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Nederlandstalige

samenvatting

Een colloidale suspensie is een mengeling waarin microscopische of
nanoscopische deeltjes verspreid zijn doorheen een vloeistof. Melk is een
colloidale suspensie van vetdruppels in water en printer inkt is een colloidale
suspensie van vaste inkt partikels in olie. Een belangrijke eigenschap van
colloidale suspensies is hun stabiliteit. De stabiliteit van een colloidale
suspensie kan in het gedrang komen door zowel aggregatie als sedimentatie.
Dit komt voor wanneer aantrekkende inter-deeltjes krachten het winnen van
afstotende inter-deeltjes krachten. Een veelgebruikte wijze om aggregatie te
voorkomen bestaat uit het verhogen van de afstotende inter-deeltjes
krachten door de elektrische lading van de deeltjes te laten toenemen.
Coulomb krachten verhinderen de deeltjes dan om contact te maken met
elkaar of met het substraat.

Elektrische fenomenen vormen een fundamenteel aspect van colloidale
suspensies en deze zijn reeds goed begrepen in waterachtige systemen.
Hetzelfde kan niet gezegd worden van colloidale suspensies in olieachtige
vloeistoffen. Het verschillend gedrag tussen waterachtige en olieachtige
systemen is vooral te wijten aan hun sterk verschillende relatieve
diélektrische constanten. Door zijn hoge relative diélektrische constante (

& no= 80) is water een geschikt medium voor ionen. Olieachtige

vloeistoffen zoals n-dodecaan (gr,CHH%: 2) daarentegen zijn dat niet.

Vloeistoffen met een hoge diélektrische constante heten polaire vloeistoffen
en vloeistoffen met een lage diélektrische constante heten niet-polaire
vloeistoffen. Ten gevolge van hun lage diéletrische constante reiken
elektrostatische interacties in niet-polaire vloeistoffen veel verder dan in
polaire vioeistoffen, waardoor ionen in niet-polaire vloeistoffen een grotere
waarschijnlijkheid hebben om elkaar te neutraliseren. Colloidale deeltjes in
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niet-polaire vloeistoffen zijn gewoonlijk niet sterk genoeg geladen om elkaar
af te stoten, waardoor ze aggregeren of sedimenteren.

Er bestaan chemische substanties die, wanneer ze toegevoegd worden aan
niet-polaire vloeistoffen, ervoor zorgen dat de colloidale deeltjes sterk
geladen worden. Deze chemische substanties heten tensiden. Ze bestaan
gewoonlijk uit polaire kopstukken gekoppeld aan een lange niet-polaire
staart. Boven een zekere concentratie vormen tensiden sferische structuren,
inverse micellen genoemd, waarin de polaire kopstukken naar binnen wijzen
en de niet-polaire staarten naar de vloeistof toe wijzen. Deze concentratie
heet de kitische micelle concentratie.

Het mechanisme waardoor deeltjes in niet-polaire vloeistoffen geladen
worden is echter nog steeds het onderwerp van hevig debat en van
wetenschappelijke studies. Verscheidene mogelijke tenside gerelateerde
ladingsmechanismen zijn reeds voorgesteld en in het geval van enkele
specifieke deeltje-vloeistof-tenside systemen is het reeds bepaald welk
ladingsmechanisme het dominante is. Het is echter tot op heden vaak
onmogelijk om op voorhand uit te maken welk mechanisme het dominante
zal zijn voor een gegeven colloidaal systeem. Dit is deels te wijten aan de
complexiteit van landingsprocessen in tenside-verrijkte systemen, maar
eveneens aan het beperkte bereik van de huidige meettechnieken die we ter
beschikking hebben.

Optische-val-gecontroleerde elektroforese blijft tot op heden de enige
experimentele techiek waarvan aangetoond is dat ze in staat is om de
elektrische lading van een colloidaal deeltje te meten met een precisie
zodanig dat elementaire ladingsstappen gemeten kunnen worden zonder dat
er daarop tijdsrestricties heersen. De eigenschap om elementaire
landingsstappen te detecteren opent een nieuw perspectief op de studie van
ladingsfenomenen in niet-polaire vloeistoffen. In voorafgaand werk werd
aangetoond dat optische-val-gecontroleerde elektroforese elementaire
landingsstappen kan detecteren op individuele deeltjes in zuivere, niet-
polaire vloeistoffen. Het opzet van dit werk is om deze techniek te
verbeteren, zodanig dat elementaire ladingsstappen van deeltjes
gedetecteerd kunnen worden in niet-polaire viloeistoffen die verrijkt zijn met
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tensiden. Een belangrijke mijlpaal is elementaire ladingsdetectie in
vloeistoffen met een concentratie aan tensiden boven de kritische micelle
concentratie.

Om dat doel te bereiken heb ik aan alle niveaus van de techniek gesleuteld.
Ik heb de microfluidische cel waarin de suspensies onderzocht worden
opnieuw ontworpen. De huidige cel bestaat uit twee glasplaten die bedekt
zijn met ITO elektroden. Het elektrische veld staat nu dwars op het vloeistof-
substraat interface, zodat vloeistofstromingen, veroorzaakt door een
elektrisch veld, vermeden worden. Een tweede voordeel aan deze cellen is
dat ze gemaakt worden in de cleanroom, zodat contaminatie
geminimaliseerd wordt. Ik heb ook een alignatie protocol opgesteld dat dient
uitgevoerd te worden voorafgaand aan elke meting. Ten laatste, heb ik de
bestaande analyse procedure verder uitgediept, zodat de elementaire
stappen in de experimentele data correct gedetecteerd kunnen worden.

Eerst heb ik PHSA-bedekte PMMA deeltjes van micrometer grootte
bestudeerd in dodecaan zonder surfactant. Experimenten toonden aan dat
de lading van zo’n deeltje niet stabiel was over de tijd, maar toenam in
positieve oppervlaktelading. Geconfronteerd met dit niet-geanticipeerde
ladingsgedrag heb ik onderzocht wat de invloed is op de ladingssnelheid van
factoren zoals de amplitude en de frequentie van het elektrische veld, de
diameter van het deeltje, het elektrodemateriaal, de afwezigheid van een AC
elektrisch veld en de aanwezigheid van een DC elektrisch veld. Ook
onderzocht ik de saturatie van dit proces over lange termijn. Tesamen leidde
deze set aan experimenten mij ertoe te besluiten dat de deeltjes negatieve
ionen afstoten onder de invloed van het elektrische veld.

Daarna heb ik bestudeerd hoe het ladingsproces verandert wanneer een
tenside toegevoegd wordt. In dit werk heb ik exclusief gewerkt met tenside
OLOA 11000. Door het opleggen van een DC spanning van 1V, ben ik erin
geslaagd om het bereik van optische-val-gecontroleerde elektroforese
waarin het elementaire ladingsstappen kan detecteren uit te breiden naar
een tenside concentratie van 0.05 wt%, hetgeen een factor 10 boven de
kritische micelle concentratie van OLOA 11000 in dodecaan ligt. Dit is het
eerste experimentele werk waarin elementaire ladingsstappen in tenside
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verreikte colloidale systemen zijn waargenomen. Eén reden waardoor het
aanleggen van een DC spanning hierbij helpt, is omdat het alle ionen uit de
bulk van de vloeistof verwijdert. De aanwezigheid van ionen dempt immers
de oscillerende beweging van een deeltje in een AC elektrisch veld. In deze
omstandigheden toonde ik aan dat het deeltje zijn ladingssnelheid toeneemt
met toenemende concentraties aan tenside. Rond de kritische micelle
concentratie stabiliseert de elektrische lading van het deeltje en fluctueert
ze rond een vaste, gemiddelde waarde.

Als besluit kan ik stellen dat ik het concentratie bereik van optische-val-
gecontroleerde electrophorese waarin een deeltje zijn lading met een
resolutie van minder dan één elementaire lading gemeten kan worden
uitgebreid en dus het bereik waarin elementaire op- en ontladingen kunnen
worden waargenomen uitgebreid. Ik heb getoond hoe de techniek kan
ingezet worden om nieuwe inzichten te verwerven over de
landingsmechanismen van colloidale deeltjes in zowel zuivere niet-polaire
vloeistoffen als in niet-polaire vloeistoffen die verrijkt zijn met tensiden in
concentraties boven de kritische micelle concentratie.
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English summary

A colloid or a colloidal suspension is a mixture in which microscopic or
nanoscopic particles are dispresed throughout a liquid medium. Milk is a
colloidal suspension of fat droplets in water and printer ink is a colloidal
suspension of solid ink particles in oil. An important characteristic of colloidal
suspensions is its stability. The stability of colloidal suspensions is hindered
by aggregation and sedimentation. This occurs when attractive interparticle
forces prevail over repulsive interparticle forces. A common way to prevent
aggregation and sedimentation is to increase repulsive forces by increasing
the particle’s electric charge. Coulombic forces then prevent particles from
making contact with each other or with the substrate interface.

Electric phenomena form a fundamental aspect of colloidal suspensions and
they are well-understood in aqueous suspensions. The same is not true for
colloidal suspensions in oily liquids. A key difference between oils and water
lies in their respective dielectric constants. Due to its high relative dielectric

constant (&, o= 80), water provides a suitable host medium for ionic

molecules where they can be freely dispersed. Qily liquids such as n-

dodecane (gr,Cqus = 2) on the other hand do not. Liquids with high relative

dielectric constants, such as water, are called polar liquids and liquids with
low dielectric constants, such as dodecane, are called nonpolar liquids. Due
to the low relative dielectric constant, electrostatic interactions in nonpolar
liquids are long ranged when compared to water, which is why oppositely
charged ions are more likely to neutralize each other. Colloidal particles in
pure nonpolar liquids commonly are not sufficiently charged to repel each
other, causing aggregation or sedimentation.

There exist chemical compounds that, when added to a nonpolar colloidal
suspension, cause the colloidal particles to become highly charged. These
chemical compounds are called surfactants. Surfactant molecules typically
consist of polar head groups with long nonpolar tails. Above a certain
concentration, surfactants in nonpolar liquids form spherical structures,
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called inverse micelles, where the polar head groups of the molecules are
pointed inwards and the nonpolar tails are pointed toward the liquid
medium. This concentration is called the critical micelle concentration.

The mechanism through which particles in nonpolar liquids become charged
by surfactants however, is still the subject of much debate and scientific
research. Different possible surfactant related charging mechanisms have
been put forward and in several specific particle-liquid-surfactant
combinations it has been determined what the dominant charging
mechanism is. However, to date, it is often still impossible to state in advance
what the dominant charging mechanism will be for a colloidal system. This is
partly due to the complexity of surfactant-enriched colloidal nonpolar
systems, but also partly due to the limited scope of currently available
measurement techniques.

Optical trapping electrophoresis remains the only experimental technique
that has demonstrated the capabilty of measuring the charge of colloidal
particles with such precision that single elementary charging and discharging
events can be detected and that can do so without time restrictions. The
ability to resolve elementary (dis)charging events on a single particle opens
up new avenues to study colloidal charging phenomena. In previous work,
the detection of elementary charging events on single particles has been
achieved for particles in a pure nonpolar liquid. The aim of this work is to
improve optical trapping electrophoresis as a technique, so that single
charging events can be detected on particles in nonpolar liquids with
surfactants. An important milestone is the detection of elementary charging
events at surfactant concentrations above the critical micelle concentration.

In order to achieve that goal, all stages that together make up optical
trapping electrophoresis are revisited. | redesigned the microfluidic cell in
which the colloids are examined. The cell consists of two parallel glass plates
that are covered with a thin ITO electrode. The electric field is now
perpendicular to the liquid-solid interface of the cell. This has the advantage
that liquid flows generated by the presence of an electric field are prevented.
Another advantage is that the cells are now created under cleanroom
conditions to prevent contamination by undetermined species. | also put
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forward a protocol to align the laser prior to each measurement. Finally, |
extended the analysis method that is used to resolve elementary charging
events from the measurement data.

First, | studied micrometer sized PHSA-coated PMMA particles in dodecane
without surfactant. Experiments revealed that the particle’s charge was not
stable over time. Instead, particles accumulated positive surface charge over
time. Confronted by this unanticipated phenomenon, | investigated how the
particle’s charging rate changed when factors such as the amplitude and the
frequency of an AC electric field, the particle’s diameter, the electrode
material, the absence of an electric field and the presence of a DC electric
field are changed. | also studied the long-term saturation of this effect.
Through the ensemble of these experiments, | concluded that these particles
shed negatively charged ions under the influence of an electric field.

Then, | studied how the charging mechanism changes when surfactant is
introduced. In this work, we used OLOA 11000 as surfactant. By applying a
DC voltage of 1V, the concentration range in which the particle’s charge can
be measured with a charge resolution smaller than the elementary charge
was extended to 0.05 wt% OLOA in dodecane, which encompasses the
critical micelle concentration of OLOA 11000 in dodecane. This marks the
first experimental demonstration of elementary event monitoring in
surfactant-enriched environments. One contributing reason why a DC
voltage helps increase this range, is because it depletes the bulk of the liquid
from ionic species. The presence of ions impedes the oscillatory motion of a
particle in an AC electric field through the retardation effect. Under these
conditions, | showed that the particle’s charging frequency increases as the
surfactant concentration increases. Around the critical micelle
concentration, the particle’s charge stabilizes and fluctuates around a mean
charge value.

In summary, in this work, | extended the concentration range in which optical
trapping electrophoresis can be used to monitor a particle’s charge with a
charge resolution smaller than the elementary charge and thus to detect
elementary charging events. | demonstrated how this can be used to gain
new insights in the charging mechanisms of colloidal particles both in pure
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nonpolar liquids and in surfactant-enriched nonpolar systems at
concentrations above the critical micelle concentration.
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1.1 Introduction

The aim of this dissertation is to demonstrate that optical trapping
electrophoresis (OTE) is a valuable characterization tool for fundamental
research into the charging behavior of colloidal particles in nonpolar liquids.
To that effect, | elaborate on the innovations in the technique, both
experimentally and analytically. | apply OTE to a model system of micrometer
sized poly-12-hydroxystearic-coated (PHSA) poly(methyl methacrylate)
(PMMA) particles in n-dodecane both with and without surfactant OLOA
11000 and demonstrate new findings that are relevant to the broader
scientific community whose work is focused on the study of colloidal
charging mechanisms.

1.2 Background and motivation

Colloidal particles form an essential element in several industrial applications
ranging from electrophoretic image displays[1, 2], printing toners[3] and
drug delivery systems[4]. It is the electric charge of the colloidal particles that
largely determines their functionality and stability. Because nonpolar liquids

have a low relative dielectric permittivity ( Er ety = 2) compared for instance

to water with &, ,=80at T = 298 K, electrostatic interactions are present

over a longer range, which leads to low charge densities in nonpolar liquids.

To stabilize the particle’s charge, most nonpolar dispersions contain added
chemical substances such as surfactants[5-10]. Though the relation between
the surfactant concentration and the charge density in nonpolar liquids is
well documented, the nature of charging mechanisms in nonpolar colloidal
systems continues to be an active area of research[11-16]. Several distinct
charging mechanisms have been identified in surfactant-enriched nonpolar
colloidal systems, but due to the complex nature of the interaction between
surfactants and colloidal particles, it is not always clear in advance which
mechanism will be dominant.

This difficulty to forecast the charging behavior of colloidal systems is partly
due to a lack of accurate measurement tools. Different types of experimental
techniques exist that directly measure the particle’s velocity from which the
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charge or the zeta-potential of colloidal particles such as optical tracking
microelectrophoresis[17], blinking optical tweezers[18], laser Doppler
electrophoresis[19], phase analysis light scattering[20], differential-phase
optical coherence tomography[21] and electroacoustics[22] and they all
have their own benefits. In contrast to these techniques however, OTE is the
only technique that can measure the charge of colloidal particles in nonpolar
liguids with elementary charge resolution over extended time periods. It is
this ability to resolve individual charging and discharging events that allows
me to study different aspects of the charging behavior besides the mean
charge. For instance, | report on how the charging frequency of a particle
varies with the surfactant concentration or how the charging mechanism is
affected by the magnitude of the applied electric field.

In conclusion, | am convinced that OTE has a trove of unexplored information
on the charging behavior to offer and that it has the possibility to shed new
light on colloidal charging phenomena.

1.3 Outline
Chapter 2: Colloidal particles in nonpolar liquids

This chapter serves as an introductory chapter that offers a
theoretical background for the subsequent chapters. The main
subjects in this chapter are Brownian motion, optical trapping,
surfactants and colloid stability.

Chapter 3: Measurement and analysis method

First, the working of the experimental setup is explained. This is
followed by a thorough review of the analysis method that is used to
detect elementary charging events in charge data.

Chapter 4: Electric field-induced charging

| examine the charge of PMMA particles in dodecane and encounter
unanticipated charging behavior. Further experiments are
conducted that shed light on this phenomena



Chapter 5: Surfactant and particle charging

| present experimental observations on how the presence of the
surfactant OLOA 11000 influences the charging behavior.

Chapter 6: Conclusions & future prospects

Summary of the main conclusions of this work and an outlook on
what optical trapping electrophoresis has to offer in the (hopefully
near) future.



Chapter 2.

Background & Theory



2.1 Introduction

The goal of this dissertation is to present advances in optical trapping
electrophoresis as a technique and to demonstrate its capabilities as a tool
to investigate charging properties of colloidal particles in nonpolar liquids. To
do so requires to first establish a comprehensive framework of the current
state of the art, about theories that have been developed and about
alternative techniques in this field. This chapter serves to point out the
relevance of this work and to underscore that this work is not the product of
my isolated research efforts, but instead is built upon the results of a broader
scientific community.

In brief, this chapter addresses the objectives:

e To provide the theoretical background necessary to understand the
work presented in subsequent chapters.

e To highlight existing challenges in understanding charge behavior in
nonpolar liquids.

e To highlight advantages of optical trapping electrophoresis with
respect to other existing tools.

Before delving into this, | will explain, in short, what constitutes optical
tapping electrophoresis.

2.1.1 Optical trapping electrophoresis

In this work, | study charge phenomena of colloidal particles. | use an optical
trap to confine a single colloidal particle to a small volume of space around
the focus of the laser beam. The same beam is also used to measure that
particle’s movement within the optical trap. The application of an electric
field exerts a force on the particle that induces electrophoretic motion. This
way, the recorded motion contains information on the charge of the particle.
A schematic representation of this principle is shown in Figure 2-1.



+—

Figure 2-1 Schematic representation of a charged colloidal particle trapped in the focus of a

laser beam. In the presence of an electric field E all charged species experience a force (blue
arrows) that is proportional in magnitude to their net charge and directed along (positive) or
opposite (negative) to the direction of the electric field. The laser may serve the dual purpose
of containing the particle to a small volume around the laser focus and, at the same time, of
detecting the particle’s movement. From the motion analysis of the particle, information on
the particle’s charge is obtained.

The objective is not just to obtain an estimate of the particle’s charge, but to
create a measurement technique that can generate time-dependent charge
measurements of particles in non-ideal nonpolar liquids where surfactants
are introduced with such an accuracy that single elementary charging and
discharging events can be resolved.

A detailed exposition of optical trapping electrophoresis is given in Chapter
3, where both the experimental setup and the analysis method will be
discussed. This chapter will provide the necessary, information that is
required to better understand the work presented in the following chapters.
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This includes an analysis of Brownian motion of freely moving colloidal
particles, a qualitative explanation about the principle of optical trapping and
a background about colloid stability, surfactants and particle charging. Lastly,
this chapter also covers a number of other, competing measurement
techniques and compares how optical trapping electrophoresis holds up
against these techniques.

2.2 Particles

There exists a wide variety of particles that are commonly used in both
academia and in industrial applications. Some notable examples include
polystyrene[23], silica[24, 25] and Poly(methyl methacrylate) (PMMA)[13,
23]. Here, | exclusively use one variant of PMMA particles, namely poly-12-
hydroxystearic-coated (PHSA) PMMA particles. The particles from this work
were provided by dr. Schofield[26].

PMMA particles are chosen here, because they are commonly used in both
aqueous[27] and in nonpolar liquids[28]. Furthermore, they are easy to
optically trap in the nonpolar liquid of choice, dodecane, due to its relative
refractive index with respect to dodecane. Finally, they can be immersed in
nonpolar liquids without the need for added surfactants, which allows me to
study them in pure nonpolar liquids.

2.2.1 Brownian Motion
A homogenous liquid consists of a large number of identical molecules close
to each other. Typically, these molecules are on the order of 0.1 nm apart by
a combination of intermolecular forces; ion-induced dipole forces, ion-dipole
forces, hydrogen bonding and Van der Waals forces. The presence and
relative strength of these forces depends on the nature of the molecules.

Though liquid molecules are packed closely together, unlike in a solid, they
are not held in fixed positions. Every molecule moves through the liquid and
collides with other molecules or with larger entities, such as colloidal
particles. Due to the statistical independence of collision directions of liquid
molecules, suspended particles are pushed about randomly through the
medium[29], as illustrated in Figure 2-2. This random movement of particles
in liquids is called a Random walk or Brownian motion, after botanist Robert
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Brown who, in 1827, was the first to discover and accurately report this
phenomenon. A detailed analysis followed later by Einstein in 1905.

Figure 2-2 Random walk of a colloidal particle. Though the time average of the Brownian force

is zero, <FB>=0, the mean squared displacement of the particle is not,

2
<(Z (t) — Zo) > >0, where Z (t) is the particle’s position in function of time and Z0 is

the initial position.

The forces acting on a particle are the viscous drag force F,,, and the

random Brownian force FB, which is a stochastic force. The sum of these

two forces is the total force Ftot .

Ftot = I:drag (t) + FB (t) 2-1
According to Newton’s second law, the total force can be written as
F

ot = MZ, where Z denotes an arbitrary direction and where 7 is the

second time derivative of the particle’s position and M is the particle’s mass.

The drag force on a spherical object with small Reynolds number, Re << 1, in

a viscous fluid is given by Stokes’s law F,,, =—y%, where y =3nnd with

rag
1 the viscosity of the liquid and d the diameter of the particle.

Implementing Stokes’ Law, this transforms equation 2-1 into equation 2-2
below. Equation 2-2 is also known as the Langevin equation.

mZ+yz=F;(t) 222



o1 F. (t
Substituting Z for V, this equation 2-2can be rewritten as V+—V = ﬁ ,
T m

with the characteristic time constant 2‘=m/}/, for which the general

solution is:

t
v=v,e +%e“/f£e“/’FB (u)du 23

As the Brownian force is a random force <FB> =0, <V> zvoeft/r drops to

zero exponentially at long timescales. The mean square velocity however,
does not.

e L 2 e [ et
vi=vie? + Zve t/"[e(” V7 E, (u)du
m
0

2-4
t t
2 [ (udu [ U Ry (w)lw
m 0 0
Taking the time average, this becomes:
2 [ ()
2\ _ 2,-2t/7 & -t/r w-t)/z
<v >_<v0e >+<mv0e !e FB(u)dW>
t t
+ <_f e R, (u)du[e" R, (w)dw>
0 0 25

t
=vie ' 4 %voe“/ ’_[e(w")/ “(Fg(u))dw
0

tt
+<J. I eV E (u)e™ R, (W)dudw>
00

The first term in equation 2-5 drops to zero exponentially at long time

intervals tlJ 7 and because <FB> =0 the second term is also zero. This

leaves:

O'—r’

t
je” Ve (R, (u)Fy (w) ) dudw 26
0
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Due to the stationarity of the fluctuations of the random force, the
autocorrelation  function of that force is time-independent,

< Fo(u+7)Fg(w+ T)> = < F )R (W)> , and its power spectral density is
constant <FB u)F; (W)> = 0-25(u —W). For time scales much longer than
the characteristic time scale 7, the mean squared velocity from equation 2-6

now becomes

0_2
<V2> - oy 27

1 1
The mean kinetic energy of the particle is Em<V2> = EkBT . Substituting

this into the relation equation 2-7, | get the power spectral density of the
Brownian force o = /2K Ty, which leads to the general form of the

Brownian force itself

Fe (t) =/ 2ks T7S(1), 28
where &(t)is a random Gaussian process with a white spectrum and

normalized amplitude.

At time scales much larger than the characteristic time constant At[l 7, the
inertial term in the Langevin equation can be neglected and the equation

reduces to yZ =/2k T 7&(t) . After integration this becomes

(t) =z, +—“2kBT7_t[§(u)du 2-9
VA

Calculating the expected variance of the particle’s position is now trivial

<(Z (t)-2z, )2> _ 2T t 2-10

v

The diffusion coefficient D is defined as

D :kB—T 2-11
Y
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Equation is 2-11 is the famous Stokes-Einstein relation.

2.3 Optical trapping

The theoretical framework for stimulated emission, which would later form
the basis for laser theory was established by Albert Einstein in 1917[30].
Successful laser operation was only achieved four decades later by Maiman
in 1960(31]. Next came the first gas laser (He-Ne), followed by the
semiconductor laser diode in 1962. At first, the laser had no practical
applications and was even described as ‘A solution looking for a problem.’,
though that changed quickly. Eventually, the laser came to enjoy a broad
spectrum of applications, including spectroscopy, interferometry,
lithography, laser cutting, laser welding and many more.

One such application came into light in 1970, when Arthur Ashkin made the
first experimental observation of a laser’s ability to confine the movement of
a colloidal particle through optical scattering and gradient forces[32]. Later,
he demonstrated the first successful three-dimensional optical tweezers
from a single, tightly focused laser beam[33]. Steven Chu, who coauthored
that publication, would go on to use optical trapping in his work to trap and
cool neutral atoms in vacuum|[34], for which he earned the 1997 Nobel Prize
in Physics. Optical tweezers are now an important tool in various fields, such
as physical chemistry[35, 36], cell biology[37, 38] soft matter physics[39-41].

In this work in particular, optical trapping constitutes an essential element of
the technique. The laser has a dual purpose in the technique in that it is used
both as tweezers and as part of the detection method. Here, | will focus on
the characteristics of a laser trap and related phenomena.

2.3.1 Basic properties of photons
In this work, the aim is to harness the properties of light to confine the
movement of colloidal particles. To understand the interaction between
photons and matter, it is useful to recapitulate the basic properties of light.

the Planck-Einstein equation, states that the energy E of a photon is
proportional to its frequency f , as shown in equation 2-12.
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E =hf 2-12
With h, Planck’s constant.

Though photons are massless, they have momentum. The momentum p of
a photon is equal to its energy E divided by the speed of light in vacuum C,
p = E/c.Oras this relation is more commonly notated:

p=hf/c 2-13

The knowledge that photons carry momentum is key to a qualitative
understanding of optical tweezers. When a photon is deflected by its
interaction with matter by deflection, refraction or reflection, the
propagation direction of the photon has changed. This change in direction
implies that also the momentum of the photon has changed. Conservation
of momentum therefore dictates that an equal, but oppositely directed
momentum is transferred to the matter the photon interacted with.

The momentum associated with a single photon is very small. However,
through this interaction principle, a large stream of photons, such as a laser
beam, can exert a measurable force on a colloidal particle. As by Newton’s
3 Law, the force F is defined as the time derivative of momentum, as
expressed in equation 2-13.

F =dp/dt 2-14

The concept behind optical tweezers, is to configure a three dimensional
photon stream, such that a displacement of the particle away from a single
point in space results in a force exerted on the particle by the deflected
photon stream that draws the particle back to that same point. The
magnitude of the associated force has to be sufficiently strong in order to
overcome the random Brownian force from the liquid molecules onto the
particle. When a photon stream can accomplish those requirements, then
the particle is trapped.

Such a configuration can be obtained and is most commonly created by
tightly focusing a laser beam, though other methods have more recently
been proposed[41, 42]. The forces on the particle indeed arise from
reflection and deflection of the laser light by the particle. The theoretical
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framework to derive the forces inside an optical trap is generally divided into
two categories.

Particles with diameter d much larger than the wavelength A of the laser
bundle (d L] A), are considered to be in the Ray optics regime[43] where
ray optics can be used to work out the optical forces. When the particle’s
diameter is much smaller than the wavelength of the laser (d[] A), the
optics is better described by the Rayleigh regime[44]. While the
electromagnetic field model from the Rayleigh regime is generally highly
complex, the ray optics model provides an insightful model that can be
understood from basic particle-photon interactions with transfer of
momentum introduced above.

In this work, the size of the particles is of the same order of magnitude as the
photon wavelength (d [ A4 ), which is outside the scope of both theories.

2.3.2 Ray optics
For particles with a diameter much larger than the wavelength of the
trapping beam d ] A, the refraction of the beam can be computed by
Snell’s law for light rays.

n, sin(€,) =n,sin(6,), 2-15
where @is the angle between the incident ray and the normal to the
boundary between the media and N, is the refractive index of medium 1 and

analogously for medium 2. This is depicted in Figure 2-3.

Figure 2-3 Snell’s law for refraction of rays.

Neglecting reflection, the refraction of a laser beam by a spherical particle is
shown in Figure 2-4. If the center of the particle coincides with focus of the
14



beam as in Figure 2-4 (b), the beam is not deflected. Since the beam is not
deflected, its momentum has not been altered by the presence of the particle
and it does exert a force onto the particle. The particle and the laser are in
equilibrium.

In Figure 2-4 (a), the particle is laterally displaced to the left with respect to
the focus of the beam. The laser beam is deflected in the same direction as
the displacement of the particle and, hence, the beam exerts a force onto
the particle in the opposite direction, towards its focal point.

A particle that is displaced along the propagation direction of the laser
narrows or widens the beam for a forward displaced and backward displaced
particle respectively. Figure 2-4 (c) depicts the former. Here too, the laser
beam exerts a force on the beam that points back towards the focal point.

Figure 2-4 A Gaussian laser beam (red line) comes in from underneath and is deflected after
it passes through a spherical particle. The grey, dotted lines represent the unperturbed
trajectory of the laser beam. The position of the particle relative to the focus of the beam is
shown for 3 cases: (a) lateral displacement (b) center and focus coincide (c) displacement
along the propagation direction. The red, dotted circle is centered around the laser focus. The
red arrow indicates the direction in which the beam is deflected. The blue arrow indicates the
direction of the force of the beam onto the particle.

The change in momentum of the laser increases as the particle moves
further. Hence, the particle feels a linearly increasing force in every direction.

Note: Here, for brevity and clarity, the workings of the optical trap has been
explained phenomenologically through the ray approximation model. In
practice, it is important to know two additional features of the focused
Gaussian optical trap. First, because the intensity gradient is stronger in
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lateral direction with respect to longitudinal direction, the trapping strength
is typically much stronger in the lateral direction (x10). Second, due to the
refractive index mismatch between the particle and the surrounding
medium, part of the laser light is reflected. The backscattered photons result
in a photon pressure on the particle along the laser’s propagation
direction[45]. In my experiments, this refractive index difference is very small
(An =0.06), thus in reality, the trapped particle in Figure 2-4 (b) would be
centered just above the focus of the laser.

2.3.3 Rayleigh scattering
The forces exerted by a highly focused laser beam on a colloidal particle can
be calculated with the Rayleigh scattering model in the case that the radius
of the particle is much smaller than the wavelength of the laser. In this work,
| will not delve into the specifics of this model, but | will state some of its
relevant results. | refer to [44], where this is worked out in detail. This model

shows that the particle is trapped inside a potential well V (F)

3 2
V(r):_Znnmdr (m”_ljl(r), e

c (mi+2

where N, is the refractive index of the liquid medium, I is the radius of the

particle, M, is the ratio of the refractive index of the particle N, divided

by the refractive index of the medium (m, = npartide/nmd ) and | (f) is the
spatial intensity distribution of the focused Gaussian laser beam.

Particles with a higher refractive index than the surrounding medium feel an
attractive force that is proportional with the gradient of the laser intensity.

- 2nn, ,r¥( m2 -1
o ()= 2 T o )

Figure 2-5 displays the gradient force along the propagation direction z of a
beam associated with equation 2-17 for a focused Gaussian laser beam with
wavelength 4 =975 nm and 60 mW optical power. The beam is focused by
100 X lens with numerical aperture NA = 1.3 and traps a particle with
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diameter d = 1 um and refractive index n = 1.49 in a medium with

particle
refractive index N, = 1.42. This shows that the trapped particle always

experiences a force directed towards the focus of the beam and experiences
forces in the order of several picoNewtons.

Force (pN)
o

-4 T T T
-2 -1 0 1 2

z (um)

Figure 2-5 Gradient force experienced by a 1 um PMMA particle ( n, =1.49) in an optical

article
trap of a laser beam with wavelength A =975 nm, laser power of 60 mW and numerical
aperture NA = 1.3 in dodecane (n_, =1.42). The trapped particle experiences a force that is

directed towards the focus of the laser.

2.3.4 Particle motion in an optical trap
In my analysis of particle movement in an optical trap, | limit myself to the
one-dimensional treatment of the particle’s movement along the
propagation direction of the trapping beam. This direction is referred to as
the Z -direction. The movement in the lateral directions is analogous, with
the simplification that no electric field is present in these directions.

A colloidal particle confined in an optical trap moves like an over-damped

oscillator. The forces acting on the particle are the viscous drag force F,.,.,

the trapping force F,

wap @nd the random Brownian force Fy, which is a
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stochastic force. Continuing on the analysis from section 2.2.1, this can be
written as

MZ =—y2(t)+ Fyy (1) + /2K TE(1) 2-18
Which is basically the Langevin equation, equation 2-2 from section 2.2.1,
with an added term to account for the trapping force.

Due to the small size of the particles (d ~ 1 um), the inertial term mZ is much
smaller than the other terms in this equation. Therefore, equation 2-18 can
be reduced to

Y+ K7 =2k, Ty&(t), 219

where a linearized trapping force F,, =7 is introduced with k the

stiffness of the trap. When a sinusoidal electric field is applied with amplitude

E, and frequency f., E(t) =E, COS(272' fEt) , an extra force term appears
that is proportional to both the electric field E(t)and the charge of the

particle Q,

QpartE(t) + \V 2kBT7/§(t) - }/Z —Kgl= 0 2-20

2.4 Colloidal stability

Early research into electrokinetic phenomena was spurred by an interest in
colloidal stability. Most of this research was focused on aqueous media,
which culminated in the well-known DLVO theory, named after the
researchers behind its inception Derjaguin, Landau, Verwey, and Overbeek.
In an earlier model that Debye and Hiickel proposed, free ions feel an
electrostatic attraction or repulsion by a charged surface that competes with
the thermal energy of the liquid[46]. Derjaguin and Landau extended this
theory by including Van der Waals forces[47]. This model was later
independently developed by Verwey, and Overbeek[48]. While theory has
much progressed since, DLVO theory still forms the basis for modern
electrokinetic phenomena in colloidal suspensions and colloidal stability.
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A colloidal suspension is said to be stable if the colloidal particles in the
solvent aggregate at a sufficiently slow rate. When two colloidal particles are
separated by only a few nanometers, attractive molecular dipole forces will
pull the particles toward each other.

Rapid aggregation of colloidal particles can be prevented in several ways.
One way is by electrically charging the particles. Electrostatic repulsion acts
to drive same-charged particles away from each other, thereby effectively
stabilizing the suspension. Another way is by coating the particles with long
polymer chains that act as a physical barrier to prevent close approximation
of oppositely charged particles.

The electrostatic and —kinetic phenomena are markedly different in polar
(aqueous) and nonpolar (oils) liquids.

2.4.1 Charge and potential of particles in polar liquids
The physical property representing the chemical polarity of a solvent is the

relative dielectric permittivity &, . The relative permittivity is a dimensionless
material constant defined as the ratio of the material’s permittivity ¢,
divided by the permittivity of vacuum ¢&;, &, = 8mat/80 ,with= g, = 8.85*10°
2 F/m. Polar media have a high relative permittivity, such as water &, =

80 or glycerol &, y .. = 42 at room temperature, in contrast to nonpolar

solvents like n-dodecane ¢, . ,, =

The large difference in &, manifests itself in a qualitatively different charge

behavior. A general representation of the charge distribution around a
colloidal particle in polar liquids and the corresponding potential is shown in

Figure 2-6. The particle has a positive surface charge density o, . Around the

particle, a double layer is formed to screen the electric field of the charged
sphere, which in turn causes an elektrokinetic potential between the particle
and any point in the liquid. The corresponding voltage difference is called the

surface potential CDS . Part of the negative ions of the double layer adhere

directly to the particle’s surface, resulting in an internal Stern layer[49].
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Inside the Stern layer, the potential drops linearly from @ to @, the Stern
layer potential. Beyond the Stern layer, the potential drops exponentially

with factor €*", where the Debye length is defined as

2-21

where kB is Boltzmann’s constant, T is the temperature (in Kelvin), € is the
elementary charge, Z is the valence number of the free ions and n, , is the
equilibrium concentration of free ions. As the particle’s potential drops a
factor 1/e over Kﬁl, the Debye length is a characteristic length scale for

ionic liquids.

In the direct vicinity of the particle’s surface, the fluid is not mobile, but
instead, moves together with the particle. At a certain distance is the slipping
plane, which separates the mobile fluid from the fluid that remains attached
to the particle’s surface. The potential at this point is called the zeta-potential

‘.

For polar liquids and high charge density nonpolar liquids, it is the zeta
potential ¢ that can be probed by electrophoresis, electroacoustic
phenomena, streaming potential, and electro-osmotic flow. Due to the
unknown relation between the measured mobilities and the ¢ -
potential[50] as well as the unknown position of the ¢ -radius[51], the

obtained mobilities cannot be accurately into a value for the electric surface
charge.
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Figure 2-6 Schematic representation of the interfacial double layer for particles in polar
liquids. Counter ions adhere directly to the particle’s surface in the Stern layer, where the

potential drops linearly from (DS to q)D . From there on, the potential drops exponentially.

The external potential that can be probed experimentally is ¢, the value of the potential at

the slipping plane.

2.4.2 Charge in nonpolar liquids
For nonpolar liquids, a commonly used characteristic length is the Bjerrum
length /IB . The Bjerrum length is defined as the separation between two ions
at which the attractive or repulsive electrostatic energy between these ions

is equal to the thermal energy 5T .
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Two free ions of opposite polarity, separated by less than the Bjerrum length

2-22

are likely to neutralize each other. Note that the main parameter is a material

constant, the relative dielectric permittivity &, . For comparison, the Bjerrum

length of water is A, o =0.7 nm, for dodecane itis Ag ¢ y, =28 nm.

Equation 2-23 expresses the fraction of charged versus uncharged inverse
micelles in a nonpolar liquid[52]:

n, +n s
7= + - — 2e dem ) 2-23
n

0

where N_,N_ and N, represent the concentration of positively charged,
negatively charged and neutral inverse micelles, dCM is the diameter of an

inverse micelle and Z is the valence number of the charged inverse micelles.
Through equation 2-23, the fraction of charged inverse micelles can be
calculated as a function of the Bjerrum length. Hence, the Bjerrum length is
a good indicator for determining the degree of charging for particles in a
liquid.

Equation 2-21 shows that the Debye length K is inversely proportional to

the square root of the concentration of free ions in the liquid ]/\/ﬁ . Because

charge densities in nonpolar liquids are typically very low, the ratio of the
particle radius over the Debye length is commonly much smaller than 1,

Krparticle N 1.

2.4.3 Surfactants and inverse micelles
Surfactant molecules are made up of hydrophilic head groups and oil soluble
tails. In nonpolar liquids, the hydrophilic head groups preferentially stick to
solid interfaces, such as a glass interface or the surface of a colloidal particle,
while the tail group is then directed towards the nonpolar solvent, as is
shown in Figure 2-7 (left). This happens at low surfactant concentrations.
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When the available surfaces are filled with a monolayer of surfactant, the
surfactant concentration of the liquid bulk increases. At a threshold
concentration, the surfactant molecules aggregate and form spherical
structures, called inverse micelles. This concentration is called the critical
micelle concentration (CMC). Inverse micelles are well-suited to stabilize
charge in the liquid. By encapsulating a free ion in its core, it can presents an
obstacle for the ion from approaching an oppositely charged ion and reduces
the rate at which oppositely charged ions neutralize each other. This concept
is called steric stabilization and is shown in Figure 2-7 (right).

AVANCIE A VAN VAN I * AVAN

i

Figure 2-7 (left) Polar head groups of single surfactant molecules preferentially stick to solid
surfaces, as opposed to being immersed in the nonpolar solvent. (right) Two inverse micelles
sterically stabilize oppositely charged ions.

2.4.4 Applications of surfactants

Surfactants enjoy a diverse set of applications. As it is well established that
the charge density of nonpolar liquids increases with increasing surfactant
concentrations[53], even below the CMC[18], surfactants are frequently
used to suppress aggregation caused by collisions due to Brownian motion
of colloidal particles[54, 55] by stabilizing the electric charge. Perhaps the
first widely known industrial use of surfactants was the prevention of
explosions in the petroleum industry[56]. Now, surfactant-based solutions
are found in drug delivery[57, 58], detergents[59], electro-rheological
fluids[60], ink-jet printing[61] and electronic paper[1, 62]. In this work, we
will refer to colloidal suspensions containing any concentration of surfactant
as surfactant-enriched, as opposed to colloidal suspensions consisting only
of a pure liduid and particles.
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Some of the most widely used commercial surfactants for nonpolar liquids
are SPAN[63, 64], AOT[65, 66] and OLOA 11000[67-69]. In this work, | have
chosen to limit myself to the use of the commercial surfactant OLOA 11000
by Chevron because it is one of the most widely used surfactants. The precise
chemical composition of OLOA 11000 has not been made publicly available
by the producers. In this work, | aim to demonstrate the capabilities of optical
trapping electrophoresis in surfactant-enriched environments by showing
how meaningful insights can be extracted from measurements about the
influence of OLOA 11000 on the charging behavior.

2.4.5 Charging mechanisms in nonpolar liquids with surfactants
Surfactant-enriched nonpolar colloids are widely used, even though the
mechanisms by which the particles acquire their charge is not yet completely
understood. The subject of charge in nonpolar liquids remains a topic of
current scientific research, as is evidenced by three recent reviews on the
matter[11, 12, 53]. While several distinct charging mechanisms have been
allocated to different types of mixtures successfully, it is still often impossible
to predict the charging mechanism of a certain mixture or even the charge of
a colloidal particle in a mixture in advance.

Surfactants are known to participate in the surface charging mechanisms of
colloidal particles. The surfactant molecules may facilitate the charging
mechanism through stabilizing a counter-ion in the liquid and by stabilizing a
charged site on the particle’s surface. Below, | list some of the most
commonly occurring particle charging mechanisms. The charging mechanism
is explained and the role that surfactant plays is highlighted.

2.4.5.1 Acid-base mechanism
In the acid-base mechanism of particle charging, the charge originates from
an interaction between acid and base molecules that involves the exchange
of protons or electrons between these molecules. When a neutral inverse
micelle approaches the surface of the particle, it can be adsorbed onto the
particle, where it picks up a charge that is freed from an acid-base reaction.
The now charged inverse micelle desorbs from the particle, which is left with
an oppositely charged surface. This mechanism was first proposed by
Fowkes[70, 71] and has been used to explain experimental observations of
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silica surfaces in the presence of surfactants[24]. It is important to note that
the charge in this mechanism is freed through the interaction between acid
and basic species. A recent review article on acid-base interactions in
nonpolar colloids is written by Gacek and Berg[15].

2.4.5.2 Preferential adsorption mechanism

At first glance, the preferential adsorption mechanism is the opposite of the
acid-base reaction mechanism. Where inverse micelles function to carry
charge away charge from the particle’s surface in the acid-base mechanism,
in the preferential adsorption mechanism a charged inverse micelle carries
charge toward the particle. The charge contained within the inverse micelle
is then adsorbed onto the particle, after which the neutral inverse micelle
desorbs from the particle. In some cases the precise nature of the charge
inside the inverse micelle can not be specified[72], while in others it can be
theorized that the charge inside the inverse micelles comes from an ionized
anionic surfactant molecule[73].

2.4.5.3 Site-binding mechanism

First proposed by Kitahara et al.[74] in a qualitative way, the site-binding
model states that ionic species of polarity P from the liquid may be
adsorbed to a site on the particle’s surface S, forming SP . The liquid also
contains ionic species N of opposite polarity with respect to P . These ions
may in turn adsorb to SP, forming SPN . This model was elaborated by
Jenkins[75] and has been used to explain the charging behavior of carbon
black in nonpolar inks[76].

2.4.5.4 Surface dissolution
A colloidal particle can also acquire charge by dissociation of a surface ion.
When that ion enters the core of an inverse micelle, it can be stabilized in the
liquid. Briscoe and Horn argue that the dissolution of a surface ion requires
the presence of trace amounts of water, because the hydration of a surface
ion reduces the electrostatic attraction to the oppositely charged
surface[77].
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2.5 Charge measurement techniques

The study of electric phenomena in nonpolar liquids has yielded an array of
measurement techniques from which much can be inferred about the
interaction between surfactants and colloidal particles. Such techniques
include conductometry[78, 79], transient current measurements[80, 81],
small angle neutron scattering[82], atomic force microscopy[83] and
others[10, 84].

While the aforementioned techniques certainly have their merit, a more
thorough review of them is beyond the scope of this work. Here, | focus on
modern techniques that can directly measure the charge or the { potential
of colloidal particles, like optical trapping electrophoresis. | briefly explain the
working principle behind these techniques and provide a comment on how
it compares to OTE.

2.5.1 Optical tracking electrophoresis
In optical tracking electrophoresis, the movement of single particles is
tracked with a camera. When an electric field is applied, the particle acquires

a velocity V. From this, the electrophoretic mobility £, of the particle can

be calculated, which is defined as:

=— 2-24
He E

The charge of the particle is calculated through the Stokes-Einstein relation,
shown in equation 2-25:

_ Ze
37nd’
where Ze is the particle’s charge, 7 is the viscosity of the liquid and d the

i 225

diameter of the particle. Formula 2-25 is valid in the limit of xd [J 1

The technique was pioneered by Garbow et al.[85] in aqueous systems. In a
pure nonpolar liquid, Strubbe et al.[17] were able to discern discrete peaks
in the histogram of the electrophoretic mobility of a single Silica sphere. They
showed that the particle’s charge exhibited discrete peaks, centered around
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multiples of the elementary charge. This work featured the first time that the
electric charge of a colloidal particle was measured with a resolution of 1 e
and lower. Optical tracking electrophoresis is also referred to as nanoparticle
tracking analysis or NTA by Malvern (formerly under Nanosight, acquired by
Malvernin 2013), a company that produces a commercially available size and
zeta-potential characterization tool based on this principle[86].

2.5.2 Blinking optical tweezers

When two like-charged particles are in close proximity, their counter-ion
clouds overlap and the particles repel each other. In nonpolar liquids with
low ionic strength, the velocity at which they move away from each other
depends on their size, their charge, the Debye length and their separation. If
these particles are placed close to each other and then released multiple
times, the magnitude of the charge of the particles can be calculated from
the trajectories they follow. This is exactly what is accomplished through
blinking optical tweezers. Blinking optical tweezers can be seen as a special
variant of optical tracking electrophoresis, because the position detection is
achieved by centroid detection algorithms of video images.

Blinking optical tweezers was first introduced by Crocker and Grier[84, 87]
and more recently employed by Sainis et al. for polystyrene latex particles in
a microemulsion of AOT in hexadecane[18, 88].

Though the technique is very elegant, it offers little advantage over optical
trapping electrophoresis. The polarity of the charge can not be determined
through this technique and the charge is assumed to be constant in time and
equal for both particles. It does however provide direct insight into the
interparticle electric forces due to interacting double layers.

2.5.3 Laser Doppler electrophoresis & phase analysis light
scattering

When a laser impinges on a moving object, the frequency of the scattered

light is Doppler shifted. For laser scattering on a colloidal particle with a small

velocity, the shift in laser frequency is proportional the velocity. The shift in

frequency is measured by an optical interferometric technique. This is how

27



laser Doppler electrophoresis (LDE) measures the electrophoretic mobility of
colloidal particles[19].

Phase analysis light scattering or PALS uses the same optical setup as laser
Doppler electrophoresis, but instead of a frequency shift, the phase shift of
the scattered light is determined. This technique was pioneered by McNeil-
Watson[20], who later went on to work at Malvern where they developed
the Zetasizer Nano which uses PALS.

2.5.4 Differential-phase optical coherence tomography
Differential-phase optical coherence tomography (DP-OCT) uses a
broadband light source that is split into two parts, a reference beam that is
modulated at high frequency (~50 kHz) and a beam that is directed towards
the sample. The sample beam is separated into a horizontally and a vertically
polarized beam, positioned at the center of the sample chamber and at the
electrode-sample interface. When the horizontally and vertically polarized
beams are then mixed with the modulated reference beam, they produce
interference fringes that correspond to the moving particles and to the
stationary electrode-sample interface respectively[21, 89].

2.5.5 Electroacoustics
The field of electroacoustics was pioneered by Dukhin[22]. There are two
electroacoustic effects that are widely used to determine the zeta potential
of colloidal particles. The first is the colloid vibration current. This occurs
when an ultrasound wave travels through a colloidal suspension. As a result
of the ultrasonic wave, particles are displaced relative to the surrounding
liquid. Hence, the particle is also displaced from its counter-ion cloud. The
particle and its counter-ion cloud then move to restore an equilibrium
position. This process generates a measurable current from which the ¢

potential of the particles can be calculated.

The second electroacoustic effect is the electric sonic amplitude, which is the
reverse effect of the colloid vibration current. When an external oscillating
electric field is applied, the particles move relative to the liquid, which
generates an ultrasound wave.

28



A commercial characterization tool based on these principles is the
Acoustosizer by Porotec. The AcoustoSizer is capable of both zetapotential
and particle size analysis.

2.5.6 A case for optical trapping electrophoresis
In contrast to most other techniques, optical trapping electrophoresis does
not have a commercial counterpart. That may be because it has some
drawbacks; It requires very dilute particle systems to prevent freely moving
particles from wandering into the trap, it is alignment intensive and is
perhaps too expensive to commercially produce and sell.

That said, when it comes to particle charge characterization, OTE has much
to offer. Because the entire laser beam is focused on a single particle, it offers
very high resolution position measurements (1 nm) at high bandwidths (100
kHz) and because the particle is trapped, it can be studied over very long time
intervals. It is one of only two techniques with the ability to detect single,
elementary charging events. The long measurement times allow OTE to fully
study charging and discharging rates as a function of the absolute charge
value of the particle[90]. The optical trap lends further versatility, such as the
possibility of applying a constant DC electric field while continuing charge
measurement without any time limitation, which is used to great effect later
in this work.

The only other technique to have demonstrated that it can achieve charge
resolutions smaller than the elementary charge is optical tracking
electrophoresis. Optical tracking electrophoresis is a straightforward method
that in principle can be used on any type of colloidal suspension, but it has
some drawbacks. First, the ability to detect single elementary charging and
discharging events has only been demonstrated in pure nonpolar liquids. A
surfactant-enriched liquid would give rise to increased electro-osmotic flow,
which affects the mobility of the particle[91]. For instance, Z-NTA by Malvern
measures the drift velocity of individual particles across a microfluidic
channel and fits the parabolic electro-osmotic flow of the liquid and then
subtracts the calculated electro-osmotic contribution for each particle.
Second, the time during which a particle can be studied is limited by
Brownian motion. After some time, the particle inevitably wanders out of the
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field-of-view of the camera. Furthermore, because a camera is used to detect
the particle’s position, the position sampling rate is limited to the frame rate
of the camera (~100 Hz).

Several parallels and contrasts could be noted between OTE and the other
techniques, but there is one important distinction that sets OTE apart from
them. LDE, PALS, DP-OCT and electroacoustics all acquire information on the
average { potential of the entire ensemble of the colloidal particles in the
liquid, whereas OTE is a single particle analysis tool. This difference assures
that OTE can be used to probe certain aspects of the particle’s { potential

that the other techniques can’t and vice versa. For instance, OTE is well
suited for time- and location-dependent measurements to observe
fluctuations in the charge.

2.6 Summary, setting and goals

Over the successive sections in this chapter, | provided both the underlying
physics of optical trapping[32] and of electric phenomena in nonpolar
colloidal systems with surfactants[72]. Colloidal particles tend to have a low
net charge in pure nonpolar liquids[18, 92-94], surfactants are routinely
added to stabilize the particle’s charge[5, 6, 10, 95]. Though the relation
between the charge density of the liquid and the surfactant concentration is
well-established, the precise nature of the charging mechanisms that give
rise to this charge are still a topic of current research efforts[13-16, 96, 97].
Some charging mechanisms have been observed experimentally. In this
chapter, | discussed acid-base interactions[98], preferential adsorption[99,
100] and surface dissolution[77].

It is important to understand the interaction between surfactant molecules,
free ions and particle surfaces, because this knowledge could be used to
engineer better surfactants or to improve the performance of colloidal
systems in existing applications. There exist many types of surfactants,
particles and nonpolar liquids in a multitude of combinations. There also
exists a large number of techniques that can be used to study a particle’s
charging behavior. Here, | discussed optical tracking electrophoresis[85],
blinking optical tweezers[18], laser-Doppler electrophoresis[19] and phase
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analysis light scattering[20], differential-phase optical coherence
tomography[89] and electroacoustics[22].

Optical trapping electrophoresis is yet another technique that can provide
insight into the charging behavior of colloidal particles, but it has one distinct
difference that sets it apart: The ability to determine successive discrete
charging and discharging events over extended periods of time. This ability is
not shared with optical tracking electrophoresis, because while it can detect
elementary charging events, the particles eventually wander out of the field-
of-view, limiting measurement times[17]. Capillary electrophoresis is
another technique that can resolve discrete charge peaks of colloidal
entities. The peaks correspond to the number of elementary charges held by
a group of proteins[101]. This technique requires the colloidal particles to
maintain a fixed charge, so dynamic detection of single charging events is not
an option.

Itis my aim in this dissertation to show that this key feature of OTE, the ability
to detect single charging and discharging events, enables it to gain new
insights into the charging behavior of colloidal particles and to establish a
protocol on how to do so.
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Chapter 3.
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3.1 Introduction

This chapter details the experimental setup and analysis method used to
obtain the results reported in the following chapters of this thesis. This
consists of two main parts.

In the first part, | describe the experimental setup. First | discuss the
preparation of the microfluidic cells, then | explain how the position
detection works and finally, an overview of the entire experimental setup is
given.

In the second part, the analysis method to resolve the charge evolution for
an optically trapped particle is discussed. This starts off with an analysis of
the equation of motion that leads to the formula to compute the electric

charge of a particle from the observed oscillatory motion. Then, the R?
analysis method is explained and discussed. This section concludes with an
overview of the analysis method.

3.2 Experimental setup

3.2.1 Microfluidic cell
In order to use or study a colloidal suspension with a microscope, the
suspension has to be confined in a cell. Here | describe the fabrication and
the configuration of the microfluidic cell that | have used. The cell consists of
two ITO-coated glass plates that have been cleaned under cleanroom
conditions and then glued together, while kept at a fixed distance by spacer
balls.

34
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spacer ball

Figure 3-1 (left) The Laser light enters the sample from underneath and is focused inside the
sample where it traps a colloidal particle. The glass plates of the microfluidic cell are coated
with ITO (black), and the electric field will be applied along the z-direction. (right) Top view of
the microfluidic cell with spacer balls mixed in the glue to separate the plates at a fixed
distance.

Cleaning: The glass substrates (1 inch by 1 inch) are cleaned in three
consecutive steps: the substrates are placed in a beaker, filled with DI water
and detergent. This beaker is put into an ultrasonic bath filled with DI water.
The ultrasound vibrations clean the substrates during 15 minutes.
Afterwards, the substrates are blown dry with a nitrogen pressure gun. Then,
this procedure is repeated with acetone, isopropanol and DI water
consecutively. Then the glass plates are blown dry with a nitrogen gun and
dried in the oven at 90°C for 4 hours[102, 103].

Glueing: UV curing glue is mixed with spherical spacer balls of the desired
thickness. Here, | use spacers of 75 um. Next, a glue dispenser (Nordson,
DispenseMate) draws the double rectangular outline of the channel of the
microfluidic cell onto the ITO-side of a clean glass plate, as shown in Figure
2-2. The rectangles are 4 mm apart. The second glass plate is placed on top
and pressed down by a vacuum lock. The glue is cured under UV light for 60
s.

Materials: | use n-dodecane (Sigma Aldrich) and add micrometer sized PHSA-
coated PMMA particles in weight fractions of 1/20000 wt%. The particles
were provided by dr. Andrew Schofield and were synthesized as described in
[26]. The particles have diameters of 0.998 um and 0.498 um (polydispersity
unknown) In some experiments, | also use the commercial surfactant OLOA
11000 in varying concentrations that range from 0.001 wt% to 0.05 wt% in
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dodecane. Above the CMC, the surfactant molecules form spherical inverse
micelles with a diameter of 5.3 nm[104]. Prior to an experiment, the beaker
containing the solution is placed in an ultrasonic bath for 5 seconds and then
mixed for 30 seconds with a vortex mixer (Lab Dancer, VWR) to homogenize
the suspension.

If long measurement times are desired, the entrances of the microfluidic
channel have to be narrowed to slow down the evaporation of the solvent.
This is accomplished by introducing glue at the edges of each opening. The
glue is sucked in by capillary force. When the width is reduced to 1 mm, the
glue is cured by UV light for 60 s.

The benefit of this preparation scheme over previous microfluidic cells used
for OTE charge measurements in general[45, 90, 92] and elementary charge
detection in particular[17, 90], is twofold. First, the cleanroom conditions
ensure a clean and easily reproducible microfluidic environment. Second,
because the electric field is perpendicular to the cell wall, electro-osmotic
effects are prevented. This is especially important when considering higher
charge density liquids, such as surfactant-enriched colloids.

3.2.2 Position detection
In this section | describe the part of the experimental setup that involves the
position detection of the optically trapped colloidal particle. The particle’s
position is imaged onto the detector in a technique that is based on the
detection by Gittes and Schmidt[105], which is widely used for position
detection of trapped particles.

3.2.2.1 Position measurements
An optically trapped colloidal particle is confined to a small unit of space
(displacements typically < 100 nm) for up to several hours by a 975 nm laser
that has 60 mW of power in the sample. Aside from containing the
movement of the particle to a small volume, the trapping laser can also be
employed to measure the particle’s position. As mentioned in section 2.3.2,
a small displacement of the particle, results in a small deflection of the beam,
proportional to that displacement. This way, the movement of the particle is
recorded in the deflections of the laser beam by a quadrant photodiode
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(QPD, Thorlabs PDQS80A). This technique that measures fluctuations of the
deflected beam over time, to track the particle’s position. The two main
advantages of this technique over detection of images with a camera, are the
higher readout speeds (100 Khz vs 100 Hz) and superior measurement
accuracy.

Figure 3-2 shows the schematic representation of the setup. The laser beam
is focused in the sample by a 100 times objective and is then collected by the
condenser lens. The beam is again collimated after passing through the
condenser lens. Then, the beam is focused by the imaging lens on to the QPD.

Agpp frontview QPD
| S

] b

| xy-stage

100x

objective

Figure 3-2 Schematic representation of the experimental. The QPD is mounted on a xy-stage
that moves in the directions perpendicular to the propagation direction of the incoming beam.
The upper part of the setup, consisting of the condenser lens, the 50-50 beam splitter, the
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imaging lens and its aperture Aqpp and the QPD, is mounted on a translation stage that can
move in the direction z¢ as indicated. The lamp (L) is used for alignment purposes.

The QPD consists of 4 photodiodes and relays four voltage signals (V1, V2, V3,
V4) to the data acquisition device which is linked to a computer where the
data is stored. The voltage signal transferred from each photodiode is
proportional to the incident light on its respective quarter of the QPD. The
lens configuration in the position detection setup is such, that a small
displacement of the trapped bead, lateral with respect to the laser
propagation direction, results in a proportional displacement of the beam
spot on the QPD. So that a displacement of the particle is translated into a
corresponding set of output voltages from the QPD.

Specifically, for small displacements, the relation between the displacement
of the particle (AX, Ay, Az) and the recorded QPD voltages (V,,V,,V;,V,)

is linear and is given by equations 3-1 to 3-3. The Z direction is indicated in
Figure 3-2 and is along the propagation direction of the laser. X and Y are the

lateral directions, perpendicular to z and to each other.

X= ﬂx (Vl +V2 _VS _V4) = ﬂxvx 31
y = ﬂy (\/1 _V2 _V3 +V4) = ﬂyvy 3-2
z :ﬁz (Vl +V2 +V3 +V4) :ﬂzvz 33

B, B, and f, are conversion factors in SI unit m/V. For a well aligned
system, [, and ,By are approximately equal. In what follows, | explain how

the formula for S

, is obtained. This derivation is based on [106]. Formulas

for 3, and ,By can be found entirely analogously.

The analytical formula to calculate f3, is obtained through Fourier analysis of
equation 2-20. The Fourier transform is defined as
+o0

Z(f)= I z(t)e"*"dt, 34

—00
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where 7 ( f ) is the Fourier transform of Z (t) . Applying this transformation

to equation 2-20 yields

Z(—i2nf y + &) +QuEs(f - fo)=F, 35

For frequencies where f # f_, this simplifies to

part

Z, (-i2ny f +x)= F, 36

2 2

A A

I:B . FB
- (47‘52}/2 f? +K'2) - 4n2}/2( f24 fcz)

Equation 3-7 follows from the modulus squared of equation 3-6, which is

2

A

= V4 3-7

N
referred to as the power spectrum ‘Z‘ =S,,. Also in equation 3-7, the

corner frequency 1:C = K‘/Z]Z'}/ is introduced, which marks the point in the

frequency domain where the contribution of the optical trapping force and
the viscous drag force are equal.

A 12
The power spectral density of the stochastic force ‘FB‘ is 2K Ty as shown

in section 2.2.1, with kB the Boltzmann constant and T the temperature in

Kelvin. Note that in the first 10 to 20 s the temperature of the particle can
increase by several degrees Celcius under the influence of an AC field[107].
By introducing this into equation 3-7 the final form of the power spectrum
S, is reached:

— kBT
- 27[2;/( f2+ fcz)

In my experiments, typical values for the corner frequency hover around f,

7z 3-8

= 10 Hz. For values of the frequency much higher than the corner frequency

f [ f,, The power spectrum can be approximated as

KT
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For high frequencies, the expected value of the power spectral density

K, T
multiplied by the frequency squared is a constant fZSZZ =—B__ Thisvalue

272y

can be used to convert the measured voltage V, of the QPD to the z

displacement by equation 3-10, which has been derived by Flyvbjerg[108]:

7= SLfZV — kB—TV 3-10
S\/V,zf2 i 27[27/SW,Zf2 i

Which provides the formula for the conversion coefficient £, (in m/V) in

equation 3-1 to 3-3, to convert the voltages that are obtained from the QPD
to particle displacement in meter.

B, = kB—Tz , 3-11
272ySy , f

where va,z f2 is the high-frequency plateau value of the power spectral

density of the QPD voltage signal multiplied with the frequency squared. By
implementing the value of £, into equations 3-1 to 3-3, | can trace the

position of an optically trapped particle with nanometer precision at a rate
of 100 kHz.

3.2.2.2 Alignment procedure
The previous section explains the analysis procedure by which the position
is measured and converted from Volt to meter, in the implicit assumption
that the setup is properly aligned. In practice, prior to the start of any
experiment, the laser needs to be realigned. This calls for a consistent and
standardized alignment method, to ensure position detection measurements
of optimal quality and reproducibility.

The laser alignment of the back focal plane interferometry setup from Figure
3-2 follows the following steps:

e Trap a colloidal particle inside the microfluidic cell in the absence of
an electric field
e Open the program on the computer that provides
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o a life feed of the power spectrum in X-, y- and Z-
directions

o the sum voltage of the QPD averaged over 1 second: V,

o alifefeedof the X and Y position of the laser beam V, and

vy
o The modulus of the cross spectrum correlations between V,
and V,, KVX,VZ) =V,V,|, and between V, and V,

, Where V. is the discrete Fourier

‘<VV’VZ> - M\i;

transform of V. and the symbol ~ denotes that V'is the

complex conjugate of \7, .

Open both the aperture of the lamp, Aiamp, and the aperture of the
QPD, Aqpo.

Slightly reduce the opening of the aperture of the lamp Aimp and
move the z-stage of the microscope, zc, until you find the position of
zc with that gives the brightest field. Repeat this several times until
the aperture of the lamp is nearly closed and you can observe the
contour of the aperture Amp on the camera image.

The aim of this step is to make the focal planes of the condenser lens
(C) and the 100 X objective lens coincide perfectly. In this way the
condenser lens converts the strongly diverging trapping beam into a
perfectly parallel laser beam.

When no aperture is present before the QPD, the entire beam is
captured by the QPD and the sum of the four quadrants will be
constant, so no z-signal is detected.

Therefore, the opening of the Agpp is reduced until the z-signal
produces a power spectrum (as introduced in [109]).

The QPD in my experiments can produce an output from0Vto5 V.

Ideally, the value of V, should be halfway in this range. If the signal

is too high, a better value can be accomplished by further reducing
Aqpp and vice versa.
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* Move the xy translation stage of the QPD until both V, and V, are

on average zero.

e From this point, move the translation stage along XopD until the

is minimized. Do the same

modulus of the cross correlation |<VX Vv, >
for Yopp -

The program should now provide a life feed of a clean power spectrum in all
three directions. The laser is now properly aligned and the experiment can
start.

Note that this alignment procedure is assuming some degree of prior
alignment. This procedure only covers the alignment that needs to be
repeated before every experiment, not the complete alignment of the optical
trapping setup.

The Fourier spectrum of the cross correlation between two voltage signals
mentioned in the alignment procedure is defined as the product of the
Fourier spectrum of one signal with the complex conjugate of the Fourier
spectrum of the second. | used voltage signals of time interval of 1 s.

3.2.3 Setup - Optical trapping electrophoresis
In Figure 3-3, the full experimental setup is presented that is used to obtain
the main results from this thesis. The position detection system from section
3.2.2 is integrated in this setup. Figure 3-3 further also depicts the light path
of the halogen lamp (H) to the camera.
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Figure 3-3 Full schematic overview of the OTE setup, showing the path of the IR laser beam

(pink) that traps the particle and arrives at the QPD and the path of the white illumination
(yellow) from the lamp to the EM-CCD camera.

The setup is built around an inverted optical microscope (Nikon Eclipse TI),
which is used to simultaneously visualize and probe a single colloidal particle
as shown in Figure 3-3. A 975 nm (IR) laser beam with 60 mW power is
coupled into the microscope by a dichroic mirror (DM) and is focused by a
100 X oil immersion objective (Nikon, Plan Fluor 100X, numerical aperture
1.3). Two Indium-Tin-Oxide (ITO) covered glass plates are separated by a
distance of approximately 75 um by spacers in UV curable glue, and the
volume between the electrodes is for example filled with a PMMA
dispersion. The laser is focused in the mid-plane between the two electrodes
where a single PMMA particle is optically trapped. The forward scattered
light is collected by the condenser (C), reflects off a 50-50 beamsplitter and
impinges onto the QPD. Section 3.2.2.1 details how the QPD works.

43



The halogen lamp (H) illuminates the sample under Kéhler illumination. The
white light travels through the sample in the opposite direction as the laser
beam and forms an image of the particle on an Andor iXon+ EM-CCD camera.
The camera is used to confirm trapping of a single particle and to align the
laser inside the sample.

Measurements are executed with a sinusoidal voltage difference (V) applied
across the ITO electrodes at frequencies ranging from 250 Hz to 5 kHz and
voltage amplitudes ranging from 25 V to 200 V. As the electrodes are spaced
75 pum apart, typical amplitudes of the electric field are around 1 V/um.

3.3 Analysis method

The first sections of this chapter focuses on the experimental side of the
method. Here, | elaborate on the analysis method which consists of two
parts.

In the first part, the converted QPD signal is used to calculate a first estimate
of the electric charge of the particle.

If 1 observe that the normalized charge of the particle Qj (t)/e makes

discrete jumps with the size nearly equal to one, but the values are not
clustered around integer values, | calculate a correction factor U to remedy

this and obtain the final charge values Q (t) =Q, (t)/u (t) .

3.3.1 Calculation of the charge
Section 2.3 detailed how the movement of a particle can be tracked in time
with nm resolution. Here, | delve into the analysis of how to calculate the
particle’s charge from that recorded movement. This analysis follows the
work Beunis et al in [90] (supplementary online material).

In the presence of a sinusoidal electric field E(t)=E,cos(2zf.t), a

particle with a fixed charge Q_ . is subject to a force proportional to its

part

charge, F. =Q,,,E(t) . Section 2.3 concluded with equation of motion 2-17

part

which is repeated below.
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QpartE(t)_'_\/ZkBTyé(t)_7/2_’(2 =0 3-12
Because the particle’s equation of motion is a linear differential equation,
the solution can be considered as the sum of an oscillatory motion with

amplitude proportional to its charge (due to the sinusoidal force F;)and a

Brownian motion due to the random force.

The charge is calculated from one window of N measurements z,, with
n=12, ..,N, of the position z at times t,. | define z_ as the position z
of the particle at time t , 7, = Z(tn) = z(nAtS). In this work, the value of

N is taken to be 100,000. As the acquisition frequency of the QPD is
fS =100 kHz :]/Ats, this implies that the charge is sampled at a frequency

of fQ =1 HZ=]/AtQ. Equation 3-12 is transformed into a difference

equation by solving it in the interval t, <t <t_,

Zn+1 =
tha
— ot by N =0 (b —t) g1 —20,At, D 3-13
2,6 +Q.E t_[cos(anEt )e dt +\/( —e )_an £
where @, =2nf, =«/y and ¢, is defined as
n+1 wc n+1 t
& = - ez“’cAt jf e 314

N .
Introducing the Discrete Fourier transform (DFT) Z, =AtSZ:Zne"“ktn , with

o, = 2nf, =2mk/(NAt, ), equation 3-13 is transformed into

—2a,At
1-e™* s
—uMKAt —chtS é:k +

Z(C’;:;;:FZ)QNN((Q) +iwg )8 (o, — o )+(0, —io )5 (o, +a,E))

3-15
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where & is the Dirac-delta function that is equal to one if its argument is zero

and is equal to zero otherwise and é;k is the DFT of the Gaussian process and

satisfies (£,) =(£)=0, (§&) =0 and (£.&) = NAL,.

From equation 3-15 | can calculate an estimate Q,of the charge Q,,, as a

weighted sum of the real and imaginary parts of the DFT

2y 1,
Q =

2 (e, Re(2: )+ Im(2.)), 3-16
E,
where Z_is the frequency component for which f, = f.. The expected

value of the estimate indeed equals the charge <Qj> Q... . The standard

part *

deviation on this estimate is:

2.k Ty fox
O'(Qj ) __NB 7 QTE 3-17
E,
o is a factor that takes into account anti-aliasing that is caused by the finite
sampling rate.
(0)2 + )} )(1— g2t )At
aE - —w,At —2a) Aty 318
20, (1 2c0s(w At )e e )

To resolve the elementary charge in the charge evolution of a particle, the

following condition has to be met:

ek,

S | _
2 JKaT 7 Toae >

Here, the amplitude of the electric field is typically on the order of

SNR =

E, =1V/um and the charge sampling frequency is fQ =1Hz, so for a

micrometer sized particle in dodecane (774,4ecne =1-34 MPas at room

eE,

2 [Ks Ty foae

temperature), the signal-to-noise ratio is =11.1, which

amply satisfies the required condition.
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In this section, in deriving the relevant equations, | distinguished between
the estimate of the charge Qj and the particle’s charge itself Qpan. In the

continuation of this document, | will no longer make this distinction and refer
to the calculated value of the charge as Qj , unless otherwise specified.

3.3.2 R%-method of adjusting the charge
In the previous section, | discussed how the position of the particle is tracked
with the QPD and how the QPD signal is converted from Volt to meter
through equation 3-3. Then, a thorough analysis of the particle’s equation of
motion led to a formula to calculate a first estimate of the charge Q;.

However, Figure 3-4 shows that while an experiment may meet the criterion
for resolving the elementary charge (equation 3-19), the values of the
normalized charge Qj/e are not necessarily clustered around integer

numbers. This is likely because the estimate of the charge Qj depends on my
estimate of both the electric field E and the Stokes drag coefficient y.
Fluctuations in the conversion coefficient 2, and small mechanical variations

in the setup may also contribute to this effect. This is why | employ the R?-
method of adjusting the charge. This method is based on [110]. Figure 3-4 is
an excerpt of a longer measurement and shows the final 400 s of charge data.
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Figure 3-4 Time evolution of the charge Qj for a 1 um PHSA-coated PMMA particle in

dodecane during 400 s with electric field amplitude E =0.67 V/um and frequency
f = 2.5 kHz . Though the signal to noise ratio is larger than 1, SNR = 7.4 > 1, the values of

the normalized charge are not clustered around integer values.

Consider a charge measurement where the normalized charge values QJ. /e,

unlike those from Figure 3-4, are clustered around multiples of the
elementary charge. Then | can rewrite the normalized charge Qj /e at time

t=tas

Q ()
e
where Z, is the integer number of elementary charges on the particle and

=Z +¢, 3-20

&, is the deviation from the integer Z,. So that for most normalized charge

values it can be stated that

Q) |Q(t)/e Z = <05 321
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Where the bracket notation [ ] denotes rounding to the nearest integer. The

deviation ¢; is mainly due to Brownian motion.

Now reexamine the values of the normalized charge QJ. /e in Figure 3-4. They

are systematically smaller than the nearest integer number and the offset
increases as the value of the charge increases. This indicates that the
separation between the experimentally observed normalized charges U is
slightly smaller than 1. The normalized charge values here can be better
described by:

()

e

=ZU+g 3-22

And

Q (ti)_[QJ— (t )/e}ziuzgi <05 323

e Zu
To find the optimal value of U, | perform a parameter sweep of Uover a
certain interval (for example between 0.9 and 1.1 or between 0.25 and 2)

and calculate the R? function for a time centered around t

i=—n € u

Rz(t,u):zn: Qj(t+iAt)_uj{Qj(tnm)/e} ’ 1oa

where 2nNAt +1 is the total size of the time window centered around the

normalized charge value Qj /e. This function can not be computed for the
first and the final N data points. The R? function was introduced by Strubbe
in[17, 110].

The R? function is expected to go through a local minimum for the optimal
value of U. This is shown in Figure 3-5, which displays R® (u) fort =100s
from Figure 3-4 with n=100.
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Figure 3-5 Analysis of the deviation of the normalized charge from Figure 3-4. R? (t, u) from
equation 3-24 is calculated for the data from Figure 3-4 for t =100 s (black). The straight line
(red) shows the quadratic expectancy MU2/12 ,with M =2n+1, for random charge data.

Values of this graph that are below this line suggest clustering of the charge data around
multiples of U . The local minimum corresponding to the elementary spacing between the

charge levelsis U, =1.023.

The graph on Figure 3-5 plots the R? function together with its quadratic
expectancy of random data Mu2/12, where M =2n+1. At U=1.023, the
local minimum that corresponds to the mean separation between
normalized charge clusters can be identified, which | call U,, . Notice that the
difference between adjacent peaks of U, is quite small. | will come back to

this observation later in section 3.3.2.2.

| can now define a flattened and normalized R? function, which | shall refer

toas R?:

-u.| - u 3-25
— e ! u

12 o (Q(t+iat)  [Q(t+iat)e]) /,
L2y (t+iat) (t+iat)/
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The advantage of R? is that a local minimum stands out more strongly

. . . 2
against a constant curve than versus a quadratic curve as in R“.

The value for u, in Figure 3-5 is calculated for t = 100 s, but it can be

obtained for any data point of the measurement. In Figure 3-6 R?%is shown

for the experiment from Figure 3-4 for N =250, for t varying from 0's to 150
s (note that the measurement starts | fact at t =-250 s, but not all the data
is shown), and forU ranging from 0.25 to 2. One sustained dip can be
observed in the figure near U= 1. This dominant valley in the graph is the

time evolution of U, , which should yield a quasi-continuous U, (t) The

el”
local maxima surrounding this minimum for this experiment lie at 0.97 and
1.00.

In Figure 3-7, U, (t) is plotted in black for the 150 seconds, corresponding to

the first 150 seconds of the experiment in Figure 3-4. A discontinuous jump
can be observed at t =130 s. In order to obtain the running local minimum

in the graph from Figure 3-6, the R’ is calculated again with bounds U =

0.97-1.00. The minimal value of U in this interval is shown in red.
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Figure 3-6 The R_2 function over time for the experiment in Figure 3-4 with N = 250. A

pronounced local minimum is found near U =1 over the entire experiment. Starting around
T =100, a second local minimum appears next to the first local minimum.
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Figure 3-7 Time evolution of U (t) from Figure 3-6. (black) A discontinuous jump at t =130
s indicates that the local minimum from that point onward does not lie in the dominant valley

observed in Figure 3-6. (red) By calculating Rf within bounds U =0.97 - 1.00, the appropriate

value for U, (t) can be obtained consistently.

Now that bounds for u (t) have been established in case of a very large time

window n= 250, this can be taken advantage of to calculate R? for

progressively smaller time windows n=100s, 50 s, 25 s. The result is shown
in Figure 3-8.
Figure 3-9 shows the original normalized charge data Qj/e from Figure 3-4

together with the final normalized charge data Q, (t)/e , which is defined as

Q: (1)=0Q, (t)/U (€)1 o5 - 3-26

where u(t)el’nzzsis u(t)el with N = 25. Note that Q; (t) has 25 data points

less, due to the size of the time window used to calculate U (t) 55 Due to

el,n
the form of the definition of Qf (t), | will refer to U (t)el as the correction

factor.
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Figure 3-8 Correction factor U (t) calculated through Rf for time windows with half width

NAt =2505s, 100 s, 50 s and 25 s. For NAt becoming progressively smaller, the fluctuation

in Uy (t) increases. Note that the fluctuations remain below a few %.

30

D9 e

- —— -
5’ 26 S:\\% o
g 25 e PO
S 24 sz,
5 e

23 -‘;‘:. S

22 GhpgNsRER

21

20 : , .

0 100 200 300 400
Time t (s)

Figure 3-9 Normalized charge data before (Qj /e , black) and after (Qj /e , red) correction

with the correction factor U (t) calculated by the Rf method with N =25s.
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By reducing the size of the time window nAt, the normalized charge data
points are better reduced to their corresponding integers. Also, less data has
to be discarded at the beginning and the end of the experiment. It is
therefore advantageous to use a small time window.

If the selected time window is too small however, data points can be directed
towards an incorrect integer. This is prevented by checking for discontinuous

variations. This is accomplished by checking the progression of Uy, (t) with

the condition that for any t it is valid that:

Q) (v
Uy (t)e U, (t+1)e% <05

This formula checks whether the difference between consecutive values of

3-27

the correction factor U, (t) are large enough to project the same normalized

charge value corresponding to the first correction factor to different integer
values after rounding.

3.3.2.1 R?and measurement variance
Consider equation 3-24 of the R® function expressed for final normalized
charge Q; /e at time t for U=uU, . Here, it is applied to final normalized

charge data, so that U =U, =1. This yields

i=—n € 1

R? (t.1) = Z Q (t+iAt)_1{Qf (t+iAt)/e} 1o

Since U=U, =1, the normalized charge can be writtenas Q; /e =7 +¢,.
Which simplifies 3-28 to
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3-29

I
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N
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I
|
=
—
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~—

since [5 /Uq. ,] 0.

This means that the value for R® (Qf ,1) is directly related to the variance

o’ of the fluctuations around integer values of the measurement.

R?(t,1) = Zn:(gi ) =Mo? 330

i=—n
To verify this result, | compare the value of the R? function at the local
minimum at U = 0.984 in Figure 3-5 with the variance of the corrected

normalized charge in Figure 3-9. This respectively yields O'é =0.02and o° =
0.018.

3.3.2.2 Local minima of R? around u
In Figure 3-5, it is shown that the R? function follows a quadratic trend on

average. But aside from the position of U, little else can be inferred from

el ”
the fluctuations of the graph. It can be observed however that for values of

U around U, R? goes through a series of local maxima and minima that

el ”

are progressively less pronounced.

It is crucial that the U, is assigned to the appropriate local minimum. The
aim of this section is to understand what determines the number of local

minima of R® around U, . To that effect | investigate the curvature around

the local minimum corresponding to U, by once again considering equation
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3-24, now for small deviations of U, [uel —Au, U, +Au] with Aull 1, for

the final normalized charge Q; /e attime t=t;.

R2<t,1>=i(—Qf (”‘A”—<1+Au>[—Qf((ffﬁt>)/eD

i=—n e

< 3((2+a)- (@A) (Z, ) (1-2u)])

i=—n

- ((Z +&)-(1+Au)[Z, - AuZ; +4 _Augi])z ,

i=—n

<3 ((z,+a)-(1+8u)(Z, -[aZ, +5]))

i=—n

= Zn: (6 —AuZ, —(1+Au)[AuZ, +¢ ])2

i=—n

where the Taylor expansion ~1-Auisused and the term Aug; has

1
(L+av)

been neglected.

From equation 3-31, | gather that for small deviations AU around U, the

el”
curvature of the R? function increases with increasing charge number Z; of

the particle. That indicates that a higher mean charge leads to a higher

number of local minima surrounding U, . In fact, this is to be expected: The

difference between factors that project a number to its nearest integer and
its second nearest integer are closer together when the absolute value of
that number is larger.

The other parameter in the R® function is the time window (2n +1)At o

would expect that, as the size of the time window increases and more values
of the charge are taken into account, the R? function should make a more

accurate calculation of U, .
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Figure 3-10 The RE function in function of U for N = 250 (black) and N =100 (red). The

data from the red curve is also shown in Figure 3-5 where it is expressed by the R2 function.
The red curve has a higher number of local minima. The lowest minima of the two curves do

not coincide. The black curve, with highest N, assigns Uel to the correct local minimum.

From Figure 3-10 it can be observed that a lower number for N results in a
larger number of local minima. This confirms that a higher number for N can

more reliably lead to the correct value of U, .

Therefore, when the global minimum U, (t) switches between two local
minima, the most appropriate local minimum to follow is obtained by
increasing the time window for Rf and to pick the local minimum that is

dominant in the time interval where the particle’s charge is smaller.

3.3.3 Summary of the analysis method
The relevant formulas and analysis tools to properly evaluate the charge of a
colloidal particle have been laid out extensively over the course of this
chapter. Therefore, as a summary in brief, | provide a graphical overview of
the entire process below in Figure 3-11.

First, the voltage data of the QPD is converted to Z -position data by
calculating the conversion coefficient through equation 3-11.
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Next, the particle’s charge Qj is calculated every second by formula 3-16, by
using 100 000 z -positions in a 1 s time interval. The resulting Qj (t) is

measured over an interval of hundreds of seconds.

Then, | calculate the correction factor u, (t) based on formula 3-25 as a

function of time t. First for large values of n, to ensure identifying the

correct local minimum of R?. Then, | calculate u,(t) for progressively
el

smaller values of n, within well-defined bounds of U .

Finally, the corrected charge data Q; (t)/e is obtained by dividing the initial

estimation of the charge Q. (t) by the corresponding correction factor
J

Ug ().
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Figure 3-11 Consecutive steps in the analysis method are shown. The QPD voltage signal (a) is

converted to position data (b). The charge Qj (t) (in €) (c) is calculated for every set of 100k
data points, which corresponds to 1000 ms. The normalization factor Uy, (t) (d) is calculated.

The charge evolution is then scaled to obtain Qf (t) (e).
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In this chapter, it was necessary to provide a subscript to the charge in order
distinguish between different charges that were used such as Q ., Q; and

Q; . In the following chapters | will present experimental data and as such |

will only present the final normalized charge which | equate to the particle’s
charge. Since it is no longer necessary to explicitly state this every time, | will
only talk about the charge and the subscripts can be dropped by defining the

chargeas Q=0Q; =Q,,-
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Chapter 4.

Electric Field-Induced
Charging



4.1 Introduction

The motivation for developing OTE mainly draws from the desire to
understand the mechanisms by which surfactants stabilize charge on
colloidal particles in nonpolar liquids. Before | study the influence of
surfactants however, this chapter focuses on the charging behavior of single
colloidal PHSA-coated PMMA microparticles in pure dodecane. In chapter
Chapter 5, | will study how the charging behavior of single particles is
modified by the presence of surfactant at different concentrations.

Optical trapping electrophoresis is well suited for single particle
measurements over long time intervals with high resolution. The goal of any
such measurement is to investigate which mechanisms govern the charging
behavior of the colloidal particles and how the particles behave in the
presence of an electric field. Therefore, ideally, the technique itself does not
interfere with the charging behavior that is being measured.

In this chapter, | present the charge evolution of single colloidal PHSA-coated
PMMA particles in pure dodecane. | observe that these particles accumulate
positive surface charge over time when a voltage is applied. This is a
phenomenon that has not been previously detected in similar systems[18,
90, 92, 93, 111]. The rest of the chapter is dedicated to characterizing the
nature of this new phenomenon, which | dub ‘electric field-induced
charging’. Through an array of different experiments | narrow down the
driving factors of this behavior and offer a plausible mechanism for the
nature of the reaction that fits well with the presented observations.

4.2 Electric field-induced charging

In Figure 4-1, the normalized charge evolution Q/e of single colloidal PHSA-

coated PMMA particles with a diameter of d =1 um is shown. The particles
oscillate in the optical trap under electric field and frequency sets: (E =1.33
V/um, f =2.5kHz), (E =0.67V/um, f =2.5kHz)and (E =0.67 V/um, f
=5 kHz).

Under these conditions, it is possible to measure the charge of the particle
with elementary charge resolution so that individual charging and
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discharging events can be detected. By my definition, N, single (dis)charging

events occur when the difference of 2 consecutive data points of the
normalized charge Q/e, each rounded to their respective nearest integer, is

equal to N, and N, is non-zero, [Q(t)/e:l—[Q('hLAtQ)/e]:NeI =0,
where [ ] denotes rounding to the nearest integer and AtQ is the size of

time window for which one calculation of the charge is made. When Nel =2,

this is interpreted as two elementary charging events. Here, AtQ =1s.
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Figure 4-1 Evolution of the normalized charge Q /e for three 1 um PHSA-coated PMMA

particles in dodecane during 600 s under (5 kHz, 0.66 V/um), (2.5 kHz, 0.66 V/um), and (2.5
kHz, 1.33 V/um) with one charge measurement per second.

The measurements in Figure 4-1 reveal a common pattern. All 3 particles

start off with a small net charge, Q/e| < 20, and they slowly accumulate net

positive charge over time during the experiment. Measurements on other
particles with different sets of applied electric field amplitude E and
frequency f reveal asimilar trend, where the net charge of the particle rises

over a long time interval.

65



In order to understand the mechanism behind this charging mechanism, |
study the impact of different measurement settings on the several aspects
of this phenomenon. These results are shown in the subsequent sections of
this chapter.

4.3 Effect of amplitude and frequency

| study the charge evolution of several individual particles for varying
combinations of the amplitude and the frequency of the electric field (E, f ).
Both parameters are varied over one order of magnitude. The applied

voltage ranges from V =0.33 V/um to 2.67 V/um and the frequency from
f =250 Hz to 5 kHz.

The result of these measurements is summarized in Figure 4-2. The charge of
a single colloidal particle is measured over time for each set of the
measurement parameters, the amplitude and the frequency of the electric

field (E, f ), in the graph. As a measure for the speed of the induced charging
mechanism, | define the charging speed, AQ/At, which is the difference
between the final charge value Qj, /e and the initial normalized charge
value Q,, AQ =Q;, —Q,, divided by the total measurement time At. The

charging speed is proportional to the area of the disks in Figure 4-2. For E =
1.67 V/um, | could not achieve measurements with elementary charge
resolution for frequencies f = 500 Hz and 250 Hz, because the particles

escaped the optical trap.
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Figure 4-2 Dependence of the charging rate of 1 um PHSA-coated PMMA particles on the
amplitude E and the frequency f of the applied electric field in dodecane. The rate is

proportional to the disk size. For reference, the circle in the caption represents a charging rate
of 0.1 e/s.

From Figure 4-2, it can be observed that there is at least one parameter that
has a strong correlation with the charging rate, which is the amplitude of the
electric field E. The influence of the frequency on the charging rate is less
strong. To further examine how the charging rate depends on the voltage
and the frequency, the charging rates from Figure 4-2 are displayed in
function of the amplitude and the frequency of the electric field separately
in Figure 4-3 and Figure 4-4 respectively.

67



0.25

®—5 kHz )
0.20 - ©—2.5 Hz
1 kHz ®
0.15
AQI/At @500 Hz e
(e/s)
0.10 250 Hz /
I
0.05 - @
rd
o
e}
0.00 T T T T T
0 0.5 1 1.5 2 2.5 3
E (V/um)

Figure 4-3 Average charging rate of 1 um PHSA-coated PMMA particles in dodecane as a
function of the amplitude of the applied electric field for frequencies f =250 Hz, 500 Hz, 1

kHz, 2.5 kHz and 5 kHz.

Figure 4-3 shows the charging rate of the 1 um PHSA-coated PMMA particles
in dodecane from Figure 4-2, expressed as a function of the amplitude of the
electric field E. Results of measurements at the same electric field
frequency are coupled with straight lines. For each of these sets, a roughly
linear correlation is observed between the charging rate of the particle and
the amplitude of the applied electric field. If the amplitude of the electric
field is increased with an order of magnitude, the charging rate is as well. This
strongly indicates that the electric field E is a driving factor behind this
phenomenon.
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Figure 4-4 Charging rate of 1 um PHSA-coated PMMA particles in dodecane as a function of
the frequency of the applied field for electric field amplitudes E =0.33 V/um; 0.67 V/um,
1.33 V/um and 2.67 V/um.

Figure 4-4 shows the charging rate of the 1 um PHSA-coated PMMA particles
in dodecane from Figure 4-2 expressed as a function of the inverse of the
frequency of the electric field 1/ f . It appears that the charging rate is larger

for smaller frequencies, though the effect on the charging rate is less
pronounced with respect to the effect of the amplitude of the electric field.

Additional information can be extracted from the distribution of the times in
between consecutive charging events. Figure 4-5 presents a histogram of the
time between consecutive elementary charging or discharging events for 1
pm PHSA-coated PMMA particles in dodecane. The histogram shows the
combined data for several particles that are probed at E = 0.67 V/um, with
differing frequencies, because no individual measurement has enough data
to give an accurate representation of the phenomenon. The influence of the
field frequency is neglected. The linear slope in the semi-logarithmic plot
reveals that the charging and discharging events follow a Poisson
process[90]. This means that consecutive charging events are uncorrelated.
The mean time in between charging events is influenced by the total net
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charge of the colloidal particle however. This is elaborated upon in the
section 4.4.
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Figure 4-5 Histogram of the time between consecutive (dis)charging events for 1 um PHSA-
coated PMMA particles with E = 1.33 V/um. Data from measurements with frequencies f

=250Hz, 500 Hz, 1 kHz, 2.5 kHz and 5 kHz are combined. The time between consecutive events
is distributed in bins with a width of 5 s. The logarithmic representation of the incidence as a
function of the time between consecutive charging events reveals an exponential relation
between these two parameters.

The logarithmic distribution of the incidence of the time between
consecutive events shown in Figure 4-5 is fitted to a linear regression. The
residual square error (R?) of the fit is 0.72, indicating that the linear
regression is a good approximation to the experimental data.

4.4 Saturation

In order to investigate saturation effects in the charging, | measured the
charge of a 1 um particle in a E = 1.33 V/um field at f =5 kHz over an

extended period of 3 hours. The result is shown in Figure 4-7.
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Figure 4-6 (black) The charge evolution of a single PMMA particle over a 3 hour time period
with E =1.33V/umand f =5 kHz. The charging rate slows down as the particle approaches

its maximum charge. (grey) Theoretical fit to the experimental data.

From Figure 4-7 it is clear that the charging rate slows down over time. The
observations can be explained by a mechanism in which the charging rate is
proportional to the amplitude of the electric field, as was observed in Figure
4-3, and proportional with the difference to the final charge. This is expressed
by equation 4-1:

dQ(t 41
R _2e(0, ).
where Q(t) is the time dependent charge, & is a proportionality factor, E

is the amplitude of the electric field and Q; is the final charge value. The

solution of Q(t) is given in equation 4-2

Q(t)=Qf _(Qf _Qi)efaEt, 4-2
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where Qi is the initial charge value. Fitting the data from Figure 4-6 to
equation 4-2 (with E =1.33 V/pm)yields Q, =3.87¢, Q, =73.2eand a

=1.91*10° m/Vs, which yields a characteristic time constant ]/aE =3937
s. This fit is included in Figure 4-6.

In this model, the charging rate after 15 minutes is a factor 1.25 lower than
the initial charging rate. Hence, for measurements that do not last longer
than 15 minutes, the charging rates can be approximated to be constant. The
measurements shown in previous sections of this chapter or in the following
sections fall in this category.

4.5 Size matters
Figure 4-7 displays the average charging rate of 3 PHSA-coated PMMA
particles with a diameter of d, =424 nmat f =5kHzand E =1.33 V/um

plotted together with the data of the particles from Figure 4-2 in section 4.3
that were probed under electric fields from E =0.33 V/um to E =2.67 V/um
at f =5kHz. On average, the charging rate from these three experiments is

AQ/At =0.013 e/s. This charging rate is 4.3 times smaller than the expected
value from the linear fit to the 1 um sized particles which is AQ/At =0.056
e/s. The ratio of the surface areas of these particles is ratio = dz/dl2 =55,

where d =1 um. This suggests that the charging rate varies proportionally
with the surface area of the colloidal particle rather than for example
proportionally with the radius.
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Figure 4-7 Charging rate of 1 um sized particles (black) as a function of the applied field
amplitude at f =5 kHz, and the mean charging rate of three 424 nm particles (grey) at E =

0.95 V/um and f =5 kHz. The charging rate differs by a factor 4.3. This is approximately

equal to the ratio of their surface areas, which is 5.5.

Though the data indicates that the charging rate varies proportionally with
the particle’s surface area, for now, due to the low volume of data points, it
can not be concluded definitively to be the case. It is possible to determine
this relation with a higher degree of certainty, but this avenue was not
pursued any further, because all three possible charging mechanisms are
expected to show the same behavior. Therefore, further narrowing down the
relation between the particle’s size and its charging rate does not offer any
additional benefit.

4.6 Voltage switched off

By switching the voltage off for a certain time interval, while maintaining the
optical trap, | can study the relaxation of the charge Q/e. Figure 4-8 shows
the charge of one particle over time while the voltage is intermittently
switched on and off. No charge data can be obtained when the oscillating
voltage is switched off. The charge is measured three times for 10 minutes
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with an amplitude of E =1.33V/umand f =2.5kHz and a DC offset of 1V
(Epc = 0.0133 V/um). Between the first and the second measurement, the

AC and DC voltage is switched off for 10 minutes and between the second
and the third measurement, the voltage is switched off for 1 hour. It can be
observed that the charge remains constant during the 10 minute waiting
period and increases by 1 elementary charge during the one hour waiting
period. There is no particle charge value during the off-periods, because an
electric field is required to obtain such a value.
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Figure 4-8 The charge evolution of a single PMMA particle over time with the electric field on
or off with E = 1.33 V/um at f = 2.5 kHz and Epc = 0.0133 V/um. In between

measurements, the charge of the particle does not decrease.

4.7 Al,O; coating

Under the influence of a high electric field, an electrode is capable of injecting
charge into a dielectric liquid[112]. In order to eliminate charging through
injection of charged species at the electrodes, the electrodes are covered
with a physical, non-conducting barrier. This is achieved by coating the ITO
electrodes with an Al,O; layer of 100 nm. Figure 4-9 displays the charging of
a1 um sized particle at E =1.33V/umand f =5 kHz in a device with coated

electrodes. It is clear that the charge of the particle is increasing in a similar
way (although slower) as without coating. This means that the increase in
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positive charge of the particle is not related to injection of charges from the
electrodes.
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Figure 4-9 The evolution of the normalized charge Q /e of a 1 um particle at E =1.33 V/um
and f =5kHzin a device with 100 nm Al,0s coating on the electrodes. The charging rate is

about 0.01 e/s.

4.8 DC-effect

In previous sections, the effect of variations in the amplitude and frequency
of the electric field on the charging rate of PHSA-coated PMMA particles in
dodecane has been investigated. It was also found that the particles retain
their acquired charge level when the electric field is no longer present. Here,
| look for the effect that a superimposed DC field exerts on this charging
mechanism. To that effect, the measurement sweep from section 4.3 is

revisited with a DC voltage of V. =1V over the 75 pm wide channel, which
corresponds to a DC electric field of E . =0.0133 V/um. A 1 V DC offset

voltage is sufficiently large to deplete the bulk of the microfluidic channel of
freely diffusing ions[80]. This has a serious implication to the charging
mechanism. For instance, if the charging mechanism would involve the
interaction of a surface site with free ionic species from the bulk, the reaction
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mechanism is expected to come to a halt when the liquid is depleted from
ionic species.

The results of this set of experiments is shown in red in Figure 4-10 and is
plotted over the corresponding results from section 4.3 in Figure 4-2, shown

in grey.
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Figure 4-10 Dependence of the charging rate of 1 um PHSA-coated PMMA particles on the
amplitude E and the frequency f of the applied electric field in dodecane with a DC field
component Ep. =0.0133 V/um in red and without DC component Ep. =0 V/um in grey

(behind) from Figure 4-2. The rate is proportional to the disk size. For reference, the red (in
front) circle in the caption represents a charging rate of 0.1 e/s.

It can be observed that the charging rates of the measurements where a DC
voltage is present are approximately equal to the corresponding charging
rates of the measurements where no DC voltage was applied. For the DC
measurements, the same trends appear to be present in the charging rate
with respect to the amplitude and the frequency of the electric field. A single
anomaly stands out at frequency f =5 kHz and amplitude E =1.33 V/um,

where the charging rates of the 2 sets are off by a factor > 10.
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It appears that the application of an offset voltage of 1V, that depletes the
bulk of the liquid from ions, does not significantly alter the governing
reaction mechanism. This further demonstrates that the observed electric
field-induced charging mechanism does not involve a reaction with freely
diffusing ionic species from the bulk.

4.9 Discussion

| have presented experiments that reveal electric field-induced charging of
colloidal particles in a nonpolar liquid. The charge of a colloidal particle that
is optically trapped and subjected to AC electric fields with amplitudes
around E =1 V/um and frequencies around f =1 kHz, gradually increases

over time. These experiments give insight in the parameters that drive the
mechanism. In this section | will present three mechanisms by which charge
can arrive at or leave from the particle. Since the charging events follow a
Poisson process the focus is on uncorrelated charging mechanisms. Then, |
discuss how well these mechanisms comply with my observations. A
schematic representation of the three charge mechanisms is shown in Figure
4-11Figure 4-1.
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Figure 4-11 Schematic representation of 3 possible charging mechanisms.

When a voltage is applied over two electrodes that are separated by a
nonpolar liquid medium, charged ions can be formed at the interface with
the electrode and injected into the medium[113]. In mechanism A, positively
charged ions that originate from the electrodes collide with the trapped
particle. A fraction of these collisions results in bonding with the particle,
causing the surface charge to increase over time. Mechanism B assumes that
the particle has negatively and positively charged sites on its surface and that
freely diffusing positive ions bond with the oppositely charged negative sites,
while the positive sites on the particle do not undergo any reaction. Because
the reaction neutralizes negative sites, but not positive ones, net positive
charge builds up on the particle. In mechanism C, the particle surface
contains negatively charged ions that can desorb from the particle under high
electric fields (~1 V/um). When the negative ions leave the particle, the
particle’s net charge has increased. | expect the applied fields to be
insufficiently strong to disrupt covalent or ionic bonds, so the type of bond
that holds these negative ions to the surface can be a weak hydrogen bond
or electrostatic attraction with a positively charged site on the particle.
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In section 4.7, | presented an experiment where the electrodes are covered
with an Al,Os; coating and observed that, although the rate of the electric
field-induced charging was slower for this measurement, it was still present.
This indicates that mechanism A can not solely responsible for the induced
charging phenomenon.

Mechanism B can also be discarded because the colloidal particles would
have started charging before they were introduced into the microfluidic
channel and they would have reached their saturation charge before | started
measuring. For mechanism B to be eligible, the ions would need to be
introduced into the liquid when the mixture enters the microfluidic channel,
for instance by trace amounts of ionic molecules on the channel’s electrodes.
In section 4.6, | observed that charging effectively stops in the absence of an
electric field. This can be expected for mechanism C, but not for B. If electric
field-induced charging originates from particle interaction with only the
positive ions from the bulk as in mechanism B, then the phenomenon is not
expected to require an AC electric field to drive it, because an AC field does
not steer positive ions towards negative surface sites. This means that under
mechanism B, | do not expect a dependency on the amplitude or the
frequency of the AC electric field and | do expect the mechanism to carry on
when the voltage is switched off. This in direct contrast with my
observations, where | have demonstrated a strong correlation between the
charging rate and the amplitude of the electric field and no induced charging
when the voltage is switched off. Mechanism B is further disqualified by the
measurement results from section 4.8 where it was observed that the
charging rate is not significantly influenced by a DC electric field that is
sufficiently strong to deplete the bulk of the liquid from charged ionic
species. Since the reaction rate continues unperturbed in the absence of
ionic species, mechanism B can be confidently rejected.

Mechanism C can account for all observations from the presented
experiments. If the particle charging originates from negative ions that are
stripped away from the particle by high electric fields, then the charge should
remain stable when the field is not present as was observed. Moreover, a
higher electric field amplitude means that the negative ions are pulled by a
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stronger electric force. Therefore, a higher field amplitude should induce a
higher charging rate, as is observed. Furthermore, if it is assumed that the
number of negative ions that are involved in this mechanism is constant per
unit area, then the charging rate has to scale quadratically with the radius of
the particle, which is in agreement with the results of section 4.5.

By conducting a measurement over a 3 hour time period, | was able to show
that the induced charging phenomenon is in the end a self-limiting reaction.
This observation was to be expected for any mechanism. For mechanism Cin
particular, the implication is that it becomes increasingly harder for negative
ions to escape the inward electrostatic pull of the particle as its positive
charge increases. This effect is in good agreement with a theoretical fit,
based on the assumption that the charging rate is proportional to the
difference between the actual charge and the charge that is finally obtained.

Because an electric field dependent dissociation mechanism (mechanism C)
can adequately explain all observations, this prompts a new question: What
is the chemical structure of the ejected ion? For now, | can not definitively
identify the ion. Trace amounts of water offer one plausible origin of the
charge[114, 115], as for the samples in the current study no additional drying
steps have been implemented. Charging of particles can also be caused by
the presence of unreacted monomer[116] or cleaving of functional groups
such as the PHSA tails.

4.10 Conclusions

When applying OTE to PHSA-coated PMMA microparticles in pure dodecane,
| came across unanticipated charging behavior. | observed that the charge of
the particles increased slowly over time. | conducted a series of experiments
to test the influence of several measurement parameters: the amplitude and
frequency of an applied AC field, the presence of a DC field, the size
dependency of the charging rate, the effect of a dielectric coating on the
electrodes and the saturation effect. This ensemble of measurements has led
me to conclude that this electric field-induced charging phenomenon is best
explained by an electro-activated surface dissolution mechanism.
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5.1 Introduction

In Chapter 4, | comprehensively studied the charging behavior of PHSA-
coated PMMA particles in dodecane and through an ensemble of
experiments | was able to provide insight into the charging mechanism. In
this chapter, | study how the charging behavior of these particles changes
when surfactant is introduced. The influence of added surfactant on the
dynamic charging of PMMA particles is investigated with precision higher
than the elementary charge. This represents the first time that charge
measurements are carried out in surfactant-enriched nonpolar liquids with a
charge resolution smaller than a single elementary charge. Since colloidal
particles in nonpolar liquids are seldom used without surfactants, this
signifies an important step forward in the pursuit of fully understanding
charging behavior of colloidal particles in general and for optical trapping
electrophoresis in particular.

| study the charging of single PMMA particles in dodecane for different
concentrations of the commercial surfactant OLOA 11000. The studied
concentrations span from 0.001 wt% to 0.05 wt%, which encompasses the
CMC which lies around 0.005 wt%[81]. The charging behavior above and
below this concentration is observed to be distinctly different. Also, | present
particle charge measurements that are carried out both in the absence and

in the presence of a small DC offset to the applied electric field (V. =1V,

Eoc = 0.0133 V/um). The application of a small DC voltage offset expands

the range of concentrations at which the charge of a particle can be
measured with elementary charge resolution.

The experimental results are divided in four separate subsections. First,
charge measurements in solutions close to the CMC with DC offset are
discussed. These measurements show a particle charge that fluctuates
around a mean charge value. Second, | present the charge measurement of
a particle in a solution below the CMC, first with and then without DC electric
field. Here, the particle’s charge is not stable and positive charge
accumulates on the particle over time, in a similar way as discussed in
Chapter 4. In the third section, the influence of the DC offset is discussed. In
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the fourth subsection, trends in the charging behavior of colloidal particles
with 1V DC offset as a function of the surfactant concentration are analyzed.

Some of the observations that are presented in this chapter are not in line
with earlier publications, such as the papers by Strubbe et al.[17] and Beunis
et al.[90]. Therefore, before | can delve into the experimental results, | have
to address some key differences between these experiments and the earlier
ones.

5.2 Particle charge fluctuations close to the CMC with DC
offset

Figure 5-1 displays the variation of the charge of a single particle over time
in a mixture of 0.0046 wt% OLOA in dodecane which is near the CMC. The
applied electric field has an amplitude of E =1.33 V/um and a frequency of
f =5 kHz and a DC offset of E_ . =0.0133 V/um. The charge histogram

reveals the discrete nature of the charge and that there is an approximately
normal distribution around an average value of -12 €.
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Figure 5-1 (left) Time evolution of the normalized charge Q/e for a single PMMA particle in

dodecane with 0.0046 wt% OLOA 11000 during 2500 s (one charge measurement per second).
The charge fluctuates around the average value of -12 e. (right) Charge histogram from 2500
values, 10 intervals per unit charge, showing the discrete nature of the particle charge.

83



To determine the number of charging events, the normalized charge Q/e is

rounded to the nearest integer value. When two consecutive integer values
are not equal, this represents a charging event. The time sequence of Figure
5-1 contains 499 charging (or discharging) events which are defined with an
accuracy of 1 s, the time interval for each charge measurement. Charging
events much faster than 1 s can be ruled out if there is a clear local minimum

corresponding to the elementary charge detected in R_2 -function.

The average time in between consecutive charging events in Figure 5-1 is
5.01 s. Figure 5-2 displays the histogram of the time between consecutive
charging events for the time sequence in Figure 5-1. The linear slope in the
semi-logarithmic plot (inset) reveals that the charging and discharging events
follow a Poisson distribution (similar as observed in [90]). This signifies that
consecutive charging events are uncorrelated.
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Figure 5-2 Histogram of the 499 time intervals in between consecutive charging events of a 1
um PMMA particle in dodecane with 0.0046 wt% OLOA 11000 during 2500 s (corresponding
to Figure 5-1). The average value is 5.01 s. Inset: the histogram shown in a semi-logarithmic
diagram.

5.3 Particle charging below the CMC with DC offset

For surfactant concentrations below 0.003 wt%, the charging mechanism is
different than for concentrations around the CMC (0.005 wt%) shown in the
previous section. A representative measurement at 0.0015 wt% is shown in
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Figure 5-3. It is evident that the charge does not fluctuate around a mean
value. Instead, the charge steadily increases over time (in Figure 5-3 there is
only one exception around 400 s), similar as reported in Chapter 4. It is also
apparent that the charging frequency is lower: there are only 28 events over
1600 s, yielding an average time in between consecutive charging events of
57s.
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Figure 5-3 Time evolution of the charge of a d =1 um PMMA particle dispersed in dodecane
with 0.0015 wt% of OLOA 11000 with E =1.33V/umat f =5kHzand Ep =1V DCoffset.

The particle charge increases at about 1 elementary charge per 57 s.

A similar behavior is observed for all measurements with OLOA
concentrations well below the CMC. The charge becomes more positive and
the mean time between events is larger than 10 s.

5.4 Particle charging without DC offset

The variation of the charge of PMMA particles in different surfactant
concentrations has also been investigated in the absence of an electric DC
offset. For concentrations below 0.003 wt% OLOA 11000 in dodecane, the
presence of a DC offset has no significant influence on the charging dynamics.
In Figure 5-4, the particle charge is shown in function of time over a 600 s
interval for a mixture with 0.0015 wt% OLOA 11000 in dodecane, without DC
offset. The particle charge increases monotonously (as in Figure 5-3) and the
mean time between events is more than 10 s.
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Figure 5-4 Time evolution of the charge of a PMMA particle dispersed in dodecane with 0.0015
wt% of OLOA 11000 with E =1.33V/umat f =5kHzand EDC =0V DC offset.

When the surfactant concentration is increased to 0.003 wt%, the DC
component has an important effect on the charging behavior. To illustrate
this, the charge of the same particle is measured over 600 s for different DC
values in Figure 5-5, starting with 0 V/um and increasing stepwise by 0.25
V/um. In between the measurements, the particle is kept trapped while
short-circuiting the electrodes during 600 s in order to let it return
approximately to the same initial charge value.

Note that the system already displays markedly different behavior at a
surfactant concentration of wt% 0.0015 than is the case in pure dodecane
(no surfactant). While the particle still undergoes electric field-induced
charging at a similar rate, the charge now returns to approximately the same
initial value in the absence of an electric field. This demonstrates the
involvement of surfactant in the particle’s discharging mechanism.
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Figure 5-5 The charge of a PMMA particle in dodecane with 0.003 wt% OLOA 11000 with E
=100V at f =5 kHz. The particle charge is measured for 5 different values of the DC offset

from OV DC up to 1 V DC over 75 um (This corresponds to electric fields from 0 V/um DC to
0.0133 V/um DC). All measurements are performed on the same particle. The elementary

charge resolution is not obtained for measurements with EDC <0.0067 V/um (VDC =0.5V).
For these measurements, the mean value of the correction factor from the other
measurements with EDC > 0.0067 V/um (VDC = 0.5 V) is used in this graph. Note that for

the first data points some measurements show anomalous behavior. This is because the
voltage amplifier is switched on manually after several seconds.

Two different charging behaviors can be observed. When the applied DC field
is below E . <0.0067 V/um (V. <0.5V), The charge Q fluctuates around
a mean (negative) charge. A similar behavior was observed for

measurements where a DC voltage was applied, at slightly higher surfactant
concentrations as shown in Figure 5-1. When the DC electric field is increased

to E;.=0.0067 V/um (V. =0.5V)or higher, the charge increases over time.

Another important distinction between E. < 0.0067 V/pum (< V. =0.5V)
and E,; 20.0067 V/um (> V. = 0.5 V) is that for small DC voltages the

particle charge can no longer be observed with elementary charge resolution
because the charge data is noisier. By applying a DC field, | can extend the
surfactant concentration range in which single elementary charging events
can be detected.
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5.5 Influence of surfactant

Despite the difference in charging behavior below and above the CMC, some
trends are visible over the entire concentration range. Figure 5-6 shows
charge measurements for 12 different surfactant concentrations, with the
size of each dot being proportional with the fraction of time that the particle

carried the indicated charge. For all measurements a DC offset of V. =1V

is applied ( EDC = 0.0133 V/um). Below the CMC (red vertical line) the final

charge (red dot) is typically higher than the initial charge (blue dot), which
corresponds to measurements where the charge increases monotonously.
Above the CMC, the charge fluctuates around an average value. It is
therefore speculated that the presence of inverse micelles can stabilize the
charging and discharging processes.

For surfactant concentrations above the CMC, the time evolution is entirely
different and the charge distribution obtain a Gaussian-like shape. Charges
are mostly negative and there does not seem to be a correlation between
the mean charge and the concentration of surfactant.
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Figure 5-6 Variation of the particle charge with time for different concentrations of the

surfactant OLOA 11000, all measured with VDC =1V DC offset ( EDC =0.0133 V/um). The
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blue and red dot correspond to the initial and final value of the particle charge. The area of
each dot is proportional to the relative fraction of the time that the particle carried the
indicated charge in that measurement. The red vertical line at 0.005 wt% indicates the CMC.

For the measurements with black dots, the AC electric field has a E =133 V/um amplitude
at 5 kHz and for measurements with grey dots the AC electric field is E =2 V/um at 2 kHz.

Inverse micelles are known to play an important role in charge
stabilization[59, 117]. It is also well known that the addition of surfactant
increases the concentration of charged and uncharged inverse micelles in
nonpolar solvents[10, 118]. Therefore, if the particle charging is related to
interactions with charged or uncharged inverse micelles, one can expect that
the increase of surfactant concentration should be accompanied with a
decrease in the average time in between consecutive charging events. This is
indeed observed in Figure 5-7. The average time interval between successive
charging events drops by an order of magnitude when the concentration is
increased from the lowest to the highest concentration. Note that at
surfactant concentrations below the CMC, it is possible that the charging and
discharging events are mediated by pre-micellar aggregates.

The charge is calculated once every second, which means that charging time
intervals shorter than 1 s (which may be present at higher concentrations)
cannot be detected. Once the concentration of surfactant exceeds the CMC,
the charging frequency appears to plateau, though the volume of data is not
sufficiently large to support this conclusion.
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Figure 5-7 Mean time between consecutive charging events as a function of the weight
fraction of surfactant, measured while applying a VDC =1V DC offset ( EDC =0.0133 V/um).
The vertical line at 0.005 wt% indicates the value of the CMC. For black dots, the applied
electric fieldis E =1.33 V/um at 5 kHz and E =2 V/um at 2 kHz for the grey dots.

A linear regression is fit to the data points on the mean time between
consecutive events corresponding to concentrations of OLOA 11000 in
dodecane below the critical micelle concentration at 0.005 wt%. The data
corresponding to higher surfactant concentrations is not taken into account
for multiple reasons. Firstly, because these concentrations lie above the CMC
and therefore it is not unreasonable to expect a change in the charging
behavior. Secondly, due to the low number of data points. And thirdly, as
explained earlier, because the mean time between consecutive events lies
close to the charge calculation frequency. The linear regression has a
negative slope of 188*(concentration in wt%) and has an R? value of 0.61,
which indicates that an increase in the surfactant concentration is strongly
correlated to an increase the charging frequency.
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5.6 Discussion

Before delving into the physical implications of the presented experiments,
it is useful to note that there are some important distinctions to make with
respect to previous experimental work. With respect to the earlier work from
Strubbe [17] there are two important differences. First, the particles that
were investigated in this paper were freely diffusing, hence the experiments
were much shorter, and it was harder to detect whether the particles
undergo certain charging effects. Second, the particles in [17] are silica
particles. The different chemical composition may cause particles to behave
differently. The differences with the work of Beunis [90] lie mainly in the
fabrication method of the microfluidic cell. In this work, the cell consists of
two ITO-covered glass plates that have been cleaned in a cleanroom with DI-
water, RBS, acetone, isopropanol and again with DI-water. On the other
hand, in the double folded aluminum foil strips that serve as electrodes in
[90] the device could not be cleaned this way. Because the aim is to work in
pure dodecane, not being able to clean the devices is a likely source of
contamination. It appears that the results from [90] are similar to the results
that | present for high concentrations of surfactant, solidifying this
assumption. In [92], prof. Roberts et al. also measure the charge of single
PMMA particles with optical trapping electrophoresis in pure dodecane.
They do not report on the charge evolution of these particles over long time
intervals, but note that the distribution of the initial charge value is very small

(|E| < 20e) and is on average slightly negative. Here too, the initial charge

value is small, though the mean initial charge is slightly positive.

The experiments in this chapter lead me to conclude that the charging
behavior of PMMA particles is different below and above the CMC, and the
presence of a DC electric field has an influence on the charging behavior. First
| discuss the charging behavior of particles below the CMC.

The charging behavior of PMMA particles in dodecane with surfactant
concentrations lower than 0.003 wt%, below the CMC of 0.005 wt%, exhibits
acleartrend (see Figure 5-3 and Figure 5-4). During application of an AC field,

the charge on the particle becomes more positive. When a DC voltage of V.
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=1V (Ep. =0.0133 V/um) is applied across the electrodes, the bulk is

completely depleted of ionic particles such as charged premicellar
aggregates, just as is observed in the case of charged inverse micelles[119].
Under these conditions, a similar increase of the particle charge is observed
as in the case without DC electric field. This observation of a similar charging
with or without DC electric field disfavors a charging mechanism in which a
PMMA particle adsorbs positively charged ions preferentially from its
environment, since in the presence of a DC electric field the concentration of
positive charges near the particle is considerably lower than without DC
electric field. Instead, supported by measurements without surfactant
showing similar charging behavior (not shown), it rather suggests that a
PMMA particle sheds negative charges over time (see Figure 5-8 a) due to
the large AC electrical fields in the order of MVm™™. Such a field-induced, non-
equilibrium charging process does not involve surfactant molecules.
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Figure 5-8 Charging mechanisms. a) In a field-induced charging mechanism, negatively
charged surface groups are stripped from the particle. b) Surfactant molecules facilitate
surface charging and discharging and form premicellar aggregates containing ionic molecules.

c) and d) Neutral inverse micelles charge or discharge the particle by either supplying or
removing ionic molecules.

The increase of surfactant concentration from 0.001 wt% to 0.003 wt%
results in a decrease in the mean time between elementary (dis)charging
events for particles that are monitored under E =1.33 V/um AC field with a

Ve =1V DCoffset ( Ey. =0.0133 V/um). The higher frequency of charging

and discharging events for higher surfactant concentrations reveals that
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there is a second mechanism that involves surfactant molecules, shown in
Figure 5-8 b. Here, positively (top) or negatively (bottom) charged species
stabilized by surfactant molecules are removed from the particle in the
presence of a field. Note that it in case of a zwitterionic surfactant, it is
possible that a dissociated ion from a surfactant molecule is adsorbed to the
particle’s surface with the oppositely charged surfactant ion being stabilized
in the bulk of the liquid by inverse micelles. The inverse process in which
stabilized charges are adsorbed onto the particle surface is ignored here,
because the bulk concentration of such free charges is extremely low.
Therefore, the proposed charging below the CMC is a combination of field-
induced stripping of negative charge and surfactant-mediated removal of
charge. The surfactant concentration also has an effect on the initial charge
of the colloidal particle (see Figure 5-6). For very low surfactant
concentrations, the initial charge is positive (~10 e). For concentrations
above 0.002 wt% OLOA 11000 in dodecane, the initial charge is negative (~-
10e).

The application of a DC offset decreases the noise in the charge data. In the
measurements shown in Figure 5-5, the standard deviation of the normalized
charge data around integer values increases when the DC voltage decreases

from o1y = 0.16 e for Vo =1V (Ep. =0.0133 V/um) to oosv = 0.43 e for V.

= 0.5V (Ey; = 0.0067 V/um). Because both measurements are performed

on the same particle with identical laser alignment, the increase in the
standard deviation can be solely attributed to the decrease in DC electric
field. | assume that the noise in the motion of the PMMA particle is related
to the (variable) interaction with a small number of charged molecules or
charged premicellar aggregates below the CMC and by charged inverse
micelles above the CMC. This interaction leads to the well-known retardation
effect when a large number of charges are present. It has been shown that
by applying a DC offset voltage, charges can be stripped off from the double
layer around a particle, leading to a reduction of the retardation force[120].
In the limit of low particle charges the interaction between a particle and a
low number of countercharges can lead to fluctuations in its motion. By
applying a DC offset, practically all charges move to the neighborhood of the
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the electrode with opposite polarity and less charges are present near the
PMMA particle, such that the noise in the charge measurement reduces. The
range of surfactant concentrations where the particle’s charge can be
measured with unitary resolution is then extended from about 0.004 wt% to
0.05 wt%, which is one order of magnitude above the CMC.

Charge measurements of particles in solvents with surfactant concentrations
larger than 0.003 wt% do not show an increase of charge. Instead, the
particle charge fluctuates around a mean charge value and the
charging/discharging events are more frequent than at lower
concentrations. At these surfactant concentrations inverse micelles are
present in the bulk liquid. Due to the DC offset, the bulk is depleted of
charged inverse micelles and the concentration of newly generated charges
negligible[80]. This introduces two additional mechanisms through which
surfactant can contribute to particle charging and discharging by supplying
as well as removing ionic species from the particle surface, as shown in Figure
5-8 ¢ and d. Here, charge-regulation could play an important role. In
thermodynamic equilibrium the particle charge will then fluctuate around an
equilibrium value. If the particle charge deviates from the average value,
electrostatic interaction will favor those processes of charging leading
towards the average value. Therefore, even if the mechanisms from Figure
5-8 a and b are still occurring, the dominant effect would likely be the charge
stabilization due to inverse micelles of Figure 5-8 ¢ and d. From the
exponential shape of the histogram of times in between consecutive
charging events, it is clear that the charging/discharging is a Poisson process,
indicating that successive charging events are uncorrelated.

In summary, three mechanisms have been proposed to explain charging
below and above the CMC: the field-induced stripping of negative charges
from the PMMA particle when an AC electric field is applied, surfactant-
mediated charge desorption and charging mediated by inverse micelles.

5.7 Conclusions

| demonstrated for the first time that OTE can be used to detect single,
elementary charging events on colloidal particles in nonpolar liquids with
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surfactants present. | showed that an increase in the surfactant
concentration leads to changes in the probabilities of different charging
mechanisms, when compared to particle charging in a surfactant-free
medium.

It could be observed that the charging and discharging rate of PHSA-coated
PMMA particles increases by an order of magnitude for surfactant
concentrations of OLOA ranging from 0.001 wt% to 0.005 wt% under electric
fields of ~1.33 V/um at 5 kHz and 0.01 V/um DC, as shown in Figure 5-7.
Around that surfactant concentration and under the same conditions, the
charge of the particle stabilizes and fluctuates around a negative mean value
(Figure 5-6).

The presence of a DC field has a pronounced effect on both the charging
mechanism and on the detection of elementary events. This is evidenced by
Figure 5-3 and Figure 5-4. In case no DC field is applied | could not attain
single event detection with OTE at these surfactant concentrations, but | did
observe that the charge stabilizes at lower concentrations than is the case
when a DC field is applied (Figure 5-5). This gives a clue that charged species,
possibly charged inverse micelles, play an important role in the charging
mechanism.
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Chapter 6.

Conclusions & Future

Prospects
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In this concluding chapter | emphasize the innovations that | implemented
and how they contributed to the technique or to the scientific community. |
also give an outlook on the next stage in optical trapping electrophoresis. For
that reason, this chapter is split into two parts.

In the first part, | provide a summary of the important innovations that have
been introduced to optical trapping electrophoresis with respect to previous
iterations of the technique and their significance, as well the expansions to
the analysis method. Then, | will frame the significance of the experimental
results in the wider context of current scientific research.

The second part of this chapter aims to give an outlook on what lies ahead
for optical trapping electrophoresis as a technique. | propose a novel analysis
method that is only applicable to particle charge data measured with a
charge resolution smaller than a single elementary charge, and | propose an
experiment that would use optical trapping electrophoresis.

6.1 Optical trapping electrophoresis

In this work, several important innovations have been implemented in the
technique of optical trapping electrophoresis. These have been mentioned
in previous chapters, though they were not explicitly labeled as such. Here |
provide an overview of these innovations together with guiding comments
as to why they present improvements in my view.

6.1.1 Fabrication process and design of the microfluidic cell
This dissertation builds on previous work by Beunis et al. [90]. The electrodes
in that work consisted of two folded strips of aluminum foil and the glass
plates that sealed the cell were glued around it. The fabrication did not take
place under cleanroom conditions.

Here, | use ITO covered glass plates that are glued together with UV curing
glue that contains spherical spacer balls of known diameter, a process that is
routinely used for creating single pixel cells for liquid crystals[121]. This
fabrication method offers several advantages:
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e The ITO covered glass plates can be cleaned following a standard
procedure[121].

e The thickness of the cell can be chosen by the size of the spacer balls.

o The electric field is uniform across the entire cell.

e Because the electric field is perpendicular to the cell walls, there is
no build-up of electro-osmotic flow.

The last point is a significant benefit for measurements in surfactant-
enriched systems where strong electro-osmotic flow can be superimposed
on the particle’s motion.

This design has another consequence that sets this work apart from previous
iterations of optical trapping electrophoresis[45, 90, 92, 106]. Here, the
direction of the electric field is along the propagation direction of the
trapping beam. Because | use the trapping beam for detection as well, in
contrast to Beunis et al. [90], the challenging alignment that requires the
focus of the detection beam to coincide with the focus of the trapping beam
is bypassed.

6.1.2 Alignment method
The development of a proper alignment procedure may be easily overlooked.
It is nonetheless a crucial aspect in constructing an experimental setup that
can achieve a charge resolution smaller than a single elementary charge.
While it is evident that the laser should be properly aligned to reach optimal
and reproducible measurement conditions, it is not immediately obvious
how this is achieved.

In this work | have developed an alignment procedure to be followed prior
to every experiment. | state from my observations that two factors are of
paramount importance in the alignment procedure. First, that the back focal
plane of the condenser lens and the front focal plane of the 100 X objective
coincide perfectly. Second, that it is more important to reduce cross-

correlation between QPD voltages (VZ,VX) and (VZ,Vy) than to have the

laser beam impinge exactly on the center of the QPD.
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6.1.3 Analysis procedure
The analysis method is strongly based on past research, from the analysis of

particle motion in an optical trap[122], to the R? -method[17, 90]. This
analysis method is explored further here. | show how the time evolution of a
flattened R?-function can be used to find the accurate local minimum. The
algorithm to determine the appropriate correction factor is developed in this

work. Through local analysis of the behavior of the R?-function around this
minimum, extra insight is provided while also justifying the procedure of
finding that minimum.

6.1.4 Electric field-induced charging
Experiments on colloidal PMMA particles in dodecane resulted in a
qualitatively different behavior than the previous study[90]. This could be
explained by the difference in fabrication method that is applied. The effect
was not reported by Roberts et al. [92] who performed similar
measurements, though they do report similar initial conditions of the PMMA
particles.

| demonstrate how optical trapping electrophoresis can be used to study
charging phenomena by testing the influence on a number of varying
measurement conditions:

o the amplitude and the frequency of the electric field
e the presence of a DC field

e particle size

e relaxation when the voltage is switched off

e saturation effect after long time interval

e covering the electrodes with a dielectric coating

By looking at combinations of these factors, | was able to gain insight in this
previously unreported charging phenomenon which | dubbed electric field-
induced charging[123]. The ensemble of experimental results led me to
conclude that the electric field-induced charging effect is likely an electro-
activated surface dissolution mechanism. Because a number of experiments
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were carried out in the absence of surfactants, | was able to conclude that
surfactants are not essential for this charging phenomenon.

6.1.5 Single charging events in a surfactant-enriched liquid
By virtue of the improved method, | was able, for the first time, to resolve
single elementary charging and discharging events for colloidal particles
below and above the critical micelle concentration (CMC)[124].

| demonstrated that even below the CMC, the surfactant plays an important
role in the charging behavior. When the surfactant concentration approaches
the CMC, the initial particle charge switches polarity. Around the CMC, the
charge is stabilized and the electric field-induced charging effect is no longer
the dominant mechanism. Because these measurements were executed in
the presence of a DC electric field, this proves that neutral inverse micelles
do play a role in the charging mechanism.

6.2 Future prospects

In this section, | want to provide a possible roadmap for the future of OTE.
The selected list of suggestions are important examples of how this can be
achieved, but do not comprise an exhaustive list. | comment on how OTE can
be improved, what new experiments can be carried out and suggest a new
analysis method for elementary charging and discharging data.

6.2.1 Increase of the unitary measurement range
Perhaps the most obvious future work is to increase the concentration range
of surfactant in which OTE can still detect single charging and discharging
events on colloidal particles, both in the presence and in the absence of a DC
electric field. This could be achieved in several ways.

One possibility is to retreat from the approximation in which the trapping
force is assumed perfectly linear and instead completely characterize the
trap.

Another route is to work with optical traps that have stronger trapping
forces. Since there exists a reciprocity between the detection resolution and
the stiffness of the trap x [125], stronger beams go hand in hand with higher
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detection resolution. This can be accomplished with more power, but also
through the use of non-Gaussian beams[125].

6.2.2 Acid-base versus preferential adsorption
Acid-base reactions and preferential adsorption of charged inverse micelles
are commonly used to explain the charging behavior of colloidal particles in
nonpolar media even though it is not always possible to pin down which
mechanism is the dominant one. OTE has the potential to create a litmus test
to distinguish between these two mechanisms.

An important difference between these two mechanisms is that acid-base
reactions rely solely on neutral inverse micelles that become charged after
taking up an ionic molecule from the particle’s surface which they then carry
away from the particle, whereas preferential adsorption consists of the
adsorption of charged species delivered by charged inverse micelles.
Therefore, the charging rate of preferential adsorption should come to a halt
when a DC voltage is applied that depletes the bulk of charged inverse
micelles and acid-base reactions should carry on (ideally unperturbed).

Here, | propose a new experiment with OTE that has the potential to offer
direct insight into the active charging mechanisms by which a surfactant can
charge a colloidal particle and where it is not required to resolve elementary
events to do so. First, | will explain how | propose to conduct the experiment
and then how the results can be interpreted.

The experiment requires a microfluidic device with three channels: one
channel with pure dodecane and particles, a middle channel with pure
dodecane and one channel with dodecane mixed with surfactant. Each of the
three channels has flow that is sufficiently strong to prevent strong mixing of
their respective contents. The experiment consists of three main steps:

1. A particle is trapped and brought over to the middle channel. The
middle channel without particles prevents other, untrapped colloidal
particles from entering the optical trap and prematurely stopping the
experiment.
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An electric field is applied with an AC component so the particle’s
charge Q, can be measured with OTE and a DC component that is
sufficiently strong so that the bulk of the surfactant-enriched flow
channel is depleted from ionic species. The particle is brought over
to the surfactant-enriched flow channel with the DC field still
present. (Charge measurements during movement will likely be
unreliable.)

Wait for several minutes (until the particle’s charge has entered a
new dynamic equilibrium).

Measure the charge Q, of the particle through OTE.

Release the particle and trap a different particle to repeat the

experiment without a DC field. This results in particle charges Q, and

Q..

A schematic representation of the flow cell is shown in Figure 6-1.
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Figure 6-1 Schematic representation of a flow cell with three microfluidic channels. The
bottom channel contains dodecane mixed with colloidal particles, the middle channel contains
dodecane and the top channel contains dodecane with surfactant. The top and bottom
substrates are coated with ITO so that an electric field can be applied. In this experiment: @
A particle is trapped and transported to the middle channel. @ An AC electric field is applied
to measure the particle’s charge with OTE and a DC electric field is applied to remove ionic
species from the bulk of the liquid in the surfactant-enriched top channel. The particle is now
moved to the top channel (DC field still present). @ Wait for several minutes. @ Measure
the particle’s charge again. @ Release the particle and repeat the experiment with another
particle. This time without a DC field.
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Now four charges are measured Q;,Q,,Q, and Q, and together they

contain significant information on how the surfactant influences the charging
mechanism of the particle. After all, the aim of this experiment is to exploit
a key difference in the acid-base and preferential adsorption mechanisms:

e In an acid-base charging mechanism, neutral inverse micelles

approach the particle, adsorb onto the surface where they take up
an ion and then the newly charged inverse micelle leaves.

e |n preferential adsorption, a charged inverse micelle approaches the
particle and it leaves its ionic content behind at the particle’s surface.

Now, because a DC electric field was applied sufficiently strong to remove all
ionic species from the bulk of the liquid, it is not possible for the particle to

’

acquire any charge due to preferential adsorption. Therefore, if |Q1|<< |Q2

it can be concluded that the particle did not acquire charge by preferential
adsorption but more likely due to an acid-base charging mechanism. On the

other hand, if |Q1| ~ |Q2| and |Q3|Z<|Q4

particle acquires charge through preferential adsorption.

, this is a strong indication that the

There exist two obvious ways to expand this experiment:

1. Instead of waiting for several minutes, the particle’s charge could be
monitored continuously. In the process, the rate at which the particle

charges can be measured. In the case that |Q1|<<|Q2| and

Q.||

acquire charge at the same rate. If the transition from |Q1| —)|Q2|

, it could be very interesting to check whether particles

happens much faster than the transition from |Q3|—>|Q4 , this

would seem to indicate that in the absence of a DC field, preferential
adsorption is the dominant mechanism, but that it is also not the only
mechanism that is present.

2. A logical extra step can be added after step 4 where the particle is
transported back to the middle channel and the particle’s charge is
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measured again. It can now be measured whether the particle can
retain its acquired charge.

This experiment seems to have enormous potential and while the fabrication
stage is more challenging, the experiments offer to be much more accessible
since it does not require the detection of elementary charging and
discharging events.

6.2.3 Noise induced escape rate

The electric field-induced charging mechanism which has been discussed at
length in Chapter 4 is a likely form of ion dissociation that is aided by applying
an AC electric field. Because OTE can resolve single charging events, | have
been able to determine how the reaction rate is influenced by the presence
of an electric field or by the particle’s size. Even though these parameters
influence the reaction rate, the process remains a stochastic process. This
stochastic element is likely because an amount of energy is required to
escape the particle’s surface. This energy can be generated by thermal
motion of the liquid molecules, which is a stochastic process.

Taking this into account, the analysis of electric field-induced charging could
be taken one step further by proposing a formula for the potential well. This
formula could be a combination of Van der Waals forces and electrostatic
forces. Once a formula for the potential well is established, the escape rate
can be calculated by Kramer’s[126] method or by a more recent variation of
it[127].
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