o.c.at.i.olB8>s

Figure BO-7. SEM pictures of interfacial monolayer of Janus particles formed at tiveater

interface imaged after transferring to a silicon wafer from thevater interface................. 183
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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 usosity af multiple
components, such as nanopatrticles, 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 cameontact 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) throagkservoir rock thatasheterogeneoysorosityand
anisotropigpermeability Another example is the treatment of produced water generated from the
oil industry to separate the organic contaminants that are stabilized by sad@aee species
present in both phases. Given the range of phenomena thatiaakesimultaneously, 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 intenactgeT g
in such systems and theiesulting 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, botidividually and synergistically, in the governing physics. For
instance, surfactants, as amphiphilic molecules, populate the interfaceimyowitérfacial

stability via a reduction in interfacial tension. In contrast, colloidal particles stabilizéeafaoe
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by occupying the contact area between the two fluids. Hence, attributes fasticdssize and
surface chemistry can be used to control their position at the interface and the resulting reduction
in the free energy. Moreoveparticles encounted in realworld applications such as those
encountered in foam flotation for ore recovenfien diverge fromthe case ofisotropic
homogeneous particlethus it is crucial to understand the impact of heterogeneities present in
such scenarios, on thesulting interactions, by studying model particles. These include particles
that arerough andphossess anisotropies either in shape or surface chemistry. A classic example of
a chemically anisotropic particle is the Janus Particle (JP), named after tfeén®oman God.

The Janus motif brings unique functionalities to a multicomponent system, augmenting the number
of variables that can be tuned to achitwe desirecbutcomes. Although there someliterature

with respect to the dynamics of particles andactants at interfaces, little information is available

on mixed systems, especially foeterogenous and anisotropic, yet technologically relevant,

particles.

The present work is dedicated to probing thesdiéerent surfaceactive species (i.e.,
surfactants and nanoparticles) paly in resulting interfacial phenomena such as surface pressure,
mechanical properties when subjected to dilational or shear stressesheasthbility of
multicomponent fluidic systems. We investigate various featuresdmabe 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 d®machieved from this PhD work, will equip us with a fundamental
understanding of the key attributes in design and engineering of solutions to addréts real
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 anisotropiiclear 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 asetlorientation 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 populdtendluid interface or act
synergistically. Especially for the case of similarly charged particles and surfactants, the resulting

interactions near fluid interfacesestill not well understood.

The work performed in this dissertation aims to addressngbar 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 sygsie 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
surfaceroughness 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 fluidfatter 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 aivater interface. We then discuss the implications of JPs
amphiphilicity on the monolayer nesnse to shear stress and further analyze a-gkasstion

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 synergisti
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 mdhse of likecharged 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 pperties 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 patrticles in order to illustrate the iaguitite 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 collidal 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 foarh$There is a vast range of applications in which particles are
used in engineering the performance of interfacial systems including pharmaceutics, fetg,indu
oil recovery, and personal care product$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 freergy of the system. The energy
required to desorb an interfacialisapped 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 thermaknergy can therefore lead to irreversibly adsorbed particles at the
interface!*” As such, parameters including particle size, wettability, and concentration have been
used to alter the stability of emulsions and foa#ii8 With the recent dvancements 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 frorhé standpoint of fundamental science, but is also essential from
the practical point of view where in many real applications the particles possess heterogeneities
and nonidealities®***° 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 freqiently populated by surface active molecules (or surfactants). Surfactants are molecules

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



drug delivery, coatings, and detergefit§? 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) measurments.

In mixed systems containing both species, depending on the physicochemical
characteristics of the colloidal particles and surfactant,tla@ 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
opposingcharge particle ah surfactant systenfé*® Fewer studies address interfacial systems

conposed of likecharged particles and surfactarts?

Given the ubiquity of particles in colloidal systems and their importance in technological
advancementit is imperativeto understanchow particle attributes, such as roughness and
chemical heterogeneity (i.e., Janus particles) play a key role in governing thsssstibly and
the resulting microstructure at fluids interfacéglditionally, to uncover the physics of more
complex interfacial systems composed of both partiates surfactanist is critical to assedhe
impact of the surfactant molecules on the resulting interfacial structure and its response under

applied stresses.

2.2.Fundamentals dParticlesat Fluid Intefaces

2.2.1. Individual Particles at Interfaces

Particleslower the overall interfacial energy bbgwering the contact area between two
immiscible phasesThe equilibrium contact angle— of a particle at a fluid interface can be
calculated by the minimization of the free energy of the sy$te&hiror homogeneous particles,

thisresultsinthewek nown Youngdés equation as foll ows:
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The factors that determine the interfacial positioning of the particle are thus the fluid/fluid
interfacial tensionf and the surface tension of the particle with both fluid phgsesand
I 5% Therefore, from a thermodynamicastipoint, 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®pkiseever, 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 byydapdés,
followed by a slow relaxation to equilibrium that appears logarithmic in.3fni@It is proposed
that complete equilibration of a particle to
to the presence of nanoscale heterogeneities on thel@adifacé 52 Once the particles are
trapped at a fluid interface, their desorpti@tk into the bulk requires an energy input that goes

as
YO “Yr p AI-O (2-2)

whereY s the radius of the particle. The value of desorption energy is much larger than the thermal
energy, e.g~10 "Q"Y(whereQ is the Boltzmann constant) forpee mmeutrally wetting {—

90) particle trapped at thair-water interface; thus, igontrast to surfactant molecules, the
adsorption of colloidal particles to interfaces can be considered as irrevdtsblieportant to

note thatthermal energy canstill contributeto particle translation at the interfadeor non
spherical particlegquating the volume to a spherical shape can be used for the calculation of the

detachment energy as shown by Anjali and Basafaraj



Similar to the derivation of Youngds cont
particle at a fluid interface can be predicted from the minimization of the free energy of the system
with respect to the immsion anglé* Because Janus particles carry a dual chemdstiy polar
face with a contact angle- and an apolar compartment with a contact argld they possess
an amphiphilic nature % The degree of amphiphilicity/—- for a Janus particle is defined as
Y— — — jc. The surface boundary partitioning the polar and apolar faces is indicated by
the angle ; values of 1 &r| 180 correspond to a homogenous particle, whereas90

refers to a Janus particle with two egeided patches of different wettability, as depicteldigure

2-1a.%°

Altering the particle amphiphilicity, through the wettability of each faeegnd—), or
the | ocation of the Janus boundary, t hrough
configuration at the interface. By assumihgttthe 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 vyields three possibilities for the equilibrium contact argleof a Janus partiel at

the interface, schematically shownFigure 2-1a-c, as follows®*

— — |h — — (2-3)
— —h — (2-4)
= —h = = (2-5)

Therefore, the wettabilities of the two faces determine the equilibrium contact angle of the
particle straddling the interface—{), which in turn impacts the magnitude of the particle
detachment energy from the interfad®). Similar to homogenous particles, an increase in size

of a Janus particle leads to a larger energy of detactfiantontrast with homogeneous particles

6

-

C



that possess an isotropic surface chemistry, the detachment energy of a Janus particle can be further
enhanced by increasing t hitg (Yp,aas shovnlbg Birks atice gr e e
coworkers>® Analytical calculations illustrated that by switching frorh@mogeneous particle of

neutral wettabilit(Y 10nm,Y— 0,— 90) to a highly amphiphilic Janus particlE+

90), the desorption energy is increased by approximately-thre&® Inspiredby 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 recoveryphdsic catalytic reactiorfs®®’*

However, the rotational behavior of Janus particles cannot be neglected as the particle stability is
also influenced by its orientation at the interfaté?’” Monte Carlo simulations performed by

Bon and Cheung illustrated that neglecting the Janus nanoparticle rotation at the interface
significantly overestimates the detactmh energy and thus the orientational freedom of the
particle must be consideré8iFurther studies done by Lee et al. highlighted the impact of the
amphiphilicity on the Janus particle orientation at the inteffa¢éGold coated polystyrene Janus
particles asumed random orientations at the interface, due to their low amphiphilicity, yielding
small energy differences between the-oppand sideways orientationis contrast, for thiol

modified Janus particles, a greater energy difference exists between thp aad 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 quilibrium configurations of a Janus particle residing at a fluid/fluid interface: the
equilibrium contact angle (a) equaling the apolar contact angle (Equat®y), (b) coinciding with the Janus
boundary (Equatioii2-4)), (c) equaling the polar contact angle (Equa(@#)); (d) the impact of combined ape

and surface anisotropy.

2.2.2. Interparticle Interactionsat 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 interparticigciiaas that
exist in presence of an interfaC&Vhile 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 repulsizategorie¥, examples of which are illustrated Figure

2-2.

(a) oil
Water
Oil/Air (¢) Oil/Air
T owerer )
Water . ‘Water

mg mg

Figure 2-2. Examples ofsomeinterparticle interactions that can be present at fluid interface®igapciation of

surface groups causing repulsive dipdipole interactions; (b) water entrapment on the particle surface in contact
with the oil phase causing lorgnged repulsive interactions; (c) gravitational forces deforming the interface
generatingattractive 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 attributedo the dissociation of surface charges in the polar medium, which yields an
asymmetric screening cloud with respect to the interface plane, shokiguire 2-2a.8%82 As
suggested by Pieran8kand validated by experimeftS®, the effective dipole generated by the
particle surface charge and the resulting screening cloud in the polar medium leadsamdeng
dipoledipole interation between particles that scales® 1  for particle separation distance
of i .80 86. 87|t has also been suggested that monopoles, originated from the dissociated surface
groups in the polar phased exposed to the ngrolar phase, could contribute to the repulsive

interparticle interactions as illustratedrigure 2-20.85 88%0

The attractive dispersion van der Waals (VDW) interactions ohniginate 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 cortstantfor particles

interacting through a mediufh A similar formalism has been proposed for the calculation of



VDW interactions between interfacialtyapped colloidal particles using the Derjaguin
approximation, whenhe 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 fluidggha

The double layer repulsion and the VDW attraction make up the Derjauagidadi
Verweyi Overbeek (DLVO) potential, which dominates most aqueous dispersions and accounts
for the stability of colloidal particles in bulk (3D). However, the behavior obatdl particles at
an interface (2D) is not fully captured by the DL\&Pproximatior?® The retarded VDW forces
are shorranged and typically extend over a rargfegens of nanometers for micrometszed
colloids®! while an unexpected loaginged attraction has been reported for interfactaglyped
particles®*®” This strong longanged attractive interaction has been attributed to capillary forces
an interfacial phenomena with no analogy binlk aggregatiofi® °® which result from the
distortions imposed on the interface by the partftle¥'® as illustratedn Figure 2-2c. The
interfacial distortions can originate from the weight of particles (gradrityen capillary attraction
for heavier or bigger particlésy or electrostatic stresses caused by the particles dipolar field
(electrodipping)®”: 1 In addifon, 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 sHaguren

2.9¢ 101, 112116

The relative strength of electrostatic repulsions and capillagractionsdictate 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 stimulat€d 11*11°® A plethora of opportunities exists for tuning the okl
interactions for instance through particle wettability, introducing anisotropy, addition of
electrolytes, solution pH, and synergism in presence of surfaétgts?® 2!For example,
Horozov et al. observed that silica particles of lowrdophobicity —~ 65 measured through

the water phase) form disordered unstable aggregates at the octane/water interface, whereas very
hydrophobic particles— 152) result in a highly ordered monolayer. These results were
explained in terms of a papotential composed of contributions from electrostatic repulsion
(through both polar and ngwolar media) and capillary attraction (due to thpbase contact line
undulationsland were attributed to the change in the magnitude of the surface chasijg oen

the particle/octane interface as particle hydrophobicity is incrédgethieving microstructures

with a percolated network can then be employed in designing interfaces with a desirable
stability.}?? For instance, interfaciallyrapped colloidal monolayers of sufficient yield stress are
shown to impact gas dissolution from the partictated 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 emulsiaks Recent work on Janus particles as interfacial stabilizers also reports
on correlations betvem dilational viscoelasticity of particladen interfaces and foam drainage

half time, where Janus particles exhibited higher elastic modulus and outperformed systems
stabilized with homogeneous particles, surfactants, or a foaming.'d4éhtAs 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 betweeatdrparticle 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 heterogenqmarticles near interfaces, interfacial systems
are frequently populated by surface active molecules (or surfact8ot§ctants are molecules
that are central to various industrial and technological applications such as emulsion and foam
stabilization, dug delivery, coatings, and detergertt§® When present at interfaces, these
molecules are responsible for decreasing the excess free energy of the inGréages in the
excess free energy of the interface are quantified through surface te®Bmeasurement®
The surface activity of surfactant molecules is related to their amphiphilic nature, which is
determined bythe balance between the hydrophilic head group and the hydrophobic tail
contribution, often referred to as the hydrophilic/lipophilic balance (H2BY®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 wateluble surfactants’

Colloidal systems combining nanoparticles and surfactants have gained considerable
attention in diverse sectors such as consumer care products, drug delivery, paper proddction, a
subsurface energy recovei?!®! The use of surfactant/particle mixtures in these applications,
with the aim of adjusting the formulation properties,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 surfactasHLB.**133For instance, a study by Sharma et al. showed that enhanced
oil recovery (EOR) nanofluids exhibit an increased stability andctafeEness when anionic
surfactants are added with the negativalprged hydrophilic silica nanoparticles, which in turn
improves recovery by altering the wettability of reservoir rocks, and reducing the interfacial

tension and the oil viscosity* 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 sil
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 nefatiharged silver nanoparticles,

which was attributed to adsorption of surfactant molecules onto the particles Stiresides

from the performance standpoint in an application of interest, the nature of resulting interactions
is of extreme importance froenvironmental remediation point of view since the nanopatrticles
can act as surfactant carriers to the environh&ht’ Hence, it is imperative to gain a
comprehensive understandingn dhe interactions present between species in a mixed
surfactant/particle system, considering their widespread usagehimological 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 surfaatés, and the resulting interactions, they can compete for populating the
interfaceandbr act synergistically to achieve enhanced surface propertiesn@jority of studies
found in the literature are focused on opposihgrge particle and surfactant ®yms**°In these
systems, the surfactant adsorption on the partietéace 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 zetgotential 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 NymO(at 8
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M) to 2 N/m (at 310% M). The same trend is shown by Vatanparast.¢f &y 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 atéaof 3 for a CTAB bulk concentration of 0.09 mM upon

the addition of 1.5 wt% of nanoparticles.

Fewer studies focused on likeharged specie$™3 For example, in systems containing
both anionic surfactant and negatively charged colloidal silica particles dispersed in the bulk, no
particle adsorption to trar-water interface was observédHowever, an increase in the surfactant
adsorption to the interface weeported 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
SDSsolution (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 aP? The authors conclude that the increase in surfaceitygds due to a change in
ionic strength of the system rather than electrostatic repulsion between the particles and
surfactants. Katepalliteal.®® 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 dpg@naud the anionic
surfactant. They attributed the behavior to the change in the particle wettability caused by the
hydrophobic adsorption of the surfactar®n the other hand, a study on negatively charged
polystyrene particles directly depositedta dir-water interface showed that the presence of like
charged surfactants in the aqueous-ghése affects particle interactions at the interféue,

resulting microstructurormed by theparticles at the interface, and the response of such particle
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laden interface to shear stres&&$he authorseported that the presesm 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 notionic surfactan{polysorbate 8)) the particles arrangen a hexagonal fashion

with consequentiaimplications for the complex interfacial shear modulus, whigpon the

addition of ~0.8 mM of SDSdecreased close to 2 orders of magnitcoi®pared tdhe case of
surfactantfree systemat low salt concentration (40 mM NaCl). Therefore, it is clear that the
preence of surfactants on the subphase impacts the surface properties of thelpaeticle

interface.
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2.4.Interfacial Rheoloyg

Interfacial rheology studies the flow behavior of fluid interfaces in order to investigate the
response of adsorbed spediegy. 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 interfaé®!%? Similar to bulk rheology, the interfacial rheological
techniques can be categorized into st@introlled and stressontrolled instrument¥? Strain
contrdled instruments operate by applying a prescribed stréor strainrate] ) to the interface
and measuring the stress respopsd&he applied strain can be constant in time or chasga
function of time. For example, in steprain measurements ust® 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 ahthe interfacial stress is monitor&4'4® The phase shift ( between the
applied sinusoidal strain and the measured stress (in acbraiolled rheometer)llustrated 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 jangl® df
purely viscous (stress is proportional to the strain fate, 90 ), or viscoelasti€d0 |  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 modurastehiaes 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 tensiometefigure 2-3b), and the
capillary wave technique can be ug&t**’Langmuir balance is a versatile technique that can be

employed to measure the interfacial activity of partiéféexamine their microstructure at fluid
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interfaces*® *°and probe the mechanical response of interfaces subjected to 1D compressions
and expansion$ *° This method measures the surface pressure (i.e., the difference between the
interfacial tension in presence of surfemetive species and that of bare fluid interface) using a
Wilhelmy plate attached to a balance and monitors the change in the surface pressisréhe
interfacial area0 is altered. The resulting information is recorded as pressure vs. area isotherms.
Analogous to 3D systems, the static compression modulus of the intdirfa@ait be calculated

by taking the derivative of surface pressure with respect to interfaggehba constant temperature

as follows:

1o 1 ag (2-6)

Pendant drop tensiometry relies on a geometrical fit of the drop shape to the- Young
Laplace equation, which balancggavitational 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 sw#atiee speciesnto the interfac&®*>*but can also
be adapted to probe the interfacial rheol&§y>>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 intebfadens of mm for droplets of
~10 eL) compared t@ hundretsaoh gimithi violumesr ~&@0 gy (
Moreover, instead of uniaxial compression/expansions, the pendant drop technique allows for a
more uniform change of the surface areae Thpillary wave technique has also been used for
dilational interfacial rheology and is discussed in more details elselffeté’ For shear
interfacial rheology, magnetic neediidure 2-3c),>"**®interfacial disk/biconeRigure 2-3d),15°

and doublewall-ring (DWR) Figure 2-3e)'5! geometries can be used to probe the properties of
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the interface in response to applied shear deformatféridicrorneology is also utilized in
sensitive surface shear rheology measurements, where a ferromagnetiprofier@inned to a
fluid/fluid interface is actively torqued or forced using externally controlled electromagnets
(Figure 2-3f).163 184 A more detailed discussion on each technique and their limitations can be

found elsewher&® 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) Rendiéstharo

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 #igedieobe using an externally applied
magnetidield; (d) Bicone- shearing of the interface with a conical shaped probe; (e) Dovwdlled 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 channefheanng of the interface with a ring; (f) Microrheologyindirect
measurements of rheological properties utilizing a microparticle probe pinned at the fluid interface. The radius of the
mi croprobe, a, is 50 em in t hinrmsfron riefd® copyrightP@2h Anhericdnc ) r epr
Chemical SocietyPanel (d) reprinted from the open access RefPanel (e) reprinted by permission from [Springer
Nature]: [MDPI AG] [Rheologca Acta] Ref.*6! [Copyright 2021]. Panel (f) reprinted with permission from #&f.

copyright 2021, The Society of Rheology.

In dilational interfaial 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 are®) (s altered and the resulting change in théasar stress or
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surface tension, () is measure@as shown irFigure 2-4a) and captured in the complex dilational

modulus (sed€quation(2-7)).14* The complex dilational modulud () canbe split into elastic

(I geand viscousli( & @ontributions asollows:
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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

(), normalized by the initial surface tension val@ie)( (solid black symbol) vs. time due to the applied strain (open

red symbol) variations in the surface aré&Y) normalized by the initial ared (). The phase shiff | between the

two curves is usetb calculate theslastic and viscousontributions tothe complex modulusi() as defined in
Equation(2-7); (b) data on oscillatory shear rheology measurement performed using a TA Instruments Discovery
Hybrid Rheometef (DHR-2) via the DWR geometry (inner cup diameter: 62 mm, inner ring dian®&tenm, 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@0
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deposition, the interface was left undisturbed for 20 min to allow for the IPA evaporation. The silica/gold Janus

particles

w

er e

f ab r ilica pattides (Fibar Optic Ckntet, nc.)hpbhted witha & hrthisk

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 partiéle (40). The solid symbol illustrates the elastio)
contribution and the open symbol shows the viscd@g&ontribution vs. strain () in a loglog plot. The critical
strain [ ) and the lowstrain plateau elastic modului®) were obtained using@ocedure detailed in Ré® and the
yield stresst ) value, calculatedsing Equatior(2-8), was~0.0070 & for this samplé®’

19



Interfacial shear rheology examines the response of interfaces to shear shieskesto
the dilational experiments, a complex shear moduld} ¢an be defined a8 O Q¥
where O and "Qeaxe the storage and loss moduli; respectively, as shoWwigime 2-4b.1°8 The
yield stress, at which viscosity decreases sharply, can be measured and verified by strain amplitude
sweep, stress ramp, and creep experim&hts amplitude sweep measurements, as illustrated in
Figure 2-4b, the critical strainf() beyond which the interface enters the nonlinear viscoelastic
regime is determined by the intersection of the-&tkain plateau elastic modulu®j) and a power

law fit to the data dhigh strain. From this information, the yield streks) can be estimated as:

t 10 (2-8)

The challenge in designing an interfacial rheometer is the coupling between the flow profile
at the interface and that in tserrounding bulk phase® Interfacial rheology experiments are
therefore considered more difficult than bulk rheoldfyTo minimize the influence of the bulk
phase on the measurements and resulting data, interfacial rheometers rely on the design of
geometries that reduce the spitase drg contribution relative to that of the surface drag as
captured in Boussinesq number (Bo) defined as follows:

[ 61 QBORQ -

in which— is the surface shear viscosityjis the sukphase bulk viscosity, andis a characteristic

6 ¢ (2-9)

length scale calculated from the dimensions of deemetry*®® It should be noted that the
Boussinesq number, defined earlier for the interfacial shear rheology, has an analogue for the
interfacial dilational stresses relativethe bulk stressesvhere the characteristic lengttihge drop

radius in the case of tensiometfy 1’2When6 £l p, the interfacial stresses dominate, and the

surface rheology is captured. This can be accomplished by minimizing the vabibrofigh a
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geometry design that maximizes the perimeter of contact between the probe iater e for

a given contact area of the probe with the-ghase"®®

Interfacialrheology experiments can be conduteither with particles dispersed in the
bulk phase and diffusing to the interface forming acalted Gibbs monolayer, or deposited
directly at the interface, generating a Langmnmignolayert’® 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 particlegheto equilibrium
configuration®® 14 In a diffusiondriven process, it takesl s forale m col | oi dal p
suspended in water to diffuse its own radius, whereas fildieam par ti cl e the re
increases tol(®s. In addition, the stability of particles to sedimentation also needs to be
considered. Peclet numbér Qz the ratio ofconvective to diffusive transpartisc 0.1forale m
silica particle suspended in water, whereas fbda m p a b '®10t The diffusion process is
followed by the adsorption step, which can be hindered by a repulsion between charges on the
particle surface and the interfat®There is evidence that everhen the charge inteztion
between the particle and the interface is attractive, adsorption can be hindered by the electrostatic
force resulting from an imageharge'? 1"4Theimage charge effect is not always repulsive, as it
has been observed to cause either repulsive or attractive interactions in-paertdee systems
depending on the dielectric constant of medthm particle is initiallysuspended in compared to
that of the neighboring phase > Finally, after breaching the interface particles expegea
relaxation process towards the equilibrium contact angle,which can take up to months,
suggesting that experimental time frames may not be capturing the equilibrium state of particles
at the interfac&® The interfacial deposition method relies on the use of a spreading solvent to

disperse the colloidal particles at the interfat® Marangoni flow. However, the choice of
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spreading solvens shown to impact the contact angle of particles at the interface, thus, different
results may be obtained based on the solvent used fotetiigique'’® 1’ Fernandezt al®’
studiedthe 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 particlegaldlridugh

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 suspemd#te 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 congder 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 partigig;h are negatively charged at
neutral pH due to dissociation of surface silanol gr&ip¥, 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 qulimse is shown to enhance the entrapment
efficacy of particles in this case and the mechanical properties of the resulting interfacigflayer

183 variation in binding efficacy has also been reported for Janus particles with ditflegnees

of amphiphilicity.>®
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3. Materials and Methods
3.1.Materials
All glassware used in ih study wadbase cleanebly a 1wt%gpotassium hydroxide solution
(KOH, Fischer Scientificyolution inisopropyl alcoho(FisherScientific) overnight before its use
Diwater (18.2VMiq. cm) wused throughout t-Q®IQF00W@litrapun a s

Lab Water System (Millipore Siga).

3.1.1. Salts, Acid, and Base
For surfacemeasurements with background electrof&®S studiesand mixed systems

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

For bulk measurementsith backgrouncelectrolyte(Dynamic Light Scattering and zeta
potential studiespotassium nitrate (KN§) Fischer Scientific, purity > 95%), nitric acid (HNO

FischerScientifig, and KOHwere used as received.

3.1.2. Particles
3.1.2.1.Surface Homogenous Particles

Hydrophilic colloidal silica particlesKiber Optic Centemominal diameter of D = 250 nm,
calculated specific surface area of 108g™') were utilized as received or hydrophobically
modified with DimethyldichlorosilanglDMDCS, from Sigma Aldrich. The modificationwas
performed byoven dryinglg of thesphericalparticles overnight at 60°C awlispersedn 10mL
of cyclohexane. Then 121.7uL of DMDCS was added to the solutiort )) which was
sonicated iranultrasonicbath (Fisherbrarfl 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 lineNext, anadditional 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, L8256 (+ 20 nig?), and medium

surface area, MSALE5 + 20 mg?) from Cabot Corporation were used as received.

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

Inc.), wereused for bulk measurements of dispersions.

3.1.2.2.Janus Particles

To fabricate the Janus particl@®s)hy dr ophi I i ¢ silica particles
wereassembled onto a 2D PVC film by transferring the particles fromvatier interface to the
air-solid interfaceusinga Langmuir trough®* Next, the monolayers were transferreghysical
vapor deposition machine (Lesker Nano36 Evaporator, Kurt J Leskierwhicha thinadhesive
layer (5 nm) of titaniumwas deposited followed by a 10 nm layer of g&teésulting JPs were
labeled as €as no further modification was carried out the gold cap. To enhance the JP
amphiphilicity, gold faces wefferthermodifiedwith butanethiol and octanethi¢@igma Aldrich)
by soaking the slides in 10 mM solution of the thiol in ethanol (Fisher Scientific) overmiut
resulting JPs were labelad G and G, respectively. Alparticles wereemoved fronthe substrate
andsuspendeth ultra-pure Deionized (DI) water via sonication, followed by a filtration using a
hydrophilic PC me mbr™)roerembive latgeaggregate® anddgiddkes| s o p o r
After these steps, the dispersions weeatrifuged at 3000 rpm for 5 minutes (Legend X1R,
Thermo Scientificfollowed by the aspiration of the supernatdrite JPswere set to dry under

vacuum overnight.

The JP degree of amphiphilicity- is quantifed via the measurement ofrettability an

each facef the particle. Specifically, the wettability of the silica and gold faces were estimated
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by measuringthe 3phase contact anglef water droplets deposited on badeaned glass
substrates andags substratgzassedhrough the same gold deposition and surface modification
as the particlesThe waterdrop shape profil@btained in each measurememas fitted and
analyzed using a tensiomet&om which the 3ohase contact angle of the polar) and apolar

(—) faces of the JPs were estimated

3.1.3. Surfactants
3.1.3.1.Recrystallization

Sodium dodecyl sulfat¢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 domtaminant Lauryl alcohalLOH). The
recrystallzation 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 vacuumditiackresolubilized 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 crgg are further dried under vacuum for at least 72 h.

In the absence of electrolyte, lB®&C values are measured to be 6.7 mM and 7.5 mM SDS
for unpurified and recrystallized SDS solutions, respectively. In 10 mM NacCl solutior@ViGe
values are decread 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 measuren®bDS,and KNQ@ solutions

were prepared separately and then mixed to achievénal desired concentrations of SDS (i.e.,
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0.01, 0.1, 0.5, 1, 4, 12, 15 mM) and KN@.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 2@ins 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 Hand OH ions. For pH sweep runs in the range €f@ the pH of he
prepared dispersion was first increased to ~10, via KOH addition, followed by its gradual decrease

to 2 using HNQ@. 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 oéstimating the wettabilitypf particlesusedin systemsof interest in this
thesis, ve measur@the contact angle of a water dropletglass slides similarly treated to the
particles At least 20 droplets of 5 pln volumewere used to measutiee contact angle omach

slideusing a drop shape tensiometer (Biolin Scientific)

For contact angleneasurementsn particle coated slidemonolayers weredeposited by
convective assembly techniquehich consists oflispersing theparticles €ither sphericabr
fumed patrticles) in ethanol and spreading the dispersion over a glass slide using a syringe pump.
Dispersions of 30wt%bwt% and, 3wt% were used fothe spherical, LSA and MSA particles

respectively.

3.2.2. Scanning Electron Microspy
3.2.2.1.Homogeneous Particles
The diameter©@ , or 2Y) of silica paricles were measured via a scanning electron

microscope (SEMThermo Quattro S fiel@mission. Fumed silica particles were also imaged.
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3.2.2.2Janus Particles

To evaluatethe orientationdistribution of the JPsresiding the akwater interface,
deposition of interfacially trapped particles on a silicon wafer was carried out follawiagrlier
work.® Briefly, a silicon wafer was placed at the bottom of the trough at the beginning of the
experiment. After th@articles were spread at the rfigee, a 30 min wait period was allowed for
the evaporation of the spreading solvent. Next, the monolayer was compuatisedsurface
pressure of 5 mMi was reached.hie JP network wakentransferred from the aivater interface
to the silicon waferubstrate by gently aspirating thaterfrom the side of the trougbutside the
barriersand lowering the interfacial planmtil the particle monolayer came in contact with the
silicon wafer The deposite@articleswerethen imaged via the environmeng&tanning Electron
Microscope (Thermo Quattro S fienission SEMequipped with a backscatter detector, which

exhibits different brightness fonaterials of different density

The distribution of particle orientatisnvas obtained by analyzing ~50,00Qtpaes for
each amphiphilicity studiedusing 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 tadaviation
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 foundhe Supplementary InformatioRigure B0-2). Once

the orientation]() of all particles is determined, one can calculate aakfhment factor'Y
6———0Oas a means of quantifying the overall orientation of the JP cap ipatile

monolayers formed by different amphiphiliciti€é.To calculate a 2@lignment factor Y, the
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value of particle tilt angl¢ ) was simply assumed to 88, 90J, and 180 for cap up, tilted, and
cap down Janus particles, respectively. Therefore, a monolayer populated only by vertically
aligned patrticles (cap up and cagweh) corresponds & 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® ) and mobility ( ) measurements were carried out using a dynamic
light scattering instrumenb(S, Nanobrook Omni, Brookhaven InstrumgnBenumber informs
about the ratio of diffusive to convective time scadesl can be useful in determining the

applicability of DLS for characterizing the particle dispersidhis determined as per the formula:

~

0Q -

, Wherew " is the dfference in density between the particle and the solvVer,

acceleration due to gravityy is particle radiusQ i s t he Bol t zmaYistles cons

temperature.

3.2.3.2. Analysis of Particle Zeta Potential and Surface Charge Density
The conductare values, measured and reported by the DLS instrume®8bisrand silica

nanoparticleswere utilized to determine the effective ionic concentration ( mol/L) as follows:

R (3D

where, is the conductance associated with thel j@andQ is the molar ionic conductivity of the
ioni, values of which are provided Trable 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 weeelditive'®® ¥%The conductivity of the initial sample () was
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taken as a reference, with its effective ionic concentraton, , calculated based on the molar
ionic conductivity of salt ions present fadlows, .1 Q Q . Then, the analysis

was carried out using the conductance reading of the solution hefore () the addition of more

ions (e.g., those resulting from addition and dissociation of KOH, IISDS), comparing to

the new conductance reading ( ), and attributing the change in the conductance valuye (

” ” ) to the newly added ions, which in turn led to a change in the ionic strength. For

instance, in a pH titration with KOG ¥,j Q Q). The resulting concentration can

g

be calculated a® o Y&

The calcuhted ionic concentration of the solution was then used in the determination of
the Debye lengthll( ) as follows:

¢cO aQ

EECRd &2

whered is the valence of the ions and is equal tim this studyQis the electron charge,
- is the permittivity of vacuumy is the permittivity of water. The magnitude bf'Ywas then
calculated to determine the relative thickness of the Debye layer with regards to the particle size,
with a dianeter 2Y, as estimated from the SEM imagé&kereafter, the value df "Yvas utilized

to calcul ate Henryos f®nction in each case as

Y ol'y
ol Y pPeplhYo (3-3)

P plY clY

Next, the zeta potential) was calculated from the measured mobility values as follows:
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S —e | RV (3-4)

where' i s t he mobi | i taisthe Yistdsiyy df ivdteV (PasinThereadtarn, the particle
surface charge density ( uC/cnt) was determined using the following relatiorhioh does not
assume any approximations for the Delgyeer thickness:

p Iy
Iy

(N (3-5)

and the surface potential () was approximated by the value of the measured zeta potehtal
avoid arbitrary assumptions on the thickness of the slip pPA%H€ 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 Q2 ) of the ions present in the system under sfdiy**

fo

lon (cm?2.s/mol)
H* 349
OH 198

K* 73.5
NOs 71.5
DS 23.4
Na" 50.1

3.2.3.3.Model for the Particle Zeta Potential at Various pH Values
The zeta potentiadf colloidal particlesat various pH values can peedictedbased on the

following implicit equation derived from the Gowhapman formulatiah®
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()] ¢- -Q "YIIO £ Q-
[ = Q C oY (3-6)
p pT Aob v

wherel is the number density of acid sites, which is determined based on the estimated surface
charge density’(), and pKa is the acid strength. The provided equation assumes that only acid
groups are present on the surface. In order to determine the apf@optue 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 independentlynatheir difference was minimized by varying the guessed value for

3.2.4. Surface PressuréensionMeasurements
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%ire., the opn barrier state, in all experiments. To ensure the absence
of impurities at the aiwater interface, the trough was closed2@cn? and the change in the
surface pressure {, defined as the difference between thenater surface tensior () and the

effective surface tension in presence of particles | was monitored. If the surface pressure

remained negligible ( < 0.3 mN/m), the experiment proceeded. The spreading solution was
deposited at the interface yrnge (damilon)ovhenei tilkee f a's
particles spread at the interface via the action of Marangoni flava) min wait period was
considered to allow for the solvent evaporation before proceeding with the measurements. The
trough area0 was compressed at 10 mmih and the surface pressured 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 netbrikonolayers were subjected to
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3 cycles dcompression and expansion. In conjunction with the compressigension cycles, an
inverted microscope (IX73 Olympus) was utilized to simultaneously capture the microstructure

formed by the particles at the auater interface, using a 20x objective6.8 WD, 0.45 NA),

and through a customtesigned window machined in the center of the trd&ggure 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 evalfatedrhis can be understood as calculating the
workthat i s Arecoveredo from the system after th
the first cycle the monolayer might lose enough particles to not undergo collapse on the subsequent

cycles, we define a normalized hysteresis paramedeag folows:
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- - - (3-7)

3.2.4.1.2. Janus Particle Systems

To examine whether the use of a spreadialyent 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 ordgrarameter € In short, @G represents the number of hexagonal close packed
neighbors around each particle. By averaging over all particles, we estimatevi@h equals 0
for disordered fluid configurations and 6 for an infinite planehekagonal close packed

particles!®® The equations associated withe=Gire described iAppendixB.

3.2.4.2.Drop Shape Tensiometer

The surface tension measurementscontaminated and recrystallized SB8re carried
outin the drop shape tensiometer (Biolin Scientifiging a rising air bubble (RB) suspended in
the SDS solutions. The Attension® Thetaftware 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 equilibratidfl’ the RB method can be used to probe the dynamic surface
tension of acontaminated SDS solutioby allowing the bubble age in the solution, while

monitoring its shape.

3.2.4.3.Wilhelmy Plate Tensiometer

The surface tension measuremdatontaminated and recrystallized SDS solutiwese
also carried out using Wilhelmy plate (WRgchnique.The Wilhelmy plate (DCAT 25 from
DataPhysics) was used to measure the surface tension isotherms of solutiaiiféengifit purity
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levels and with no added salt and in 10 mM NaCl 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 corteetwater surface is used to calculate the

surface tension acting on the plate.

The CMC values for unpurified and recrystallized samples were obtainedroying out
surface tension measurements on solutions at various surfactant concentrationstiagdot
SFTreadings as a function of the log of surfactant concentrtilanving the procedurdescribed
elsewhert® Briefly, it consisted ofinding the intersection of th&endlines before and after

reaching theCMC.

3.2.5. Thermodynami®lodelingof monolayers
3.2.5.1 Particlesonly

To estimatelie overall inteparticle 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 isotheri¥8 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:

1 Lo 1 v
i 5 3-8
oY I 1Ip P w— (3-8)

where] is the molecular area of the solvant,s 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 calcsatée estimated the total area occupied by
particles assuming an arbitrary value for the surface coverage at the inflection-pqinf the

isotherm. The Frumkin interaction paramete&)(capgures 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

interactionst®® We assumed that the ratio goes to @incel | 1 , and used botband— 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 ) thatbest 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 bindauy eff 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 thitéing of the surfactantadsorption
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 technigue, were used as an input to each adsorption
model. For the sake of simplicity, we show the adsorption isotherm equations fecenmpenent
system. The reader can find the equations derived for @awpment systemhere applied to

mixed interfacial layersf SDSand dodecanoin the Appendix A

The Frumkin isotherm model assumes a localized adsorptiot@ss:2°*

0 ®

(3-9)

o
€
O"l
2

or
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0 & p—__A oD — (3-10)

where U is the adsorption constant) is the Boltzmann constantYis the absolute
temperaturegis the bulk surfactant concentratianjs the surfactant adsorption at the interface,
and] is the minimum molecular area at the interface. Paramei®the interaction parameter,

usually attributed to the taihil van der Waals interactiod® Parameter is the dimensionless
interaction parameteér, ——,and— 7 ais the surface coverage for the surfactant adsorbed

to the surface. The equation of state can then be written fexmnponent systems as follows:

TQ.,Y R ‘ ‘
1_' lp 1T © To (3-11)

or

QY. .

T I 1Ip — — (3-12
where is the surface pressure, defined asdine@vater surface tension minus the surface
tension in presence of the surfactamtlecules (

Y . . Theexcluded molar area has been

shown to be dependent on the surface pressure of the system by the following exgte83ion
T 1 p T — (3-13

wherg is the excluded area at zero surface pressurie artie intrinsic compressibility
coefficient, which can be interpreted as the change in the tilt angle of the molecule tail upon an

increase in the surface prass or surface compressiéit

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

localized adsorptiaf®* The equations can be written as follows:
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or
0 ® p__AQ)D __ q — (3-15)
QY®
= T (3-16)
P 1 W
or
2y _— (3-17)
T p —

where the notation used in E§-9)-(3-13) applies here. To model the experimentally
measured isothernisr SDS solutionsthe adsorption constani ), the interaction parametets (
orf ), the excluded area at zero surface pressurg éind the compressibility coefficient)(of
each individual species must be known. For-temponentsurfactantsystems, one must also
consider the intermolecular parameters (and| ). 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 andta&tned isotherms, one can vary
the initial guess for the molar fraction of dodecafaok.a. LOH)and solve the twa@omponent
equationgprovided in theAppendix A by changing the surface coverages dnd—) until the
sum of squared differences between each experimental point and the value calculated by the

adsorption model is minimized.

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

surface accounting for electrostatic interactions present in the system with the Gouy éguation
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206 By taking advantage of the pdetermined values forand for each surfactant, Kralchesvsky

et al. were able to develop an algorithm with only the molar fraction of LOH as an adjustable
parametef® Briefly, the intermolecular parameters ( and] ) were first calculatedsge
Appendix A). Next, a guess was made for the molar fraction value of LOH, followed by guesses
on the surface adsorption concentrationand®. The adsorption isotherm was solved for the
LOH adsorptdn to determine the optimum values ®ffor the given values ofo. Next, the
dimensionless surface potential was calculated based on the Gouy equation to implicitly solve for
w. Finally, the surface tension was calculated from the obtained varaiddesompared 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 theface, such as adsorption quantities, surface
potential, and the Gibbs elasticifjhe authors used previous data from Referéffde validate

their model.

3.2.5.2.1. Estimation oDepletionEffectson Surfactant Mixtures

The depletion effects were calculated based on the work done by AlvareZetwvaich
describes how the depleted bulk concentration is a function of the area available for adsorption
(6), the volume of the solutionwy, the bulk concentration of surfactang), their surface
adsorption at the maximum packing arrangemen),(and their adsorption constant)( By
applying Eq.(3-18), one can calculate the effective depleted concentration of a surfactant species

(@ ) as follows:
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where"Q — is the ratio of the minimum bulk concentration needed to populate the
interface at maximum packing to the adsorption consbgnand? — is the maximum

fractional potential mass lost toetinterface.

The time necessary for equilibration is dependent mostly on the depletion @&pth (

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

"Q can be defined as follows:

Q

® 3-19
5 (')

The timescale for diffusion in this system is then giventby —, whereQ is the bulk

diffusion constant of a surfactant molecule in sbé/ent and’Q "Q for the planar case. This is
a good approximatio for methods like the Wilhelmy plate. However, for surfaces with an
associated curvatur@&must be corrected to account for the deviation from a pgew@netry (see
Appendix A. A more in depth discussion can be foundelsewheré®” The beforementioned

eguations (Eq(3-18) and(3-19)) were used to estimate time scales and ap@tepgieometries 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 sttas follows:
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! (3-20)

where— (—) is the particle (surfactant) surface coverageis the surfactant molecular area,

(&) is the particle (surfactant) interaction paréeneNote that Eq(3-20) is the combination of
equationg3-12) 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-ar@the

and® , similar to the previous scenario.

3.2.6. SurfaceRheologyMeasurements
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, rileelogy
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 risielsu~6uL) 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 requiredrorease the concentration of the solution by 1 mM was
added using an automatic pipette (Eppendorfgl20n 10-step increments, separated bynih
intervals, to avoid large perturbations to the system. Once the desired bulk concentration was
reached, tb 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%gtamfrequency of 1 Hz, which

is within the reliable frequency limit for the oscillating bubble tensiontétry

3.2.6.2.Shear Rheology for Particlenly and Mixed Particles and Surfactants Monolayers

A stresscontrolled rheometer (DHR2) equipped with the Double Wall Ring (DWR)
geometry, mounted inside a Langmuir ribbon trough (LxW = 364x78) mvas used to generate
the particleladen interfaces and examine their response to shear at different states of compression
(seeFigure 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/DWRetup, and the 3D printed DWR geometry followed the pioneering work
of Vermant and coworker$! The DWR used in this study is a tadimensional doubkouette
fixture (cup) with 39 mm inner diameter, 60 mm outer diameter, and the dimep$ithesring
are 47 mm inside diameter and 49 mm outside diameter. The instrument was calibrated in precision
mode 4times to reach a higher sensitivity. The Boussinesq nunBm@ri¢ commonly used to
evaluate the balance between surface and subsurfacétf&y o 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 floBq> 1). The DWR geometry used in the current study
along with the measured surface viscosities yieRigd 10 in all cases. Experimental results were
analyzed and plotted with the Alnteractive Rh

recent reviewf2

After preparing thearticlemonolayer at the awvater interface on the trough in the open
state (i.e., total surface area of 150°gnthe double wall ring (DWRvas 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 interfa@nce the initial contact was made, the ring (1 mm thick) was

| owered for an additional 500 em so that the
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 cAmin until reaching a desired surface pressure. The particles were then allowed

to relax and reorganize until the surface pressure stabiliZédn(tins) prior to carrying out the
rheological experiments. Strain amplitude sweep and small amplitude oscillatory shear (SAOS)
measurements were carried out using this integrated setup to characterize the JP monolayer. The
operating windows for the osaliory measurements that lead to valid reproducible results are
calculated following the work of Ewoldt and cowork&¥$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 acceptidibe and the rest, falling in the

orange region needs be handled with care.

3.2.7. RheologicaModeling
3.2.7.1 Dilational Rheology o€ontaminated SDS solutions

To model the surface dilational rheology, we based our calculations on the work done by
Aksenenko et &3 The dilational surface viscoelastic modullis’j canbe defined as follog?**

Qr

I —=
Qa H

(3-21)

where’ is the surface tensioq,is the available interfacial area,is the angular frequency
of oscillations, ang is the phase shift of the surface tension oscillations in response to the applied
oscilations in the available surface area. The suraceplexviscoelastic modulus can be further

divided into real [ g2and imaginary Il & gearts, which correspond to the elastic and viscous
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contributions, respectively. Assuming that a diffuscamtrdled 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-cmponent solution is as follovgs> 216

| QeQ
Qw O p - Q-
I g = = (3-22)
Qo Q p & G
P 06O
Q Q
oY Q1 (329
_ (3-24)
O Q2w (3-25)
¢ Qu

whereO is theGibbs elasticity (i.e., the limitop elasticity at low frequencies), is the
equilibrium surface tension as a function of the surfactant adsorpfjpr-({s the dimensionless
ratio between the time scale of the experiment and that of the diffusion process,the
characteristic diffusion frequency,ati s t he surfactantdos bul k di f-
equations used for the twammponent mixture is provided the Appendix A A more indepth

discussion on the surface rheology of surfactant systems can be found elgévhere

Using the relationship betweeb and ¢y obtained from the fittingf SFT isotherms to
thermodynamic adsorption models, one can apply the surface rheology equations to estimate the

conmplex modulus Eq(3-21) of a surface populated with one type of surfactant or a binary mixture
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of surfactant speciegrom the resulting information, the real and imnagy contributions to the

complex dilational modulus can be calculated.

3.2.7.2.Shear Rheology of Particle Monolayers
Modellingthe twadimensional viscoelasticity of a particle monolayeder shear stresses
can be useful to prediotterfacialmaterial propertiedn analogy to linear viscoelasticity in three

dimension$'® 21° two dimensional linear viscoelasticity can be expressed with a stress
, 0 WOO6 01 O (3-26)

wherel 0 is the rate of deformation in the interfacial layer at past tintés< 0 < ¢, and

o~ s e Q1 ..
06 O +0 tQ (3-27)

is the interfacial relaxation modulus. The interfacial relaxatioe spectruniO 1 quantifies the
distribution of relaxation modes that contribute™®@® o . The largest relaxation timd,

belongs to the slowest relaxation mode at fong stress relaxation.

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

spectrum with the relaxation strength 61, corresponding to the relaxation tinmie) (@s follows:
o O "QQ (3-28)

Small angle oscillatory shear (SAOS) results in dynamic moduli:
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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 ligd where the equilibrium modulus is zei©, = 0. Just like in 3D rheology
of viscoelastic liquids, the relaxation time spectrifin,t , is the only material property needed

for a quantitative description of the tvdimensional linear viscoelastigibf a complex liquid.

3.2.8. Surface Evolver

JPs possess chemical anisotropy, which generates deformations oathterinterface
due to the entrapment of particles in a tilted orientation. Vertically aligned particles will likely
generate deformations assded 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 €tt&the Surface Evolver softwaé
was employed to model a system of a single Janus particle straddling a fluid interface at an
arbitrary orientation angle. The software can be used to model interfacial deformations that are
induced by various forces and constraints present in tharsyisteur 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 agtved. The software considers the surface tension between the fluids as 1, which
was converted afterwards to the surface tension of water 2.8 mN/m). To model the JPs of

various amphiphilicities, we set the contact angles of the hemispheres to #renexpally
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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 Eq4-1) was applied to calculate the desorption ene¥y Y associated with each

orientation angl€ ().
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4. Mechanical Properties of Partidl@den Interfaces

In this chapter, we focus dhe 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 Paadda 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 patrticles size and surface chemistry can
be used to tuntheresulting reduction in the excess free energy o$ylseem. 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 ellgids, nanotubes, and fractide particles (e.g., fumed silica).
Such systems of nespherical particles are usually dominated by capillary interactions due to the

irregular shape of the contact line surrounding the particle surface.

In this section, we dwve investigated the consequences of introducing surface roughness to
a particle monolayer at the airater interface. We studied the intrinsic differences between the
mechanical properties of the resulting interfacial networks when spherical partidlesn(i26f
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.towaspecific 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 expansibiise 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 shofvigume 4-1. It is evident that
the spherical colloidal particles showrFigure 4-1a are remarkably different from the two fumed
silica sasmples Figure 4-1b andc). 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 stifigiume 4-1c
shovs a magnified image of the particles, where the individual entities that compose the big
aggregate of particles are visiblgure 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 bewdised 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 monolaj@reed by each sampléo the applied
stress, concentrated particle dispersions were deposited to-tWegairinterface 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 teerms shown ifrigure 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 pend, as indicated by the kink present in all of the curves at sudlace

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 higheStat 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 trougfigues).
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.t is possble to determine the percentage of trapped particles for the spherical sample,
since its crossectional area is know{Table 4-1). However, this is not a trivial tagr 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, bothd. SA a
MSA curves are overlapping throughout the normalized area(Bpgure 4-2b), which indicates
that the generated monolayers have similar structural propertiess Thither shown irFigure
4-2c wheretheir isothermal compressibility modulus is plotted with the normalized area. It is

possible to see that the 250 nm spherical particles reach a higian both fumed silica, wti
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is indicative of a network that is harder to comprdsble 4-1). From these points of view, it is

clear that MSA particles have indeed a better trapping effigitran LSA particles.

(a) 75

(b) 75
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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 @lebsotherm 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 nmsp&$iél and MSA

fumed silica particles, respectively.

By utilizing an equation of state, one can estimate some physical parameters of relevance
for the particle monolayergigure 4-3 depicts the best fit results for H®-8) generated surface
pressure isotherms as a function of the estimated particle surface coveraged{Table 4-1
shows the fitting parameters from the bestlfits possible to notice that for the case of spherical
250 nm patrticles, there is a good agreement between the model and the experimental curve, which
is expected. However, when comparing bo8Aland 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
interesing 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 spherigatticles the network is overall nme 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 spherial and fumed silicaauticles under study and their characterization as follows: binding
efficacy at thair-waterinterface, shift of the inflection point area due to either monolayer compaction and/or particle
lost to the subphase comparing compressibasd 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
(— ), and the overall interparticle interaction parameter (a).

- % IP shift .
. Binding Maximum Coverage
Particle Efficacy after 2nd 4 (mN/m) at 1P a
cycle
Spherical 71.7% 5.9% 160 + 12 89.7% 0.69
LSA Fumed - 54.2% 1055 88.3% 0.42
MSA Fumed - 66.4% 1055 89.8% 0.42
70 Spherical
60 LSA
E'50- MSA
“-..__- 4
% 404
\-—/30 7
=20
10
0 T T T ' T M T

02 04 06 08 1.0
0

Figure 4-3. Surface pressure (| isotherms as a function of surface coverage of partiglelftained 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 statEd. (3-8)) are shown in a darker tone. The function only fits the data-for— since

at higher surface coverages tager of particless not a 2D structure.

4.1.2.2 Collapse andHysteresis

When subjected to consecutive compressions and expansions, the monolayers might
experiencehysteresis sinceduring compressionpart of the applied work might be losthich
leadsto expansionsaking a differenpath. This is illustrated iRigure 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 notekiigure 4-4athat there is hysteresis between the first compression
and expansion. However, for the third cycle the difference between the compression and expansion
curves is minimizedindicating that the monolayer was compacted after the first clyjere

4-4b shows the same curves for LSA samples, where it is possible to notice two majendéger

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 cuthescasef fumed silica
particles. A similar behavior was captured for MSA magers. 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 firQmydan also
guantify the amounof shift on the inflection poinfrom one compression to anoth&rhich is
associated with eithgrarticle desorption or monolayer compactids.shown inTable 4-1, there

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

The bigger hysteresis experienced by both fumed silica monolayers indicates that they are
underginga 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 \oataral microscopevascarried
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 d@r folds that maintain the surface area condfaigure
4-4d). However, both fumed silica monolayers show smaller wrinkles upon comprésgjare
4-4e), accompanied by some discontinuities on the monolayer, where the particles are pushed out
of the interface, generating multilayers of partigi@sgure 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.

Spherical LSA MSA
(a) 70+ 1stComp (b) 701+ 1stComp (c) 70
Ist Exp Ist Exp

601e 3ra Comp po 601e 3ra Comp Py 60+
B, £ 50 3rd Exp E 50
Z 40 Z 40+
530- 530-

= 204 = 20/ e st Comp

Ist Exp
10+ 10+ *  3rd Comp

Figure 4-4. Surface pressure | isotherm plotted as a function of the compression rati¢p ¢) for compression
(square closed symbols) and expansion (diamond open symbols) legs of cycles 1 and 3 carriedoootayers
formed by (a) spherical, (b) LSA, and (c) MS#ica particlesMicrostructure pictures of the monolayer beyond the
collapse point for (d) sphericak)(LSA, and {) MSAsilica particles.

One way of quantifying the experienced hysteresis salgulating the work that is added

to the system upon compr essi on37).Aksistanamdousi e v e d
to a piston cell in 3D, where thveork 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 baFiguse 4-5 shows

examples of how the hysteresis coefficient was calculated for monolayers formed with the

spherical particlesHgure 4-5a) and MSA patrticlesKigure 4-5b). Figure 4-5c shows the results

for the normalizedhysteresis coefficient (), 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 spefic surface areawhere MSA particles show 1 order of
magnitude larger hysteresifter 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 decreasasnthe cycle of compression and
expansion are performed. This indicates that some changes in the microstructure are taking place
continuously, which are of irreversible charagéigure 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 higherthan LSA particlefints that the surface areahich is related

to the porosity of the particles somewhat proportional to roughness.

@75 — () 73 — (c) 1000
Compression Compression LSA MSA
601 *  Expansion 60 Expansion P 'Ey;]e |
= g ~1001 Spherical _ =
2 451 2 451 =t Cycle 2|
£ 301 & 10 g = ; .
=30 Z 30 10
= = = i ;
154 15 Cycl
0 0 " 50 100 150 200
50 100 150 200 50 100 150 200 : 2
A (cm?) A (cm?) Specific Surface Area (m“/g)

Figure 4-5. lllustration of hysteresis coefficient § calculation for (a) sphericaind (b) MSA compression and

expansion; (c) Normalized hysteresis coefficien) (esultsfor different cycles of compression and expansions as a
function of different specific surface areas. Black squares, dark grey circles and grey triegdesnt thesf 2
and 39 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 aivater interface. We showed that there are differences between the
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medianical 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 patrticles, however both of them genenateokayerthatis
mechanically similarWhen 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 wesgpdhtion 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. W&how 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 monolayessaposses
much more drastic hysteric behavior. Finally, we show that there is a relatidieghipen the
specific surface area of the partialed the hysteresis experienced by the successive compressions

and expansions.
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4.2.Janus Particle®mphiphilicity, and Caillary Interactions

4.2.1. Introduction

Janus particles bring together two different means of stabilizing interfaces. As a colloidal
particle, presence of JPat a fluid interfacelowers the overallfree energy of the system
Furthermorethe surfaceamphiphilicity of JPscan be tungé in order to enhancthe desorption
energy ofthe particlesfrom the interfacdy having both hydrophilic and hydrophobic surfaces in
contact with the aqueous and ratueous phase respectivelyNevertheless, JPs might not
alwaysbe in an upright configuratiofi.e., Janus boundary aligned with the interfagkgn their
orientational freedom is consider&d 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 expressiofy 222

Yo ,06 A6 8 AiI-O & (4-1)
whereo is the fluidfluid interfacial area removed in presence of the particleandd are the
areas of the polar and apolar regions on theeHpectivelythat are in contact with the apolar
phase (e.g., air or oilT.herefore, assuming dted configuration will impact the values@f and
0 . Tilted particles not only are assated with changing the desorption energy of the JP, but
may generate asymmetric deformations of the contact line depending on their tilt angle at the
interfaceq().1*® This is due to the fact that a tilted Janus particfgegs 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 discusdethil next

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

are often dominated by capillary interactioAsmathematical approach has been developed to
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model these capillary interactions, where the deformation of the contact line arounditthe par

surface is captured as a summation of multiptie$hese deformations give rise to capillary

interparticle interactions that can be estimated by(48) as follows?®

Y . -
~— O°Y O°Y O0OAI®. & - (*+2)
Pao a©
C
Where Y'Y Y i Y b is the energy of capillary interaction ands the

centerto-center dstance between interacting particiesind 6. Consideringi as the index for

particlesd andd, & is the mode of deformatiord( 1, 2, 3, €) correspon
guadrupole, hexapole, et®) is the undulation amplitude for partide ands is the azimuthal

angle of particley, or the rotation angle in the interfacial plane referring to the orientation of the
surface @formation.”Y is related to the mode of deformation and approachek; at long

distances, anis the prefactor that accounts for the multipole interactions, descriptions of both

are as follows

& . . L (4-3)
% AT 6Bt b e fi
o EOR fit &R ft (4-4)
: OEleR 1

f 3 . ]

o P a € Q pA (4-5)
¢t & OA: QARG |

it Aobt (4-6)
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PR BN 4-7)

Whered ¢ ht s a constant independent of the approach arfglés one of the bipolar
coordinates related to the interparticle distance and their siZe,@rdes from the differentiation
of the integral form of®6 ¢ ht  bringing the dependence on to the summation. For

monopolemultipole interactions, another relation must be fé&d.

Introducing the Janus character is shown to drastically change the microstructure generated
by particles straddling the interfaegue to stronger capillary interactiofté.?>Moreover, there
is evidence that interfacially trapped JPs can interact through differentgpdé&as (quadrupolar
and hexapolar) at the same tifd@Furthermore, the Janus character brings additional complexity
when describing theesulting capillary interactions as the orientation of the JPs axis with regards
to the plane of the fluifluid interface () will affect the deformation of the contact line around
the particle, and thus the terms that remain dominant in the descaptiencapillary interactions
(i.,e., m = 1 may not be ignored for JPs). As previously reported, JPs may assume different
orientations at the aivater surfacé? 2’ The distribution of tilt angles, captured for interfacially
bound Janus particles, brings a unique character to JP monolayers, becandermwith the
higher order interactions such as quadrupdhri ) and hexapolar¥ i ), dipolar capillary
interactions ¥ i ) can also be preseHf The mixed modes of interactions may even generate
strong repilsion if the interfacial undulations around interacting particles are not matching as they
approach each oth&® phenomenon previously reported for particle rafts at Afluiid
interfaces??® Therefore, understanding the network of interactions with the many modes of
capillary interactions present in JP mtayers 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 interactios8Thus, a JP present in a populated monolayer might experienc

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 fllui interface and thenodes of capillary interactions at

play, which is the focus of this chapter

4.2.2. Results and Discussions
4.2.2.1Janus Particles Degree of Amphiphilicity

The degree of amphiphilicity¥—} is ameasure othe particlesJanus character. lhe
systemunder studythe hydrophobicity of the gold capas tuned bwttaching thiol molecules to
the surfaceTherefore, lg introducing thiols with longer carbon chainsto the gold capJP
amphiphilicitycan be gradually increaseahile retaining the wettability on theydrgphilic silica
side.Examples ofvaterdropletsformed on the unmodified glass substrate, gold coated substrate
and thiol modified gold substrates, and the resultogtact angle measured in each case are
provided inFigure 4-6. Based on this information, the degree of amphiphilicity was estimated for

Co, C4 and G patrticles, as provided ihable 4-2.
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Silica particle C, particle Cyparticle |  Cgparticle
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coated substrate coated substrate

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 righ@) the untreated baséeaned substrate, (b) unmodified gold coated substrate, () gold
coated substrate modified with butane thiol, and (d)-golated substrate modified with octanethiol. Janus particles

are composed of a hydrophilic silica surfacenioked by the glass substrate shown on panel (a) and a gold cap,
unmodified or thiolmodified, as shown in panels {{@).

4.2.2.2 Surface Pressure Isotherms

The surface pressufe) i area §) isotherm for the three systems under stayprovided
in Figure 4-7a. It can be noted that each curve goes through an inflection point which is associated
with an aread ) that is smaller for g intermediary for G, and larger for & This can be
attributed toeachamphiphilicity having a differentbinding efficacy (Table 4-2). The binding
efficacy is estimated based on the numbers of particles trapped at the intetfizaie was
calculated based on the particle surface coverage at the inflection point obtained from the fitting
of the isotherm to a thermodynamic modeiyided by the number gfarticles deposited onto the
fluid interface!®® The area at the infléion point ¢ ) was then used to normalitee surface area
along eachsotherm, results of which are displayedFigure 4-7b. The inflection poinf the

isotherm has been associated with the painwhich the monolayer has reached its maximum
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packingin two dimensions. Compressing the monolayer past the imffepwint of the isotherm
is shown taresult in thecollaps of the interfacial networ&ither by expellinghe particlesfrom

the interfaceor bucklingof the particulate layef?

Table 4-2. Janus particles under study and their characterization as follows: @égnehiphilicity (/—, binding
efficacy at the interface, shift of the inflection point afeam compression 1o 3 on the Langmuir Trougldue to
hysteresis which can stem frogither monolayer compaction and/or particleslts the subphase, the parameters
obtained from the fitting of the surface pressure isotherms to the Frumkin equation efethéesurface coverage
at the inflection point ) and the overall interparticle interaction parameter (a).

Particle B Binding Maximum % Lost between P a
Efficacy A" (mN/m) cycles 1 and 3 “
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 uiCéalanus particles at larger normalized areas, which
indicates an early network formation due to the anisotropic naturgesparticle interacitons?

There is a clear progression fr@ato Cs and then tdCs whereCg does not resist compression up

to aeas close to the inflection point, which indicates a dominance ofsmg#d interactions.
Plotting the isothermal 2D compressibility modullis)(with the normalized area Figure 4-7c,

further illustrates that resistance to the applied compression indidtger normalized areas for

the particle monolayer formed by tiig JPs, followed by the networks @& and Cg particles,
respectively. It should be noted thlatreaches 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 showiract relationship with the degree of

amphiphilicity, as shown iMable 4-2. This indicates that JP of higher amphiphilicity yield
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monolayers that exbit a larger resistance to the applied compression when

maximum particle surface coverage obtained in 2D.

compared at the
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Figure 4-7. Surface pressure | isotherm for Janus particles monolayerslifferent amphiphilicity as a function of
(a) trough aread() and (b) area normalized by the inflection point aea)( (c) Surface compressibility modulus
(I ) of the monolayers for JPs of different amphiphilicity. Data belongingot®£ and G 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
Ashoul der o recorded on Indgieg obthermorolger dufng thes s ur e
compression illustragthat the monolayer formed by GPs possess particle clusters that, upon
compression, do not combine to form larger aggregates resulting in areas devoid of particles that
persist. In contrast, ddnonolayer is more ufarm and shows wrinkles once compressed beyond
the collapse point. It should be noted that monolayer formed sbgxQibits an intermediary
behavior, with both characteristics, where local wrinkles are observed before the holes between

clusters get filled p 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, propos€aibgrmaret al.}*°to the measured
surface pressure isotherms using both the surface coverage at the inflectior-ppiand the
interparticleinteraction parameten) as fitting parameter3.he results are provided rable 4-2

and are shown irrigure 4-8, where the comparison between the experimental data and the
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resulting ft are plotted for all amphiphilicities as a function of the particle surface coverage (
which wasestimated based on the area occupied by particles at the inflection point, calculated
from — . In agreement with the results showrkFigure 4-7, thesurface 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 similaraserfpressures requires the lowest surface
coverage in the case of @articles. This may be due to the slightly repulsive interaction parameter
(= 0.04)in case doEy particles, which indicates that the network is overall resisting the applied
compression. In contrastCg particles show the lowest surface pressure at the same surface
coverage, resulting from the overall attractive interactiabs (1.09). Moreover, the limiting
packing fraction{ ) associated witlCo is the lowest value  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 for@ed by

particles corresponds to a hexadeclasepack arrangement in 2D and is equivalent to 91%.

It is worth noting that the fitting o is not optimal. This could be attributed to the
complexity of interactions that are occurring at different length scales, i.e., interactibifisreht
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 { isotherms as a function of surface coverageaaticle (3 obtained for JP monolayers
of different amphiphilicities at the awater interface. gparticles are shown in black squares,p@rticles in red
circles, and gparticles in blue triangles. The experimental data are shown in lighter tahdéiseabest fit from the
Frumkin equation of statd(. (3-8)) are shown in a darker tone. The function only fits the datafor— since at
higher surface coverages the monolayer is not a 2D structure.

4.2.2.3.1sotherm Hysteresis

Since interfaces are often subjected to repeated external stfesdes, analysiswas
carried oncycles of compression and expansion undergone bydhéle monolayers, as the
resulting surface pressure isotheragen offer valuable information regarding the hysteresis
involved in thesesystemsFigure 4-9 shows the compadn 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 rabig ©), defined as the ratio between the initial
area at the opebarrier stated ) and the area at any poirt)(during the experiment, which can
be useful with regards to hysteresis anal§8igsrom these curves we can learn information
regarding the induced monolayer compaction (comparing different compressions), and overall
interpartcle interactions (from the differences between compression and expansion isotherms). As
shown inFigure 4-9a, for interfacial layers formed byoQPs, 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 excludkin this case as the maximum pressure reached at the-biased state
remains the same across all three cytieBor G and G monolayers, there is a similar shift to

the right comparing the compressions in cycle 1 to cycle 3, as illustrdtapine 4-9b andFigure

4-9c. Using the inflection point from compressions 1 and 3, one can calculate how many particles
were lost betweethe cycles) € b 0 0 0 jO ,results of which are provided in

Table 4-2.

When comparing theompression to the expansion for each cyclem@nolayers 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 diksolid
behavior’*2In contrast, Gand G monolayers exhibit hysteresis at the first cycle. Howenmghe
third cycle the compression and expansion legs of the isotherms overlap each other indicating that
larger aggregates are being formed and are not Iogeapiart after the expansion, which could be
resulting from the lack of repulsion between the particlesn@olayers experience a similar but
less drastic version of the phenomena taking place in @hich the surface pressure does not
drop vertically to 0, indicating some repulsiorin contrast,Cs monolayerreaches) mN/m of
surface pressuras soon as the area is larger than the collapsevangzh is evidence of shert

range interactions of the particle clusters

When analyzind , for the monolger formed by @, shown inFigure 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 tHiat for both compression @nexpansion 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 eadieotaway. In contrast, for the monolayer formed by the C
particles, the compressibility modulus from the first compression shifts to smaller areas and
remains relatively the same from the first expansion onwards as depi€igdriea 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 aggregatés,tbaeattractive nature

of their interactions. This is also evidenced in the maximum compressional modulus whéte the 3
cycle reaches a higher value (=476 mN/m) than hé¢é~308 mN/m), as the monolayer is
compacted upon compression, and thus is haodeompress. Finally, the monolayer formed by

C4 particles exhibits an intermediary behavior; analogous to tsy<tem 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 seajuire 4-9e.
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Figure 4-9. Surface pressure { isotherm plotted as a function of the compression rati¢p ¢) for compression

(square closed symbols) and expansion (diamond open symbols) legs of cycles 1 and 3 for the monolayers formed by
(@) G, (b) G, and (c) GJanus particles; the compressional surface modiilysf¢r each particle monolayer are
presented bele the isotherms corresponding to (dy &) G, and (f) G Janus particles. Data belongingQg Ca,

and G particles are shown in black, red, and blue color respectively.

4.2.2.4 Microstructure Analysis

To better understand the impact of dRphiphilicity on the microstructure of the
monolayers formed at the interfaceaging 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 inspdcthe resulting microstructur€€omparing the monolayers formed by JPs of
with different degrees of amphiphilicifat 5 mN/m), different microstructuresere observedt
theinterface aslepicted inFigure 4-10. The least amphiphilic G JPsystemappears t@onsist of
mostly open atwater areaslevoid of the particleswith somesmaller dendriticparticle chains
and somdarger aggregatesf more densely packepartides (Figure 4-10a). As the particle
degree of amphiphilicity isicreased, bynoving from Gy JPs to G@JPs(Figure 4-10b), a decrease

in the number of particlehains is observedvhereaghe aggregate size and the connectivity of
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particle rafts increasedhe packing in @ particles appears to be more compact in comparison
with Co particles.For the largest amphiphilicitgtudied the surface network dfs particlesis
predominantly covered by large, interconneegdregateand the bare awater surface area was

the least in this cas€&igure 4-10c). These results agree qualitatively witlgure 4-8, where the
surface coverage is inversely proportional to the degree of amphiphilicity when compared at
similar surface pressure$he different degree of amphiphilicifgresentin the particks 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 interacti@migovern the assembbyf the

interfacial network yielding the capturedarostructures

The SEM images of the monolayers are usedutther investigate the role of particle
amphiphilicity onthe orientation distribution of particles and its connection tartieeostructure
formation at the interface-{gure 4-10d-f). The SEM pictures were used sinitee gold caps
which appear brightecan be distinguished frothe silica cores. From these images observe
that not all particles are oniged with their caps pointing wards, towards the air phasehichis
predicted to behe preferred orientation for a singlanugparticle residing an interfacghen the
rotational freedom of the particle is not cosidet®dt. 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, (€)@, and (c) G Janus
particles of different amphiphilicity. | mages are taket
of the clusters formed by tl#anus particlesf different amphiphilicity (d) G, (e) G, (f) Cs.

The particle orientation distribution for the three systems was quantified arestits are
shown inFigure 4-11. The percentage of cap 4garticles with increasing the JP amphiphilicity
improvedfrom 66 + 2%for Co samples tB0 + 2%for Cg while the number of tilted particles
reduced in halfln addition, the 2D alignment factmalculated for the different amphiphilicities,
illustrated thathe presence of more tilted particles was associated with a less ordered monolayer
asthere is a direct correlation betweafand Y—(seeTable 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 fuhdiaraphiphilicity,

and its orientation at the interface, as discussed in the next section.

69



(a) §=077 S=0.84 §=0.88 (b) 300526 — 1

Y
4

Co Cc4 C8

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 cagligned 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
angk ( ) and the 2D alignment fact@W.

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 eneigg.(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 interfaEegy(re 4-12a, full lines). However, because of the
anisotropy in chemistry present on the surface of Jparticles, one needs to account for the
induced deformations of the airater 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 fromB tilt angle at the interface can be investigated using the Surface Evolver software.
Figure 4-12b illustrates the deformation of the awater interface in response & Janus patrticle

trapped at the interface with variatils angles (| ) for a G particle with— 30 and— 100.

The orientation angle varied frothe capup orientation (i.e., Janus boundary aligned with the
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plane of the interfacé, 0) to sdeways orientatior (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 plottédjume 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 surfadbat 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 desogtgy
becomes less negative as we move from a vertically aligned particl® () to a tilted particle
(  90) indicating that the tilted state is less favorabBleally, a highedegree oamphiphilicity

yields a highedesorptiorenergyfor any flting angle, as expected.

By analyzing the results obtained from the Surface EvoRigu(e 4-12a, discrete points),
it can benotedthatthe desorption energy igarly constant for all particles we movdrom|
T up toa critical angle]( ). Coexhibits a higher , followed by G and G, which indicates that
Co is more likely to assume higher tilt angle at the interface compatbkd togher amphiphilicity
particles.Moreover, the difference between tdesorptionenergy associated with a particle
residing at the interface with a cap orientation compared sadewaysconfiguration with a 90°
tilt angle, is directly proportional to the particles amphiphilicitiis attribute can be the driving
force for the observed particle orientation distributions (kFgure 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 s¢sjeas (
observed from the SEM pictured Figure 4-10d-f. Nonetheless, the high count of eapwvn
particles cannot be explained from thermodynamics point of vieWwjsasanfiguration is the most
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energetically unfavorable orientation. We offer two possible explanations for this observation. The
first is based on the nadeal manufacturing process, where the presence of multilayers in some
locations on the substrateutd 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 metastadi®mrie

due to the energetic Marangoni flows associated with their deposition, attreteirsurface. We

believe that both possibilities could be taking place in our system.
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Figure 4-12. (a) Desorption energy© ) of an interfacially bound particle calculated for different tilt anglgskull

lines represent cases where the surface remains flat regardless of the JP orientation. Discrete peintsespitss

where the deformation of the interface was considered in the calculation of the desorption energy. Results for C

and Gparticlesare shown in black squares, red circles, and blue triangles, respectively. (b) Surface Evolver snapshots
andthe resulting interfacial deformation induced by the JP tilt angle at the interface displaying a particle with surface

characteristics of adGP on the polar and apolar faces. (c) The difference in the energy required to desorb a tilted JP
YO 1 w Tt &nd a cagup oriented JFO 1t J from the interfacegs a function of the degree of amphiphilicity

(Y-} 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 oould 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 parédieally aligned particles (cap
up or down) will introduce a contact line deformation that is likely correspondent to the shape of

the Janus boundafy 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 ¥ 1 ) and/or hexapolar™ 1 ).”> 22 While those higheorder capillary
interactions are associated with vertically aligned particles, tilted JPssmabebresent on the
monolayer, which adds the dipolar mode of interacfi¥n{ ) 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 studsiqure 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 mentionecktarlier, interactions between ntlied 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, whergaslainexa
dominated monolayers will assemble in a hexagonal arrangéfefif.For our system, we
observe amorphous clusters, with occurrences of both arrangements locafig(seeB0-3a).
The presence of tilted particles also impacts the overall packing which makestitviarto
determine a dominant mode of capillary interaction. One way of approaching this probtem is t
analyze the bond angles between neighboring particles to investigate whether either squared or
hexagonal arrangements are more freqérfrom the analysis carried ot Figure BO-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%igh originate from a hexagonal arrangement even
though the microstructure is overall amorphous, as sdegumne 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 particle$ (  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 e azimuthal angle (or approach andie). 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 distandesand approach angle¥(), is shown inFigure

4-13a. The values shown in the figure represent the total interaction enéigy Y normalized

by the surface tension () and the squaretdkformation amplitudé@® ) assumig,, 72.8 mNm

andO 32 nm. For our systerfQwas estimated based on the roughness of the core particle and
the roughness introduced by the metal deposition, following the work of Qiatrdit &.possible

to notice that therare 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), attractiobevdhsued. 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 maf 2%°For instance, in a systecomposed of two particles
interacting via hexapolar capillary interactions, the maximugpiane 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 ufavorable 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 compliettentkof interactions arises

from the manybody interactions, which could constrain theplane rotations.
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Figure 4-13. Radial map of normalized pairwise capillary interaction for two particles as adnftcenterto-center
separation distance (r) normalized by particle diameter (2R) distances and-fHairdérapproach angl¥«(). (a) Two
particles interacting through (a) hexapolar and (b) dipolar capillary interactions. Regions shown in redgi#aent
repulsive (attractive) capillary interactior&y. (4-2) Was used to calculate tirgeractions.

FromFigure 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 ofdbe deformations

that are caused by these particles. These scenarios are illustfatrded-14a andFigure 4-14b

for particles interacting solely via hexapolar or dipolar modes, respectively. For cap up particles

interacting via hexapolar mod€igure 4-14a), they may experience an attraction (particles la
lla) or a repulsion (particles Hdla) depending on how they approach each other. For tilted
particles interacting via dipolar modeigure 4-14b), we have a similar scenario where matching
deformations are attractive (particlesllb) and opposing deformations are repulsive (particles
Ib-111b). It is also possible to observe thasataller distances, vertically aligned particles interact

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

The interaction potential between a verticalligned particle and a tilted particle is not
trivial, as shown peviously byRezvantalab et aunder the simplifying assumption that upright
particles do not deform the interface (i.e., smooth Janus boundary), which is not ré&ligtien

considering that verticaltgligned particlesleform the surface in a hexapolar fashion, we arrive
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at a scenario with interaction profile depictedrigure 4-14c. For the attractive pair (tc), at

large disances, 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 othé€rhis can be explained by acknowledgthgt 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 hexapolarTtiess exemplified by the

pair Icllc in Figure 4-14c, where the downwardmterfacial 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 areadnetfaectwo fluids.
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Figure 4-14. Cartoons showing the tegew of three particles trapped at the-wmter interface, where upward
(downward) surface deformations are represented as a plus (minus) signeah(biue) color. Capillary interactions
resulting between two pairs are provided in the bottom panel for particles interacting either attractively (particles |
and II) or repulsively (particles | and 1ll) and are as follows: (a) Hexaptdetapolar, (b)Dipolar-Dipolar, (c)
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HexapolafDipolar. 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 Kralchedvky etultipolar
capillary interactiong??

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 distandecttaacterizes the first shell of neighbors
(analysis can be found in tiAg@pendixB, 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, uptilted, etc). As shown irfrigure 4-15, the majority of interactions are between particles
possessing cap up configuration, as expected. When considediRg €21.0% of the interparticle
interactions are betvea the capup and tilted particles, in contrast to only ~12.5% fedEs This
indicates that within €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 dparticles, as displayed 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 @iéint orientations as a function of JP amphiphilicity.
From left to right, upup, uptilted, updown, tiltedtilted, tilted-down, downdown. Data belonging to=Cs, and G
particlesare shown in black, red, and blue color respectively.
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Once the interaatg 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 deforsnatnstant
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 patrticles are always in teeatitactive configuration with respect to their
pairs. Therefore, pairs containing at least one vertical particle will follow the attractive capillary
interaction scenarios (blue curves) showikigure 4-14a andFigure 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 capillaeyaotion.
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Table 4-3. The 2D alignment factofS), the normalized stored energy per partigle—e), and the corresponding
energy inQ"Yfor monolayers obtained witach particle system

. Y4 o S'/?JL -
Particle ] ﬁ 1 041(Fk‘|;_|_)
Co 0.77 -0.62 -3.5
Cs 0.84 -0.81 -4.6
Cs 0.88 -0.89 -5.1

Figure 4-16 shows the normalized particle interaction energy as a Voronoi diagram, where
area surrounding each particle is colored with respect to the amount of capillary interaction energy
correspondingo that particle resulting from its neighboii$ie corresponding SEM images used
in the analysis ofFigure 4-16 can be found in the Supplementaryoimhation(Figure BO-5). It is
worth noting that the cluster formed by @articles depicts a higher occurrence of repulsive
interactions (colored in red) when compared to teel@ster, which is dominated by atttive

interactions (blue).
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Figure 4-16. Voronoi diagram of a particle cluster from a (a)a@d (b) G (c) Gemonolayer. The particles center is
shown as a black circle, and the area surrounding thelpasticolored 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 pa&’l‘b{gﬁg, results of which are provided Trable

4-3. There is a direct correlation of interaction eneftgij @awith the JP amphiphilicity¥—). All
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amphiphilicities yielded attractive interaction energies, which is expected for ar ¢chetaevas
selfassembled at the aivater interface. These results are in agreement with the physics obtained
from the fitting of the isotherms, where; @articles were found to exhibit stronger attractive

interactions@ 1.09 compared to the other tvamphiphilicities.

It should be noted that a number of assumptions were made in the beforementioned
calculations, as follows: (1) cagown particles are equivalent to eap particles in the calculation
of pairwise interaction, which might not be true liose particles are indeed homogeneous
untreated particles and not edpwn 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 dependem 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, whichasnecessarily the case since these are
not symmetric Janus particléBhe 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 themiation of an interfacial
microstructure and its mechanical properties, JP monolayers of different amphipkiicey
subjected to compression and expansion stresggsheir response was examinétie analysis
was carried out via the measurement of aef pressure isotherms followed by their
characterization with an equation of state to highlight the impact of JP amphiphilicity on the
resulting interparticle interactionghe role of JP amphiphilicity on the microstructure formation
was further investigtedby determiring the orientation distribution of JR$ the interface from the

images of the particle networks at the\aater interfaceSurface Evolvesoftwarewas usedo
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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 wasfound that for higher amphiphilicity JPsgtie is a larger energy penalty for
particles to assume a tilted orientation at the interface in comparison to those vertically dligned.

is postulated that the different orientation distribution captured for various degrees of JP
amphiphilicity, dictateshe modes of capillary interactions that are present within the monolayer.
When comparingJPs of different amphiphilicities it can be concludel that the capillary
interactions induced by the tilted JPs at the interface and the resulting interfacialadiefios are

the maincontributing factor tasuch different selissembly behavior at the -avwater surfacand

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, asitheir 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'%® Moreover, the surface pressure of JPs monolayers have also been shown to impact their
resulting interfacial rheolog§® Consequentially, this illustrates the opportunity use the
capillary interactions as a tool to tune the properties of interfacial systerfidinderstanding
these concepts is kag designing interfacial systemby engineering the surface attributes of
particles, ands essentialor numerous applications of seftatter, as listed in the New Directions

for Chemical Engineering®
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4.3.JanugParticles Amphiphilicity, andinterfacial Shear Rheology

4.3.1. Introduction

The study of JRaden interfaces is an active area of research to discern the impact of JP
attributes such as amphiphilicity and roughness omibeostructure of the resulting network and
its interfacial rheology, which can be utilized in engineering the performance of resulting
interfacial system$®*24° Using a multicomponent LattieBoltzmannmethod, simulations have
shown that not only the Janus character and amphiphilicity of the particle affect the rheological
properties of the interfaciallirapped particle monolayer, but an applied shear flow itself has an
impact on the configuration ofapticles and their assembly. The authors observed the directed
assembly of a cluster of randomly oriented spherical JPs into ordered structures at a sheared
interface between two immiscible fluid® Irrespective of the particle siz&d for intermediate
surface coverages (3265%), the capillaninduced interaction$ resulting from the overlap of
the deformed fluid interface under shear flowielded particle chain formation normal to the
shear direction. Despite the computatiotatiees available on JRden interfaces, which indicate
their unigue 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 homogneous particles (1:40 Jarmsmogeneous 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 moffélayew studies
have assessed the response of JP monolayers to dilational sttég&&=or instance, the behavior
of poly(methyl methacrylate)/poliert-butylmethacrylate (PMMA/PtBMA) Janus particles
(diameter of 172 nm) at both airater and decan&ater interfaces was studied in comparison with

those obtained from PMMA and PtBMA homogeugoparticles. 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 compressiomaodulus { ), indicating the presence of a stronger netwofkVhile

the shear rheology of pecle 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 rheolagsfates

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

As complexinterfacial systems are often subjected to applied stressasious industrial
and technological applicationg is important to study thdynamics and resultingtability of
interfacialmicrostructureslin this regardwe examinedhe behavioof JRladen fluid interfaces
under large surface compressidios high surface pressureahd interfacial shean orderto
highlight the impactof JP amphiphilicity on the resulting mechanic§o 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 tidsigkatedn
the previous sectigrthe amphiphilicity of JPs affect the resulting interparticle interactions and
leads tovariations inthemicrostructureof the particle networkevenwhen compared dhe same
surface coverageWe propose a comparison between different particles at similar surface
pressures, or similar surface energiks.we have determined the relationship betws@riace
pressure and surface coverage, we are able to compare the amphiphilicities under both
perspetives.We performed amplitudeweep experiments identify the linear viscoelastic (LVE)
regions andsubsequentially performesimall amplitude oscillary sheafSAOS) measurements
to characterize thienpact of JRamphiphilicityon thesurface viscoelasity of the layerat various

frequencies of oscillatian
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4.3.2. Results and Discussion

To probethe viscoelastic responséthe different JPmonolayersthe LVE regime needs
to be determined for each sample at different surface pres&igase 4-17 depicts the shear
amplitude sweeps performed for each of the JPs at various surface présmuaticasesas the
surface pressure increasts surface elastic modulu®() also incraseswhich isexpectedas
higher surface pressures are associated with denser netwbekamplitude sweeps foroQPs
(Figure 4-17a) show that there is a minimumrgace pressure (~10 mN/m) necessanydba good
signal to ratioresponse irthese measurementsrhis behaviorhas a direct correlation to the
microstructureshown inFigure 4-10, where at 5 mN/m the network consists mostly of ggpartes
and smaller aggregatédompressing the monolayer increasesstiréace pressuf@and the surface
coverage), which then results @ more cohesive and responsive network, grasents the
characteristic LVE region and deviates from it at larger amplitudes of oscillafiguse 4-17b
showsthe same curvesor Cs; however at 5 mN/mthe network possesses a more responsive
character (compared t@)COnce again, this can be explained by the facttthathieve 5 mN/m
of surface pressures@articles require a highg@articlesurface coverageith less voided space
in between particle cluster§he same holds true fog@s shown irFigure 4-17c. Additionally,
when comparing thplateauvalue of elastic modulust the LVE platea{'O ) for each surface
pressureCo monolayers presead the largest enhancement i® asthe surface pressure was
increasedfollowed by G and G (Figure 4-18a) This is directly correlated with the range of
surface coveragehangs experienced by these monolayegson compression of the layer and

increase in the surface press(Feure 4-10).
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Figure 4-17. Elastic sheamoduli of JP monolaysmeasured at = 1 rad/s, with increasing shear gtramplitude
[, as a function o$urface pressurd@he monolayers were formed by partiatéslifferent amphiphiliciy as follows
(@) G, (b) G, and (c) G.

From the shear amplitude sweeps, one can estimate the yield($tdeassociated with
each monolayer at a given surface pressure as described B&jore @-4b). Figure 4-18 shows
the results for alV—Figure 4-18a depicts the critical elastic modulu®() for each JP at different
surface pressuréAs discussed before, there is an increaséOinas the surface pressure is
increased. Interestyly, Co monolayers always show a smallér when compared to£and G.
However,Cs shows a transitiofrom 10 to 15 mN/m wherg shifts from an elastic modulus
the same order of magnitude@sto "O values comparable togCThis could beattributedto the
changes in the microstructure whergransitionfrom a more open network to a more densely

packeds taking placaipon the compression of the monolayer

Figure 4-18b shows the critical shear stra{h ) for each sample at various surface
pressuresThe value of is closely related to the range at which interactions take ptéatere
longerrange interactions are associated with higher critical striiisspossible to note that over
thelower surface pessurestudied(i.e., 30 mN/m), @ monolayers show the highter, which
can be associated with the dominance of ltregrange dipolar interactions present at the

monolayer from the higher concentration of tilted partickegure 4-11). Once the monolayer is
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further compressedhe shorrange hexapolar interactions take place and dominateetiark,

represented by a convergence of all samples at30 mNm.

As shown by Eq(2-8), theproduct of and"O can be understood as the yield stress of
the monolayer{( ). Figure 4-18c showst for each sample as a function of surface pressure and
Figure 4-18d illustrates the same dates a function of surface coverage (estimated from the
equation of state calculatiorfSigure 4-8). The shape of the curves is dictated'®y, especially
at highe surface pressurewherel values are similar for all sampldseverthelessf of Co
monolayers are slightly closer @ and G due to its highef . When shiftingperspectives and
looking intot as a function of surface coverage (n Figure 4-18d, Co monolayers show a
higher yield stress dirst, since it needa lower surface coverage form a network that resists
the shear stressedowever at high surface coveragel, is comparable for all samples under
study, which indicates thatirface yielding at close to jamming surface coveragesakly related

to the monolayer amphiphilicity.
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Figure 4-18. (a) Critical dynamic modul;j (b) critical shear straifi , (c) yield stresst of the JP monolayer with
different ampbhiphilicities at various surface pressaref{d) surface coverages calculated frBigure 4-8, measured

at v = 1 rad/ s

Similar to the analysis done Kigure 4-18, one can also determine the properties of the

surface related to yielding based on the crossover point, or the point at@hichO , and the

surface transitions from solikke to fluid-like. Figure 4-19 shows the results associated with the
crossover for all amphiphilicities under studtyis possible to note that the crossover dynamic
moduli (Figure 4-19a) has similar features to the one shown beféigure 4-18a). However,
from this perspective one can determinedifussoveiO , for Gy at the lowest surface pressure (5
mN/m), which was not captured the previous analysiBigure 4-19% shows the crossover strain

¢ ), whichis associated with the range of interactions taking place. It is cledardtiaG and
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C4 are dominated by long range interactions at the lower surface pressures, whenaasaC

constant crossovetrainamplitude throughout the surface pressures probed.
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Figure 4-19. (a) Crossover yhamic modulj or the point at whichO  "O ; (b) crossovershear strain , or the
amount of strain necessarydbift 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 pressuteshould 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 performedhe data wthin thehighlighted rangeln line
with the results obtained for compression, the larger differences are observed lpebrekyers
formed by theCo particles(Figure 4-20a) andthose created by th@és particles(Figure 4-20c).
The retwork formed by g particles shows a frequency dependent response,Witimcreasing
as the oscillating frequency increases. In contrast, the interfacial netwogkpaftiles appears
to be less sensitive to the time scale of the applied stress within the experimental window of
frequency. Interfacial layer formed by the g2rticles (Figure 4-20b) behaved in an intermediary
fashion. This highlights that more amphiphilic particles tend to behave moreliselhen

compared to less amplhiic Co JPs likely due to the more packed state of the interface
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Figure 4-20. Dynamic moduli of the JP monolayerith different amphiphilicitiesat various surface pressures
measured at ¥ = 1 r fmedquerscy( ). \a) @, lib) G and, (ceG FRoi anygdata ittexpaetation
high frequencies (highlighted ied) should be avoided since thare dominated bgeometnyinertia.Data highlighted
in yellow shoutl be taken with care.

The viscoelastic nature of the monolayer can be evaluataetidlyzing the loss tangent,
0A1 O "0 » in which the value o® A1l is lower than 1 for solidike surfaces and smaller

than 1 for fluidlike surfaces.Figure 4-21 shows the evolution of the loss tangent over the
frequency sweepsn(the range 00.02- 10rad/9, at 15 and 40 mN/nThere is a clear tendency
of a mondayer being morelastically dominated with higher amphiphilicities. Additionallyisi
possible to notice that throughout thequency range probed at the lower surface presSigeré
4-21a), Co monolayers transitiofrom a fluid-like behaviorat low frequencies to a sollikke
responset frequencies higheéhan 2 rad/s. Such transition is present only fpp&ticles, which
approactO A1l =1 at frequencies close to 0.2 rad/s.n®nolayers behave sollike throughout
the whole rangdt is important to note that at low surface pressures and frequencies, the measured
torque approaches the limits of tieometet®®, which explains the scatter data fos. Eor the
higher surface pressur€igure 4-21b), all curves are shifted down, towards a more sl
scenario, as expected. #ese conditionsf pressure and frequency, the monolayer formeddy C
particles is the only taross O A]l = 1. Once more this is likely due tothe different
microstructures present at these monolayiersvhich G possessea lower surface coverage in
comparison to the other samples.
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Figure 4-21. Loss tangen®O Al , for monolayers formed bgach JP sample at (a) 15 mN/m and (b) 40 miata
belonging to G, C4, and G particles are illustrated using black squares, red circles, and blue triangles, respectively.

exponent

It is possible to model the elastic respolga power law relation @® © 7

wherethe

W p; wis the effective noise temperature and is relatetthécenergy barriers the

particlesneedto overcomen order tojump into a newconfiguration of lower energl? As @

approaches § © 0), the system approachasglassystate.We fitted the experimental points

within the frequencies of 0.1 and 10 radssthis is the most reliable range of measurenténts.

Figure 4-22 shows the exponehtas a function oboth thesurface pressure and surface coverage

of the monolayert is clear that there isdnvertedcorrelation between andY—-as at all surface

pressuresCs particlespossess the smaller exponents, followed bgr@ G. Even when changing

perspectives andsualizing the data as a function of surface coverage the trend is gifgiare

4-22b). Therefore thisis an indication thaat those conditions of surface pressure and frequency

of oscillations, @ particles are approaching a glassy state. A nmedepthdiscussioron thistopic

will be presented in the next section.
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Figure 4-22. Exponent as a function ofa) surface pressure aifid) surface coverag®ata belonging to ¢ Cs, 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 Jamargiclemonolayergormed by particles

of different amphiphilicitiesAmplitude sweegxperiments weraitially performedo determine

the LVE regime and theonditions at which theurfacelayer yields From the perspective of

surface pressure,o@vas associated with the smaller yield stressomparison to £and G.

However, when shifting the perspective to surface coveraigepossible to notice thato@orms

a networkstrong enough ¢ present a yield stress at lower surface coverages. Based on the

amplitude necessary to yield dadto reach the crossoverg farticles showed the shorter range

of interactions, followed by £and G, which is in agreement with the study done in the previous

chapter From the frequency sweepstis possible to conclude that @onolayer exhibits enore

viscoelasticcharacterfollowed by G and G, which are more elastically dominated. From the

exponential dependence presenthe elastic modulus with frequency, we were able to infer that

the G monolayer is approachirgphenomenoanalogoudo a glass transition, which is thapic

discussedn further detail in the next chapter

91



4.4. Two-dimensional glasgransitiorlike behavior of Janus particladen interface

4.4.1. Introduction

In many applications, interfacial materials become subjected to shear flows and the
interface does natmain static; therefore, the response of partaien 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.aRgrlexKatepalli et al.
(2017) investigated the rheological behavior of Pickering emulsions stabilized by either spherical
or fractatlike particles. It was demonstrated that by tuning the interparticle interactions of-fractal
like particles from repulsiveo attractive, the emulsion viscosity increased by one order of

magnitude, whereas for spherical particles no appreciable difference wasfound

The twadimensional rheology of interfaces has been used to corroborate stability
mechanisms impacting the resulting performance of maaliponent syems. Cicuta et al. (2003)
showed that the el astic modul us -lastbglolbuiingahdny ¢ on
air-water interface scales linearly with surface concentration. The authors relate this result to a
parallel in 3D, where compregssemulsions at concentrations above the random close packing
exhibit a similar behavio?®® Soft-glassy behavior, reported to occur for asphaltene populated
hexadecanavater surfaces (~2 molecules/ris shown to b responsible for the prevention of
drop coalescenc@! 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 eleatrsiggngtht>> 2°2For instance, Van
Hooghten et al. (2013) reported that rough carbon bladiclesr (33 and 62 nm) present at an
octanewater interface formed a monolayer that exhibited an attractive glassy behavior, which aged

with time yielding a more elastic interfa¢&Maestro et al. (2015) demonstrated that hydrophobic
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modification of silica nanopatrticles (diameter of 30 nm) with surfactants increased their surface
coverage and switeld the surface behavior from fluidke to solidlike, with 2D glass
properties™ Shearthinning behavior has been reported for percolating pattiden interfaces at

surface coverages below jammifig Polystyrene particles (diametgrl+ 0.2e m) wer e st ud
at the airwater interface (phase contact angle-ef 117J), where the presence of a monovalent

salt in the sulphase (0.4 M NaCl) screened the repulsive interparticle interactioni@medafor

the formation of dense particle aggregates strongly bound to the interfacetHst@ag behavior

at low surface coveraganE 0.6) was attributed to the breakup of initially densely packed
aggregates into smaller disordered clusters uporeasig the shear rate. At higher surface
coveragesd> 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 sheahihning behavior stems from yielding of the particle layer at the
interface?>® Shape anisotropic particles haveambeen studied at aivater interfaces®®: 254 255

Beltramo et al. (2017) demonstrated a significant yield stress in interfacial networks of shape
ani sotropic particles (polystyrene ellipsoids
for spherical particles at the same interfacial covet#g&his 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 comprehgasreview on the rheology of particladen

interfaces can be found elsewh&te 256258

The rheological properties of JP monolayers formeg particles of different
amphiphilicities were discussed ihe previous sectiorin this section we focus on interfacial
monolayers formed by JPs of higimphiphilicity (i.e., @) to demonstrate how existing knowledge

on 3D bulk rheology can help to gain understanding of the dynamics of ptatele interfaces
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and provide predictive capabilities for other linear viscoelastic material functions. Ouwrdata
frequency dependent interfacial rheology demonstrates that the 2D networksadédRirwater

interface undergoes a transition that resembles a glassedsed surface pressures.

4.4.2. Results and Discussions
4.4.2.1.SurfacePressure andMicrostructure of Janu®articles at theAir-Water Interface

The surface pressure isotherm and the accompanying microstructure formedQgy the
Janus particles at various surface pressures are providadure 4-23a. As the surface area
available for the particles was reduced by closing the barriers, from 150 to?6€hemsurface
pressure increased. The microstructure present at lower surface pressures (1 mNmiNangl 5
illustrates large particle clusters with an area spanning open network. Additional pictures of the
microstructure at 1 mN/m are provided in #yependixB, Figure B0-6. The formation of area
spanning dendritic structures by JPs at a fluid interface has been deppRark et al?>° and is
attributedto the presencef 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 phsdicles.
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 imexmsples of which are
provided inFigure 4-23b andFigure BO-7, shows that 8% of the particles resided at the interface
with their gold cap orienting upwards (i.e., the Janus boundary was aligned with-wineteair
interface). It should be noted that the ensemble averaged vahexofstallinity order parameter
(Ce), obtained over all particles in the monolayer captured within the SEM images, is calculated

to be ~2.0 £ 0.1, indicating an amorphous structdppendixB).
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Janus pdicles at fluid interfaces tend to present microstructures dominated by capillary
interactions®® 260 These capillary interactions are usually of high order multipoles (either
guadrupoles or hexapoles) as monopolar interactions are negligible for +simednparticles
(~107°Q"Y and dipolar interactions are neglected for homogeneous paffitldswever, as
shown in the SEM pictures of the microstructure and their analysiBigcire 4-23b), not allthe
particles have their Janus boundary aligned with the surface. The presence of tilted particles
introduces dipolar capillary interactigh$ which in addition to the higher order capillary
interactions dictate the overahicrostructure. 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 théadgrgterations
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 eviderkigdna 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 vyields thenterfacial 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 monolaydrave been discussed in chapters 5 and 6, respectively
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Figure 4-23. Surface pressure isotherm for the Janus particle monolayer at-thatairinterface; examples of the
microstructure formed at different surface pressamsd captured by an inverted optical microscape provided
along the isotherm; from right to left timeicrographs belong to the surfgoeessurs inincreaing orderas follows:

1 mN/ m, 5 mN/ m, and 10 mN/ m, respectively. Pastialéd e bar
monolayerat 5mN/malong with the distributionf the Janus cagrientationwith regards to the plane of the interface
(i.e., cap up, sideways, and cap dov@galeb ar i s 10 & m.

4.4.2.2 Surface Shear Rheology of Jamasticles at the A¥Water Interface

To identify the linar viscoelastic regime (LVE) for 2D interfacial networks, images of
which are provided ifrigure 4-23, strain amplitude sweeps were performed at 1 rad/s, and in the
ocillation shear strain range of 0.0@00%, results of which are providedRigure 4-24. It was
found that the connectivity of the JP surface layer is strong ertousgppport 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 measuredasigit 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 d&@a; andO 7 , by choosing a shear

strain amplitudeof 0.03%, which is in the LVE regime as determined earlier Fsgpare 4-24).
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The dynamic modulus increases in value as the surface pressure is increased as disjdayed in

4-25.

As shown inFigure 4-23, the particle surface coverage is increased by compressing the
surface area, as expected. From the Langmuir trough measurementssibteo 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’i® as the surfazpressure is increased, which has been related to an increase
in surface coverag¥® We attribute this difference in behavior to the high interfacial shear
viscosity of themonolayer, 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 obtaindteflitnelmy plate

residing outside the cup.
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Figure 4-24. Dynamic moduli of the JP monolayerat=" 3 0 mN/ m, measured at ¥ = 1 ra

strain amplitudg . 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 presssteyn by thearrow)of =15, 10, 15, 20, 30, 40, and
50 mN/m; (a)Storage modulus, (bH)loss modulusColored 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 paotttie
domains withirthe microstructure (cfigure 4-23), all"O and’O data assume the same shape,
for all surface pressures studied, and can be merged into a single set otorastevia a time
pressure superposition (). The t s process follows the classical pattern of 3D tteraperature
superposition. Data at surface pressure of 30 mN/m were chosen as reference state for
generating the master curves. This requitesl ttme shift (horizontal shift factoty ) and the
modulus shift (vertical shift factog) ) values of which are provided Figure 4-26. The resulting
master cures belonging to the various surface pressures are illustrateglire 6aand expressed
as complex viscosity ikigure 4-27b. Both shift factors are aboatually involved. In this way,
the timepressure superposition @) of JP monolayer dynamics varies from traditional {ime
temperature shifting where the vertical shift factor r and"O is close to unity for many

viscoelastic materials (3D).
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Figure 4-26. Horizontal shift factorsd (closed symbol) and vertical shift factdr (open symbol). The reference
state is =30 mN/m.
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Figure 4-27. (a) Dynamic modulus data merged onto= 30 mN/m;® "O 1  closed symbolsg "O 1  open
symbols. (b) Complexshearviscosity from master curve at = 30 mN/m.(c) 6 ¢j¢ for master curve with
experimental data as red open circlébe linesbelong to the power law relaxation time spectriy, (4-8), as
discussed in the text, with parameters listed Wwitjure 4-28.
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The same data are presented in three different ways, always in conjunction with the
respective spectrum predictiorsg (4-8), below). The loss tangent, displayedrigure 4-27c,
has the typical format as expected for a liqdile choice of surface pressure= 30 mN/m as
reference state is purely arbitrary. The data can now be shifted to other surface pressures, even to
values in between, where no experiment has been executed. This free use of the data is possible

becaus@f the known t s shift functions, values of which are providedrigure 4-26.

The validity of theO ,"O data was confirmed using the Kram&monig check?*which
involves the calculation of the relaxation time spectrum. At first, the datgafe 4-27 were
modeled with the parsimonious model of Baung et al,?%? 23which seeks a discrete relaxation
time spectrumiq. (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 fdmé JP monolayer suggests a power law format. Insetieequations
(3-29) and(3-30), thecontinuous relaxation time spectrum of the parsimonious rffd&fwas
able to fit the experimentaD and"O of Figure 4-24 and Figure 4-27a. The shape of the
parsimonious relaxation time spectrifigure 4-28), having a dominant positive slope and a
fairly abrupt cutoff, indicates the possibility of a poview spectrum very much like the BSW
spectrum of a colloid near its glass tramsifi®* 26> This is expressed as a linear superposition of
two power laws. The lorgme relaxation behavior &fmode) lelongs to large scale
rearrangements in the surface layer, while localized particle rearrangements and their short time
characteristics give rise to the fastemode:

.l_

.l.
., . _— 48
o t @) T @) F (4-8)
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Validfort t .Beyond thatuppertimelimit, 1 ,the spectrum does not exist,

Ot mfort Tt .1 denotes the minimum in the spectrum where the two ptaves

meet. This spectrum was foutl closely reproduce the experimental data as showigure
4-27 for the = 30 mN/m interface. An overlay of the parsimonious spectrum and the BSW

spectrum compardke two inFigure 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 pover 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 dominatedldy modes of larger patch&s
Therefore, the fact th&D 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 reappearane 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
tubelike constrainf®’ In this study, 2D dynamics of the Janus particles at the interface involves
constraining by neighboring particles, which ¢@nenvisioned as twdimensional 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 canect 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 surfassum@® 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 dratder to define as further elaborated below.
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Figure 4-28. Continuous relaxation time spectrié 1 as determined by parsimonious met#éd% shown with
discrete points, and approximated as continuous fundiign4-8), shown in dashed line = 30 mN/m data were
approximated withO ™t dN/m; T o §s;¢ ;T p& UL pTS;E T, using a simplifiedO

0O .

The pair of master curves of dynamic moduli for all surface pressureBi¢eee 4-27a),
shifted to 30 mN/m, includes the crossover betw&nand "O , which characterizes the
frequency at which the surface behavior is switched from visdomsnant to elasticlominant,
all while remaining in the liquid stati.has become common practice to define a nominal longest

relaxation time based on tfrequency of théO ‘O crossover.
T — (4-9)

For the JP monolayer of this study, the longest relaxation time is cldse to only

slightly smaller:
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T8 g (4-10)

The value of this ratio depends on matesiadcifics but is the same for all compositions
of this study satisfying ts. That includes the Janus dynamics,Figare 4-27. The BSW model,
Eq. (4-8) with data ofFigure 4-28, provides the values df and oftf  as appropriate for
the experimental data. The valuestof obtained for different surface pressures are provided in
Figure 4-29. The relation betweer and was generated by taking tife value at the
reference statd, =34 sat =30 mN/m, and shifting it in the sameaywasO andO were

shifted to generate the = 30 mN/m master curve.

0- ! | ! ] ! ] ! ] !
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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 pargg#:-8), is
new for 2D viscoelasticity, but it is exactly the same as was found aarB& viscoelasticity.
There, it defines the dynamics of the colloidal glass transition in three dimeffions
Macroscopically, the colloidal dynamics of the 3D glass transition-&earring in the twe

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 interfacgsembly of Janus particles

undergoes a transition analogous to a 2D glass.

4.4.2.3Linear viscoelastic properties of Janus partiaelen interfaces

The knownrelaxation time spectrum can n@rovide predictivecapabilities to be used
evaluate linear visctestc material functions such #se relaxation modulu® 0, as defined in
Eq. (3-27), and the creep complianee 0 . For this, we use the relaxation time spattras
calculated with the parsimonious model in comparison to BBWE. timedependent relaxation
modulws and creep compliandeigure 4-30, are very similar for themo modelsof the relaxation

time spectrunpresented ifrigure 4-28.
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Figure 4-30. The known relaxation time spectra allow predictions of other linear viscoelastic functions=f@0
mN/m dynamics: (a)Rdaxation modulus, (b)Creep compliance; dotted lines for parsimonious spectrum and
continuous lines for BSW power law relaxation time spectim(4-8), and parameter values as listed wiiure
4-28.

The SAOS experiments did not allow us to increase the frequency to a level where more
of thel -dynamics would goveras the geometry inertia takes plaktés outside our SAOS range,
while barelyshowing the nset of -dynamics as the upper end ofthevindow. Dedicated high
frequency methodsould beneeded to learn more about thalynamics, which is outside the

focus of the current studyn consideation of this limitation, ittle information is available here
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about thé -modes sinceO and"O data were taken in a frequency range wereg tmeodes

dominate. Without accounting for themodes, the zershearsurfaceviscosity reduces to:

0
- L (4-11)
p £
The corresponding zerghear compliance calculates as
, € P
M R S (+12

Thee are a few examples. The choice of= 30 mNMm 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 ts. Material functions as shown here are usefulafwrancing 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 loweanidsque |
of rheometers. In addition, the subphase drag contribution might introduce noise into the system
if one is operating at low values Bfj number'®® 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 interfd€&In short, the algorithm consists of solving the
velocity profile at the interface and in the subphase numerically, and estimatirdyatpe
contribution from the subsurface, which allows for its removal from the raw data. As stated in
Vandebril et al.Bq >> 100 is desired when conducting interfacial rheology measurements to
ensure negligible contributions from subphase dtadherefore, we applied the subphase
correction to decouple the interfacial contribution from the bulk genedasepand examine the

significance of the bulk contribution in the generated data. The comparison between the raw data
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and the sulphase corrected data is providedigure 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 suioplerted 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 classicheology 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 thesitie data obtained at various surface
pressures were collapsed intmaster curve via a tirqgressure superposition @). 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. Therélagation spetrum
further provides us with predictive capabilities and allows us to describe additional linear
viscoelastic material functions for twbmensional materials that can be useful in the rational

design of formulations tailored to different applications.
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5. Mixed Systems of Negatively ChargParticlesand Sodium Dodecyl Sulfate

In this chapterwe focused orstudying the mixed systems of partgland surfactantat
interfaces to understarleir synergistic/competitive behavioear interfaces. Howevesince we
areinvestigatinga system with similarly charggmarticlesand surfactants, we first need to address
two subjects carefully: (1 there adsorption of SDS onto the surface ataHilf so, what are the
conditions that promote or prevent such adsorptifghWhat is the importance of S$drolysis
on interfacial properties relevant to the systé&n®hich point doeghe contaminant concentration
become relevant®/e will first investigate thee two questions and thproceedo theinterfacial

measurementsf 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, Bgpecraixed
systems including silica particles, due to their ubiquitous industrial and technological
applications®: 268When 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 ontofabe of
nanoparticle€®®2’® This phenomenon has been reported for multiple sizes of silica
nanoparticle¥® 2¢°and has been employed in tuning the pasiclesttability. Adsorption of

cationic surfactants onto the surface of silica partieléisat are hydrophilic due to the dissociation

of their surface silanol groups in watepromotes the hydrophobicity of silica particles, which in
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turn makes the mixte of silica particles and cationic surfactant an effective stabilizer for foams
and emulsiond’ 272 While at low surfactant concentrations, the attraction of the cationic
surfactants polar head onto the surface of the nedjatcharged 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.$6f{fion
Since the adsorption of surfactants, in form of a single layer or a bilayer, ensarflace of an
oppositely charged particle can alter the particles wettability and surface charge differently, tuning

the surfactant concentration is of interest in many industrial applic&tibA&

When comparing likeharged species, such as silicagarticles 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 th 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 interactidnin contrast, it has also been reported in the
literature that silica nanoparticle dispersions can be slightlylukztal by the addition of anionic
surfactant, a behavior which has been attributed to an increased negative background potential that
facilitates particle collision§™® 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 strgth and pH’%27° Even for the case of widely used anionic surfactant, sodium
dodecyl sulfate (SDS), previous studfés?” 28928 haye beerinconclusive 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 inFigure 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 prasad 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, 28286

In presence of salt, in a mixed solutiof 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 surfactantancentrations above 0.01 nf Adsorption has also been observed to increase as
surfactant concentration increases under varying salt conditions unticritieal micelle
concentration (i.eCMC) is reached, at which point adsorption is reported to decrease as micelles
form in the solutiorf®® In contrast, a complete lack of adsorption of SDS on the surfacecaf sil
particles has also been reported even in the presence of elecftfogecan be seen iRigure
5-1a, with the reports available ohé effects of salt addition on the adsorption, or lack thereof, in
a mixed system of SDS and ldeharged silica particles, it remains unclear what electrolyte

conditions induce adsorption.
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The effect of pH on adsorption is similarly inconclusive. Atighgly basic pH of 8, low
quantities of SDS were found to adsorb onto the silica particle sifffadesorption 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 dmair tsupercharginéf? In some cases, it has
been suggestechdt SDS does not adsorb onto silica particles, specifically near neutral pH
conditions?8% 283289 contrast, occurrence of adsorption his® &een reported at a neutral pH,
for SDS surfactant concentrations in the range of 3.5 mM to aDbM& (~8 mM).28% 289A study
on pH effects reported adsorption at various pH values tested (i.e., 3, 5, and 7); where a decrease
in the amaint of adsorbed surfactant was found upon increasing the pH, increasing the SDS
surfactant concentration was reported to promote adsorption at all pH.¥alsesan be seen in
Figure 5-1b, while reports are available on mixed system of silica particles and SDS, the findings
are inconclusive about the pinge 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

suggesthe occurrence of adsorption, while others argue its abgerge2% 21

In order to tune the adsorption of surfactants ontgtiniace of similarly charged particles,
it is first necessary taleterminethe conditions that induce adsorption. Through systematic
variation of the surfactant concentration, ionic strength of the solution (i.e., by the addition of
background saltand/@ DS ) , and the particleds surface che
could be examined. For instance, pH variations affect the dissociation of the surface groups on the
particles surface, altering the strength of electrostatic interactions betwedarlgicharged
specie$? Additionally, changes in the ionic strength could affect the interactions between the

surfactant molecules and the correspondidC value?®? Therefore, one needs to carefully
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examine the impact of each contributing factor on the resulting behavior intorsieecify 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 literaturee aeported 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 concentratioheoadsorption behavior. Our
findings provide insight on the significance of these attributes with respect to adsorption behavior

and highlight the range of solution properties that promotecliggge adsorption.

5.1.2. Results and Discussions
5.1.2.1.Characterization 6Particle Dispersions
Results of SEM imaging of particles and the characterization of particle dispersions at low
background salt concentration®i mM KNQs are provided iTable 5-1. The pH value, averaged
over all the dispersions used in these studiesbwas 0.2 It should be noted that silica particles
of size larger than 500 nm, forwhiee® 1, were not deemed suitabl

sedimentatin impacts the DLS measurements.

Table 5-1. Properties of silica nanopatrticles used in this study: particle diameter estimated from SEM dDalykis (
hydrodynamic diameterq ) obtained from theDLS measurements carried out in 0.1 mM background KNO

el ectrolyte solution, ¥ ankasuwed atthe sama cbriditohse ahd thezclkatga dempsitiels e n t i
estimated usingi “tetermined based on the measuted . The pH for all dspersions was 540.2.

Silica particle

inal si Hed T * z
nom(|r?riI)S|ze (nm) (nm) (mV) (e Chci
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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
500 500+60 529+7 -72+2 0.310.02

5.1.2.1.1. Effect of Electrolyte

Variation in theelectrolyteconcentration 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 detarenthe salt concentrations that can be used in the study of
mixed surfactant/particle systems to generate reliable data from the DLS measurg@iments.
experiments were performed at a numbed€Os electrolyticconcentrations (0.1, 1, 10, and 1000
mM), without adding any acid or base to the dispersidre effect ofsalt concentration on the
measuredhydrodynamic diameteid ) of the particles is presentedkigure 5-2a. As expected,
with increasing the salt concentration, the average particle size also incrAasdte salt
concentration increased in the range of 1 to 100 mM, the rate of increase in the measured
hydrodynamic size was larger for th@0 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
100mM 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 pletental at the
high salt concertation useigure 5-2b depicts the variation in the measured zeta potential of the
particle dispersions as a furasti of electrolyte concentration. It can be observed that zeta potential
exhibited a logarithmic dependence on the ionic strength, where incraasinglectrolyte
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 shorteebye lengthThevalue ofl  estimated from the calculated
effective concentrationg®duced from 17.8 £ 0.7 nm at 0.1 mM K@ 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 collodal 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 thielyimqact 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 patrticle size at all electrolyte
concentrations, we limited theusly of mixed surfactant/particle systemsbulk 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 belowrd0 mM i

order to avoid aggregation effects impacting the results of the measurements.

2000

a) T e (b) o} —-im
1500 —*—500 nm —e— 500 nm
_— _ L
E 9 20
~ 1000 =i
== 40+
a /{/ =
500 T
. U -60 |
0F 1
L s s -80 ' s ' L
0.1 1 10 100 0.1 1 10 100
KNO, (mM) KNO, (mM)

Figure 5-2. Effect of KNG; electrolyte concentration on (a) hydrodynamic size) @nd (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 ofpH

In order to examine the response of péatanly 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 mdyIrEd@s
of which ae displayed inFigure 5-3. It is worth noting that no pronounced aggregation was
observed for the systems analyzed here. For the case of 100 nm particle disgepions{3a),
at a neutral to high pH range-9, the value of measured zeta potential remained nearly constant
with pH alterations. This behavior could be attributedhe 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 sitznm,gr
which consequently resulted in a decrease in the magnitude of the measured zeta potential.
Applying the modebdescribed in Eq(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 gt8ups

For the 200 nm dispersioRifjure 5-3b), asimilar 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 highsurface charge density found for 100 nm particles
when compared to the 200 nifaple 5-1), since vicinal groups are associated with silanol that
are in proximity to ach 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 surf&€€®°To incorporate this factor when fitting the data
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with the model, the lefhand side of the Eq. 6 was calculated with both pKa values (2.9 and 8.9)

and summed.

= 100 nm 0O 200 nm
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Figure 5-3. Effect of pH on the zeta potential of (a) 200 nm (b) 200 nm particles. The model was calculated based on
Eq. (3-6) and a pKa input value of 2.1 wasedsto 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 patrticles.

5.1.2.2.Characterization of Mixed Surfactant/Particle SystemBulk
5.1.2.2.1. Effect of SDS at Various pH

The bénavior of the mixed surfactant/particle system was analyzed as a function of the
solution pH, for the salt (KNg§) concertation of 1 mM. It should be noted that for the mixed
surfactant/particle systems, no pronounced increase in the measured partictes sibserved as
the pH was loweredrigure 5-4aillustrates the change in the measured zeta potential for mixtures
prepared with 100 nm particle dispersions. Theees 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, carbe attributed to the adsorption of surfactant molecules onto the particles surface. At
a neutral to high pH range-@, the effect of surfactant addition on the zeta potential was less
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pronounced compared to its impact at low pH rang®) (2 his trend iexpected 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 psutielee and surfactants

due to chargeharge repulsin.

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 charg 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 pamticldispersions in the
absence of SDS. I n addition, tdriasamaesdontaning 6 s s
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 conditioi®) However, as stated elsewhere, surfactant
adsorption reaches a platealCaiC, and the additional surfactant molecules are responsible for
populating the micelle€® which is in line with our findings that the maximum adsorption is at
concentrations equal or above tdMC. Therefore, the higher madude 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 illustratesthe change in zeta potential at various SDS concentrations for 200
nm particles. When comparing the partioldy to SDS/silica mixtures, there is a clear increase in
the magnitude of the zeta potential when SDS is present for almost all pH valuestiniglgreg
the higher pH values (pH O 8) there is a decr
samples containing SDS, whilst the partioldy dispersion showed an increase in the magnitude

of the zeta potential, as discussed previouslys Torroborates 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
particleonly systems, it deters SDS adsorption and therefore leads to a decrease in the particle
surface charge density for the samples with SE\§ufe 5-4d). Therefore, adsoran 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 highl
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Figure 5-4. Effect of surfactant concentration on (a, c) zeta potential, and (b, d) surface charge density of 100 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 ofSDS 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
concentratiorwas 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.,'O O O O ‘O ) 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 etqrkdor the particl®nly 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
chages 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)(  0.01 mM) the trend was similar tthat observed for no SDS
systems. For intermediate SDS concentratiofsl ( & 0.5 mM), results of some
measurements showed deviations from the trend observed for the no SDS cdngiti@rmore,
as the surfactant loading was increased (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 chargeansities, depicted iRigure 5-5b. At high surfactant concentrationd (1
mM) in mixed surfactant/particle systems, presence of surfactant molecules enhanced the
magnitude of the particle surface charge density. fiiing 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 surfag charges on the particle were lower. This results from the calculation of the
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chargedensity (Eq.(3-5)), whee the Debye length is the dominatingrighle 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, theers a tradeoff for increasing the overall ionic strength, which
changes both the Debye length and the measured zeta potential. This can be visuztzed in

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,afgesigns of adsorption at
moderate pH conditions (betweer6h Nevertheless, from the charge density perspective, the

results are scattered since there is a convoluted effect of SDS angdokiNi@ ionic strengthiQ
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Figure 5-5. Effect of variation in the added salt (KNJGand surfactant (SDS) concentration, reflected in an increase

in the total ionic concentratioff{of the dispersion, on (a) zeta potential and (b) chargsitgtesf 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 particl®nly dispersions, prepared at different KN§dncentrations, are shown using blue symbols,
whereagmeasurements obtained for mixed SDS/silica samples, obtained at differeaaK8i@DS oncentrations

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 decoupt the effects of SDS on the ionic strength of the solution, from that of the added
KNO3 salt, and examine the origin of the observed supercharging on the particle surface, we used
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the mean ionic product), which accounts for the impact of ions, othart 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 ag¥bllows
S o o 7 (5-1)

where® is the concentration of SD&) is the concentration of all specigs, is
the average activity coefficient of the system, calculated from the El¢bgieel equation as

follows:

| Tre ™ p p LO S0 L O (5-2)
p P& p @ U0

Using themean ionic product to analyze the measured data allows for the comparison of
the results in mixed SDS/silica systems to those obtained from pamigladispersions with a
similar i onic strength. Data on hshyasagfumatiani c |l e 0 :
of the effective ionic concentration$), for samples containing SDS, is showrFigure 5-6. For
comparison, the corresponding values for samples without SDS, i.e., panficidispersions, are
also provided in the figure as a function of the total ionic streri@itn(addition data available
in the literature on the mixed SDS/silica system, obtained from various referénés2 285 286
are also displayed on the same plot. It is worth noting that inferring about the SDS adsorption, or
lack there® onto the particle surface, solely based on the zeta potential results shiéigaran
5-6, is not trivial since there are multiple factors at play in case of nsix@@ms. There is a large
scatter in the data, both from this work and those reported elsefftéte?®? 28 2840 jllustrate
the clear distinction between the data obtained for mixed surfactant/particle systems withlISDS (f

symbols) and those for partietaly 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 Blyua in

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 camications, 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 casgmrtiee®

was used in the charge density calculations and therefore the results exhibit greater variability.
Compared td-igure 5-1a where a definitive region indicating SDS adsorption was not clearly
delineated,Figure 5-6b offers amore distinct differentiation between the characteristics of

samples with SDS and those of particldy 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 ' for sampleswithout SDS and mean ionic produdf) for samples with SDS. Our data is shown along

with data taken from several referené&g8® 282. 285 28 || symbols correspond to mixed surfactant/particle samples

and open symbols belorng particleonly 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 suréacharge 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 Varis pH and Electrolyte Concentrations
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To determine tb 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 generatepHatanges
that were conspHd®maad @howgb &) These wmlues wepetselected
based on the response of the partariéy dispersions to pH alterations, where at low pH range,
reducing the pH resulted in a decrease in the madmpibithe 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 ifrigure 5-3.

Figure 5-7 illustrates the measured zeta potential and calculated charge density
corresponding to nasurements carried out at low and high pH ranges for SDS/silica mixtures
using data from both 100 nm and 200 nm systé&igsire 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 particlenly dispersions in presence of KBlO'he 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 chadgasity 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 Esgere 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 istnengths for particlenly systems
are not only due to different KNS&oncentrations 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 nptesent 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 exhibéaa distinction
depending upon the presence of SDS. This is also evidenEgglire 5-7d where the calculated
charge density for some of the mixed surfactant/parsamples falls in the region that belongs to
particleonly data in presence of KN@alt, even at high effective concentrations of SDS. Higher
pH values are associated with a higher surface charge on the silica surface, as sfigune in
5-4b andd, which may hinder adsorption. Nevertheless, at high pH and high SDS concentration,
there is indeed an elevated charge density observed, suggesting that even underdhieses,con

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 totadnic concentration (I) for samples without SDS, and effective concentrabipmhof
samples with SDS. Top charts (a, &), whdehthe bottainachiads belomd ai ne d

to those measur ed &)t Dafabkainet from bloth 100aam gnd 200 mrrHparticle samples were
used in generating these plots.

5.1.3. Summary of Findings

In this section we investigatedmixed systems of silica particle and SDS surfactant, and
examined changes in particle surface properties in resptmalterations in solution pH and
electrolyte concentration in order to shed light on factors that promote or prevent surfactant
adsorption onto the patrticle surface in case ofdikarged SDS/silica system. We applied dynamic

light scattering to measei 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 alteratiora of zet
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 reajimghich 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 particl&ur findings show that SDS adsorption onto

the silica surface occurbkely through entropicallydriven 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 200 mM). However, it miglitauoease

the particles zeta potential (i.e., supercharging of the particle surface may not be detected);
i. An acidic environment i mproves surfactant

iii.  Basic environments could hinder adsorption and supercharging pmetbence of isolated
silanol groups on the silica surface; however, high SDS concentratibns 10 mM)

might overcome the pH effect.

v. There is a tradeoff between the i1 o0onic stre
di sper si onos idhé&ddy ® a maximgn df increask in the magnitude of
charge density on the surface of particles to take place in the rangEOahM of total

ionic strength.
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V.. The supercharging effect is | ess H0mMvhounce:
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 mst commonly used surfactants is sodium dodecyl sulfate (SDS), which is an
anionic surfactant with a critical micelle concentrati@MC) 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 -saligle
surfactant?® SDS is synthesized by sulfating the lettfzain alcohol, rdodecanolalso known as
lauryl alcohol (LOH), which is considered a contaminant in SDS sarfifiléss statedby
Mysels?®” impurities that have similar surface activity to SDS (by weight percent) do not impact
the SFT readingsHowever, LOH exhibits a higher surface activity compared to SDS due to its
lower solubility in water, which is attributed to the relativadyer 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 moletulee ~3. Thereforeeven trace
amounts of LOH present in the solution can affect the behavior of the solution and resulting
experimental measurents?* For instance, in a 6 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 additior20 mN/m reductiorin SFT.2%° The isotherm is therefore
shifted to lower values compared to that obtained for a purified SDS sample. The amplified
reduction inSFT, contributed by LOH molecules, will continue to persist as the SDS concentration
is increased. This effect can be attributed to an increase in thectwdentration of LOH
molecules present in the sample until ®&IC of the SDS solution is reachéd Once SDS
micelles are formed, contaminant LOH molecules can be solubilized in the mi¢&hssa result,

increasing the SDS concentration pastGMC resultsin SFT readings that are closer to the values
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for pure SDS sampleég® A characteristic dip in SFT isotheraroundCMC value is thus an
indicator for the presence of LOH in the sami3fdt is important to mention that the presence of
LOH molecules at the interface is not as consequential if thgoalan phase is oil. As LOH is

highly soluble in organic phases, it does nauaculate at the interfacé

Adsorption of SDS molecules onto the interface is strongly impacted by the presence of
electrolyte in the solution. Thair-water interface carries a negative electrostatic potential
compared to the bulk due to the ordered water molecules at the intarfdk® preferential
adsorption of anions (e.g., hydroxyl group from the dissociation of W&tefhe net surface
charge at thair-water surface becomes less negative in presence of electrolyte, promoting SDS
adsorptior£® 34 Additionally, the presence of ions in solution increases the surface activity of
SDS molecules by decreasing the electrostatic repulsion between the anionic head®§roups
Reduced electrostatic repulsion between the SDS head groups at higher electrolyte concentrations
facilitates micelle formation and leads to lowekC values and higher aggyation number in

SDS micelles?6: 307

To remove LOH from SDS solutions, several purification methods have been developed.
Among these methods, foaming the suizellar solutiorf®’: 3% 3%%passing the solution through
an adsorption colum#t® successive compression and aspiration of the sytfaemd repeated
recrystallization of the solution with alcohol (e.g. reagent alcohol or ethanol) and%watgr12
313 have been utilized, individually or in series, to @lei 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 aime concentration of both SDS and LOH molecules, temperature, and pH

of the solutior?®4 297, 314
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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 emorkerswere the firstd determine the amount of LOH in SDS
samples based on both high performance liquid chromatography (HPLC) methiadear®FT
measurement¥® 3%The HPLC method was shown to be sensitive to the alcblaat tength 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 chemicataminations, under equilibrium and Ron
equilibrium conditions, and based on surface tension shifts, was derived by Lunkenheirfér et al.
as a means to check the purity of the systenSkiti 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 accuracyhaf instrument used to measure the SFT values.
Vollhardt and CzichocRi®studied the effect of different isomeric alcohol moleculeadsorption
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 SFTdifference, where 0.1 wt% of contamination yields a 15 mN/m éiffee from the pure
SDS surface tension value. A more rigorous approach based on a thermodynamic adsorption model
was developed by Kralchevsky et?#lto determine the amount of dodecanol contamination in
the sample. Further information on this thermodynamic model will be provided in the materials

and methods saon.

When considering the use $FT 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 dgfent 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®'® Not only the geometry, but differences in aging time for surfaces to reach equilibrium
with the bulk phase can also be a crucial considetatl If one compares the SHieasurements

using a pendant liquid droplet in air with that of a rising air bubble in the solution, besides the
higher area per volume ratioj(w) for the drop geometry, the surfactant adsorption will also be

impacted by the concavity of the interface itS&ffA low concentration of contaminants can also

be an i ssue when comparing two diofd,theimtialt met h

bulk concentration could be considerably depleted, influencing the equilibrium state of the
system® This effect has been illustrated by Addison &hdchinsori!?, where the drop weight
method (performed at different rates) and the Wilhelmy plate method were used to rfeasure
surface tension of SDS solutions. The slower the rate of formation of the drop on tveedybp
method, the more time was allowed for the adsorption of contaminant molecules, and the closer
the surface tension was tiee SFTreadings obtained from ¢hstationary (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 examinedwo 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 fo probing the response of interfaces to shear such as the magnetig'teetle
interfacial disk/bicong®® doublewall-ring,'® and microrheology®®: %3 184 For example,
Poskanzer et &f° studied the effect of adding dodecanol to the surface viscosity of SDS solutions

ard 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 oscitlatiop/bubblg4’: 217: 321. 324

latter two are the focus studiescarried out in thisection

The surface dilational rheology of LG¢bntaminated SDS solutions was studied by
Wantke et al., using the oscillating bubble method with frequencies ranging 56 Hz323 To
model their experimental results, the amamponent rheology model was used due to the relatively
constant concentratioof 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 shoutdriiegout that
the sampl e SDSdl edh ashespureex per i nleerSETsisotkexyh i bi t e
which points to some degree of contamination. These results were later utilized by Aksenenko et
al.?'3 as input to their twaomponent rheology model. However, even with the more robust
approach comparetb Wantke et af?® their model was only able to qualitatively fie

experimental data from the previous work don¢hgyauthors??

When considering the effect of background electrolyte, Fainermarrémnatasured the
dynamic surface tension and the surface rheology of SDS solutions with hardness salts such as
CaCband MgC} 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(DSgnd Mg(DS) complexesthat are rore 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 gatieed Frumkin modei?®
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Thissectionaims to better understand timeportance of SDS hydrolysis and how it impacts
surface measurement$Ve 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 udgeamic 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 depictedrigure 5-8. A comparison is provided withetreference data from
Tajima and coworke?&® 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 eletyte present. Fronfrigure 5-8a, it is noticeable that the
SFT measurements obtained for both the unpurified and recrystallized samples are not in
agreement with theeference data. This is due to the synergistic effect of SDS and LOH when both
present at the surface, which results in a decrease of théoSkTarger extent compared to a
surface solely populated by SDS moleciifésThe difference between the measured curve for
recrystallized sample in this study and the reference cufé®himts at the presence of LOH
molecules inthe solution even after the recrystallization process. Data obtained for the
recrystallized sample displays the characteristic contamination dip in the curve before plateauing

at concentrations abov&MIC.
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Next, we moved on t&FT measurements in presenéelectrolyte using 10 mM NacCl
solutions, as shown figure 5-8b. For comparison with the data available in the literature, in this
case we used the reference cymwavided by Tajima&?’ In this referencethe SFTwas measured
with the dropvolume (i.e., dropwveight) method, with a similar pure SDS samysed inthe work
by Tajima et al3?® but using 10 mM NaCl solutions. For the present study, the measured SFT
curve for recrystallized samples in 10 mM NacCl solusaverlaps with the reference datam
Tajima®?’ The higher ionic strength of the stan 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 atithevater surfacg® thus, increasing SDS activity.
However, as established from the resultBigure 5-8a, it should be noted &t 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 surfacesiem isotherm.
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Figure 5-8. Surface tension isotherms of unpurified (red circles) and recrystallized (blue triangles) SDS solutions with
(a) no background electrolyte and (b) 10 mM NaCl. Comparison is also provided with reference data (black squares)
from Tajima on: (a) pure SDS suilons with no electrolyté?®and (b) pure SDS solutions with 10 mM electroffte

Some error bars are not visible because they are smaller than the symliphizadapted from Re#s® and®?” 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., thé@kedume 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 fewemttatules 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 adsorptipd p mint ), which makes
it more sensitive to impuritigsusually present in small concentratiGnsompared to the pendant
drop shape tensiometer, which has a larger-@realume ratio §j «* ¢ i1t ). This
phenomenon is caused by the depletion effect that takes place when highly-actiface
molecules, sucls LOH, are present in bulk in dilute concentrations and have access to a large
area available for adsorptid® When the amount of molecules tre surface exceeds the amount
of molecules in the bulka( 6 & ), depletion is considered to be significdfit. As
explained by Semmler &t.3?® when depletion effects cannot be neglected, both dynamic and
equilibrium surface tension readm differ from systems with an infinite surfactant reservaoir.
Therefore, one should take depletion into account when the conditions of the application fall into
the beforementioned criteriohable 5-2 shows thej wfor the three geometries discussed in this

work.

Table 5-2. Values of area to volume rati6j(w) calculated for different methods used in the measuremeiieof t
surface tension.

Method ojw i
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{—, Eq.(3-18)) of LOH, calculated for the unpurified sample, is provideBigure

5-9a. Pendant drop shape tensiometer results are most affected (notice thiechigiiue in Table

1), having less than 100% of the initial LOH bulncentrationd, 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 mostlg@aiby the higher surfactant reservoir available

in both WP and RB methods in contrast to the pendant drop. Therefore, methods withjauhigh
value may not be suitable for capturing the i1

surface measements.

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 restigure 5-9b compares thesbtherms 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 duthtoslow adsorption proces¥' 31°For comparison,
the surface tension readings after 30s and 3h aredpibas a function of concentration for the
RB measurements. Such slow adsorption is caused bothbyéahe f t he system and
spherical 0 shape of t h air-water lslrface js suarouddedtbi the f a c t
surfactant solution analaorption is taking place in a convex surf&téence, the time necessary
to reach equilibrium is increased as compared to the WP, which hesaa atisorption geometry
and a slightly smalledj w value (se€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 midiebe obtained by the WEFigure 5-9b). This
is possibly due to the slightly largéi w for the RB, which can affect the equilibrium surface

tension at a constant laiconcentratior®’: 328

Finally, by ushg Eq.(3-19), onecan calculate the depletion depth and the diffusion time
scale for WP geometry. For the RB geometry, one has to cd@Xett "Qto account for the
curvature!®” Comparing the two geometries, as shown in Figure 2c, it can be seen that the WP
requires less time for equilibrah 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 caeXptained by the sharp increase in the
equilibrium adsorption calculated for IOH (seeFigure AO-2ain 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 scalelssaked between the
unpurified and recrystallized samples can also be explained by the different molar fraction in both
samples, as shown Figure A0-2b, whereboth 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 tensin 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) ntieod (red circles). The values reported by Tajima for pure SDS solutions
(measured by the WP technique) are provided as a reference (black sefuécg<alculated diffusion time scales

with model given by réf” 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, raotamf 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 modeh order to estimate the degree of contamination in the samples.
Results achieved from each model are showhaible 5-3. The error related to the LOH molar
fraction estimation was calculated, based on the method used in the appetidixwafk 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 mode
yielded a higher degree of contamination, which can be attributed to the additional feature of

considering the chargedr-water surface.

Table 5-3. Molar fraction of dodecanol (xLOH in mol%) obtained fromsbfit 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 defWaals 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 inFigure 5-10. The fits obtained using both Frumkin and van der Waals model are shown
in Figure AO-1. As previouslydiscussed inFigure 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%, respeciiheyorder of

magnitude of the results agree with those obtained in the original work by Kralch&8vsky
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Figure 5-10. Surface tension isotherms for the unpurified (red circles) and recrystallized (blue triangle) samples fitted
to the thermodynamic model developed by Kralchevsky #f 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 ea, as illustrated ifigure 5-11a, and track how the surface tension changes
with the applied perturbations (E¢B-21)). The surface storage modulus obtained from
rheological measurements on a rising bubble suspended in unpurified and recrystallized samples
is shown inFigure 5-11b. Results are provided for solutions in the absence and presence of the
electrolyte. The surface viscous modullis of both unpurified and recrystallized samples is
not negligible as depicted 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 moddteis®?® 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
recrystallzed samples.

The i mpacts of electrolyteds presence in t
also been examined for both unpurified and recrystallized samples. As illustriigdrim5-11b,
the Il of the unpurified sample is not greatly affected by the addition of 10 mM NaCl at
concentrations below theMC, other than shifting the entire curve to lower SDS concentrations.
This indicates that the comgition 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 gegr€asand an
increase il . This can be attributed to the higher surfactvity 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 bothunified 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 soludroalks. F
samples, there is a significant drogl inat concentrations above t6@&1C. This behavior indicates

that the surface is populated by both SDS and LOH molecules at concentrations b&l®hCthe
whereas the solubilization of LOH molecules into Sifgelles at concentrations abo@MC
dramatically reduces the effective concentration of LOH in the bulk, which drives the adsorbed
LOH molecules out of the surface and into the BekC*°For the recrystallized samples in 10 mM
NaCl, measurements on SDS solutions at concentrdticges than 6 mM SDS (above tdIC

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 moddlh§ é&nd (c) viscous modulud =&f unpurified (red
symbols) and recrystalk (blue symbols) samples. The effect of electrolyte is examined using samples with no added
salt (open symbols) and in 10 mM NacCl solutions (full symbols). Some error bars are not visible because they are
smaller than the symbol size.

5.2.2.5.Surface Rheologicalodeling via TweComponent Model

The composition of the solution (i.e., the amount of LOH and SDS present in the sample),
obtained from the fittingf SFT isotherms to thermodynamic models (5able 5-3), is used in
calculating the resulting surface rheology via a-temponent model. The experimentally
measured rheological properties (iFegure 5-11b andc) are compared to results obtained from
the twocomponent model as illustratedrhigure 5-12. For the unpurified SDS sample, there is a

gualitative agreement between the experimental data and the predicted values. However, using the
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LOH values obtained from the fits of the SiS6thems to Frumkin and van der Waals models as

an input for the rheological modeling yields some features in the rheology predictioRg)(see

5-12a andb) that are nbobserved in the experimentally measudath and are not expected, as

the surface concentration of both molecules is expected to increase monotonically with bulk
concentration. In comparison, theleal minima and maxima are not present in predictions
derived from Kr al che Figwebyd.Ihesedodat rhaximasandsmtinonan i n
present for both Frumkin and van der Waals models are due to the deperfdaecadsorption

value calculated from the surface tension figy(re A0-2c-d). In addition, the Kralchesvsky
model properly predicts the viscous contribution mesgexperimentally; 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 adsorptiéigire 5-9¢c) and the high LOH

adsorption value predicted from the adsorption isoth&igufe AO-2a).

For the recrystallized sample, a good agreement does not exist between the measured data
and thepredicted results based on any of the adsorption model inputs, as showA jpmelix
A (Figure AO0-3). Thiscould be due to depletion effects playing a more prominent role in the
recrystallized samples because of the much lower LOtkoab 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 midgutublue

circles and viscous modulu®%n red open circles) to the predictions obtained from adsmponent rheological
model. The presented data & 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 andHydrolysis

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 dpméakagakiand ceworkers3!* Over
the 90 days period of aging, surface tension and rheology experiments were performed on a
recrystallized SDS solution. The @orence of hydrolysis process is expected to increase the
overall degree of contamination in the sampfeShown inFigure 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 whiehpeovided inFigure
513aas wel | The sampledbs dodecanol guanti ty,
tracked as a function of aging time as showfigure 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 (xLOH = 0.138.003 mol%) By comparing the isotherms at 5 mM
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SDS, it can b seen that the surface tension values exhibit a slight decrease due to aging (i.e., 46.5
+ 0.9mN/m at day 0 and 44% 0.2mN/m at 90 days of aging). To capture the effect of aging on

the surface rheology, rising bubble shape tensiometry measuremeatsangsd 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 tH@MC of the solution to prevent the solubilization

of the LOH molecules into the SDS micelles. As shawRigure 6¢, theomplex modulusli( *)

of the surface increases with aging tiff#é ?*while the phase anglg 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 SDSulptgd surface$® 32 When
comparing the values from day 0 to day @increases by a factor of 3 dndlecreases 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 thanabe im¢he 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), Hl¢aatfiangles) and

90 (full triangles), and the corresponding fits from the Kralchesvsky adsorption model. (b) Molar fraction of LOH
present in a recrydtzed 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 mbISSas 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 timaplications 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

summaized as follows.

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

predicted by the Kralchesvsky model.

(i) 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 vakrestien used as an input

to a twecomponent rheological model. All thermodynamic models yielded surface rheology
predictions for the mixedolutionthat were in fairly good agreement with the experimentally
measured data. Nevertheless, the only model @bleapture 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 tleadings 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 solutidghgufe 5-8b) and the lower values of
elastic modulus for the recrystallized sample in presence of added electFadytee (5-11b).

However, the surface rheology of the 10 mM NacCl 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 modutunce th&€MC 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 dadesdilational rheology were
measured during the aging time up to 90 daye 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 ggirour 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 Silittelé%sat the A

Water Interface

5.3.1. Introduction
As stated in the previous section of this chaptéerfacial systemsomposed olike-chargel
particles and surfactants are not well underst&wn less is known on the effect of particle

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

We investigatedhesescenarios usingnegatively charged silica particlespbericaland
fumed) and the anionic surfactasudium dodecyl sulfateSPS. The systemsveretestedat the
air-water interface using &angmuir trough coupled with a microscop& microstructure
observationWe compared the impact of SDS presence on the measured surface pressure isotherms
and the related compressibility modulus. Next, we estimatedat@at 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 hysteresisoagsed 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 monolayef 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 ifrigure 5-14. The measured contact angles illustrate a hydrophobic character for
all the particles used in this study, which originates ftbenreplacemerdf the silanol groups on

the surface of silica particles veanizationreacton using DMDCS. Since these contact angle
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measurements weperformedon a particlecoated slide, there is inherently roughness associated
with the measured value, whighknown to alter the wettability of a surfat® Thus,since the

surface is far from smooth, the measured contact angle can be represented by tHga&@ssie
eqguation, which considers the air that is trapped between the particle surface and the drop and how
it enhances the hydrophobic character of shefa@3?° This effect is expected to be more
prominent on surfaces with higher roughness, which is the observed tfegdia 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 BS 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 inghetifnstof
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 lie$acing the solution, is enhanced due to the favorable
interactions between the SDS hydrophobic tail
Therefore, it is expected that the particle will become more hydrophilic at higher SDS

concentrationsyhich 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 ica10 mM of NaCl electrolyte concentration as a function of effective SDS concentration
(63).

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 measurgdhe 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
pressue), which is set by their bulk concentratiGilgure 5-15a shows the total surface pressure
that result from the spherical silica particles and surfactant mixturésrest different SDS
concentrations of 0, 9, and 42@MC 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 aiwater interface. As can been from the figure, higher SDS concentrations are
associated with a higher initial surface pressure, related to their adsorption atwateasurface.

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-oal ipasurhee pr e®s \Figure 515 shows as

a function of trough area for the same systems. It is important to note that, differeridrom

5-15a, where all the surface pressures converged at the end of compression, i.e., in the closed
barrier statefFigure 5-15b exhibits different surfacerpssures for each case at the end of the
compression, since we excluded the surfactant contribution. Additionally Figume 5-15b we

can infer that the presence 8DS at the aiwater 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 theprocedure 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 kfigure 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 the particles are interacting over a similar rariggure
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 froft 16 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
NacCl. (a) Total surface pressure (considering particles and surfactants contributions) as a function of trough area; (b)
Particleonly 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 infiectitn
normalized area. Different concentoms 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 systemsEq.(3-20) can be used to fit the experimental data by varying the particle surface
coverage at the inflection point{) and the Frumkin interparticle interaction parameter).(

Figure 5-16a depicts the surface pressure isotherms and the best fit&f¢820) asa function
of the particle surface coverage]. 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-highe6t89.
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For the mixed system of particles andgfactants, as the surfactant concentration was increased,
the curves shifted to the left, indicating a more open network is being folmgdnportant to

note thathe agreement between the model and the experimental data waasenadentrations

close to 50% of the CMCThis indicates that some key attributes of the monolayers are not being
captured by the used equation of statehigh SDS concentrationdhe 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) affecting the surface pressure.

Figure 5-16. (a) SphericalParticleonly surface pressure () isotherms as a function of particle surface coverage

(—) obtained for different SDS concentrations. Restdt 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 at6% CMC and9% CMC, respectively. The experimental data are showrgimdir tones and the best fit from

the Frumkin equation of state(3-20)) are shown in a darker tone. The function only fits the datafor— since

at highersurface coverages the monolayer is not a 2D structurgit{ing parameters for E3-20) found for systems

as a function of the effective SDS concentratiah) €alculated for various systems. Particle surface coverage at
inflection point— is shown in black, and the Frumkinteraction parameteé) 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, showim Figure 5-16b. First, ® shows a downward trend as the SDS concentration
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