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Abstract

Colloidal science is an important branch of \soft condenseghatter”, which
incorporates insights from chemistry, physics and biologyn this thesis, I will
present the synthesis of uorescently labeled core-shellica colloids, and the
laser scanning confocal microscopy studies of these calidisilica particles
under an external linear or rotating high-frequency alterating electric eld.
The external AC eld controls the averaged dipolar interacion between the
silica microspheres. We investigated bond order parameseupon increasing
the eld and found the threshold of the eld to form dual-particle bonds
and the average bond direction dependence on the eld. We alstudied
the pair correlation function of these silica colloids in dernal electric elds.
Moreover, we studied the equilibrium sedimentation pro ls of these colloidal
suspensions and found the dependence of isothermal osmotmpressibility

on the applied electric eld energy.



Acknowledgements

| thank my supervisor Dr. Yethiraj for his great help during ar research

and my thesis correction.

| would also like to thank several others: Dr. Leunissen foren help on
Poisson Super sh software; Mr. van Kats for his generous syresis advice;
Dr. Saika-Voivod and Dr. Agarwal for their cooperation and Blpful discus-
sions in our research; Mr. Fitzgerald for our collaborativeet up of electric
eld simulations and gold-coated electrodes for sample &l Mr. Newman
for collaboration in particle tracking IDL programming; Dr. Morrow, Dr.
Poduska, Dr. Merschrod, Dr. Clouter, and Mr. Gulliver for their help with
instruments; Dr. Davis (Chemistry Department Head) and Mr. Gulliver for
use of their rst-year laboratory in the summer of 2006; Mr. Wielan in the
Physics Machine Shop for making the masks for gold coatingpéagain Dr.

Agarwal for all the photographs he took for my thesis.



Contents

Abstract i

Acknowledgements i

1 Introduction 1
1.1 Colloids . . ... ... .. . . 2
1.1.1 DenitionofColloids . . . .. ... ... ........ 2
1.1.2 Forces in Colloidal Systems . . . ... ......... 4
1.2 Colloids in External Electric Fields . . . . ... ... ..... 9
1.3 Experimental Methods in Colloidal Study . . . . ... .. .. 13
2 Experimental Preparation 21
2.1 Synthesis Of Colloidal Silica Microspheres . . . . .. .. .. 22
2.1.1 Non uorescent Silica Particles . . . . . ... ... ... 23
2.1.2 Fluorescent-Labeled Silica Particles . . . . . . ... .. 43
2.1.3 Seeded Growth of Core-Shell particles. . . . . ... .. 40

2.2 Image Processing of Confocal Images Using IDL . . . . . . .. 75



2.2.1 General Method for Particle Tracking . . . . . . .
2.2.2 Structural Analysis of Colloidal System . . . . .
2.3 Electric Field Simulation and Construction . . . . . . ..

2.3.1 Simulation of Electric Field . .. ... ......

2.3.2 Design and Construction of Electric Field Cells

3 Experiments, Data Analysis and Results

3.1 Experimental Procedures . . . . ... ... .......
3.1.1 Sample Preparation . . . .. ... ........
3.1.2 Experimental Setup. . . ... .. .........
3.1.3 Experiment Procedure . ... ..........

3.2 Data Acquisition, Analysis and Results . . . . . ... ..
3.2.1 DataAcquisition . . .. ... ... ... .....
3.2.2 Order Parameter Analysis and Results . . . . .

3.3 Conclusions . . . . . .. ...

Outlook

Bibliography

A IDL procedures

B Igor Pro procedures

155

175



List of Tables

2.1 Diameters and ow rates of peristaltic tubing . . ... .. ..

2.2 Summary of centrifuge and ultrasonication conditionf dif-

ferent particle sizes . . . . .

2.3 Summary of seeded growth



List of Figures

11
1.2
1.3
1.4
1.5
1.6
1.7

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

Schematic diagram of DLVO theory . . . . . . . ..
Dipole-dipole interactions . . . . ... .. .. ...
Schematic setup of confocal system . .. ... ..
Schematic drawing of conjugate focal pinhole . . .

Airydisk . . . . ...

x-y view confocal image of core-shell silica colloids .. .. . . .

x-z view confocal image of core-shell silica colloids . . . . .

Ethanol distillation setup . . . . . . ... ... ...
Schematic drawing of TEOS distillation setup . . .
SEM image of non uorescent silica particles NLO
SEM image and size distribution of NL1 and NL2 .
Sketches of chemicals . . . . .. ... ... ....
Fluorescent-labeled silicaseeds . . . . . ... ...
Tubing setup for seeded growth . . . . ... ...
Schematic drawing of seeded growth setup . . . .

SEM images of core-shell silica particles. . . . . .

Vi



2.10 A frame from confocal image of core-shell silica patec. . . . 57
2.11 Identify Particleswith IDL . . . . . .. ... ... ....... 61

2.12 Example of the particle number density distribution fom a

three-dimensional image stack. . . . . .. ... ... ... ... 71
2.13 Completed electric eldcells . . . .. ... ... ........ 76
2.14 Side-view sketch of linear eld electrodes. . . . . . .. ..... 78
2.15 Simulation result of linear eld geometry. . . . . .. ... .. . 79

2.16 Example image of an acceptable range in side-view linezld
simulation . . . . .. ... 81

2.17 Example image of an acceptable range in top-view rotagj

eld simulation . . . . ... ... ... Lo 84
2.18 The design of the linear eldmask . . ... .......... 86
2.19 Brass mask for linear eld. . . . . ... ............. 87
2.20 The designing sketch of the rotating eld mask . . . . . . .. 89
2.21 Brass mask forrotating eld. . . ... .. ........... 90

2.22 The gold- Im-electrodes coated on glass slides for tvedectrode
linear eldcell. . ... ... .. ... . ... ... .. ... .. 91

2.23 The gold- Im-electrodes coated on glass slides for feglectrode

rotating eldcell. . . . ... ... ... ... L. 91
2.24 Completed two-electrode linear eldcell. . ... ... .. .. 95
2.25 Completed four-electrode rotating eldcell. . . .. .. . .. 96
2.26 Overlap of the \wire" part of the four-electrode cell . .. . . . 96

Vii



3.1 Sketch for four-electrode cell electricsetup . . . . . . .... . 104
3.2 Zsteps and bin of histogram . . . . .. ... ... ....... 108
3.3 Example of sedimentation prole . . .. ... ... ...... 110

3.4 Bond density vs brightness threshold from Experiment S1. . 115

3.5 Features found vs volume fraction for Experiment S1 . . ... 116
3.6 EogVS . .. e 119
3.7 Experiment S1: Bond density vs prole. . . ... ... ... 120
3.8 Two bonded particles . . . . . .. ... ... ... ....... 122
3.9 Experiment L1: Bond density vs volume fraction prole . .. . 124
310 1VS .. 125
3.11 Experiment Sl:hcog ivs prole . . ... .......... 127

3.12 Bond angle parameter vs volume fraction pro le for Expgée

mentLl ... ... ... 128
313 VS e 130
3.14 Experiment S2: o vShE?i . . . ... . ... .. ... ..... 132
3.15 g(r)vsr/ inExperimentS1. .. ................ 135
3.16 g(r)vsr/ in ExperimentLl ... ............... 136

3.17 Pair correlation function at the rst peak for Experiments S1,

S2and Ll . ... ... .. 137
3.18 Experiment S1: vsZ, ... ... ............... 140
319 TVS L 141

viii



Chapter 1

Introduction

In this chapter, we will introduce colloids, colloidal inteaction forces and
colloidal phase behavior. We will also review the e ect of ¢a&rnal electric
elds on colloidal suspensions. Finally, the primary exp@&mental method we

used in the work of this thesis, confocal microscopy, will baéescribed.



1.1 Colloids

1.1.1 De nition of Colloids

In 1861 Thomas Graham rst gave the namecolloid to the substances in
an aqueous solution which could not pass through a parchmentembrane
when he was studying osmosis, after the Greest meaning glue [1]. He
deduced that the low di usion rates of colloidal particles mplied they were
fairly large, at least 1 nm in modern terms. On the other handthe failure
of the particles to sediment implied they had an upper sizentiit of approx-
imately 1 m. Fluid or solid particles in this size range dispersed in auid
medium are known as colloidal dispersions. Graham's de min of the range
of colloidal particle sizes is still widely used today [2]:0f example, polymer

solutions, blood cells and paint are all colloidal dispeins.

Colloidal particles normally have at least one charactetis dimension at the
length range of a few nanometers to a few micrometers, whicteanuch larger
than the surrounding medium molecules so that the medium care regarded
as a continuum characterized by macroscopic properties suas density, di-
electric constant and viscosity. But on the other hand, thedloidal particles
are small enough to undergo Brownian motion, a phenomenonusad by

uctuations in the random collisions of medium molecules [1

Use of colloids dates back to the earliest records of civadizon, such as stabi-



lized colloidal pigments used in Stone Age cave paintings gmanipulation
of colloidal systems involved in ancient pottery making [2]In the modern
world, colloids still play an important role in science andndustry. The food
industry is a typical example that uses colloid techniquesas well as the
production of paints and ceramic. Colloidal science is an portant branch
of \soft condensed matter”, which incorporate subjects sticas chemistry,
physics and biology. The properties of colloids that intest physicists are
their potential to invent novel materials by controlling crystallinity (such as
photonic bandgap materials) or by controlling rheologicgbroperties (such as
electrorheological uids, which we will discuss more in th@ext section), as

well as their function as a model system to study condensed tte.

As a model system of condensed matter (i.e. atoms and molezs)l, col-
loids had been shown in the 1970's [3] to have structures anatdr-particle
forces which can be treated in the same way as in simple liqaidTherefore,
statistical mechanical concepts used in the theory of singlliquids can be
analogized to an ensemble of colloids, leading to, for exal@psimilar equa-
tions of state when the pressure is replaced by osmotic press Indeed, the
phase behavior of colloidal systems, such as freezing andtmg of colloidal
crystals, shows striking resemblance to that of atomic or nhecular systems.
The thermodynamic analogy can be utilized to experimentall study con-

densed matter theories [2]:

The large size of colloids (1nm - 1Im) allows for easy experimental
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techniques to probe colloids, such as light scattering andionoscopy.
But for atomic or molecular systems this is either very di cult or im-

possible.

Also due to the large size of colloids, the typical time scal®r col-
loidal processes is long enough to study real-time dynamiokcolloidal

particles using simple microscopy techniques.

Phase transitions can be easily achieved in colloids by clgang the
particle and solvent properties, or adding an external eldsuch as an
electric eld or a magnetic eld. One can easily modify intefparticle
forces in colloids; this is too di cult or perhaps impossibé for atomic

or molecular systems.

1.1.2 Forces in Colloidal Systems

The forces in colloidal systems play a critical role in studs of colloidal dy-
namics and phase behavior. The simplest model is to assumé alloidal

particles are hard-sphere like, which means there is no inaetion between
colloidal particles beyond their radius but there is in nitely large repulsion
between particles on contact. The phase behavior of hardfsgre colloids was
studied by Pusey and van Megen [4,5]. The only parameter thaketermines
the phase behavior of ideal hard-sphere particles is the uate fraction of
particles, . In a dilute system ( ! 0), particles are far away from each

other and behave like a dilute gas. So long ax 0:49, the system will be-



have like a uid. If we keep increasing the system will show a uid-crystal
coexistence phase for:09< < 0:54. For > 0:54, the colloids behave like
a solid. The system can be compressed up to= 0:74 which is the maximum
volume fraction for close packing. However, Pusey and van bten [5] also
showed that the system can be trapped in an amorphous or glggsase when
is larger than approximately 0.58 and well below 0.64, the ltane fraction

of random close packing of spheres.

Most real colloidal systems are normally more complicateth&n hard spheres,
because forces other than short-range repulsion exist inlloodal systems,
which also lead to a richness in the phase behavior. A shortsdussion about
forces in colloidal dispersions is presented here (we onligalss the simple
case, i.e. size-monodispersed spherical particles in pliqeid or electrolyte

solution) [1, 2,6, 7]. Forces between colloidal particlesxd solvent include:

Brownian force, which represents the thermal energy of mal@ar chaos,
has a magnitude ofO(kgT= ), where kg is Boltzmann's constant, T
is absolute temperature, and is a representative length, e.g. particle

diameter (same below).

Viscous force on a particle moving at a velocity through a medium

of viscosity isO( v ).
Inter-particle forces include:

The attractive van der Waals force between two colloidal pécles (also
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known as the dispersion force) may cause aggregation forlgwmlal par-
ticles. One can calculate the dispersion force by summingeswan der
Waals forces from all pairs of molecules from di erent parties [8], re-
sulting in a magnitude of O(H =h ) at short particle separations. The
Hamaker constantH depends on the nature of the particles and the

medium in between.h is the separation between two particles.

The repulsive electrostatic double-layer forces can keepet colloidal
system stable against the dispersion force. In most casesytularly
in polar media, colloidal particles possess an electrostaicharge due
to the dissociation of their surface groups, which will gettem charged
and repulsing each other. The colloidal suspension as a wiié elec-
trically neutral, so the counterions in the solvent move omt the parti-
cles and form an electrostatic double-layer, which a ectsonsiderably
the electrostatic forces between colloidal particles. Thaal repulsive
electrostatic double-layer force is of a magnitude @(Ce ") at short
particle separations, where is a constant,h is the separation, and 1!
is called the Debye-Huackel screening length (or Debye lethy. The De-
bye length here is normally much smaller than particle sizaicolloidal
systems (close to hard spheres), and can be decreased bydasmg sol-
vent ionic strength (i.e. salt concentration) in colloidaldispersions. 1!
is an important parameter indicating the \softness" of the daspersion,

about which we will show more details in 3.1.1.



Derjaguin and Landau (1941) and Verwey and Overbeek (1948)de-
pendently explained the stability of colloids by combininghe attractive
dispersion force and repulsive electrostatic double-layforce, which is
commonly known as the DLVO theory. In this theory the free engy

of interaction in its simplest form is [7]:

Ha h

\/im = E + Ce ; (11)

where a is particle radius. From DLVO theory we can obtain the
schematic diagram of the variation of free energy with partie sep-

aration, which is shown in Figure 1.1. The DLVO theory propass that

\ Repulsive

Energy

0 ————
-

~
B Attractive

1

Particle Separation

(a) Free energy vs. particle separation.

l

, Secondary Minimum

Particle Separation

(b) At higher salt concentrations.

Figure 1.1: Schematic diagram of the variation of free engrgyith particle
separation according to DLVO theory [9]. The two pictures amespond to

di erent

1. (a) The net energy is given by the sum of the double layer

repulsion and the van der Waals attractive forces that the péicles experience
as they approach one another. (b) The diagram at higher salbacentrations
shows the possibility of a secondary minimum.



an energy barrier resulting from the repulsive force preventwo parti-
cles from approaching one another and adhering together (fire 1.1a).
But if the particles collide with su cient energy to overcome that bar-
rier, the attractive force will pull them into contact where they adhere
strongly and irreversibly together. In certain situations(e.g. in high
salt concentrations), there is a possibility of a \secondgrminimum®
where a much weaker and potentially reversible adhesion eten par-
ticles exists (Figure 1.1b). These weak ocs are su cientlystable not
to be broken up by Brownian motion but may dissociate under an

externally applied force such as vigorous agitation.

Besides particle-solvent interactions and inter-parti@ interactions, external
elds also play an important role in colloidal phase behavio The most com-
mon external eld is gravitation, which gives the e ective gavitational force
(combined with buoyancy) Fy = §a3 g for spherical colloidal particles,
where a is particle diameter and is density di erence between particle
and surrounding uid and g is acceleration due to gravity. Gravitational
force is negligible if the gravitational lengthlg = kg T=F; is much larger than
particle diameter. But in our case it is not negligible a3, 2a (we have
lg = 1:92 m for Experiment S1 and S2 (0.77 m diameter spheres) and
lg =0:59 m for Experiment L1 (1.14 m diameter spheres)). External elec-
tric or magnetic elds are also important methods to modify mter-particle
forces and therefore easily modify phase behaviors in cadlal systems. We

will introduce external electric elds, which are more inteesting in our case,
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in the next section.

1.2 Colloids in External Electric Fields

Colloidal particles in an external electric eld whose diactric constant is
di erent from that of the nonpolarizable solvent acquire anelectric dipole
moment parallel to the external eld [10]. The behavior of tle colloids is
governed by the dipole-dipole interaction, whose strengtban be tuned by
the magnitude of the eld. Since their rheological propergs (viscosity, yield
stress, shear modulus, etc) can be reversibly changed by teternal eld,

such suspensions are called electrorheological (ER) uidsSimilarly there

exists magnetorheological (MR) uids for external magnet elds.

The energy of dipolar interaction shown in Figure 1.2a [10%igiven by [11]

4" "¢ 2aPE3 3cog 1
R3 2 ’

Ugip(R; ) = (1.2)

where = p"+—2ff "o and "¢ are dielectric constants for colloidal particles
and the surrounding uid, and a is the particle radius. E2 here is the local
eld energy, where Eq, for the simplest case, is a high frequency (mega-
Hertz) sinusoidal AC eld. The eld frequency is so high thatparticles can
only see an averaged eld and the e ects of ion migration are immized.

is the angle between separatioR and Ey. R here is limited to be much



(a) (b)

Figure 1.2: Dipole-dipole interactions. (a) Field inducedlipoles (white ar-
rows) on colloidal particles with radiusa interact with each other. (b) When
eld is strong enough colloidal particles form a chain alongeld.

greater than particle radius, i.e.R  a, given that the dipole induced by the
external eld is not a ected by neighboring particles, know as the point-

dipole approximation. We can see that three salient charaetistics from

Equation 1.2 are:

Angular dependence. The interaction switches sign ay 547 where
3coé 1 = 0. So the dipolar interaction is attractive when < g,
and repulsive when > . This leads to head-to-toe chain formation

of colloidal particles when the eld is strong enough (see frre 1.2b).

Particle size dependencelUy, strongly depends ora as it changes as
ab,
The interaction can be tuned by external eld, which provids a con-

venient method for studying phase transition in colloids ashe dipo-

10



lar interaction dominates in colloids when the applied eldis strong

enough.

In addition, we introduce the \lambda parameter" describing the relative
strength of electric dipolar energy to thermal energy:

noon 2A-3C2
o't “&Eg

2ks T (1.3)

is dimensionless as it is the ratio of dipolar energy to themal energy. Here
a°=R? is reduced toza® as the particles closely interactR ! 2a). We can

rewrite the dipolar energy as:

Uaip(R; ) _ 3cog 1
keT =~ (R=)3 2 ’

(1.4)

where = 2ais the diameter of spheres.

Since the late 1980's, the equilibrium structure of ER uidshas seen a
resurgence and is an interesting subject for many theoregicand exper-
imental studies. In an earlier theoretical study on electd eld induced
phase transition, Taoet al. found that the colloidal system experiences
a liquid-solid phase transition when the applied eld exceted a critical
strength [12]. Later Tao and Sun proposed the structure forhe ground
state of the induced ER solid to be a body-centered-tetragah(bct) lattice
with a; = P 6ak; a, = P 6ay; a; = 2a?, wherea is the particle radius [13].

11



Then Tao et al. con rmed this structure with Monte Carlo simulation [14]
and a laser di raction experiment [15]. With the developmehof confocal
microscopy (which will be introduced in the next section), &al-space studies
of colloidal structures became possible. The three-dimeosal bct structure
of silica colloidal spheres was rst observed with confocalicroscopy by Das-

sanayakeet al. [16].

Yethiraj et al. demonstrated the tunability of the \softness" and the dipoar
interactions of density matched colloidal dispersions byhanging the salt con-
centration and external electric eld, and the correspondaig phase diagrams
mimicking atomic crystals [17]. The real-space access oflomlal structures
via confocal microscopy, combined with the tunability throughexternal elds,
provides a powerful method to study colloidal phase behaviand therefore
gives better understanding of phase transitions in atomicystems such as
the melting transition [17] and the martensitic transition (i.e. a di usionless

crystal-crystal transition) [18].

Colloids form chains along a linear external AC electric &, but will not
\crystallize" into the bct structure if the volume fraction of colloidal par-
ticles is low. The kinetics of the colloidal chain-growth atelatively high
elds (kV/cm) has been extensively studied using di erent nethods such as
digital video microscopy [19] and light scattering [20]. Heever, quantitative

investigations into the low eld (and low volume fraction) stuation where

12



colloidal particles start to approach their nearest neightws and form two-
particle-bond have not been done yet. Our research addresgsbe following

issues (see chapter 3 for detail):

Characterization of colloid structure at low electric elds ( > 300) and
low volume fraction ( > 30%) with various order parameters (bond
density order parameter ;, bond orientational order parameter o, as

well as the pair correlation function g(r)).

The feasibility of modifying colloid structure dramaticaly by switching

from linear to rotating electric elds

The use of gravitational sedimentation pro les to detect aparent os-

motic compressibility ( ) in almost hard-sphere-like colloids.

1.3 Experimental Methods in Colloidal Study

The techniques typically used to study colloids fall into tihee categories [6]:
scattering (such as x-ray, neutron and laser scattering)heology and mi-
croscopy. Light scattering, which normally uses laser lighn the visible

spectrum, is the most popular technique among scatteringdbniques as the
wavelength of the scattering source is close to the size oflomlal particles.

This technique accurately measures both structure and dynacs of colloidal
suspensions by averaging over large ensembles of the cddlbsystem, but

fails to probe details of local structure on the single partie level. The

13



rheological technique, which studies the response of thello@s to external
perturbations [21], is also not appropriate for our study bsause it lacks a
direct probe into short length scale structure unless incporated with optical
techniques [22,23]. In principle, optical microscopy caretused as a probe of
local structure. But obtaining three-dimensional structue information from

conventional optical microscopy is impossible.

In order to study the local two-particle-bond formation in olloids, we used
laser scanning confocal microscopy (confocal microscomy &hort), which,
when combined with refractive index matching and colloids ih uorescent
labeled core and non uorescent labeled shell (see chaptefa?2 more detail),
has numerous advantages compared to conventional opticalamoscopy and

other techniques as shown below.

Better resolution

A laser scanning confocal microscope incorporates two ipal ideas [6]:
point by point illumination of the sample and rejection of o of focus light.
Figure 1.3 shows a basic optical path in a typical confocal oroscope: Laser
source (black line) coming out of a screen with pinhole (P1}¥ idirected by
a dichroic mirror to two mirrors which can respectively scarnn the x and
y directions. The laser then passes through the microscopéjective and
excites the uorescent sample. The frequency of uorescehght (gray line)

emitted from sample objects is lower than that of the laser,saits photon en-

14



Laser

Rotating =l
Mirrors 2
I —
Dichroic
Mirror Detector
= (PMT)
e 8
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Y¥ i — 3
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@
4

X ; / Fluorescent Sample

Figure 1.3: Schematic setup of confocal system. P1 and P2 & screens
with adjustable pinhole. Black line is incoming laser lightgray line is exci-
tation light from uorescent sample.
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ergy is lower than the absorbed photon. The emitted uoreseog light goes
back through the same path as the laser and passes the diclergiirror as its
frequency is lower than the laser (i.e. longer wavelengthFinally, the uo-

rescent light passes a pinhole (P2) placed in the conjugatecal (hence the

term confocal) plane of the sample (see Figure 1.4). Theredathe light out

Focalplane
1

o 0

(=] —t

v s

& ®

< 2.3

S, > -

2 3
o

Figure 1.4: Schematic drawing of conjugate focal pinhole ®hing the func-
tion of pinhole: in the confocal microscope system, only tHeght signal from
the conjugate focal point of the pinhole in front of the detdor can pass
through the pinhole. This focal point is the place we obsenaur uorescent
sample. Light from any position out of focus (gray line) wilbe excluded by
the pinhole.

of focus will be excluded by the pinhole and only the in-focusample emit-

ted light can nally reach the detector such as a photomultifier tube (PMT).

The resolution of the confocal microscope is higher than omntional op-

tical microscopes not only because pinhole P2 rejects ligbut of focus, but

16



also due to the function of P1 [24]. We know that the image of agint laser
source is not a perfect point but an Airy disk, whose intensftmainly concen-

trates in the center as shown in Figure 1.5. The light intensi distribution

Intensity

Radius

Figure 1.5: Intensity vs Radius diagram of a Airy disk. Centl dash line is
located at zero radius, i.e. center of the light spot.

is given by the point-spread function (PSF) of the microscap lens system.

In the focal plane PSF is ideally given by [25]

2
()= 20 7, (1.5)

where J1( ) is the rst-order Bessel function, =2 (NA)r= = kr(NA),
r is the distance from the center point, andNA = nsin is the numerical
aperture of the lens ( is refractive index of immersing medium of the lens

and is half the total collecting angle of the lens). From Equatio 1.5 we

17



obtain that the rst minimum of intensity occurs at radius r; = 0:61=NA .
Within this about 82% of the total intensity is included. On the other hand,
the distribution of excitation uorescent light in the plane of detection is
proportional to the square of the PSF. Therefore, we use thelRpinhole to
make our laser source close to a perfect point light sourcehieh can greatly
enhance the resolution of the detected image from excitatidight. Figure
1.6 shows a confocal image of almost monodispersed cordtgileca colloids

with 1.14 m diameter (3.4% polydispersity) and 0.47 m uorescent core.

.
S * aTga® =
T e
- 4% w a0 g w o
e e w®  wmen
" - n .
wee i Py - *ale
seent Vaa

- »
-:‘. -

*
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"

»
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L R S N % o nsn Tos , 3
- =% -
4

e seem o
. .s *

Figure 1.6: x-y view confocal image of 1.14m core-shell silica colloids. This
is the bottom layer of a sample with approximately 4% volumeréction. The
area shown in this image is 60n 60 m, 1 magni cation.

The localization of the image of the point laser source is evavorse along
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the z direction (i.e. along the optical axis). The PSF for a @ine containing
the optical axis is given by a di erent form:

sin(u=4)

I (u) = =2 ; (1.6)

whereu =2 (NA)?z<n ) = k(NA)?z=n, z is the distance along the optical
axis. Here the rst minimum is normally larger than that of the x-y plane,
which explains why we need to zoom the x dimension by a factof ? to get
a more spherical looking (shown in Figure 1.7) side view ofllmds sediment
as the particles in z direction appear to be longer than actligize (see more

details in 2.2.2).

Figure 1.7: x-z view confocal image of core-shell silica loads. Rebuilt
confocal image for the side view of sedimented 0.7 silica colloids, where
zoomed ratio is x:z = 2:1.

In addition to optical resolution enhancements from conf@t imaging, the
core-shell silica colloidal sample also gives better e ezt resolution because
only the uorescent cores contribute to the signal; the nonuorescent shell
is invisible in a refractive index matched medium. Thus theignal from two

touching spheres is well separated. For example, the whitetd in Figure
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1.6 are actually the uorescent cores of touching core-shepheres. Most of

them appear to be well separated except for a few aggregates ampurities.

Probe a sample deep inside

Conventional microscopy su ers from the multiple scatteng problem which
is caused by the scattered light from objects when imaging ele into a sample.
However, a sample with the refractive index of objects (whicare uorescent
labeled) matched to that of surrounding medium can solve thiproblem.
Multiple scattering light is minimized and only the uorescent light from the

labeled objects will be collected. Besides, refractive iad matching can also
minimize the attractive dispersion force preventing unwaed sample aggre-

gation.

In the following chapters, we will introduce our experimeral preparation
for colloidal study utilizing confocal microscopy, detaédd procedures of ex-

periments and nally the results and discussion.
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Chapter 2

Experimental Preparation

This chapter describes the experimental tools required fahe confocal mi-

croscopy research presented in this thesis, including:

Section 2.1, uorescent-non uorescent core-shell micrpleres synthesis

for confocal microscopy samples.
Section 2.2, IDL programming for confocal image processing

Section 2.3, electric eld construction for external eld gplied on our

samples.

21



2.1 Synthesis Of Colloidal Silica Microspheres

This section describes the synthesis of core-shell sphaticolloidal silica
particles. The synthesis followed Stber's method [26] dnGiesche condi-
tions [27, 28], and the experimental details also followedracent M.Sc. the-

sis [29] and the work of van Blaadereet al. [30].

This method is based on the hydrolysis of tetraethyl orthokcate (TEOS)

and subsequent condensation of silica in an alcoholic sobrt of water and

ammonium hydroxide under certain reaction conditions. Theilica conden-
sation forms a porous network and grows isotropically fromhe nuclei and
nally forms spherical particles. The core-shell particlesynthesis consisted
of two stages. The rst stage was the synthesis of uorescetdbeled silica
seeds with a uorescent dye for confocal imaging. In the sewb stage, a
non uorescent shell was grown onto these cores. A two-staggnthesis has
three advantages: the non uorescent shell can separate therescent cores
and give a better resolution for confocal microscopy; the sh will also pro-

tect the uorescent core and suppress the bleaching of the @éywvhile imaging;
moreover, the growth of the shells on the uorescent seedsncdecrease the

polydispersity of the seeds.
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2.1.1 Non uorescent Silica Particles

Non uorescent silica particles (batches name NL1, NL2, NL7where NL
stands for Ning Li, and the numbers indicate synthesis sequee for di er-
ent batches) were prepared from TEOS in a solution of ethanolater and

ammonium hydroxide. The reaction process is described byese two steps:

NH 3

Si(OC,Hs)4 + 4H,0! Si(OH), + 4C,HsOH (2.1)

ethanol

and

Hs

Si(OH),! :1 Sio, # + 2H,0 (2.2)
e

anol

The silica condensate, which has a microscopic structure disordered net-

works, was the spherical colloidal particles we produced.

Materials preparation

Anhydrous ethyl alcohol (Commercial Alcohols Inc., bp 78 ) was freshly
distilled before use (the general rules for the chemistry pgriments we did
followed a chemistry laboratory manual [31]). We used an esting ethanol
distillation setup courtesy of Professor Morrow (Figure 4 shows the setup).
First some boiling stones were added to the two-neck roundtiom ask (2

Liter capacity), and then anhydrous alcohol was added to twthirds of the

whole ask volume. One of the necks was closed after addingcahol, the

other one was connected to a water cooled distillation columwith a graded
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capacity of 125 mL. All the joints of glassware were clampea fprevent un-
wanted falling or pop-up. The bottom of the two-neck ask washeld by
a heating mantle. A power setting of \35% " on the variac powedisplay
corresponded to the stable temperature for distilling aldwl (slightly higher
than the bp of alcohol). Water cooling was turned on before laéing started,
and was carefully controlled not to be too strong or too weakuling the
whole distillation, by watching the oil pressure indicatorconnected to the
inner environment of the distillation column. The inner prasure was slightly
higher than 1 atm. When alcohol condensate started to formt was kept re-
uxing back to the two-neck ask for about 15 minutes to suppess possible
organic impurities. Collection of the alcohol condensatenithe distillation
column was then begun. As the capacity of the column was lineitl, the
distilled alcohol was transferred to another container whethe column was
full (approximately 100 mL). In case there was any impurityn the distilled
alcohol releasing path, the rst 100 mL was discarded. Wherhe alcohol left
in the ask was less than approximately 100 mL, heating was gpped and

water cooled for another 30 minutes.

TEOS (Fluka, purum, 98.0%, bp 168 ) was also freshly distilled be-
fore use. Three round-bottom asks (500 mL, 24/40 joint) wez washed with
95% alcohol and dried in the oven before use. One of the askssv lled
with some boiling stones at the bottom, and TEOS to two thirdf the ask

volume. The schematic for this setup is shown in Figure 2.2.hE ask with
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Pressure
indicator

setting

; e Redistilled
. ethanol
Heating mantle

Figure 2.1: Ethanol distillation setup: in the photograph,the cylindrical
heating mantle is holding the two-neck round-bottom ask. The distillation
column with water cooled tubing is sitting on the straight nek of the ask,
held by clamps. The distilled ethanol will come to the white [astic container
when the right screw (black cap) of the distillation column g loosened.
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boiling stones was held by a heating mantle and a metal lab jac It was
connected to a condenser (air cooled) by a three-way adapt®iith the other
end of the adapter closed by a stopper. The condenser was cected to a
vacuum adapter, connected to another 500 mL round-bottom sk for col-
lecting TEOS condensate, and also to a drying tube to preveritydrolysis
of TEOS. A variable transformer (Powerstat, 3PN116C) was &sl as power
supply for the heating mantle, and \85" (out of \140") on powe display gave
a stable temperature for TEOS distillation (slightly highe than the bp of
TEOS). The dropping rate of condensed TEOS was about 3 drop®ipsec-
ond. To suppress the impurity of TEOS, the rst 20 mL were disarded. All
the joints of glassware were clamped. Heating was stoppedewhthe original

TEOS left in the rst ask was less than approximately 30 mL.

The distillation of TEOS was necessary because the trial wétempted with-
out distilling TEOS, named as NLO, had the result that the paticles were
not as spherical as NL1,2,7, which is clear from the compawis SEM images
of NLO colloids (Figure 2.3) and SEM images of NL1 and NL2 colbs (Fig-
ures 2.4a, 2.4c). This may be due to premature hydrolysis ofEDS in the
undistilled TEOS, which can be excluded by distilling it.

Ammonium hydroxide (28% to 30%, Caledon) was of reagent grad Sulfu-
ric acid (95% to 98%, Caledon) and hydrogen peroxide (29% t@%, ACP)

were used for making \piranha" solution. Distilled water wa taken from
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Figure 2.2: Schematic drawing of TEOS distillation setup
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Figure 2.3: SEM image of non uorescent silica particles NLO

Barnstead Fi-Streem IIl GlassStill system (at the lab of Priessor Poduska).
95% alcohol (Commercial Alcohols Inc.) was used for cleagin An ana-
lytical balance (Mettler, AE260) was used for all mass measments. A
centrifuge (Sorvall, Legend Mach 1.6) was used after syntie for separat-
ing the colloids from water and ammonium hydroxide. Fisherand 50 mL
Falcon centrifuge tubes and 1.5 mL micro tubes (Sarstedt) we used for
centrifugation. Colloids were redispersed after centrifjation by placing in
an ultrasonic bath (Bransonic, model 8510R-DTH) for a few hos. Small
amounts of liquid were taken by Fisherbrand disposable gagpipettes, and

small amounts of powder were taken by Fisherbrand spatula. éasuring
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small amounts of liquid was done by pipettors (Fisherbrandnnpipette I1)
and tips of same brand, or by 5 mL syringes (HSW). A Fisher Isetmp 500
Series oven was used for the drying of glassware. A hot platerer (Barn-
stead Thermolyne) and a stir bar (PTFE-coated, 1 in. 1/3 in.) was used

for stirring and heating the reaction vessel.

Equipment Preparation

A 1 L three-neck round-bottom ask, a 250 mL Erlenmeyer ask,as well
as a 50 mL and a 100 mL measuring cylinder, were used in syntisesAll
glassware (including the magnetic stir bar) was washed withiranha solution.
Face shield and thick rubber gloves must be used for proteati when using
piranha solution, as it is a strong oxidizer. The piranha wdsng was done
in a fume hood. A 2 L beaker lled with tap water was prepared nd to
the fume hood, in order to wash o any piranha solution on the lgves. To
make piranha solution, 70 ml of sulfuric acid was rst addednto the 100
mL measuring cylinder, then 30 ml of hydrogen peroxide was @ed into the
same cylinder. One should always add the peroxide into theidg not the
other way around. The mixing reaction of peroxide and acid iexothermic,
so the mixture became very hot immediately after mixing. Thédiot piranha
solution was carefully transferred into the round-bottom ask. Three glass
stoppers (joint 24/40) were used to close all the openings tife ask and
held tightly with hands in case of pop-ups. The ask was slowlrotated in

ordered to wet the inside of the ask completely with piranhasolution. The
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solution was then transferred back to the 100 mL cylinder ankept in there
for a few minutes before transferring back to the ask. This pcedure was
repeated three times to clean the 100 mL cylinder and 1 L askThe same
procedure was used to clean the 50 mL cylinder and the 250 mLI&rmeyer
ask. Once nished, the piranha solution was transferred toa glass bottle
or a beaker and neutralized with soda ash before disposingara sink. All
glassware washed with piranha solution was rinsed with dibed water until
the pH was 7 (\Accutint" pH indicator was used). They were the rinsed

with 95% alcohol and dried in the oven.

Colloid Synthesis Setup and Procedure

The synthesis was done in the fume hood. The set up was as fallo the
middle neck of the three-neck round-bottom ask was held ome frames in
the fume hood; the stirrer was then placed under the ask. Thdéeight of
the clamp was adjusted to ensure the bottom of the ask was de to the

surface of the stirrer, so that the stir bar could smoothly st.

Since the capacity of our reaction vessel was 1 L, the total @unt of reagents
should not exceed approximately 700 mL. Therefore, the amiuof reagents
were scaled down from the data in Dannis 't Hart's thesis [29]525 mL of
distilled anhydrous alcohol, 52.5 mL of ammonium hydroxidand 21 mL of

TEOS were used in this synthesis, having the total amount of98.5 mL.
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First, 250 mL Erlenmeyer was used to transfer 125 mL distiliealcohol into
the round-bottom ask through the right hand side opening. 2.5 mL of
ammonium hydroxide was then transferred to the ask throughthe same
opening by the 100 mL cylinder. Another 200 mL of alcohol wafién trans-
ferred through this opening in order to rinse the ammonium tgroxide on
the wall of the ask, which otherwise may cause a high concesation of am-
monium hydroxide in that area and a ect the result. After addng alcohol
and ammonium hydroxide, the stirrer was started to mix the dtanol and
ammonium hydroxide. TEOS was then added through the left hahside
opening by the 50 mL cylinder, under a vigorous stirring. Thi should be
done as fast as possible to suppress the hydrolysis of TEOSthe air. The
openings of the ask should be closed by the three glass stawp during the

whole synthesis.

The reaction start time was recorded. After one minute, thetsring speed
was slowed down to a gentle stirring so that there was only a allow vortex
at the center of the surface of solution (approximately 200pm). After 10
minutes the solution turned slightly milky, indicating the silica started con-
densing. Within 60 minutes, the solution turned very milky,indicating most
of the silica condensate already formed. The gentle stirgnwas continued
for 5 hours. The colloidal suspension was then transferred twelve 50 mL

Falcon tubes.
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Particle Transfer

The synthesized colloids were transferred as soon as possio an ethanol
medium for two reasons. A high ammonium hydroxide concenttian, i.e. a
high pH, gives a high ionic strength, which can decrease theitkness of the
double layer (see 1.1.2 for more details) of the particlesestroy the charge
stability and shorten the distances between particles. Afiough the increased
pH here, which is above the isoelectric point of silica (abb®), may cause
more surface group dissociation and nally increase the dace charge of
silica microspheres, the decreasing of the electrostatiouble layer still dom-
inates and turns out to overcome the repulsive e ect of the greased surface
charge. The van der Waals force between these particles, lewer, is only
very strong at short distances. So this force may cause irexgible aggre-
gation to the particles approaching each other at short dishces. Besides,
the smell of ammonium hydroxide may cause inconvenience wheorking
with these colloids. Therefore, the colloidal suspensionaw centrifuged to

separate silica particles and the solution containing ammaim hydroxide.

An 800 rpm 4 hours centrifugation was used for these non uorescent sil
ica particles (NL1, NL2, NL7). After centrifugation, most d the particles
sedimented to the bottom and the supernatant was clear. Theak€on tubes
were then carefully taken out from the centrifuge, and keptertical in case
the sediments redisperse to the solution. The supernatantaw then removed

with glass pipettes. The tubes were then re lled with anhydous ethanol (not
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redistilled), and ultrasonicated in the ultrasonic bath fo a few hours. Water
cooling (via a lab-made copper tube coil in the ultrasonic lh) was used
for long-time ultrasonication, as the ultrasonication heed the water in the
bath. Redispersion of colloids is more e cient if accompaed by frequent
vortexing. There is a trade o between centrifuge time and wiasonication
time. If one use high-speed centrifugation, shorter time rseeded for colloids
sedimentation, but longer time is required to redisperse byltrasonication;
on the other hand, lower speed of centrifugation need longéme to sedi-
ment the colloids, but shorter time is required for redispaion. The exact
time and speed of centrifuge were di erent for di erent paricles (see Table

2.2 for detailed centrifuge and ultrasonication time).

This centrifugation, decantation, adding fresh ethanol ash redispersion pro-
cedure was repeated 3 times or more, until there was no ammarsmell in
the colloids. One can also test the pH of the colloids to enguthere is no am-
monium hydroxide left. The colloids were then transferreda a glass bottle,

and labeled by the batch name.

Polydispersity Analysis

Particle size distribution and polydispersity was obtaind using scanning elec-
tron microscope (SEM) images of silica particles dried on dags substrate.
The dried particles might appear slightly smaller on SEM tha the size mea-

sured with light scattering techniques, which give the realydrodynamic size
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of particles. These images were analyzed using an imagegassing software
ImageJ (version 1.37v) and statistics done using a graphlanalysis software
Igor Pro (version 5.03). The procedure was as follows: a limeas manually
drawn across the center of each particle in the SEM image totge diam-
eter of each particle, with correct scale setting from the ate bar on the
SEM image. The diameters were recorded in a graphical anat/software
Igor Pro and the statistics were obtained. The average padie diameter of
non uorescent silica colloids NL1 (Figure 2.4a) was 0.37m, with a poly-
dispersity of 14.1% (Figure 2.4b), and NL2 (Figure 2.4c) wa3.34 m, with
a polydispersity of 9.4% (Figure 2.4d). The SEM images and gile size
distribution of NL1 and NL2 are shown in Figure 2.4. We are nasure about
why the polydispersity of NL2 was smaller than NL1, why the paicle size
distributed into two peaks and why the polydispersity was nbas small as
those in the Giesche conditions (see Table 1 in [27]) which svapproximately
5 to 10%, and that in the work of van Blaaderen and Vrij (approimately
5%) [30]. The possible reason could be the variance in the nméemperature

for di erent batches of synthesis.

2.1.2 Fluorescent-Labeled Silica Particles

The purpose of uorescent-labeling silica particles was tfacilitate imaging
of confocal microscopy. The synthesis of uorescent-lateel silica colloids
used a procedure from van Blaaderen and Vrij's article [30].This pro-

cedure consisted of two steps: rst, the dye was chemicallyohded to a
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Figure 2.4: SEM image and size distribution of NL1 and NL2. Té particles
were actually well separated and the clusters were formed aip drying on
the substrate (same for the following SEM images).
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silane coupling agent; second, this coupling agent was usedthe hydrol-
ysis and condensation of TEOS, as described in section 2,1wlhich was
based on the Swber method [26]. The silane coupling agented here was
(3-Aminopropyl)triethoxysilane (APS) (Figure 2.5a). Only one of the four
groups bonded on Si of APS is dierent from TEOS (Figure 2.5h)which
make APS capable to bond with the dye, uorescein isothiocymte (FITC)

(Figure 2.5c¢), and nally coat on silica spheres (Figure 2¢b[30]).

Materials Preparation and Synthesis Procedure

Distilled TEOS and anhydrous alcohol were made in the same was before.
The other chemicals were also the same as before except AP&IK&, purum,

98.0%) and FITC (Fluka, 90%).

The amount of reagents was scaled down from the data in the thie of
Dannis 't Hart [29]: 0.0732 g of FITC, 0.426 g of APS, 3 g of etimal, and
same amount of chemicals (525 mL of ethanol, 52.5 mL of ammom hy-
droxide and 21 mL of TEOS) as before in pure silica synthesi¥he glassware

washing and instruments setup were also the same as before.

First 525 mL of ethanol and 52.5 mL of ammonium hydroxide weradded to

the 1 L three-neck round-bottom ask and mixed, using the samprocedure

as before.
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from reference [30]

Figure 2.5: Sketches of chemicals
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Then the balance and a 20 mL disposable scintillation vial aha small stir
bar (both cleaned with distilled anhydrous ethanol and dri¢ beforehand)
were used to make the FITC-APS solution. The procedure was &sllows.
First, measure the mass of the glass bottle (with stir bar int), rezero the
balance after the display is stable. Second, take 45Q of APS by using a
pipettor (APS density 0.946 g/mL) and add it into the bottle. Measure the
mass of the whole bottle and record the display on the balancé&ince the
balance was rezeroed after measuring the bottle and the shiar, the display
should be the mass of APS. Again rezero the balance after uséhird, add
3.8 mL distilled anhydrous ethanol (0.789 g/mL) into the botle, measure the
mass and rezero the balance. Finally, use a spatula to add D32 g of FITC
powder into the glass bottle and measure the mass. The actuahsses mea-
sured for FITC powder could be slightly larger than expectedwhich could
help to over uorescent-label the particles and gave bettemage quality for
confocal microscopy. It is important to make the FITC-APS shution as fast
as possible to suppress the possible hydrolysis of APS anddithing of FITC,

especially the former.

Once the solution was made, the glass bottle was covered wigfuminum
foil and put on a stirrer for better mixing. After approximately 15 minutes,
which was di erent from the stirring time in the work of van Blaaderen and

Vrij (12 hours) [30], the solution was clear and showed a darked color.
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21 mL distilled TEOS was then added to the round-bottom ask ader vig-
orous stirring. The FITC-APS mixture was then added from theother neck
immediately. After one minute, the stirring speed was turng down to a
gentle stirring (200 rpm). The sash (covered with aluminumdil beforehand)

of the fume hood was lowered in order to suppress the bleadhiaf FITC.

The solution turned milky as before, but with an orange coloinstead of
white. After 5 hours stirring, another 3 mL of distilled TEOSand 3 mL of
distilled water were simultaneously added from two necks tcoat the result-
ing particles with a thin pure silica layer, in order to protet the uorescent

dye of the patrticles.

The same procedure as NL1 and NL2 was used for particle traesf The
two batches of FITC silica seeds made by the same procedurerevéabeled

as NL3 and NL5.

Polydispersity Analysis

Again the procedure of polydispersity analysis was the samas before. NL3
(Figure 2.6a) had a average diameter of 0.47m and a polydispersity of 6.9%
(Figure 2.6b). The polydispersity of NL3 was smaller than NL and NL2,

for as yet unknown reasons.
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RBITC Labeled Silica Seeds

We also attempted to synthesize a batch (NL10) of Rhodamine Bothio-
cyanate (RBITC) labeled silica seeds [32]. RBITC has the sitar structure
(Figure 2.6d) as FITC but is less bleachable than FITC. The pycedure used
was all the same as the FITC seeds synthesis, except the makthe uores-
cent dye. The molecular weight is 389.38 for FITC, but 536.08r RBITC
(Sigma, mixed isomers). For the same moles of uorescent gy200 mg
RBITC (the total amount in a fresh bottle of RBITC) was used by putting
APS and ethanol in the RBITC bottle. The resulting particles(Figure 2.6c)
had the same diameter as FITC seeds, but were more likely to grggate
when centrifuged and therefore more di cult to redisperse fierward. This
was possibly due to di erent surface groups of RBITC labeledilica parti-
cles, which could lead to di erent surface charges from FITQabeled silica

particles.

2.1.3 Seeded Growth of Core-Shell particles

The second step of core-shell particle synthesis was seedgdwth, based
on the uorescent-labeled seeds. A predetermined amount BEOS/ethanol

mixture and ammonium hydroxide/water/ethanol mixture were added drop-
wise (through a dual-channel peristaltic pump) into the preiously prepared
seed suspension, under gentle stirring. A non uorescentedhthen grew on

the uorescent nuclei and nally formed core-shell silica articles.
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Figure 2.6: Fluorescent-labeled silica seeds
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Care must be taken during the synthesis. Too low seed conceation in
suspension gives a large di usion distance of the hydroly@eTEOS to the
particles surface [28], which may induce premature hydrdis and conden-
sation of TEOS, and leads to the secondary nucleation, therfoation of
unwanted small silica nuclei in the seed suspension. On thther hand, too
high a seed concentration increases patrticle clusteringgads to unwanted
particle aggregates, which is di cult to separate from the nonodisperse sus-

pension by centrifugation.

Similarly, at too low concentration of ammonium hydroxidethe particle sur-
face potential may be too low to stabilize the particles; hogwer, too high pH
may decrease the double layer thickness, the electrostatiepulsion barrier,
and consequently reduces patrticle stability. So one mustredully control the

concentration of the reagents.

Giesche [28] gives empirical guidelines for optimal ressil{a practical guide

but not a strict limit):

the concentration of SiQ in the seed suspension should be less than 1

M (i.e. 1 mol/L) and preferably between 0.5 and 0.8 M
the ammonium hydroxide concentration between 0.5 and 0.7 M

the water concentration about 8M
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Materials preparation

Freshly distilled TEOS, anhydrous ethanol (not distilled,following [29]), am-

monium hydroxide and distilled water were used as before.

The seed suspension consisted of 31 mL of concentrated FITabéled seeds
(80 g/L), 44mL ethanol, 11 mL water and 4 mL ammonium hydroxie. A
high concentration of seeds in ethanol was obtained usingetlprocedure as

follows:

Measure the concentration of the original seeds (using theem), esti-

mate the required amount.

Centrifuge the seeds of required amount, remove the extraheinol and

redisperse them using ultrasonication.

Measure the concentration of these concentrated seeds t@ semore

original seeds needed.

Since there will be another 44 mL ethanol in the seed suspemsi one
only needs to concentrate the original seeds to a conceniat of 33.07

g/L and take 75 mL of this.

When measuring the concentration, a small disposable glagal (1 mL ca-
pacity) was rst washed with 95% ethanol and dried in the ovenThe mass
of the dried bottle was then measured. 500L of seed suspension was then

added in the bottle, dried and measured again. From the massea&fence we
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got the mass of silica per unit volume of suspension. To ensuthe silica
were completely dried in the oven, the drying and measuringrgcedure was
repeated a few times more until there was no di erence of the ass. To
minimize the error, nal data was taken from the average of tree batches of

measurements.

Equipment Preparation for Seeded Growth

A signi cant amount of equipment and optimization was requied for the

seeded growth set up, and is described here.

Two cylindrical separatory funnels (capacity 500 mL, Gradated, PTFE
stopcock, 24/40 joint, Exeter), a three-neck round-bottomask (500 mL
or 1 L, depends on the nal volume of all reagents of use, 24/406ints), and
all other glassware was washed with piranha solution usinp¢ same proce-

dure as before.

A dual-channel peristaltic pump (Gilson, minipuls3, Mandg was used for
dropwise addition of the reagents at the same rate through twchannels. The
tubing system for this pump was made following the principléhat tubing
diameter should never be increased downstream. For each chal, 3 pieces
of tygon tubing (1/4 inch internal diameter (ID), 1/16 inch wall thickness;
1/8 inch ID, 1/16 wall thickness; and 1/16 inch ID, 1/32 inch wall thick-

ness, respectively) were used to assemble a long tubing wdsgger end
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was connected to the end of one separatory funnel and the stealend was
connected to the calibrated PVC tubing (Gilson, 0.38 mm ID, @lor coding
orange/green, GF-F117933). The 1/4 inch ID tubing was dirgly assembled
onto the end of the separatory funnel and sealed with para InfFigure 2.7
a); the 1/8 inch ID tubing was connected to the 1/4 inch ID tubng with
a plastic connector and sealed with paralm (Figure 2.7 b); he 1/16 inch
ID tubing was jointed to the 1/8 inch ID tubing with super glue and sealed
with Te on (PTFE) tape (Figure 2.7 c); and the input end of the calibrated
PVC tubing was jointed to the 1/16 inch ID tubing with super glue (Fig-
ure 2.7 d). The calibrated PVC tubing was the most important art of the
whole tubing system, going through one of the two channels die pump
and directly a ecting the ow rate. The ow rate and the pump r otating
speed have a linear relation and the ratio for the tubing we ed (0.38 mm
ID) equals to 0.073 mL/min per 5 rpm (see Table 2.1 [33]). Theutput end
of the calibrated tubing, coming out of the pump, was conneetl to a long
extension tubing (same internal diameter, GF-F117953) wita metal sleeve
(GF-F117985) (Figure 2.7 €). The other end of the extensiomlbing was as-
sembled to a glass inlet tube (bleed type, 6mm, joint size 240, Kontes) and
sealed with para Im in order to suppress the reagent-air caoact (Figure 2.7
f). This inlet tube helped to assemble the tubing onto the reaion vessel and
form droplets into the seed suspension. The total length fahe tubing was

long enough to connect the separatory funnel and the roundstiom ask.
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Figure 2.7: Tubing setup for seeded growth: (a) 1/4 inch ID tbhing was
directly assembled onto the end of the separatory funnel; /8 inch ID
tubing was connected to the 1/4 inch tubing by a plastic conreor and sealed
by para Im; (c) 1/16 inch ID tubing was jointed to the 1/8 inch D tubing
by super glue and sealed by Te on tape; (d) the input end of thealibrated
PVC tubing was jointed to the 1/16 inch ID tubing by super glue (e) the
output end of the calibrated tubing was connected to a long ¢éansion tubing
by a metal sleeve; (f) the other end of the extension tubing Wwaassembled
to a glass inlet tube and sealed by para Im.
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Flow rate (mL/min)
ID (mm) || 5 rpm | 15 rpm | 30 rpm | 48 rpm
0.38 0.073 | 0.219 | 0.436 | 0.695

Table 2.1: Diameters and ow rates of peristaltic tubing. Tk ow rate
necessary for this synthesis was 5.1 mL/h, which equals to0O85mL/min,
corresponded to a pump rotation rate of 5.82 rpm.

Seeded Growth Setup

The synthesis was carried out in the fume hood. Reagents weadded as

follows:

First transfer the 90 mL of seed suspension (75 mL of seeds atlanol,

11 mL water, 4 mL ammonium hydroxide) to the round-bottom a.

Put the ask in a water bath (lled with tap water) on a magneti c

stirrer, and x the ask onto the frames.

Adjust the height of the ask to get a smooth gentle stirring @pproxi-

mately 200 rpm).

Fix the separatory funnels onto the frames at a proper heighand

position in order to leave enough space for the tubing and &s

Connect the tubing system to the separatory funnels, insththe cal-
ibrated part onto the pump, and x the two inlet tube onto the two

side necks of the ask (as they have the same size of joints).

Use a three-way adapter to gently blow nitrogen into the askand keep
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the whole reaction under a nitrogen environment, in order tguppress

the reaction between TEOS and the water vapor in the vessel.

A schematic drawing of this setup is shown as Figure 2.8. Thopper on the
center neck three-way adapter was loosened a little becaudfegentle owing

of nitrogen.

Seeded Growth Procedure

Reagents were added into the separatory funnels after theesied growth
system was installed. Aiming at a nal particle size of apprdimately 1 m,
the amount of TEOS needed was 159 mL following [27] and [29]h& max-
imum TEOS addition rate was 2.3 mL/h according to Giesche cdalitions.
Therefore, a 2 M of TEOS solution was prepared by adding 190 ndf TEOS
and 236 mL of ethanol in one separatory funnel (funnel A). A qer uous
amount of solution was added in order to leave su cient liquil in the funnel
to keep the pump working properly during the whole seeded gwth. A so-
lution of 15.4 M water and 1.35 M NH in ethanol was prepared by adding
100 mL of distilled water, 310 mL of ethanol and 38 mL ammoniurhydrox-
ide in another separatory funnel (funnel B). The molar concegration of our
ammonium hydroxide (12.5 M), determined by titration, did rot agree with
28% to 30% weight percentage (0.9 kg/L, approximately 15 Mabeled on
the bottle. So the actual molar concentration of NH in funnel B was 1.06
M (not 1.35 M as in [29]). This could be the possible reason thaur results

did not agree with the work in [29].
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Figure 2.8: Schematic drawing of seeded growth setup

49

Water
Bath




After lling with reagents, the funnels were lled with nitr ogen and closed
with stoppers, in order to protect the reagents with a nitrogn environment.
The stopcocks of the two funnels were then opened and the ligun the tub-
ing could pass through. It is sometimes necessary to squedze tubing in
order to exclude the air in it. Once the liquid passed througkhe pump (the
calibrated part of tubing), the calibrated tubings were tigitened by closing

the compression cams and tightening the adjustment screws.

The cam pressure on the tubing was adjusted (by the adjustmescrew)
to the minimum necessary to ensure pumping of the liquid [34Dne should
slowly tighten the screw until the pump starts pumping liqud inside the
tubing (the front of the liquid starts to ow peristalticall y), and then tighten
again approximately 1/8 turn. Care must be taken not to ovetighten the

screws in order to minimize wear on the calibrated tubing.

In order to get a 2.3 mL/h TEOS adding rate, 5.1 mL/h (equals G85mL/min)
ow rate for TEOS solution in funnel A was used (same ow rate ér funnel
B). Therefore a pump head rotating speed of 5.82 rpm was usear tthis
pump and this size of calibrated tubing (see Table 2.1). Siache rotating
speed was the same for the two channels, the ow rates for tleesvo tub-
ing should be ideally the same. The hardening (by TEOS) of thealibrated

tubing, however, leaded to a di erent amount of attening ard stretching
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of the calibrated tubing by the pump, thus the actual ow rates were not
the same for the two channels during the seeded growth. Thenlger time
the seeded growth took, the worse this problem was. Carefudljastment
of the screws was carried out after approximately 12 hours tecrease the
di erence of ow rate. The ow rate di erence was controlled to be within 2
mL/h during the whole seeded growth (approximately 70 houjs This is an
important area of possible improvement of particle monodiersity. Instead
of PVC calibrated tubing, one can use other more durable chtiated tubing

such as viton tubing.

The TEOS solution and ammonium hydroxide were slowly pumpethrough
the two channels of tubing and nally dropped into the seed spension
through the glass tips of the inlet tube. It was important to exsure the
droplets of reagent fall in the suspension directly (espadly the TEOS so-
lution) rather than fall on the wall of the vessel rst. This was to avoid
locally nonuniform concentration of reagent or any hydrolsis of TEOS be-
fore it reached the seed suspension, which could cause unedre ects like

secondary nucleation or aggregation.

Nitrogen gas was blown gently through the middle neck, prem@ng pre-
mature contact of the two reagent drips and unwanted hydrokis of TEOS
with the ambient atmosphere, should be very gentle that thetspper on the

adapter can only be very slightly loosened because of the noigen blowing
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out. The two separatory funnels were re lled with nitrogen @proximately
every 10 hours, in order to keep the pressure balance betwabr inside of

outside of the funnels so that the pump can work properly.

The room temperature (outside the fume hood but in the lab), dring the
whole seeded growth, was 23 ; while the water bath temperatures were 21.5
for two batches NL6 and NL8 and 19 for NL9, without any noticeable
uctuation. The reason for the temperature di erence betwen the room and
water bath could be that the temperature inside the fume hoodias actually
lower than outside; and the reason for the water bath tempetare di erence
between NL6/NL8 and NL9 may be di erent sizes of reaction vegls used

for these batches (NL6/NL8 1 L, NL9 500 mL).

Particle Transfer and Polydispersity Analysis

The result particle transfer procedure was similar as befey using a lower
centrifuge speed of approximately 500 rpm for 4 hours. Theuobbatches of
all seeded growth are NL4 (NL3S1, means rst seeded growth NE3 FITC
seeds), NL6 (NL3S2), NL8 (NL5S1) and NL9 (NL5S2), as shown Figures
2.9a, 2.9b, 2.9¢, and 2.9d.

The polydispersity analysis was done in the same procedure laefore. Table

2.2 summarizes the centrifuge speed and ultrasonicatiomte used for di er-
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(a) SEM image of NL4. Lots of non- (b) SEMimage of NL6. 1.27 m diameter
spherical aggregates. (4.1% polydispersity).

(c) SEM image of NL8. 1.14 m diameter (d) SEM image of NL9. 0.77 m diameter
(3.4% polydispersity). (3.8% polydispersity).

Figure 2.9: SEM images of core-shell silica particles.
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ent batches.

Batch # ( m) | Centrifugation (rpm  hours) | Ultrasonication (hours)
NL1 0.37 1150 3 2
NL2 0.34 1150 3 2
NL3 0.47 700 4 6
NL6 1.27 500 3 2
NL8 1.14 500 3 2
NL9 0.77 550 3 2

Table 2.2: Summary of centrifuge and ultrasonication contions for di erent
particle sizes. NL1,2,3 were centrifuged and ultrasonicad using di erent
centrifuge (Sorvall) (thanks to Dr. Merschrod) and ultrasaic bath (NEY,
100 Ultrasonik).

The details of the three batches of seeded growth are sumnzad in table
2.3. The column \funnel A" and \funnel B" refer to the amounts of TEOS
solution and ammonium hydroxide used in funnel A and B by thehree
batches (keeping the same ratio of 190 mL TEOS, 236 mL etharfof TEOS
solution and 38 mL ammonium hydroxide, 100 mL water and 310 m&thanol
for ammonium hydroxide). The columns \NH (M)" /\H ,0O (M)" show the
start and end NH; / H ,O molar concentration in the reaction vessel. Taking
NL6 as an example: we started with the 90 mL seed suspensioont@in-
ing 4 mL of ammonium hydroxide (this was the same for all threbatches),
from which we can calculate that the beginning Nkl concentration in the
vessel was 0.56 M (using the titration result, i.e. 12.5 M NHin ammonium
hydroxide); after the synthesis was nished, 346 mL of TEOSadution and

376 mL of ammonium hydroxide had been added to the reactionssel, from
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NH3 (M) H.0 (M)

Batch | funnel A | funnel B | Begin | End | Begin | End ( m) | PD (%)
NL6 | 346 mL | 376 mL | 0.56 | 0.55| 85 | 8.2 | 1.27 4.1
NL8 | 207 mL | 248 mL | 0.56 | 0.57| 85 | 86 | 1.14 3.4
NL9 86 mL 84 mL | 056 | 053] 85 | 80| 0.77 3.8

Table 2.3: Summary of seeded growth: \funnel A" and \funnel B refer to

the amounts of TEOS solution and ammonium hydroxide solutio used in
funnel A and B; \NH3; (M)"/\H ,0 (M)" show the start and end NH; / H ,O

molar concentration in the reaction vessel; and the last twoolumns show
the average particle diameter () and polydispersity (PD).

which we can calculate that the end NK concentration was 0.55 M. Simi-
larly we can calculate the beginning and end concentrationf 1,0 (8.5 M
and 8.2 M) in the reaction vessel (there is 39.1 M water in oumamonium
hydroxide). It is clear that the NH3 concentration was between 0.5 and 0.7
M as Giesche's guideline, and the water concentration was @pximately 8
M. The column\ ( m)" shows the average diameter of result particles, and
\PD (%)" shows the polydispersity. Our seed suspension S&oncentration
was 0.46 M, slightly less than 0.5 M. This was ne because, ag\mentioned
before, Giesche's guideline is not a strict limit. The Si@concentration (not
listed in 2.3) was the same for all three batches (31 mL 80 g/Lilisa in

ethanol, 44 mL ethanol, 11 mL water and 4 mL ammonium hydrox).

The polydispersity of NL8 (NL5S1) is smaller than NL9 (NL5SP because

of the following reason: providing the same amount of hydrgted TEOS

condensate, namely the same volume of silica shell grown dretsilica sur-
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face, the diameter increases slower as the diameter getsgaig(see Equation
2.3 [28], where = diameter, M = mass). Therefore the polydispersity, the
relative diameter di erence between patrticles, becomes siter as the particle

diameter becomes bigger.

3 M _
seed — TEOS;seed (23)
new M TEOS;total
However, the polydispersity of the largest particles NL6 (N3S2), was bigger
than that of the particles NL8 and NL9. This was probably due ¢ the irre-
versible attening of the calibrated tubing, which made thecontrol of ow
rate more and more di cult during the synthesis (especiallyafter day 1),

and nally created a lot of second nucleation at day 3 of NL6 seled growth.
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2.2 Image Processing of Confocal Images Us-
ing IDL

We use the confocal microscope to obtain gray scale intensitmages (256

gray levels for 8 bit image) such as the one shown in Figure @.1We need

Figure 2.10: A frame from confocal image of core-shell siiparticle: 1.14
m NL6 silica colloids observed by confocal microscope (10®bjective).
The bright dots in the image are the uorescent labeled coresThe particles
are actually touching each other, but the cores are separatdy the none-
uorescent labeled shells. Note that there are some coresutthing each other
forming doublets or triplets. They are just \impurities" formed via seeded

growth on an two-particle or three-particle aggregates okegeds.

to convert this two-dimensional matrix of spacial intensy information (nor-
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mally a tagged image le format, known as a \ti " image) into i nformation
about colloidal particles such as positions of particles. his conversion pro-
cedure for our confocal microscopy images of colloidal despions was done
using IDL, the Interactive Data Language. In this section, w will discuss the
methods of particle tracking and particular IDL proceduredor di erent pur-
poses such as calculating pair correlation function, voluenfraction of silica

microspheres in colloids, and order parameters of doublesficle bonds.

2.2.1 General Method for Particle Tracking

The general methods of tracking bright dots on a dark backgomd, described
in Crocker and Grier's article [35] and the website of Eric Weks at Emory
University [36], is suitable for our confocal images. This ethod normally
contains three steps: rst identify particles, then get daa for all the particles

you want, and nally link particles to form trajectories.

Identify Particles

IDL procedure \pretrack_thresholds.pro”, based upon procedures available at
Eric Weeks' website [36], with modi cations written by HughNewman, was
the particle identifying procedure we used. The purpose ofis procedure is
to determine the parameters we will use in particle trackingThe algorithm

of this procedure is as follows (see IDL codes in appendix A):
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First, read the ti stack image (a multi-frame ti image) we h ave with
readti stack.pro (a function to read in a ti stack into a sin gle variable,
written by Eric Corwin), show one frame in the original imageas a

reference (see Figure 2.11 a).

Then use \bpass.pro" [35], a spatial bandpass Iter, to smdb the
image and suppress the background noise, in order to make tineage

\Gaussian-like" white spots on a black background (see Fige 2.11 b).

The function \feature.pro"” then is used to analyze the Itered data and
select the needed spherical features (particles) with thevgn param-
eters such as feature \diameter" (a little greater than appeent parti-
cle diameter in pixels, but smaller than separation, de necs \d" for
short), \separation" (speci es the minimum allowable sepeation be-
tween feature centers, de ned as \s"), \masscut" (minimum #owable

brightness). The way \feature.pro” locates particles is afollows [35]:

{ First, identify the positions of all the local brightness maima
in the image, which are de ned in a circular neighborhood wiit

diameter equal to \d".

{ Around each of these maxima, place a circular mask of diamete
\d", and calculate the x and y centroids, the total of all the pgxel
values (i.e. total brightness), the \radius of gyration" (Smulates
radius of gyration in the moment of inertia for an object with

brightness instead of mass), and the \eccentricity" (O for iccles
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and 1 for lines) of the pixel values within that mask.

{ The resulting x and y values will have errors of order 0.1 pike
for reasonably noise free images of features which are largen
about 5 pixels across. The error is smaller than 0.5 pixel (udin
corresponds to the location of a single pixel signal with 1 xe@l
resolution) because the location of the center of a spheri¢aature
can get information from all pixels in this feature, which icreases

the accuracy location of the center than a single pixel sigha

Feature.pro produces 5 columns of data from the image: (1)centroid
(2) y-centroid (3) total brightness (4) radius of gyration ad (5) \ec-
centricity”. The plot of \radius of gyration" vs. \total bri ghtness" in

Figure 2.11 c help us to decide the brightness cuto .

Finally, we use \fover2d.pro" to compare our original imagewvith the
particles identi ed as wanted features. We can modify the pameters
till we are satis ed that features found agrees with the paitles we want
(see Figure 2.11 d). This judgment, which depends on our pamlar
needs while processing the images, could be made more olieatising
systematic methods with the help of analytical software (lgr Pro). We

will discuss this in more detail in Chapter 3.
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Figure 2.11: Identify Particles with IDL: (a) show one framen the original
image as a reference (only a part of the original frame is zoethand shown
in this picture); (b) use bpass.pro to smooth the image and ppress the
background noise; (c) plot of \radius of gyration" (y axis) \s. \total bright-

ness" (x axis); (d) use fover2d.pro to show (circle) the feates we want. The
dim spot (pointed by the arrow), corresponding to an out-ofecus particle,
is not identi ed as a particle as its brightness is lower tharthe given value.
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Two-dimensional Particle Tracking

After identifying particles from a test frame, we know the psameters to nd

particles in our image. We then apply these parameters to ale frames of
our stack ti image to get the data. The procedure used here Mpretrack-

pro" (modi ed from Eric Weeks's procedure \epretrack.prd by Hugh New-
man with some obsolete options about Noran image format rewex), which
applies the parameters to the stack ti image and produces adf le (a bi-

nary le format) containing 6 columns of data. The rst 5 columns are the
same as before, i.e. x and y position coordinates, brightsestc. The 6th
column contains the uniformly gridded time \t" that the position was deter-
mined (i.e. frame number). All data in the gdf le are sorted ly the frame

number so that the 6th column is monotonically increasing.

We can use the gdf le as the input of the procedure \track.pro[35] to pro-
duce a 7-column data list. The additional 7th column is a unige \Particle

ID number" series appended to the original 6-column input da structure for
each identi ed particle trajectory. The result array is soted so the rows with
corresponding ID numbers are in contiguous blocks, with thegme variable
monotonically increasing inside each block. The paramegefor \track.pro”

includes \maxdisp" (an estimate of the maximum pixels distace that a par-
ticle would move in a single time interval), \memory" (the maimum number
of time steps that a particle can be \lost" and then recoveredgain), and

\goodenough" (to eliminate all trajectories with fewer than goodenough valid
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positions. This is useful for eliminating very short, mosy \lost" trajectories

due to blinking \noise" particles in the data stream.), etc.

Three-dimensional Particle Tracking

Particle identi cation and tracking in three dimensions (D) is very similar
to two dimensions (2D) [36]. There are di erences in the toslused in the 3D
procedures, for example, \bpass3d.pro” [35] is used insteaf \bpass.pro",
\feature3d.pro"” [35] instead of \feature.pro” (instead ofusing one number for
\diameter" in 2D, we use an array containing diameter in x, y ad z directions
as the \diameter" in 3D), \fover3d.pro" [35] [36] instead of\fover2d.pro",
and \ept3d.pro" [36] instead of \hpretrack.pro”. The 3D procedure \nl_-
3dpreview" (nl pre x refers to Ning Li, which means written by Ning Li) was
used to identify particles in 3D image (z-stack confocal ingge), similar as
\pretrack _thresholds.pro™ in 2D. However, \nL3dpreview" is able to measure
the dimensions of particles in three dimensions. 3D trackingives x, v,
and z coordinates of all particles, which can be used to studiie density

distribution of silica particles in the colloidal system abng z direction.

2.2.2 Structural Analysis of Colloidal System

Once we have obtained the positions of all colloidal parties in a reference
2D plane or a 3D volume, we can investigate structural inforation about the
colloidal system. We created IDL procedures to calculatersictural quan-

tities of interest, such as the pair correlation function, lhe vertical particle
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density pro le, as well as two order parameters based on theohd density
and bond angle. These IDL procedures contain two parts. Therst part,
discussed above, is the general method of getting the posiis of all the par-
ticles we want. The second part then uses the particle positis to do our
research. We will introduce the image calibration method ahalgorithms of

these procedures in this subsection.

Image Calibration

Our calibration sample is a dip-coated, dried core-shelllisia sample (NL9),
which has a uniform layer of 0.77 m (about 4% uncertainty, see Table 2.3)
particles close packed. Because we can nd large single dansain the dip-
coated, dried sample, we can measure the center-to-centestdnce along a
line of some 10 particles (thus reducing uncertainties by éhsame factor). We
measured the diameter in pixels of the confocal image of théample (8.96
pixels, 2% uncertainty) so that we know it is 11.64 pixels pemicron (6%
uncertainty) for a 700 700 confocal image (100 objective), corresponding

to 0.086 micron per pixel.

Pair Correlation Function

The pair correlation function g(r) calculates the probabity of nding the

center of a particle a given distance from the center of anagh particle [36].
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The 2D pair correlation function g(r) is de ned as

o= -2 (2.4)
where
_n(r)
= (25)
and
0= % . (26)

n(r)is the number of particles whose centers fall within the rage ofr to
r+ r; risasmallincrease in rN is the total particle number; A is the

total area. The calculation of g(r) follows these steps:

Consider each particle in the image in turn. In the 3D case theange
is a spherical shell with thickness of r, and in 2D this is an annulus
with width of r. We calculate the particle number density within
this range and loop over all values of r with step size ofr to get the
density distribution along r. The 2D case is, for example, expressed in

equation 2.5.

Calculate the average particle number density of the wholeasiple,
which is the total particle number N divided by the total volume (3D)

or area (2D).
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Get g(r) by dividing the particle number density within rto r + r
by the average particle number density, to ensure thag(r) = 1 for

structureless data (see equation 2.4).

The IDL procedure calculating 2D g(r) is \nl_ericgr2d.pro” (Ning Li), apply-
ing Eric Weeks's IDL routine \ericgr2d.pro” as part of this procedure. The

algorithm of this procedure is as follows:

Obtain 2D particle coordinates. Use the general method fo2particle
tracking (described in 2.2.1) to get the data for all particds from a time

series of images at xed z position.

Apply Eric Weeks's IDL routine \ericgr2d.pro” to calculate g(r) of the

particles.

{ Create 2 column matrices of identical dimensionMy, and My,
one (My) where each row containing x and y coordinates of one
reference patrticle Xo; Yo), the other (My ) where each row contain
x and y coordinates of all the particles (N particles, for exaple) in
each frame of image. Subtracting/y from Mg gives all distances

(of each particle in the frame) from the reference particlgs shown
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in Equation 2.7.

0 1 0 1 0 1
Xo Yo X1 YN Xo X1 Yo V1
Xo Yo X2 Y2 Xo X2 Yo Y2
= ' ' (2.7)
Xo Yo XN YN Xo XN Yo YN

{ Compute the density function of all distances from the refence
point using \histogram" function. We decide upon the value b
the bin size of r (r), which is the uniform grid length of r, ba sed
on a noise criterion. r is normally much less than the partide

diameter.

{ In order to get an accurate particle count using a sequence of
circular annuli of increasing radius, within a rectangulaimage,
we used a subroutine \checkquadrant”, which can determineolw
much angular extent of the circle lies within the image whenhie

circle of radius r extends outside of the image.

{ Divide the array of \histogram" and the array of annulus area
with radii of various r (monotonically increasing from minmum r
to maximum r by the step size of r), we get the g(r) array for

this reference particle.
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{ Run this procedure by treating each the particle in the frames
the reference in turn and loop over all frames, accumulatel ahe
g(r) and nally normalize it by particle number, frame number,
and average particle number density, we get the nal g(r) rest

for this image.

Print the result of \ericgr2d.pro”, which contains the whole range r and
corresponding g(r), into a data le readable by the graphicaanalysis

program Igor Pro.

Silica Colloids Vertical Density Distribution

The procedure \nl.3dhisto.pro" calculates the vertical pro le of particle nun-
ber density, hence we can get the vertical volume fraction stribution as a

reference parameter while doing electric eld experiments

The confocal image used for this procedure is a z-stack serf@é le), which

is an image series taken at continuously shifting z (vertitgpositions step by
step through the whole thickness of colloidal particles. Tz step number
is the frame number of the z-stack series image. Along with ¢hti image
stack, there is a \csv" le (text le) recording the actual z position of each z

step (i.e. each frame). The algorithm of this procedure is dellows:

Obtain 3D particle coordinates using the general method f@D parti-

cle tracking. As the z step number in a 3D image is simply thedme
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number, the z positions of particle centers then is expressby a num-
ber between the minimum and maximum frame number (for examg]

0 to 99 for a 100 frame z-stack image).

Obtain vertical density pro le. Histogram the z positions d particle
centers to compute the particle number density distributio along z.
We wish to obtain local volume fraction as a function of z. In mler
to do this, the reference volume should have thickness cormphle to
the particle diameter. Therefore, the number of frames coained in
each bin of the \histogram" (de ned as \binsize") times the atual
shifted depth in each frame (de ned as \stepsize"), which ithe real bin
width in microns, should be slightly larger than the partice diameter

(expressed in Equation 2.8).

binsize stepsize diameter (2.8)

That is, the \slice" has full x and y extent, and is thick enoudn to
include one layer of particles. We histogram the full rangef@ where

particles are found.

To calculate the volume fraction, multiply the volume of oneparticle
with the particle number in each bin, and divide by the actualvolume
of that bin slice. The actual z position is from the \csv" le. The actual
x and y value is from the di erence of the maximum and minimum X

and y data out of the whole image (which is very close to the fuk
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and y dimension of the image due to the densely packed pargsl in
the bottom frame of the image), and multiplied by 0.086 micno per

pixel, obtained from calibration.

Print output data. The output data is printed to a\dat" le, ¢ ontaining
one column of the z position and another column of the correspding

number density distribution.

Moving average. Sometimes the stepsize is much smaller thgarticle
diameter, hence the binsize is big due to Equation 2.8. If wélsneed
to move in z by small steps in order to take more volume fractiodata
(the reason for this is explained in the next chapter), we casimply add
another histogram of z which is shifted by a small number of dmes
(\snf" for short, this number should be smaller than the bingze of the
rst one), but still using the same binsize and the same maxiom of
z. Then we get another set of histogram whose z position is ftad
by \snf". By rearranging the z position in the output data, we have
a list of volume fraction with more details in terms of z posibn. For
example, if we set \snf" to be half of the binsize, we will therget a
series of volume fraction in the step of half bin, but with edcbin width

still thick enough for the particle size.

For example, a z-stack confocal image of naturally sedimext 0.77 m silica

particles (NL9) gives a x-z pro le of the 3D cube (see Figure.P2a), which
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is produced using the routine \yslice.pro" [36] in procedw \nl _3dpreview",
with x:z ratio of 2:1 for a more spherical appearance of pactes. The proce-
dure \nl _3dhisto.pro" will give the particle number density distribution along
the z direction (see Figure 2.12b). The structure of this prte is explained

in more detail in next chapter.

(@) A x-z view of naturally sedimented silica particles in wa
ter/DMSO mixture.
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(b) Particle number density distribution along Z. Y axis of t he
plot is number of particle centers. X axis of the plot is z stefs
starting from the bottom of sediment.

Figure 2.12: Example of the particle number density distribtion from a
three-dimensional image stack.
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Particle Bond Density Calculation

We de ne a \bond" to exist in our image when two particles are lIpse enough
that the distance of the centers of them is shorter than the b length we
set. Note that this bond is not a real chemical bond but simpha criterion
for describing proximity between two particles. The bond desity, by our
de nition, is the ratio of the number of bonded particles to he total particle
number. The procedure \nlbondensity" calculates the bond density of a
time series confocal image of our core-shell silica sphevegler an external
electric eld, to see how the eld a ects the bond density. Tre algorithm of

this procedure is as follows:

Obtain 2D particle coordinates.

Count number of particles in each frame. In each frame of themage, we
take the x and y coordinates of particle centers, and calcu@number
of particles in the frame (represented by N). Then make a ormlumn
array (for the next step) with the number of rows same as the phcle

number in the frame.

As the x y coordinates consist of two columns of data with theow
number equal to the number of particles found in the frame, wean
get all the possible distances (D) between each patrticle ihe frame by
subtracting from the original coordinates a set of coordirtas which are
shifted in rows by the amount of 1 to the maximum particle numier

in this frame. Comparing the distances with the bond lengthl(), we
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know which particles in the frame are bonded. Force the saméapes
where particles are bonded in the array we created in last gtdo be
\1", and therefore the sum of all elements in this array is siply the
number of \bonded particles” (N,) in this frame. Divide this number
by the total particle number in this frame (N), we will get the bond
density in this frame ( n(Z)). We summarize the calculation in one

frame in these equations:

X
Np = Count(D <L) (2.9)

all particles

N
o(Z) = 5 (2.10)
where Count means the number of cases satisfying ® L.

Loop over all frames in the time series and we get the averagenul
density for the whole image. If N is the number of frames in the image

stack, we can express the nal bond density, as:

i (2)
,= —=2t et (2.11)
N

Average Particle Bond Direction

We also want to investigate how the external electric eld aects the direction
of the bonds. The procedure \nlbondtheta", whose purpose is to calculate

hcog i andrsin® i, where is the angle between the line joining the centers

73



of two bonded particles and the external eld direction alog y axis, follows

this algorithm:
Obtain 2D particle coordinates.

In each frame of the image, we take the x y coordinates of parie

centers, and calculate number of particles in the frame.

Similar to the procedure for bond density (\nLbondensity"), we calcu-
late all the possible distances (D) between each particle the frame
by shifting the coordinates in rows. Here the distances in garated x
and y direction (X and Y) are recorded as well as the total disinces
between the bonded pair particles. It is actually the squaref the
distances that are calculated in the procedure. To calculatcog and
2

sin® we can simply divide the y and x distances by the total distares.

Loop over all particles in each frame and all frame of the imag we
get nal hcog i and hsin? i. We summarize the calculation for the

complete image stack in these equations:

X Y2:D2
bonded particles b f
X X2:D2
hsin® i = S (2.13)

Np  Ng

bonded particles

where N is the number of frames in the image stack.
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2.3 Electric Field Simulation and Construc-
tion

The external electric eld sample cells used for our colload systems was
designed and constructed in cooperation with Mr. Joseph Figerald and
Dr. Amit Agarwal. First, we used a simulation package \Poissn Super sh"
(Los Alamos National Laboratory) to visualize and quantifythe electric eld
created between thin gold- Im-electrodes coated on glassicroscope slides
and cover slips. The purpose of the simulation was to analytiee feasibility
of using thin gold- Im-electrodes on glass substrates to eate a uniform
linear/rotating electric eld in the plane of colloidal sample between glass
slides. Then, we used the results of the simulation to desigappropriate
geometries for uniform linear and rotating elds. Finally, we constructed

electric eld cells as shown in Figure 2.13.

2.3.1 Simulation of Electric Field
Simulation of Linear Field

We simulated the linear eld between two pairs of thin gold-Im-electrodes
on glass substrates, with solvent of various dielectric cstants lling in be-

tween. Figure 2.14 shows the center part of the side-view stte of linear
eld electrodes coated on glass substrates: parts A are giasubstrates (up-

per A is a cover slip, 0.17 mm thick, and bottom A is a microscapslide, 1
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(a) Completed two-electrode linear eld cell.

(b) Completed four-electrode rotating eld cell.

Figure 2.13: Completed electric eld cells. The silver coted strips are
aluminum foil tapes used in cell making. See 2.3.2 for detil
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mm thick); parts B are the colloidal sample we want to study, \wich should
be one continuous part but was most simply put into the progna as three
piecewise sections; the geometric center of the part B in thmiddle is de-
signed to be at the center of the graph, i.e. x=0, y=0; and thewo pairs of
white bars above and under the two parts B on the left and righside repre-
sent the thin gold- Im-electrodes coated on glass substras, 0.025 mm thick.
The other unmarked parts are vacuum. The geometry of the whslelectric
eld was rst designed, an electric potential was then appéd on the thin
gold- Im-electrodes in the simulation (for example, the & pair was given
a potential of 200 V and the right pair was given -200 V), and té electric
eld and potential in this geometry were calculated automaitally (only for
the points from the intersections of the tiny triangular grd of lines in the
background, known as \mesh" in Poisson Super sh, which shéibe small
enough, 0.025 mm in our case, for Poisson Super sh to caldgahe potential
and eld correctly). Dierent materials were represented n the simulation
by di erent dielectric constants in the editable input le: 4 for glass, 80 for

water, etc.

Figure 2.15 shows the calculated electric potential and dl directions of
linear eld geometry. The small arrows show the direction ofocal electric
eld, and the pine lines are equal potential lines. When mowg the mouse
cursor on this graph, local position, electric eld and potetial are automat-

ically shown by the software.

77



Figure 2.14: Side-view sketch of linear eld electrodes: ga A are glass
substrates (upper A is a cover slip, 0.17 mm thick, and bottorA is a micro-
scope slide, 1 mm thick); parts B are the colloidal sample weaw to study,
which should be one continuous part but actually separateahto three while
using the software; and the two pairs of white bars above andhder the two
parts B on left and right side are the thin gold- Im-electroces coated on glass
substrates, 0.025 mm thick. The other empty parts are vacuumbDi erent
materials were represented in the simulation by di erent ddlectric constants
in the editable input le: 4 for glass, 80 for water, etc.
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linear field simulation
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Figure 2.15: Simulation result of linear eld geometry (zomed in at the

geometrical center): the small arrows show the direction dbcal electric
eld, and the pine lines are equal potential lines. The y axi®f the graph
corresponds to vertical direction in real space, and the x excorresponds
to horizontal direction, the numbers are in centimeters. Tl white bars
represent gold Ims applied with same potential for each pai(200 V for left

pair and -200 V for right pair); therefore, no electric eld ines exist between
each pair of white bars.

To determine a range of the system in which the eld is su cietly uniform
to conduct our physical observations, we developed a qudying criterion.
We de ned the following method for extracting the range in tke side-view

sketch:
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Move the mouse cursor to the central point (0,0) and record thelectric
eld magnitude jEqj. Calculate (50/1172)E.j (approximately 4% of
this value, picked as our desired eld uniformity), call ths value E.

RecordE(0) (the x component of the electric eld at (0,0)).

Traverse the positive x (horizontal) axis and observe the pat at which
JEx(Q) Exj= E, whereEy is the x component of the electric eld

at some point on the x axis. Record the x position of this point

Repeat the previous step, but instead traverse the negative axis.

Record this x position.

The positions recorded from the positive and negative sidegre symmetric,
provided that the external eld is linear. Therefore, we usé a single value
for the width as x ( x 0:3mm). It was also observed that the non-
uniformity in the y component of the electric eld was much sraller than that
in the x component. In fact, E, remained acceptably uniform everywhere
between the glass regions along the lines of acceptablg. This indicated
that as far as we observe on the center line between the two Eaof electrodes
(which are at the left and right side in Figure 2.14), the elddc eld should
be su ciently uniform. Figure 2.16 shows an example image @n acceptable
range. X is represented by the horizontal red bar. y is considered to
span the entire range between glass slides, as shown by thdigal red bar.
Shaded gray area represents the entire region of acceptaitgformity (x and

y components vary less than 4.27% in this region). Black axesd gray box
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are superimposed for clarity (the area is approximately 60@m 300 nm).

Figure 2.16: Example image of an acceptable range in sidewilinear eld

simulation: X is represented by the horizontal red bar. y is considered
to span the entire range between glass slides, as shown by thetical red

bar. Shaded gray area represents the entire region of accage uniformity

(x and y components vary less than 4.27% in this region). Bleaxes and
gray box are superimposed for clarity.

The acceptable range along each pair of electrodes, whichthe direction
perpendicular to the paper plane in Figure 2.14, was almogt¢ whole length
of the electrode along that direction. This indicates that bbng the central
line between two pairs of electrodes, there is a large range wan use for

observation.

Simulation of Rotating Field

It was also necessary to develop a criterion for the acceptalyange in the top-
view geometry for rotating eld. Figure 2.17 shows the top-ew of the center
of the rotating eld electrode structure. In this gure, the white parts \1A",

\1B", \2A", \2B" represent four pairs of thin gold- Im-elec trodes. The two

electrode up and down in each pair (we cannot see them both lhese this is
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the top view) were given the same electric potential in the siulation, similar
as the linear eld. The rest of the gure represents the collidlal sample we
want to observe. A rotating eld can be obtained like this: canect 1A and
1B to positive and negative output of a sine wave AC power supp\channel
1"; similarly connect 2A and 2B to positive and negative outpt of another
sine wave AC power supply \channel 2"; channel 1 and channelhave the
same frequency, but 90phase di erence. Hence there will be a electric eld
with constant strength and rotating direction produced in te center of the
four electrode pair (which is also made to be the geometricnter (0,0) in
simulation). A similar technique was used to determine theaeptable range
of eld uniformity. We de ned the following method for extracting the range

from top-view geometries:

Move the mouse cursor to the central point (0,0) and record thelectric
eld magnitude jEqj. Calculate (50/1172)YE.j (approximately 4% of
this value), call this value E. RecordE,(0) and E,(0) (the x and y

component ofEy).

Traverse the positive and negative x (horizontal) axes andbserve the
two points at which JE4(0) Ex(xX)] = E, where Ex(x) is the x
component of the electric eld at some point on the x axis. Rexd
the x positions of these two points, for example, X, =-0.53 mm, 0.44

mm. Note these values are generally not symmetric.

Traverse the positive and negative y (vertical) axes and obsve the two
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points wherejE4(0) Ex(y)j = E, Ex(y) is the x component of the
electric eld at some point on the y axis. Record the y positio of these
points, for example, vy, =-0.44 mm, 0.54 mm. (It was observed that
the y component of electric eldE, was always satisfying the criteria

within  yy, i.e.  yy > yy.)

These four values de ne a rectangle (the big blue rectangla Figure
2.17). Traverse the top and bottom edges of this rectanglend record
the x positions of the four points whergEy(0) Ey(X)j= E, Ey(X)
is the y component of the electric eld along the top and bottm edges
of this rectangle. In our simulations, these four points wersymmetric

about y axis, so we recorded our data in the form x, = 0.26 mm.

The acceptable range is now considered to be the smaller @agular
region (gray shaded region in Figure 2.17) in which both they,, and
Xy criteria are satis ed. Observation in this region has the uriormity

of electric eld guaranteed.

2.3.2 Design and Construction of Electric Field Cells

Design of Linear Field

Using the electric- eld simulation package Poisson Supesh, we demon-

strated the feasibility of creating a uniform linear/rotating electric eld with

thin gold- Im-electrodes coated on glass substrates. Thewe designed two
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Figure 2.17: Example image of an acceptable range in top-wieotating eld
simulation: x4, and yy are represented by the horizontal and vertical red
bars. The blue rectangle surrounds the area in whick, varies less than
4.27%. X, is shown by the horizontal green bar. The overall acceptable
range lies in the overlap and is indicated by the gray shadeegion.
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types of masks for gold coating in order to make the gold- Inelectrodes on
microscope slides and cover slips. The cells used for eliecteld studies on
colloids were made by two pieces of glass substrates coatathwexactly the
same structure of electrodes, having each pair of electr@d@cing each other
and the potential di erence between di erent pairs of eleatode creating the

horizontal linear/rotating eld.

The masks were made of brass (thanks to Mr. Whalen), with a sizsame
as number 1 micro cover slips, i.e. 3®2 mm. The designing sketch of the
brass mask for linear eld is shown in Figure 2.18: The blackapts are the
empty area on the mask where gold can be coated through, andethvhite
area is brass where gold vapor is blocked during gold coatingach electrode
(the black part) is formed by a main rectangular electrode aha short \wire"
on which we can make contact. The dimension of each rectanguglectrode,
as shown in the gure, is 22 6 mm. They are 2 mm apart from each other,
4 mm from the top and bottom boundary of the mask, 2 mm from theight
boundary, and 6 mm from the left boundary. The short \wire" canected
to each electrode is 1 mm wide and 5 mm long. The end of each lithen
is 1 mm from the left boundary of the mask. The photo of the actl lin-
ear eld mask is shown in Figure 2.19. Note that all the right agles were
rounded for technical reasons (the smallest milling macrenbit available was

approximately 1 mm in diameter).
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Figure 2.18: The design of the linear eld mask: Each electde (the black
part) is formed by a main rectangular electrode and a short \we" on which
we can make conduction. The dimension of each rectangulaeekode, as
shown in the gure, is 22 6 mm. They are 2 mm apart from each other, 4
mm from the top and bottom boundary of the mask, 2 mm from the ght
boundary, and 6 mm from the left boundary. The short \wire" canected to
each electrode is 1 mm wide and 5 mm long. The end of each linenhis 1
mm from the left boundary of the mask.
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Figure 2.19: Brass mask for linear eld.

Design of Rotating Field

Similar as the linear eld mask, the rotating eld mask was ato made of
brass and had boundary dimensions of 3@2 mm. The sketch of rotating
eld mask is shown in Figure 2.20: Same as the linear eld maskhe black
parts are the actual structure of gold- Im-electrodes, andhe other white
area is brass where gold vapor is blocked during gold coatingrhe four
electrodes (9 3 mm) are all rectangular attened at the near-center angle
by a small 0.5 0.5 mm right angle triangular, in order to agree with the
electrode structure in former simulation (see Figure 2.17But actually the
near-center angles were rounded due to technical reasorstead of attened
(see Figure 2.21). The four electrodes were designed to bpasated from
each other by 2 mm, but actually they were made to be separatdry 2 mm

horizontally and 1 mm vertically in brass masks (due to techinal reason).
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The electrodes are 2 mm from the right boundary of the mask, dn8 mm
from the left boundary. They were designed to be 7 mm from theop and
the bottom boundary of the mask, but were actually 7.5 mm as th verti-
cal distance between electrodes was shrunk by 1 mm. The \wafeon the
electrodes were designed to avoid overlapping of conductimints with real
wires when making the cell. The \wires" are 1 mm wide and 2 mm ay
from the left boundary of the mask. The photo of actual rotathg eld mask

is shown in Figure 2.21. Again all sharp corners were rounded

Construction of Electric Field

The construction of linear and rotating electric eld micrascope sample cells

followed these steps:

Use the brass masks for linear and rotating eld for gold coatg on

micro glass slides and cover slips.

{ Cuteach microscope slide (VWR, 7525 mm, 1.0 mm thick, plain)
into two identical pieces (37.5 25 mm). Prepare 8 pieces of them
and 8 micro cover slips (VWR, 30 22 mm, 0.17 mm thick) as we

have 8 linear eld masks and 8 rotating eld masks.

{ Ultrasonicate these glass slides in soap water for approxately
30 minutes. Then clean them with tap water and distilled wate
Once there is a thin non-dewetting water layer on the glassidés,

they should be clean enough. The washed slides are then naitily
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Figure 2.20: The designing sketch of the rotating eld maskThe four elec-
trodes (9 3 mm) are all rectangular attened at the near-center angle Yo
a small 0.3imes0.5 mm right angle triangular. The four electrodes were
designed to be separated from each other by 2 mm, but actualiigey were
made to be separated by 2 mm horizontally and 1 mm verticallyni brass
masks. The electrodes are 2 mm from the right boundary of theask, and
8 mm from the left boundary. They were designed to be 7 mm froni¢ top
and the bottom boundary of the mask, but actually 7.5 mm as theertical
distance between electrodes was shrink by 1 mm. The \wirestfeal mm
wide and 2 mm away from the left boundary of the mask.

89



Figure 2.21: Brass mask for rotating eld.

dried at room temperature (25 ).

Use the masks for gold coating on the cleaned microscope etid
and cover slips. The \Edwards" coating units we used for gold
coating were mainly consisted of a high vacuum system (inclu
ing a vacuum pump, a glass bell jar chamber and necessary \edv
and gauges) and a tungsten basket heater inside the chambBa-
sically, we were creating a huge light bulb, putting a small ipce
of gold wire (99.99%) on the tungsten light bulb lament, and
heating it to the point where the gold actually evaporated, ad
then condensed on our relatively cold sample surface (madke
This process happened in the chamber where a high vacuum envi
ronment was required (10* torr or less). The gold- Im-electrodes

coated on glass are shown in Figures 2.22 and 2.23.
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Figure 2.22: The gold- Im-electrodes coated on glass slslér two-electrode
linear eld cell.

Figure 2.23: The gold- Im-electrodes coated on glass slgléor four-electrode
rotating eld cell.
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{ We also used chromium-gold coating, i.e. chromium (99.998%
pure, Kurt J. Lesker) coated rst on glass and then gold coaté

on chromium, for a better electrode adherence to glass.

Make contacts with thin electric wires (AWG, mm) on the gold oated

glass slides.

{ Clean the extra gold on the glass slides in case of any unwashte
shorting when turning voltage on. The gold does not stick to
glass well, so it is very easy to clean the extra gold with wige
(Kimwipes). On the other hand, we need to be extremely cardfu
not to scratch the gold electrode by any chance. The chromium
gold coated electrodes stick strongly to glass and are didtito
scratch. However we need to use 20% hydrochloric acid to clea

the extra gold on these slides.

{ Cut a piece of electric wire (approximately 20 cm) for each ex-
trode. Use wire stripper to strip the insulation from electic wires

at both ends, 2 mm for one end and 1 cm for the other.

{ Each cell is made of one thin cover slip and one thick slide, thi
the same type of gold coating facing each other and \wires"fteat
opposite sides. So we put one gold coated cover slip and aresth
same-type-coated micro glass slide on a aluminum board (fibre
later heating). Carefully put the stripped 2 mm end of each we

on each gold \wire" of the gold electrode. Use a a small piecé o
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aluminum foil tape to stick the insulation part of the wires, for
the cover slip, onto the aluminum board. The aluminum foil tpe
can endure a high temperature when we cure the conductive glu
Similarly use this tape to stick the wires onto the microscapslide
as there is more extra space on the slide than the slip (see the
aluminum foil tape stripes in Figure 2.13, for example). Wetigk
the wires with the aluminum foil tape in order to hold them clse

to the gold electrode \wires", which helps keep the wires inlase
contact with the gold substrate (important to minimize the joint

resistance).

Put a small drop of conductive glue (Norland conductive adlséve
130) with a bamboo stick on each of the joints of the 2 mm stripgal
section of the electric wire and the gold electrode \wire". Bt the
aluminum plate (with one cover slip, one slide and the wiresno
it) into a pre-heated oven (approximately 140 ). The glue will
be precured in 5 minutes. Take out the aluminum plate to check
if the wires come o or moved, and add a little more conductive
glue if necessary. Be careful not to put too much conductivdue
that shorts the nearby electrode. The cure of the conductivglue
takes 1 hour or even more, depends on the temperature. Once th
wires and gold electrodes are checked to be conducting (ugia

multimeter), we can turn the oven o .
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Use the microscope slide and cover slip with electric wires make an

electric eld cell.

{ We use 0.075 mm thick polyethylene terephthalate Im (Goodl-
low) as the spacer between the two pieces of micro glass. Cwbt
spacers (253 mm) from the Im, wash them with 95% alcohal,

and wipe them with wipers.

{ Put the spacers on sides of the glass slide where no gold were
coated on. Then put the cover slip on the slide with gold elecides
facing inside. Carefully align the electrode pattern of théottom
slide and the top cover slip. Put a weight or bamboo stick to
press the cover slip on the bottom slide which are separateg b

the 0.075 mm spacer.

{ Use bamboo stick to put little drops of No. 61 UV (ultraviole)
glue (Norland optical adhesive 61) on side of the spacers. &glue
will go in slowly and join the top cover slip and the bottom slie
due to the capillary e ect. Put this cell under a high-intensty
UV lamp (Spectroline, 365 nm wavelength) within a short dis-
tance (approximately 10 cm) for faster cure. The precure faxo.
61 uv glue needs a few seconds, and the complete cure needs ap-

proximately 15 minutes.

{ For a more convenient mounting of the cell on the confocal mi-

croscope, join another full length plain micro glass slidesimply

94



washed with alcohol) at the bottom of the half-size glass di

(using the same No. 61 UV epoxy).

{ In order to strengthen the wires of the cell, use a much thicke
UV glue (Norland UV sealant 91) to joint the wires of the top
cover slip onto the bottom slide. Examples of completed liae

and rotating eld cell are shown in Figure 2.24 and 2.25.

{ Thereis a large vertical electric eld produced at the ovedp of the
\wire" part of the four-electrode cell when turning on a rotding
eld (the circled parts pointed by arrows in Figure 2.26). Ths
problem can be avoided by redesigning the rotating eld masi
the future. Therefore we use wider spacers (2% mm) so that the
extended spacers can separate the overlapped \wires". Thssthe
reason for chromium-gold coating, which gives durable etemdes

that cannot be scratched by the extended spacers.

Figure 2.24: Completed two-electrode linear eld cell.
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Figure 2.25: Completed four-electrode rotating eld cell.

Figure 2.26: Highlighted area at the overlap of the \wire" pa of the four-
electrode cell where large vertical electric eld were pragted as a side e ect
of rotating eld
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Chapter 3

Experiments, Data Analysis

and Results

This chapter describes the detailed procedure for our elect eld experi-
ments in sedimented colloidal suspensions, the acquisiti@nd analysis of

guantitative data, and nally the discussion of results.
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3.1 Experimental Procedures

This section describes general procedures for electricdeéxperiments. Us-
ing the confocal microscope, we studied the synthesizedcsll colloids under
external electric elds. The confocal images were then anaed using image-
processing programs written in the IDL programming languagy the raw data
was analyzed to calculate di erent order parameters, and #houtput order
parameters were further analyzed using graphical analyzjnprogram Igor

Pro.

3.1.1 Sample Preparation

We used synthesized silica core-shell particles (0. 74 NL9 and 1.14 m NL8,
see 2.1 for synthesis details) to prepare samples for coromicroscopy (see
2.3.2 for more details about the cell). The colloids were reftive index
matched for confocal imaging, and salt added to make the sii spheres
behave like hard spheres. The colloids were then lled in theells made for

electric eld experiments.

Refractive Index Matching

The less the mismatch between the refractive index of siligaarticles n, and
of the surrounding uid ns, the better the confocal image quality of uores-
cent cores will be. This is because multiple scattering oft degrades image

quality. We did not know the exact n, of our porous silica particles, but we
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knewn, 1:46. Therefore we used dimethyl sulfoxide (abbreviated DMSO
ACP Chemicals Inc.,np =1:479, 20 ) and distilled water (ny = 1:333, 20

) mixture to make a uid whose n; equalsn,. A mixture of water:DMSO
with volume fraction ratio of 15:85 gave a relatively good mailt. Thus we
found that n,  1:46. The original silica suspension stored in ethanol was
very milky and almost opaque. After transfer to the water:DMSO mixture,
where the same centrifuge technique was used as before, thgpgnsion con-

tained in a 2 mL cylindrical glass vial was clear enough to a@gslook through.

To minimize the refractive index mismatch, we used the techaue of heat-
ing or cooling the suspensions to decide whether more DMSOwater was
needed. Because the refractive index of water:DMSO mixturdecreases
while the mixture is heated and increases when cooled (thenmgperature
dependence of refractive index for typical solvent is appximately 0.001 per
Kelvin), we can tell whethern; in the suspension is higher or lower than,

and adjust it as follows:

If the suspension (in a glass container) looks clearer wheaoted with
cold tap water, or it looks more milky when heated with hot tapwater,
then n; at room temperature is actually lower thann,. We can add a

few drops of DMSO in the suspension to make it look clearer.

If the suspension looks clearer when heated, or it looks momglky

when cooled, them; at room temperature is actually higher thann,.
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We can add a few drops of distilled water in the suspension toake it

look clearer.

If both heating and cooling make the suspension look worse, equal
N, and the refractive index mismatch is minimized. The suspeias

should appear very clear and transparent.

Control of lonic Strength

To make the colloidal silica spheres behave like hard spherave needed to
decrease the Debye screening length down to one tenth of tharficle diam-
eter, which was approximately 50 nm for 0.5 - 1m. The Debye screening
length s related to the electrolyte ionic strength and dielectriconstant,

as well as the absolute temperature, by [37]:

2CoN
2 - @2 S20°A 3.1
||OllrkBT ( )

where is inversed Debye screening lengtle,is the elementary chargeCy is
the ionic strength of the electrolyte and is in mol/nt as is in Sl units, Na
is Avogadro's number," is the permittivity of free space,"”; is the dielectric
constant, kg is the Boltzmann's constant, andT is the absolute temperature

in kelvin. A more commonly used formula to calculate ! is:

r__

1=0:034 = (nm) (3.2)
Co
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which can be easily derived from Equation 3.1, anG, here is in mol/L. From

Equation 3.2, we can get the relation between * and Cy. Using:

o= o( w= wd) (33)

which describes the relation ofCy and specic conductivity of an elec-
trolytic solution, we can tell if the ionic strength of the sspension is strong
enough to have a small enough ! by measuring the conductivity using a
conductivity meter (Amber Science Inc). ¢ here is the molar conductivity
of electrolytes, which is 141.3 S cimol ! at 0.01 mol dm 3 [37].  and g

are viscosities of water (1.002 cP at 20 ) and water:DMSO mixture (1.847
cP at 20 for 15:85 volume ratio). Due to Walden's rule [37], the produ

of molar conductivity and viscosity of one electrolyte shdd be constant.

We made 1.94 g/L KCI water solution, and added to water:DMSO m-
ture for making hard sphere like colloidal suspensions. For ! = 50 nm ,
the calculated result of neede®€, was 245 10 ° M, corresponded to a of
1:87 S/cm. After adding 394 L KCI solution to 225 mL water:DMSO mix-
ture, we got a of actually 1:96 S/cm, corresponding to aCq of 257 10 °

M, and the actual ! =48:8 nm.

101



Control of Sample Concentration and Sample Filling

The volume fraction of our colloidal samples was measureding the same
oven-drying method as described in last chapter, assuminyet density of
porous silica sphere was 2 g/mL. Volume fractions for the saies we used

were as follows:

3.1% 0.77 m core-shell silica colloids (NL9B1), salted (i.e. KCl adah,

used for Experiment S1 (described in next section).

3.8% 1.14 m core-shell silica colloids (NL8B), salted, used for Exper

iment L1.

3.1% 0.77 m core-shell silica colloids (NL9B2), unsalted (i.e. water

and DMSO only), used for Experiment S2.

After making the samples, we stored each of them separately 2 mL black
cap glass vials. Before experiments, we stirred the samplsing a vortexer
(Vortex Genie 2, Scienti ¢ Industries) and ultrasonicatedt for approximately
30 minutes to make the volume fraction uniform. Then a dispable Pasteur
pipette (5% inches, Fisherbrand) was used to take the sample, by dippirtige
tip of the pipette in the sample. The capillary action drove he sample into
the pipette, although only a small amount. The sample was thetransferred
to the electric eld cell we made by touching the pipette tip b the edge of

the cell, again due to the capillary action. This was repeatea few times
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until the cell was fully lled. We tried to avoid creating any air bubbles while

lling the cell, which otherwise can a ect the uniformity of the electric eld.

3.1.2 Experimental Setup

Here we introduce the experimental setup, including setupif electric eld

instruments and con gurations for our confocal microscope

Electric Field Setup

The instruments we used to generate electric elds were a duehannel func-
tion generator (0-25 MHz, Tektronix, AFG3022) and two wideband ampli-
ers (DC/0-1 MHz, Krohn-Hite, 7602M), and a two-channel digtal storage

oscilloscope (0-10 MHz, Tektronix, TDS1002) for monitorign AC voltages.

For the two-electrode linear eld cell (described in 2.3.2)only one channel
of the function generator and one ampli er was used. One pabf verti-
cally overlapped electrodes was connected to the positivatput via wires,
the other pair was grounded. We used the function generatop tgenerate
a 1 MHz, sinusoidally alternating signal, and used the ampéir to generate
di erent amplitudes of potentials. The signal amplitude fom the function
generator was 1 V (peak-to-peak potential, same for follojvsBoth the am-
plitudes generated from generator and the ampli er can be gdually varied
to change the output. The amplitude control in the generatowas especially

useful as the amplitude control in the ampli er gave too larg uctuation in
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output. The ampli er can be easily turned on and o to achievefast switch-

ing between eld on and eld o in the sample.

For the four-electrode linear/rotating cell, both channed of the generator
(Channel 1 and Channel 2) were used, and both ampli ers weresed re-
spectively for the two channels. Again each pair of verticigl overlapped
electrodes were connected to one output. Four pairs of elemtles corre-

sponded to four outputs from the two ampli ers, as shown in Fjure 3.1: if

Figure 3.1: Sketch for four-electrode cell electric set uphe top left (1A) and
bottom right (1B) pairs were respectively connected to posve and negative
output of one ampli er (Ampli er 1) which ampli ed Channel 1 ; the top right
(2A) and bottom left (2B) pairs were respectively connectetb positive and
negative output of the other ampli er (Ampli er 2) which amp li ed Channel
2.

viewed from the top of the cell, the top left (1A) and bottom rght (1B) pairs

were respectively connected to positive and negative outpaf one ampli er
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(Ampli er 1) which ampli ed Channel 1; the top right (2A) and bottom left
(2B) pairs were respectively connected to positive and neigae output of the
other ampli er (Ampli er 2) which ampli ed Channel 2. Note t hat Channel
1/2 and Ampli er 1/2 were arbitrarily chosen, and should not a ect the re-
sult if 1 and 2 were completely switched. We used negative quit instead
of ground in order to achieve symmetric rotating eld. The déector of the
oscilloscope, however, can only measure the potential toognd because one
of the two connections on the detector was designed to be gruled through
the oscilloscope. Therefore we had to use the other conneatiof the detector
connecting only the positive output of the ampli er, knowirg the actual po-
tential was twice as high as shown on the oscilloscope. We agased 1 MHz
sinusoidally alternating signal, but for rotating eld there was a 90 phase
shift from channel 2 to channel 1, while for linear eld therewas no phase
di erence between the two channels. The amplitudes of pot&als from the
two ampli ers were always kept the same for either rotating eld or linear
eld, in order to have a spatially uniform eld near the cente of the four

electrodes.

Microscope Con guration

The confocal microscope we used consists of a Nikon uorestéverted
microscope, a VisiTech confocal scanning unit equipped Wit 491 nm laser.
The con gurations in the confocal microscope and the confatcontrolling

software \VoxCell" were as follows:
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100 /1.40 Oil objective

50 m aperture

700 700 pixels

29 frames per second (fps) scan speed
8 bit data (for output images)

1 ampli cation

To optimize the quality of the confocal images, one needs taljast laser
power and photomultiplier tubes (PMT) gain using the VoxCédl software for

the 491 nm laser we used.

3.1.3 Experiment Procedure

The operational procedure of the three electric eld expements is described
here, including linear eld experiment for NL9B1 0.77 m silica particles
(Experiment S1, as it is the rst experiment using relativey small size silica
colloids) and NL8B 1.14 m particles (Experiment L1, as it is the rst ex-
periment using relatively large size silica colloids), antbtating/linear eld
experiment for NL9B2 0.77 m particles (Experiment S2, as it is the second

experiment using relatively small size silica colloids).
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Experiment S1

This experiment, using 0.77 m diameter silica colloids (NL9B1, salted,
a = 7:9 wherea is particle radius) under linear elds created by a two-
electrode cell (2 mm between the two electrodes, see 2.3\ @as completed

in a procedure as follows:
Sedimentation pro le.

{ A confocal z-scan was carried out for the full range of sedinted
silica particles. Analyze the data with IDL procedure ni3dhisto-
.pro and obtain a pro le of particle number distribution along

sedimenting direction, i.e. z direction.

{ Load the IDL data to lgor Pro, calculate the volume fraction ()
distribution along z steps ¢, integers start from 0). The step-
size along z of the confocal image acquisition (stored in tivari-
able \stepsize') was chosen to be roughly half of the particle
diameter (i.e. 0.4 m). Data from a number (stored in the vari-
able \binsize") of consecutive steps were binned together. Typ-
ically, the variable binsize and stepsize were chosen such that
binsize stepsize particle diameter (see Figure 3.2). In or-
der to calculate local volume fraction in one bin we can simpl

multiply the particle numbers found by a constant C ):

(3.4)



Figure 3.2: Z steps and bin of histogram: Uniformly distribted four steps in

z direction showed as a model for z-scan. The stepsize showethe gure

is 0.4 m; if our particle diameter is 0.77 m, then we choose a binsize of
2. The volume of one bin (highlighted by gray lines) then canécalculated
from binsize, stepsize, and the dimensions in x and .
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whereV, is the single particle volume, andv, is the bin volume:

Vhin = binsize stepsize area (3.5)

For example, the stepsize showed in the gure is 0.4m; if our
particle diameter is 0.77 m, then we choose a binsize of 2. The
volume of one bin (highlighted by gray lines in the gure) the can
be calculated from binsize, stepsize, and the dimensionsxrand

y (700 pixels 60 m for both x and y in our case). Therefore,
Vuin in the gure equals 2880 (m)3, and the correspondingC

equals 8.3 10 °.

Using Igor, we can also easily get the real z position from thBL
result. We used 100 steps for z-scan, correspond to 0 to 4218.
So each z step numberZ) multiplying stepsize 0.423 m gives z
position (Zp).

From the analysis in Igor, locate theZ range containing 10 points
for needed volume fraction, see Figure 3.3. As we were intstiex]

in low case, the range we selected for this experiment was ap-

proximately from 10% to 0.2%.

Time Series at di erent depth. With the 10 points ofZ,, we know where

in depth to take confocal time series image for bond parametand

other analysis. Start from the deepest position point amonthe ten,

take 400-frame time series (29 fps), and move up to the next §iton
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Figure 3.3: Example of sedimentation pro le. The \Range Inerested" in the

gure shows the general Z range of interest for confocal timeeries experi-
ments.

to take another 400-frame time series.

Vary elds. We started from no eld, and repeated the whole pocedure
at di erent values of linear eld. We took 11 values between O/ and
300 V, and the values were almost equally distributed (in vt 0, 50,
100, 120, 150, 180, 200, 220, 250, 280, 300. Note the cormeding

elds here were just these potentials divided by 2 mm.

Analyze these time series using IDL procedures_hbndensity.pro, nlL-
bondtheta.pro and nlericgr2d.pro, etc to get bond order parameters

and pair correlation functions.

Load all these data to Igor Pro for analysis.
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Experiment L1

This experiment, using 1.14 m diameter salted silica colloids (NL8B,a =
117 wherea is particle radius) under linear elds created by a two-eldcode

cell (2 mm between), was completed in a procedure similar tocgeriment S1.

We used the moving average method for z prole as mentioned 2.2,
due to the relatively large particle diameter. We did 100 z sps through 30

m, therefore the stepsize is 0.3m and binsize is 4, leading to a 1.2m
thick bin slide. However, we shifted every 2 frames (i.e. 0.@Gn) in z-stack

to get more nely-spaced data.

We took 11 equally (every 20 V) separated values from O to 200 &6 the
potentials across the 2 mm electrode gap, corresponding td Elds from 0

to 1000 V/cm.

Experiment S2

This experiment, using 0.77 m unsalted silica colloids (NL9B2) under lin-
ear/rotating elds created by a four-electrode cell (see 3.2 for details), was

again completed in a similar procedure.

The reason we used unsalted colloids for this experimentstigat the ver-
tical eld created at the overlaps of the electrode \wires",as we mentioned

in 2.3.2. When a rotating eld was applied on the four-electsde cell, a poten-
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tial di erence between the top and bottom electrodes createa high vertical
electric eld at the overlap parts of the \wires". Sample with higher ionic
strength would produce more heat, dangerous for the 100objective which
was closely touching the cell. Therefore, we switched to a salted 0.77 m

sample with same concentration.

We took 11 values from 0 V to 240 V, for both linear and rotatingelds.
From the simulation results we had an estimate for the actuaklds at the
center of the four electrodes where we observed the collotlsough the mi-
croscope. These elds were not the same for the linear eld drrotating
eld, and di erent from the two-electrode case. This was sirply due to dif-
ferent electrode geometries. For example, a 200 V potentiebrresponded
to a 1000 V/cm linear eld in the two-electrode cell. But for ur-electrode
cell, the linear eld produced by 200 V was 820 V/cm, and the r@ating eld

produced by the same potential was 580 V/cm (=f 2 of linear eld).

When doing the experiment, we switched between linear andtating eld
(i.e. switched the phase di erence between Channel 1 and Qirzel 2 between
0 and 90) at all the ten places in depth and also at all 11 potential vales, in
order to obtain the sedimentation pro le and time series imges for these two
types of eld. To assure the colloids were at equilibrium sta, the switching
of the eld type was not faster than once per minute. The advaiage of this

method was having the linear/rotating phase transition obsrved at the same
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place in the plane. Even if there was any vertical shift (ther actually was
a little as we will show later), we would not lose any informabn in local
volume fraction, since we had the sedimentation pro le sepately taken for

each type of eld.

3.2 Data Acquisition, Analysis and Results

In this section, we will present the detailed methods of datacquisition and

analysis, as mentioned in 3.1.3 at the last step of the expenent procedure.

3.2.1 Data Acquisition

From all the confocal images taken in each experiment, we aséDL to
calculate bond parameters. We also used Igor Pro to help detgne the

proper parameters of IDL procedures described in 2.2.

Data Naming Convention

In one experiment, for each value of potential we had ten timeeries with dif-
ferent local volume fractions. Normally a 400-frame time ges was exported
with a name containing information of both potential and volime fraction.
Since the sedimented silica colloids showed a decreasingploolume fraction
upon decreasing depth and we started from the lowest pointormally the
rst time series was the most dense one. For example, the rdime series

taken at 20 V, which had the highest local volume fraction, wdd be named
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as \020v.ts1"; and the last one with the lowest volume fraction would b

\020v_ts10".

Systematic Method For Setting Brightness Thresholds

Identifying features via image processing is an imperfect science, with a del-
icate balance between cuto s which allow no spurious pariies and cuto s
that do not miss any real particles. When acquiring z-stackst is possible
by correlating particles in adjacent frames to obtain a veryeliable measure
of particle. When obtaining time series, the results were m® sensitive to
the value of the brightness parameter (i.e. the brightnesshteshold) used.
We devised (and describe here) a self-consistent procedtwetreat all time

series images in the same way.

The brightness threshold turned out to be an important paranater in the IDL
procedures (i.e. \nlbondensity.pro”, \nl _bondtheta.pro" and \nl _ericgr2d-
.pro") for calculating the colloidal order parameter, becase the number of
identi ed particles within an image was sensitive to the bightness used. Too
low a brightness threshold allows the identi cation of noie as spurious parti-
cles. Increasing the brightness threshold progressivelgateased the number
of real particles that are found. To minimize the instabiliy and subjectivity
of human judgment, we plotted the calculated bond densitiesf the time se-
ries image at maximum volume fraction (ts1) as a function ofnie brightness

threshold used. An example from Experiment S1 was shown indtire 3.4.
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At very high values of the brightness threshold, the bond desity saturates

1. N ................ ...... ., e, ......'X... ........ V
'l:, oo ) X.. X......x >< V
m ._ ""x I I n r flt
C : --')(......
C ._ ..é...........
- 2 | .
........
._ ......-......

Figure 3.4: Bond density vs brightness from Experiment S1 (07 m): If we
curve tthe linear part of 300 V data, the point where the orignal data and
the linear curve t start to meet, i.e. 4000 in brightness axg, is a good value
of brightness cuto for our image.

at a value close to zero. On lowering brightness threshold €lmw 9000 in
Figure 3.4), there is a linear increase in bond density. At v low brightness

(below 4000), artifacts are allowed and there is again nonk&ar behavior.

When we curve t the linear part of 300 V data, the point where he original

data and the linear curve t start to meet, i.e. 4000 in brighhess axis, was
seen to give a good value of brightness cuto for the correspading confocal
time-series image. We used this brightness threshold forelis1 images at the
highest potentials, and got the statistics of features fouh(average number
of identi ed particles in each frame) for di erent volume fractions. The max-
imum  for di erent potentials were normally di erent, and only th ese data

for maximum showed a obvious nonlinearity. An example for Experiment
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S1 is shown in Figure 3.5. Features found\¢) in image were proportional

2000 —

] + data points
--------- linear fit

0.00 0.02 0.04 0.06 ¢ 0.08 0.10 0.12 0.14

Figure 3.5: Features found vs volume fraction for Experimérsl: Features
found in image were proportional to the local volume fractio , therefore,
the four data point taken from di erent potential and  should fall on one
line passing through zero point. The four points (from low to high )
correspond to high potentials of 250V, 220V, 280V and 300V.

to local volume fraction ( ), therefore, the four data points (N and corre-
sponding ) taken from di erent potentials at the maximum  should fall on
one line passing through zero point. Actually they did fall o one line and
the error of the linear curve t was 4.8%. Using the relation btween Ns
and , we optimized the values of brightness threshold cuto forla and
all potentials in one experiment so that the IDL generatedNs was very close

to this expected value, within 5% error.
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Separation Threshold

The diameter and separation setting in IDL procedures wereetermined
using the line tool in ImageJ and the actual diameters of padles. For
example, a diameter of 9 pixels and a separation of 9 pixels reaused for
0.77 m particle, 11 pixels and 13 pixels for 1.14m particle. The bond
length used for IDL procedures were 11 pixels (i.e. 0.95n) for 0.77 m

particle, and 16 pixels (1.37 m) for 1.14 m particle.

Dipolar Energy

We calculated the bond densityB and the angular order parameteihcos i

from the particle coordinates obtained from our confocal iages. We then
used simple do-loop procedures (these \macros" were writtén the graphical
analysis program, lgor Pro) to analyze all these data (Igor #® procedures
used are included in appendix B). The procedures consisteflaperations on
data for each value of electric elds with loops running thragh the analysis

for data at all values of elds (see next subsection for detaid results).

This was a convenient way to study the physical parameters ofterest
of colloidal suspensions upon increasing electric eld exg hE2i, where
hE?i = hE Ei, and E is the center rms (root mean square) electric eld. In
all the linear eld experiments the hE?i is simply half of the square of for

Experiment S1 and Experiment L1 (whereE, is the center eld amplitude
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of eld), because:
. E2
HE Ei= 2—0 cod d = E =2: (3.6)

Although the center eld amplitude Eq was di erent for rotating eld and
linear eld in Experiment S2, as we mentioned in 3.1.3(E? was the same

for them because:
FE™ E™ = (Eg")?cos +(Eg™)?sin® = (Eg")?: (3.7)

. . . . . P
Given the same potential, the center linear eld amplitudeEl" is = 2 times

larger than the center rotating eld amplitude E{** as:

2

lin . . .
(E(r)ot 2 — _Ep% — ( E(I)In )2:2 — H-:"Iln Elln i (38)
So we have
NE™)2%i = HE™)2i = EZ=2; (3.9)
where
Eo = \;—‘g : (3.10)

Vpk here is the peak-to-peak potentiald is the distance between two lin-
ear electrodes. As we have seen in Equation 1.4, lambda pasier is
a good parameter representing dipolar energy, which is progional to the

eld strength as shown in Equation 1.3. We plottedE, vs for both sizes
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of particles in Figure 3.6 for convenience of looking up casponding eld

strength of .
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Figure 3.6: Eo vs : Experiment S1 and S2 was using 0.77m patrticles, and
Experiment L1 was using 1.14 m patrticles.
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3.2.2 Order Parameter Analysis and Results

Here we present detailed analysis and results of our orderrpaneters.

Bond Density

The bond density vs volume fraction for Experiment S1 is shown in Figure

3.7. For each value of potential in this experiment, bond deity basically

0.6 — O 0Ov X
_ + 50v
A 100v
05— | # 120v
1| ® 150v
X 180v ©
204 | x 200v X
0 1| x 220v
s X 250V o X
T 0.3 O 280v % X
- | | x s300v oy X g #
= X
() +t
o 02— X t%l&q
B
®
™

| ' | ' | ' | ' |
0.00 0.02 0.04 0.0f6 0.08 0.10 0.12

Figure 3.7: Experiment S1: Bond density vs prole. For each value of
peak-to-peak potential in Experiment S1, bond density basally increased
linearly with volume fraction, which was due to the decreasg distances
between each pair of particles. For dierent potentials, itappeared that
higher potential corresponded to a higher slope of the lineacrease of bond
density upon
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increased almost linearly with . Such an increase in bond density was indeed
expected due to the decreasing distances between each paparticles as the
increasing potential caused increasing inter-particle tiction. For di erent
potentials, it appeared that higher potential correspond#to a higher slope
of the linear increase of bond density with . We expected the bond density
(B) to have a dependence of the forrB = ; + 5, 2. The reason for
this is as follows: When we use IDL to analyze a confocal imagg colloids
to calculate the bond density in this image, we de ne a bond hgth (L)
as the standard of bonds (see 2.2.2 for details). In general,is chosen to
be slightly larger than actual bond length in real-space, ase do not want
to miss any bonds due to too small a value df. Therefore, if the actual
diameter of the monodispersed particles is, then L chosen is slightly larger
than . Then the actual volume of a particle ¢) is slightly smaller than the
volume it appears { where the subscript \e" means extended volume), as
shown in Figure 3.8. If we call the bond densit and the unbonded density

U, then we always haveB + U = 1. The B at zero eld can be expressed as

_ Nve

B
\Y,

=N

<[&

: (3.11)

<|&
<|<

where N is the number of bonded particles and/ is the total volume of
all particles. Moreover, as we de ne that when the distancediween two
particles (R) is smaller thanlL, i.e. whenR < L, we say this two particles

are \bonded". So there will be volume overlap o¥, when the distance of two
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Figure 3.8: Two bonded particles. De nd. as bond length, so long as patrticle
separation R satisfy that <R <L , where is actual particle diameter, we
say the two particles are bondedy®is overlapped volume ofve.

bonded particles satisfy <R <L , and we call this volume overlap/®. So
the unbonded and bonded density considering overlap of ertéed volume

can be expressed as

V, N VO
u=1 = + _—-B 3.12
\Y; 2V ( )
and
B = 1 U°
Ve N v°
= = =B
\Y; 2V
= Ve WV,
Y 2 V2
= 1+ 5%
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Therefore, we used polynomial ttingB = o+ ; + , 2 for our bond
density pro les (such as Figures 3.7 and 3.9), constrainingp =0, ;> 0,
and , < 0. In the presence of an external eld the actuaB will be higher

than that at zero eld, so an increasing ; with increasing eld was expected.

The polynomial t of bond density vs prole showed its advantage es-
pecially at Experiment L1 (as shown in Figure 3.9) where a ndinearity rose
up at high eld: At high enough ( ? 20%) particles in a confocal image
appear close to each other and bond densi®§ will reach its maximum at
this point, after where increasing will only decreaseB. For high elds, not
only the high points behave nonlinearly, the points at low ( > 2%) also
increase nonlinearly with . The reason for this was due to the stronger dipo-
lar interaction between patrticles (for 1.14 m particles) for high eld cases
in Experiment L1, as the strength of the interaction was progprtional to the
cube of particle diameter. Therefore, very few particles dow  situation

could still form bonds and led to a high bond density at high esugh elds.

In Figure 3.10, we present all the results of; vs lambda parameter (de-
scribed in Equation 1.3) from the three experiments to see Wwo ; behaves in
di erent elds and if there is any threshold-like behavior. Since each particle
should has the same weight in the curve tting of bond densitypro les, we
used CIO N (where N was the local particle number andC was a constant)

as the weight for the polynomial t function, producing the same error of

123



x
: Sl - 5_5
i :;‘@,—
os-{ . o
| ",»' ;
I Rl )
| KeLT O Ov
> ™ + 20v
£ 0.6 e
m - 2% o A 40v
e s # 60V
S 05 s %rIXE@‘
B SO B ® 80v
B o e X 100v
O ] KB X 120v
B N —p4 - 140V
| s -% - 160v
x4 % -<-- 180V
P %{b ...X... 200V
I I I I | I I I T | T |
004 008 0.12 020 024 028 032

Figure 3.9: Experiment L1: Bond density vs volume fraction o le. Here

0.16
f

we can see the nonlinear e ect at high elds.
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1 (the error bars shown in Figure 3.10) as that produced withduveighting

with a proper C.
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Figure 3.10: ; vs . Particle sizes: 0.77 m for Experiment S1 and S2,
1.14 m for L1. Fields applied were linear for Experiments S1 and L1For
Experiment 2 \lin" means linear eld.

From Figure 3.10 we can see that; increases with dipolar interaction energy
to a value 150% of the zero eld value when > 6, except Experiment S2
in which the eld could not be increased too much because of énheating

problem we mentioned in 2.3.2. Atlow ( < 6), ; stays steady at approx-

imately 2 - 4 for 0.77 m particles. But this steady stage of ; is not clear

125



for 1.14 m particles. Although we expected the result from ExperimersS2
would collapse on that of Experiment S1 as they were using tleame size
particles, actually there is an obvious di erence in ; vs diagram for S1
and S2. The di erence between S1 and L1 in; is understandable because

1 is sensitive tove chosen for IDL calculation and the actual of particles.
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Bond Angular Order Parameter

Bond angular order parameterhcog i was obtained for both 0.77 m and
1.14 m particles as a function of local volume fraction . The hcog i vs

pro le for Experiment S1 is presented in Figure 3.11. For eacvalue of

Ov
50v
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220v
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300v
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0.00 0.02 0.04 0.0f6 0.08 0.10 0.12

Figure 3.11: Experiment S1tcog i vs pro le. For each value of potential

in Experiment S1, the angular order parametelncos i was basically constant
for dierent , except at the low ( < 0:02) where the small number of
bonds resulted in poor statistics. Higher potential corrggnded to a higher
average value ofcog .

potential, hcog i was roughly constant for di erent , except at the low

( < 0:02) part where the small number of bonds resulted in poor statics.
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For di erent potentials, it appeared that higher potential corresponded to a
higher average value ofcog i, which can be understood because particles
were more likely to form chains parallel to the eld directim at higher elds
(hcog i = 1 for a perfect particle chain, along y axis and parallel to he

linear eld).

For larger particles (Figure 3.12), a signi cant decreaserqughly linear) in

hcog i is seen at high elds. The reason was closely related to thadrfthe
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rrrrrrrrrrrr 1T ToT
0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40

s +
0.4 — &

Figure 3.12: Bond angle parameter vs volume fraction pro leor Experiment
L1 (1.14 m): here we can see even at high volume fractiohgog i still
behaves linearly even the line starts to be tilted at high vaime fraction and
eld.
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nonlinearity of bond density pro le in Experiment L1:

At high | there is a systematic e ect on both bond density pro le and

hcog i pro le.

{ First, for large ( > 20% in Experiment L1), there is a nonlin-
earity in bond density that arises from the onset of saturatin of

bonds (Figure 3.9).

{ As this happens, the system also evolves toward close-packi
where hcog i = 0:5 for both random orientations as well as a
hexagonal close packed structure. Thus at high there is a sys-

tematic decrease ircog i.

At high elds, the nonlinearity becomes more obvious in Exp@ment
L1 because larger particles experience stronger attraationduced by
external eld. Therefore even at low we can see the nonlinearity of
bond density pro le in Figure 3.9 and the dramatically highhcog i in
Figure 3.12, providing the eld is high enough.

Becausehcog i vs proles were generally linear for all experiments, we
took the intercept of linear t, o, as a representative value dfcos i ( ¢ =
hcog ij o). o is plotted vs in Figure 3.13 for all experiments. The

theoretical zero eld value of o should be 0.5 because in 2 dimensions

RZ
g d
% =05 (3.13)
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Figure 3.13: o vs : The data from three experiments basically fell on one
curve, which might indicate the dipolar interaction are stil applicable in our
study.
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However, our starting value was always slightly smaller tha0.5 in all 3 ex-

periments, which we do not understand yet.

If the dipolar interaction was applicable in our case, we wadd expect |
plotted against the dipolar strength to be independent of particle size, i.e.
the increase of o upon from all three linear experiments shall collapse
onto one master curve. Because the orientations of bonds wemnore parallel
to the eld direction as the dipolar energy became stronger.n fact, the
data in Figure 3.13 from linear eld experiments of di erentparticle sizes do
collapse onto one curve. This suggests that the point-dipal approximation

in Equation 1.2 is applicable for the colloids in our study.

For rotating eld in Experiment S2,  stayed almost steady over the whole
range of applied eld energy. This is expected because no efition in the
x-y plane is preferred in a rotating eld. There was a slight dcrease with
increasing eld energy, which is expected because the foue&rodes cre-
ating the rotating eld were not perfectly symmetric about the center (see
2.3.2) but wider separated in the direction perpendiculara the reference
of (i.e. the averaged eld direction actually slightly prefered x direction
than y direction). To show the di erence between linear andatating elds
in Experiment S2, we plotted , vs hE?i for this experiment and show it in

Figure 3.14.
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Figure 3.14: Experiment S2 (0.77 m): , vs hE?i. The linear , stays
constant and starts to increase linearly from approximatgl 350 (V/mm)?2,
which can be considered as a threshold. The rotatingg is roughly con-
stant as expected. Here the maximunhE?i, approximately 1200 (V/mm)?,

corresponds to 5.
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Pair Correlation Function

We calculated the pair correlation in the three experimentaccording to the

following procedure:

Pair correlation calculation. Use the same diameter and sation
settings of IDL procedure as mentioned in 3.2.1, calculatgry with
1 pixel resolution (i.e. r = 1 pixel, see 2.2.2 for more detals). We
calculated the data for o = 5% for 0.77 m particles (Experiments 1
and 3)and (=11% for 1.14 m particles (Experiment L1), which both
corresponded to approximately 600 particles in each framé imnage.
Since we obtained data at discrete values of we picked two values
a and penclosing o (i.,e. o 2 ( a b)) for each value of eld to

calculate g(r) at ¢ by interpolation.

Load data into Igor Pro. Two columns of data, r (possible distnce
between particles) and g(r), were produced from IDL calculmn. They
were named in sequence of eld strength for the conveniendegor Pro

macros when looping over eld energy.

First peak of g(r). We were interested in the value of the paicorrelation
function at the rst peak (g(r¢)) and the corresponding position (s ),
which indicated the most probable distance between parties. We used
macros to interpolate and smooth g(r), and found the; and g(rs). By
running the analysis in a loop for all the eld values we appéd, we

obtained the relation ofr; and g(rs) versus for , and . We then
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linearly tted these data for , and , then interpolate in order to

obtain the value for .

Results for Experiment S1 are shown in Figures 3.15 and 3.1As we in-
creased the eld,r deceased, ang(r) increased. This is because the inter-
particle attraction becomes stronger, and the particles coe closer to each
other when the eld energy becomes stronger. The rst peak aero eld, as
shown in Figure 3.15, was not sharp, which led to a large andaiccurater; .
As the eld energy was increased;s was relatively constant at r/ 1.6;it
began to decrease toward 1 above 6. On the other hand,g(rs) stayed
constant at approximately 1.05 - 1.10 and increased to appiimately 1.35

at higher elds.

Results for Experiment L1 are shown in Figures 3.16 and 3.1As we in-
creased the eld,r; deceased gradually instead of having a steady range as
Experiment S1, andg(rs) increased after a short steady range at the begin-

ning .

We plot r¢ and g(r¢s) vs for all linear experiments in Figures 3.17a and
3.17b. By doing this, we can obtain the general informationof all ex-
periments regardless of the di erent particle size used. Ene is no other

similarity of r¢ for Experiments S1 and L1 except both collapse to 1 at
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Figure 3.15: g(r) vs r/ in Experiment S1. here is particle diameter, 0.77

m. As we increased the eld,r; deceased, and(r;) increased. Because
when eld energy became stronger, the attraction between picles became
stronger and came closer to each other.
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Figure 3.16: g(r) vs r/ in Experiment L1. =1:14 m.

high enough dipolar energy. They(r;) for these two experiments increase
similarly toward a liquid-like state with increasing dipohr energy. There is
a systematic shift ing(r¢) due to the di erence in local volume fraction ( o)

in the confocal images we used from S1 and L1.

The results of Experiment S2 shows no obvious increase or @&se Ofrg

or g(rs) upon . This can be understood because in Experiment S2 we fn
increased up to 5, where for Experiment S1 (same patrticle size) and
o(r¢) are still steady. r; of S2 collapse into that of S1 as expected. However,
o(r¢) is more sensitive to local volume fraction so thag(rs) of S2 does not

perfectly collapse on S1 due to errors in volume fraction d&imination.
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Figure 3.17: Pair correlation function at the rst peak for Experiments S1,
S2 and L1. The particle size (diameter) for Experiment S1 an82 is 0.77
m, and for Experiment L1 is 1.14 m.
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Osmotic Compressibility

We studied the equilibrium sedimentation pro le of colloi@l silica particles,
using the vertical density pro les (see 2.2.2 and 3.1.3 for ane details), to
calculate isothermal osmotic compressibility of our colidal system and to

study its dependence on eld energy.

In a colloidal silica suspension at sedimentation equiliim, we can measure
the local particle density n(z), where z is the vertical coordinate measured
from the bottom of the sediment, and from it, calculate the amotic pressure

of the system (z). The osmotic equilibrium condition is [38], [39]

= mgn(2) : (3.14)

Under isothermal conditions, depends only onn(z), therefore, Equation

3.14 can be written as

dg(zz) = 1, @) ; (3.15)

where 1 = kgT(@ =@)! is the isothermal osmotic compressibility, and
lg = ke T=mgis the gravitational length. In the dilute gas limit ( + = 1) we

can obtain from Equation 3.15 the barometric law:

n(z) = noexp[ IE] : (3.16)
9
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We rewrite Equation 3.15 as

In(n(2)) =In(no)  zI,* + (3.17)

for our analysis below.

The gravitational length Ig for 0.77 m particle is calculated to be 1.92

m, and for 1.14 m particle is 0.59 m, and the estimated error is 14%.

We studied the top part of the sediments (the tail of the dengy prole
in Figure 3.18), where colloidal particles were few enougb behave like uid
and we could t to a exponential curve as Equation 3.16. We ligarly tted
In vsz (as shown in Equation 3.17) instead of direct exponential ting,
which put more weight for particles at higher . (z) and number density
n(z) only dier in a constant, i.e. the single particle volume, s they are

equivalent for this purpose.

We obtained the 1 from the slope of the linear tting, plot the + vs

in Figure 3.19 and observe these e ects:

With increasing eld, 1 increases almost linearly. This can be ex-
plained as: because of increasing eld energy, the inter4pale attrac-
tion increases, so the colloids appear to be easier to congwgei.e. a

larger apparent compressibility.
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Figure 3.18: Experiment S1: vs Z,. We observed that as we increase
the eld strength, the sedimentation prole became sharper This is due
to the increasing dipolar attraction between the particlesvhich makes the
particles oating on the top sediment down. The sedimentatn pro les here
are inversed along z from original data for the conveniencé or calculation.
The \Range Interested" is roughly the range for 1 calculation where the
sedimentation pro le is exponentially increasing. Note tht Z, is depth in
real-space.Z, = zo z wherez is shown in Equation 3.17 andy is a constant
which does not a ect our results.
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Figure 3.19: Isothermal compressibility + (calculated from exponential tail
of density proles such as those in Figure 3.18) as a functioof dipolar
strength .
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At zero eld, all 1 are smaller than 1, which means our systems cannot
be considered as ideal gas or hard spheres at low Softness (i.e. the
repulsion in interaction potential) is a possible reason fahe decrease of
1. Although our systems are very close to hard spheres ¢ 50nm),
deviations from ideal hard-sphere behaviors can cause shdécrease
in 1. Indeed these deviations are also observed in the positiohtbe
rst peak of the pair correlation functions being much large than 1

(i.,e. rg= > 1),

1 for 1.14 m particles is systematically smaller than that for 0.77
m particles. This is reasonable because at a given number diy
the e ective hard-sphere repulsion is more important for lager spheres,
which can make the colloidal system more di cult to compressi.e. a

smaller .

The error in the determination of particle size (within 5%) ad material
density can cause systematic error in the gravitational lgh g, which

can a ect our calculation.
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3.3 Conclusions

In this thesis, we have synthesized uorescent-labeled tmbs, constructed
samples and software for confocal microscopy experimengnd conducted
experiments where we study the behavior of quiescent cotlal sediments as

well as the response of the colloidal suspension to and extarelectric eld.

In the studies of quiescent colloidal sedimentation pro k& we observed un-
expected plateau region (Figure 3.18). A further analysisf the exponential
region of these sedimentation pro les showed that the valgeof the isother-
mal osmotic compressibility 1 at zero- eld were smaller than 1 for both
0.77 m and 1.14 m colloids (Figure 3.19), which indicated that our sys-

tems were not perfectly hard-sphere like.

Next, we studied colloidal ordering in the presence of a highequency (MHz)
AC eld of variable strength characterized by a dipolar stragth parameter
(because we assumed a dipolar inter-particle interaction For our electric
eld studies, we used not only the pair correlation functios but also, various
bond order parameters, and isothermal osmotic compressity; which helped
us to quantify eld-induced structure. We did not know befoehand which
order parameter would give us the most information. We triedwo bond
order parameters (bond density and bond angular parametgras described

below.
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The bond density parameter 1. The plot of the bond density param-
eter ; vs the dipolar energy parameter diagram (Figure 3.10) exHiits a
steady low eld value for 0.77 m experiments (S1 and S2). At high , ;
in both Experiments S1 and L1 rises to approximately 150% ohé zero eld
value. We were unable to increase the rotating eld to a highalue due to
sample-heating problems, so there is no high eld data for eriment S2.

1 from all experiments did not collapse into one curve, but tisiis expected
as 1 is sensitive to the parameters chosen for bond density calation; these

parameters vary a bit from experiment to experiment.

The bond angular parameter o. The extrapolation of -dependence
of hcog i to zero , o, turned out to be a self-consistent way to compare
all experiment and superior to the bond density parameter,. For exper-
iments where thehcog i vs proles were at,  was also close to the
averagehcog i. But we used , instead of averagecog i because g is

less sensitive to the shape dtos i vs proles. We note the following:

For linear elds, ¢ increases from random bond-orientation (;j  0:5)
to highly anisotropic along the eld direction ( o > 0:8). All linear
experiments (di erent particle sizes) had o vs curves that collapsed
onto one master curve (Figure 3.13). This is a strong indicamn that, at
least at these eld values, the dipolar approximation is vadl. Moreover,

the parameter at the onset for chain formation is approximdely 6
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instead of 1. Thus although the dipolar approximation is vadl, we

must still view it as an e ective dipolar interaction.

For rotating elds, bond orientation was absent as expectedcausing
o to be dierent from linear eld results in the same sample (Fgure

3.14).

In summary, we found that while ; was very sensitive to software parame-
ters, o was arobust parameter that accurately re ected colloidalgsponse to
an electric eld. When plotted against a dipolar strength paameter (which
has all particle size dependence absorbed), results for elient particle sizes
fall on one curve. This suggests strongly the validity of thelipolar interac-
tion. Moreover, we proved that we can switch the colloidal sfem between
anisotropic phase and isotropic phase by switching the extel electric eld

directions between linear and rotating.

The pair correlation function g(r): The results from pair correlation
function calculation supported that as eld energy increass, more parti-
cles come closer to each other due to the increased inter{pae attraction.
The position of the rst peak of g(r), rs, approached the particle diameters,
i.e. ry= 1 1, as the external eld was increased. The magnitude @f(r;)
also increased with eld, with the structure approaching kijuid-like behaviors

(Figure 3.17).
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The isothermal compressibility 1. In the presence of an external high-
frequency AC eld, 1 increased dramatically at moderate values of (Fig-
ure 3.19). Increase in 1 is reasonable: increasing increases dipole-dipole

interaction which compresses the colloidal sediment.
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Outlook

The experiments described in this thesis quantify colloidtsicture at low
volume fractions in the presence of gravity and low electrieelds. First,
the measurements presented make quantitative statementb@ut structure
in a quiescent colloidal sediment. Several questions remao be de nitively

answered:

What causes the plateau region? We already know that there rsu
be an inter-particle repulsion (from pair correlation as weas the less-
than-unity zero- eld value of ). Could this cause the plateau region
or must van der Waals attraction be taken into account? Comp#son
of experiments with computer simulations currently under \ay could

shed light on this.

Why is the isothermal compressibility 1 at zero eld lower than unity?
The could be caused by the softness of the zero- eld interéah poten-
tial. While we estimated ! < 50 nm, we nevertheless observed that
the rst peak of pair correlation function g(r) was at r¢ = 1.6 for
0.77 m diameter colloidal particles. It is reasonable that softess de-
creases compressibility: again a comparison with simulati would be

interesting.

Second, while the eld-induced structure appears to be casgent with dipo-

lar interaction, it is nevertheless curious that colloidsdel the presence of the
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electric eld at O(10) rather than O(1).

Finally, we successfully tested modi cation of interactias in a rotating elec-

tric eld. But we still have problem to solve such as:

modify cell to achieve higher elds,

study phase behavior in rotating elds.
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