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Abstract

Colloidal science is an important bhranch of “soft condensed matter”™. which
incorporates insights from chemistry, physies and bhiology, Tn this thesis, T will
present the synthesis of fluorescently labeled core-shell silica colloids. and the
laser scanning coutocal microscopy studies of these colloidal silica particles
nnder an external linear or rotating high-frequency alternating electric field.
The external AC field controls the averaged dipolar interaction between the
silica microspheres. We investigated bond order parauieters upon increasing
the ficld and found the threshold of the field to form dual-particle honds
and the average bond direction dependence on the fleld. We also studied
thie pair correlation fimetion of these silica colloids in exterual eleetrie fields.
Morcover. we studied the equilibriwm sedimentation profiles of these colloidal
suspensions and found the dependence of isothermal osmotic conpressibility

ol the applied electric field energy.
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In this chapter. we will introduce colloids. colloidal interaction torees and
colloidal phase behavior. We will also review the effect of external electric
fields on colloidal suspensions. Finally, the primary experimental method we

used i the work of this thesis. c¢ “ocal  “croscopy, will be described.



1.1 Colloids

1.1.1 Definition of Colloids

[n 1861 Thomas Graham first gave the nawe colloid to the substances in
a1l aqueotts solition which could ot pass through a parcliment menibraie
when he was studying osmosis. after the Greek roAAa weaning glhie [1]. e
deduced that the low diffusion rares of colloidal particles implied tlev were
fairly Targe. at least T um in modern terms. On the other hand. the failure
of the particles to sediment hmplied they had an upper size limit of approx-
iatelv 1 jan. Fhuid or solid particles in this size range dispersed in a Huid
medimn are known as colloidal dispersions. Graham's definition of the range
of colloidal particle sizes is still widely used roday [2]: for example. polyier

solutions, blood cells and paint are all ¢ oldal dispersions.

Colloidal particles normally iave at least one characteristic dimension at the
leneth range of a fow nanometers to a fow micromieters, which are el larger
than the surrounding medinm molecenles so that tlie wedinu ean be regarded
as a continuum characterized by macroscopic properties such as density, di-
electric constant and viscosity. But on the other hand. the colloidal particles
are swall enongh to niderco Brownian wotion. o phenomenon cansed by

Huctiations in the random collisions of medinm molecules [1].

Use of colloids datres back to the earliest records of civilization. sicl as stabi-



lized colloidal pigiments used in Stone Age cave paintings and manipulation
of colloidal systenms involved in awncient pottery making [2]. In the modern
world. colloids still play an important role in science and industry. e food
industry is a typical example that uses colloid techmiques. as well as the
production of paints and ceramic. Colloidal science is an important brauch
of “soft condensed matter™. which incorporate subjects such as chiemistry.
physics and biology, The properties of colloids that interest plivsicists are
their potential to invent novel materials by controlling crystallinity (such as
photonic handgzap materials) or by controlling rheological properties (such ax
electrorhieological Hnids. whicli we will discuss more in the next section), as

well as their function as a model system to stucdy condensed matter.

As o model svstemn of condensed matter (e, atoms ad molecules). col-
loids had been shown iu the 1970°s [3] to have structures and inter-particle
forces which can be treated in the same way as in simple lignids. Therefore.
statistical mechanical concepts used in the theory of simple liquids can be
analogized to an ensemble of colloids. leading to. for example. similar equa-
tlons of state wlien the pressure is replaced by osmotic pressure. Indeed, the
phase heliavior of colloidal systems. such as freezing and welting of colloidal
crystals, shows striking resemblance to that of atomic or wolecnlar systens.
The thermodynamic analogy can be utilized to experiinentally studyv cou-

densed matter theories [2]:

o The laree size of colloids (Imn - T allows for easy experimental
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technicues to probe colloids. such as light scattering and microscopy.
But for atomic or molecitlar svstems this is either very ditheult or ini-

possible.

Also due to the large size of colloids, the typical time scale for col-
loidal processes is long enough to study real-time dynamics of colloidal

particles nsing simple microscopy technigues.

e Phase transitions can be easily achieved in colloids by changing the
particle awd solvent properties, or adding an external field such as an
electric field or a magnetic ficld. One can ecasily modify inter-particle

forces in colloids: this is too difficult or perhaps impossible for atowmic

or molecular svstens.

1.1.2 Forces in Cc »Hidal Syste 1s

The forces in colloidal svstems play a critical role in studies of colloidal dy-
namics and phase beliavior. The simplest model is to assue all colloidal
particles are hard-spliere like, which means there is no interaction between
colloidal particles bevond their radins but there is infinitely large repulsion
berween particles on contact. The phase behavior of hard-sphere colloids was
studied by Pusey and van Megen [1.5]. The only parameter that determines
the phase behavior of ideal hard-sphere particles is the voluine fraction of
particles. . I a dilute svstemn (¢ 0). particles are far away from each

other and behave like a dilute gas. So long as & < 0.49. the svstemn will he-



have like a Hudd. I we keep inereasing o the svstemn will show a Hudd-crvstal
coexistence pliase for 019 < o < 0.5 For o > 0.51 the colloids hehave like
asolid. The svstem can be compressed up to o = .74 which is the maximum
volume fraction for close packing. However, Pusey and van Megen [5] also
showed that the systenn can be trapped in an anorphous or glass pliase when
o 15 larger than approximately (.58 aud well below 0,640 the vohuue fraction

of random close packing of spheres.

Most real colloidal systems are norially more complicated than hard spheres,
becanse forces other than short-range repulsion exist in colloidal systens.
which also lead to a richness in the phase behavior. A short disenssion abont
forces in colloidal dispersions is presented here (we only discuss the simple
case. Lo size-monodispersed splierical particles i pure liquid or electrolyte

solution) [1.2.6.7]. Forces between colloidal particles and solvent include:

e Brownian force. which represents the thermal energy of molecular chaos,
has o mwagnitude of QAT /o). where Ay is Boltziaun’s coustant. T
is absolnte tewperature, and o is a representative length, g particle
diameter (saie below).

e \iscous force o a particle moving at a velocity o through o medinm
of viscosity s O(nar).

Tuter-particle forces include:

The attractive van ¢ Waals force hetween two colloidal particles (also



known as the dispersion force) may canse aggregation {for colloidal par-
ricles. One can calenlate the dispersion force by sunnming over van der
Waals forces from all pairs of moleenles from different particles 8], re-
sulting in a magnitude of O(Heo /D) at short particle separations., The
Hamaker constant /7 depends on the narure of the particles and the

wedium in between. 7 is the separation between two particles.

The repulsive electrostatic double-laver forces can keep the colloidal
svstem stable agaiust the dispersion force. In most cases. particularly
i polar media. colloldal particles possess an electrostatic charee due
to the dissociation of their surtace groups. which will get them charged
and repulsing cach other. The colloidal suspension as @ whole is elec-
trically neutral. <o the cowterions jn the solvent move outo the parti-
cles and form an electrostatic double-laver. which affects considerably
the electrostatic forces between colloidal particles. The final repnlsive
clectrostatic donble-laver force is of a magnitude of O(C'e™") at short
particle separations. where (' isa constant,  is the separation. and £
is called the Debve-Hiickel sereening length (or Debve lengtli). The De-
bve length here is normally much smaller than particle size in colloidal
svstenns (close ro ard spheres). and can be deereased Dy inereasing sol-
vent jouic strength (i.eo salt concentrarion) in colloidal dispersions. w71
is aiu fportant parameter indicating the “softness™ of the dispersion.

about whicl we will show more details i 3.1.1.



e Derjagnin and Landan (L941) and Verwev ancd Overbeek (1948) inde-
pendently explained the stability of colloids by combining the attractive
dispersion force and repulsive clectrostatic double-laver force. which is
commonly known as the DINO theory, Tn this theory the free energy
of interaction in its shmplest form is [7]:

I

Vi = —ET

(0 (1.1)

where o is parricle radins. From DLVO rtheory we can obtain the
schematic diagram of the variation of free energy with particle sep-

aration, which is shown in Figure 1.1, The DLVO theory proposes that
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Figure 1.1: Schematic diagram of the variation of free energy wirl particle
separation according to DLVO theory [9]. The two pictures correspond to
different #=4 (a) The net energy is given by the sum of the double layer
repulsion and the van der Waals attractive forces that the particles experience
as they approach one another. (h) The diagra at higher salt concentrations

shiows the possibility of a secondary 17 nu.




an enerey barrier resulting from the repulsive foree preveuts two parti-
cles from approaching one another and adhering together (Figure 1.1a).
But if the particles collide with suflicient energy to overcome that bar-
rier. the attractive force will pull thenm into contact where they adliere
strongly and irreversibly toeethier. Tu certain situations (e.g. in high
salt concentrations). there is a possibility of a “sccondary mininnun”
where o nmuch weaker and potentially reversible adliesion hetween par-
ticles exists (Fieure L.1b). These weak Hoes ave sufficiently stable ot
to be broken up by Brownian motion but may dissociate under an

externally applied force sieh as vigorons agitation.

Besides particle-solvent interactions and inter-particle interactions. exrernal
fields also play an important role in colloidal phase beliavior. The wost com-
mon external field is eravitation, which eives the etfective gravitational foree
(cowbined with buovaney) F, = 370 Apg for spherical colloidal particles.
wlhere o is particle dimmeter and Ny s density difference berween particle
and swrrounding Huid and ¢ is aceeleration due to gravity.  Gravitational
force is negligible it the gravitational length [, AT/ F, is much larger than
particle diameter. But in owr case it is not negligible as [, & 2a (we Liave

/

, = 1.92 i for Experinent S1oand 82 (0.77 jon dinneter spheres) aud
1, = 0.59 yan for Experiment L1 (114 diameter splieres)). External clee-
tric or magnetic fields are also important methods to wodity ter-particle
forces aud therefore easily modify phase belhiaviors i colloidal systeis. We

will introdice external electric fields, which are more intevesting i our case.

S




i1 the next sectionn,

1.2 Colloids 1 xter 1al Electric Fields

Colloidal particles in an external electrie field whose diclectric constant is
different from that of the nonpolarizable solvent acquire an electrie dipole
mowent parallel to thie external field [10]. The behavior of the colloids is
coverned by the dipole-dipole interaction. wlose strength can be tuned by
the macnitude of the field. Since their rheological properties (viscosity, vield
stress. shear modulus. ete) can be reversibly changed by the external field.
such suspensions are called electrorheological (ER) fluids. Similarly there

exists maenetorheoloeieal (MR) Huids for external maguetic ficlds.

The energy of dipolar interaction ™ wn© Figure L2 [10] is given by [11]

77‘—"“-‘x.{‘)1 Gl 3 .": _
(/([’.P(H.()) - _f I O <>(()s 6 l> ‘ (1.9)

R 2

wlhere 4 = s, and Fpoare diclecrric constants for colloidal particles

and the surrounding Huid. and o is the particle radius. Ej here is the loeal
field energy, where E,. for the simplest case. is a high frequency (mega-
Hertz) sinnsoidal AC Held. The feld frequency is so high that particles can
oulv sce an averaged ficld and the effects of fon migration are minimized.

# is the angle between separation R and By R here is limited to be mneh






lar inferaction dominates in colloids when the applied field is strong

cnough.

In addition. we iutroduce the “laubda parameter™ .\ describing the relarive

strength of electric dipolar energy to thermal enerey:

TEEE
775():-./'[}"1[5 F-

A=
llUT

(1.3)
A is dimensionless as it is the ratio of dipolar energy to thermal energy. Here
3

a®/ R s reduced to La? as the particles closely interact (R — 2a). We can

rewrite the dipolar energy as;

[T (B8 A JeostH —1 L)
rpl  (R)o) 2 ‘ o

where o = 2a is the diameter of spheres.

Since the late 1980°s. the equilibrium structurve of ER fluids has seen a
resirgenice awd is an interesting subject for many theorvetical and exper-
inental studies.  Inan earlier theoretical study on electric field induced
pliase transition. Tao «f «l. found rhat the colloidal syvstem experiences
a liquid-solid phase transition when the applied field exceeded a critical
strength [12]. Later Tao and Sun proposed the structure for the grouud
state of the induced ER solid to be a bodv-centered-tetragonal (bet) lattice

with a; = VbuX. as = Viay. ag = 2uz. where « is the particle radins [13].

11



Then Tao ¢f al. confirmed this structurve with Monte Carlo simulation [14]
aud a laser diffraction experiment [15]. With the development of confocal
microscopy (which will be introduced in the next section), real-space studies
of colloidal structures became possible. The three-dimensional bet structure
of silici colloidal spheres was first observed with confocal niieroscopy by Das-

sanayvake of al. [16].

Yethiraj et al. demonstrated the tunability of the “softuess™ aud the dipolar
interactions of density matchied colloidal dispersions by clianging the salt con-
centration and external electric field, ad the corresponding plase diagrans
minticking atomic cryvstals [17]. The real-space access ol colloidal structures
viw collfocal wicroscopy. combined with the tunability throueh exterual fields,
provides a powerful method to study colloidal phase beliavior and therefore
vives hetter nnderstanding of phase transitions in atomic svsteuns snell as
the melting transition [17] and the martensitic transition (fe. a diffusionless

crystal-crystal transition) [18].

Colloids form chains along a linear external AC electric field. but will not
“eryvstallize” into the bet structure if the volunme fraction of colloidal par-
ticles is low. The kinetics of the colloidal chain-growtl at relatively high
fields (kV/cim) has been extensively studied using different methods such as
digital video microscopy [19] and light scattering [20]. However. quantitative

investigatious into the low field (and low volue fraction) situation wheve

12



colloidal particles start to approach their nearest neighbors awd form two-
particle-bond liave not been done vet. Our research addresses the following

issues (see chapter 3 for detail):

< 300) and

~

e Characterization of colloid structure at low electric fields (A
low volnme fraction (o < 30%) with varions order parameters (bond

density order parameter J9y. bond orientational order parameter o). as

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

e The feasibility of modifvinug colloid structure dramatically by switching

from lincar to rotating electric felds

o The use of gravitational sedimentation profiles to detect apparent os-

motic compressibility () in ahnost havd-sphere-like colloids.

1.3 Expe imental N"2thods in “olloi_al Study

The techniques typically used to study colloids fall nto three categories [6]:
scattering (such as x-ray, neutrou and laser scattering). rheology and mi-
croscopy.  Light scattering, which normally uses laser light in the visible
spectru. is the most popular trechnique among scattering techmiques as the
wavelength of the scattering source is close to the size of colloidal particles.
This technigue acenrately measures both strnetiwe aud dyvnamics of colloidal
sispensions by averaging over large ensenibles of the colloidal system. but

fails to probe details of local structure ou the single particle level. e

13



rheological technicone. which studies the response of the colloids to external
perturbations [21]. is also not appropriate for owr study because it lucks a
direct probe into short length scale stmeture unless incorporated with optical
techniques [22.23]. Tn principle. optical microscopy can be used as a probe of
local structure. But obtaining three-dimensional structure information frou

conventional optical microscopy is iimpossible.

[ order to study the local two-particle-boud formation in colloids. we wsed
laser scanuing confocal microscopy (confocal microscopy for short). which.
when cowbined with refractive index matching aud colloids with finorescent
labeled core and nonfluorescent labeled shell {(see chapter 2 for more detail).
has numerous advantages compared to conventional optical niicroscopy and

othier teclimiques as showi below.

Better resolution

A laser scanning confocal microscope incorporates two principal ideas [0]:
point by point ilhunination of the sample and rejection of out of focus light.
Fiegure 1.3 shows a hasic optical path in a typical confoeal microscope: Laser
source (black line) coming out of a screen with pinhole (P1) is directed by
a dichroic mirror to two mirrors which can respectively scan in the x and
v directions. The laser then passes through tlie microscope objective and
excites the Hiorescent sample. The frequency of fluorescent light (gray line)

ciitted from sample objects is lower thau that of the laser. as its photon cu-

Ll



Figure 1.3: Schematic setup of confocal system. P1 and P2 are two screens
with adjustable pinhole. "ack line is incoming laser light, gray line is exci-
tation light from fluorescent sample.
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also due to the function of D1 [24]. We know that the image of a point laser
source is not a perfect point but an Airy disk. whose iiteisity mainly concen-

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

itensity

adius

Fieure 1.5: Intensity vs Radius diagram of a Airy disk. Central dash line is
located at zero radius. Le. center of the licht spot.

is eiven by the point-spread function (PSE) of the niicroscope lens systenn.

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

24 0\ " ]
1) = L . (1.5)

where /) (1#) is the first-order Bessel function, v — 2a(NA) /A = kr(NA),
v is the distance from the center point. and N4 = nsind is the munerical
aperture of the lens (1 is refractive index of innuersing medium of the lens

and # is half the total colleet 1 angle of the lens). From Equation 1.5 we

bl

17



obtain that the first minhnm of intensity oceurs at radins rp = 0.61A /N1
Within this about 82% of the total intensity is included. On the other hand.
the distribution of excitation fuorescent light in the plane of detection is
proportional to the square of the PSF. Therelore, we use the P1 pinhole to
niake our laser source close to a pertect point light source, which cau greatly
cuhance the resolution of the detected mage from excitation light. Figure
1.6 shows a confocal intage of almost monodispersed core-shell silica colloids

with L1 g diameter (3.19 polvdispersity) and 00407 g Huorescent corve.

Figure 1.6: x-v view confocal intage of 1. 14 jnu cove-shell silica colloids. This
ix the bottom laver of a sample with approximately 4% volume fraction. The
area showir in this inage is 60pmx G0, 1> maguification.

The localization of the image of the point laser Hurce is even worse along

13



the z direetion (i.e. along the optical axis). The PSE for a plane containing
the optical axis is given by a different forn:
sin(u/4)

H{u) = e . (1.6)

where « = 2r(NA)2z/(n\)  R(NA)z/n. 2 Is the distance along the optical
axis. Here the first minimum is normally larger than that of the x-v plane,
which explains wlhy we need to zoom the x dimension by a factor of 2 to get
a more spherical looking (shown in Figure 1.7) side view of colloids sediment
as the particles in z direction appear to be longer than actual size (sce more

details i 2.2.2).

Figure 1.7: x-7 view confocal image of core-shell silica colloids.  Rebuilt
confocal image for the side view of sedimented 0.77 gon silica colloids, where
zoomed ratio 13 xiz = 21,

In acddition to optical resolution enhancenients from confocal hmaging. the
core-shell silica colloidal sample also gives better effective resolution becanse
only the fluorescent cores contribute to the signal: the nonfluorescent shell
is invisible in a refractive index matched medivan. Thus the signal from two

ton "1 spheres is well separated. For examyp  the white dots in Figure

19



LG are actually the finorescent cores of rouching core-shell sphieres. Most of

them appenr to be well separated except for a few aggregates and inpurities.

Probe a sample deep ini de

Conventional microscopy suffers from the multiple scattering problem whicl
is caused by the scattered light from objects when hinaging deep into a sample.
However, a sample with the refractive index of objects (which are finorescent
labeled) matched to that of surronnding mediun can solve this problenn.
NMultiple scattering light is minimized and only the fluorescent light {from the
labeled objects will be collected. Besides. refractive index matcliing can also
minimize the attractive dispersion force preventing nuwantred sanple agere-

oution.

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

periments and finally the resnlts and disenssion.

20



Caarte &
Experi 1:1 1 1 ito

This chapter describes the experimental rools required for the confocal wmi-

croscopy research presented in this thesis, including:

e Scction 2.1, fhwrescent-nonfluorescent core-shell microspheres synt hesis

for confocal microscopy samples.
e Scction 2.2, IDL programming for confocal hage processing.

o Scction 2.3, electric field construction fov external field applied on our

saples.



2.1 Synthesis ( 7 Jol osidal Silica Microspheres

This section describes the synthesis of core-shell spherical colloidal silica
particles. The syvuthesis followed Stober’s method [26] and Giesche condi-
tions [27.28]. and the experimental details also followed a recent NLSe. the-

sls [‘3{)} and the work of van Blaaderen of «al. [I%l')}.

This method is based on the hvdrolysis of tetraethyvl orthosilicate (TEOS)
and subsequent condensation of silica in an alcoliolic solution of water and
ammonim hvdroxide munder certain reaction conditions. The silica coden-
sation forms a porous network and grows isotropically from the nnelel and
finally forms spherical particles. The core-shell particle sviithesis consisted
of two stages. The first stage was the synthesis of Huorescent-labeled silica
seeds with a Huorescent dve for confocal imaging. In the second stage. a
nonfhorescent shell was grown onto these cores. (A two-stage svutlesis has
three advantages: the nonflnorescent shell can separate the flnorescent cores
and give a better resolution for confocal microscopy: the shell will also pro-
tect the fluorescent core and suppress the bleaching of the dye while imaging:
moreover. the erowth of the shells on the fluorescent seeds can decrease the

polydispersity of the seeds.
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2.1.1 Nonfluorescent Silica Particles

Nonfluorescent silica particles (batchies noane NL1. NL2. NL7. where NL
stands for Ning Lio and the numbers indicate synthesis sequence for ditfer-
ent hatches) were prepared [rom TEOS in o solution of ethanol. water and

amnnouinn hvdroxide. The reaction process is described by these two steps:

NI

SHOCH;) | + 4H.0

— SHOH) + 4CLHL0H (2.1)
et hiano

Al

SIOH),  SiO. | + 2H.0

ethanol

[
[t

The silica condensate. whicli hias a microscopic structure of disordered net-

works. was the splierical colloidal particles we produced.

Materials preparation

Anhvdrous ethyvl alcoliol (Commercial Alcoliols Tie.. hp 78 °C') was freshly
distilled hefore nse (the general rles for the chemistry experiments we did
followed o chemistry Tnboratory manual [31]). We used an existing ethanol
distillation serup conrtesy of Professor Morrow (Figure 2.1 shows tlie setup).
First some boiling stones were added to the two-neck round-bottom Hasl (2
Liter capacity). and then anhyvdrous aleohol was added to fwo thirds of the

whole flask volunme. One of the necks was closed after adding alcohol, the

other one was contected to a water cooled distillarion cohunn. with a graded
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capacity of 125 mb. All the joints of glassware were clamped to prevent un-
wanted falling or pop-up. The hotrom of the two-neck Hask was lield by
a lleating mantle. A power setting of =350 7 on the vriac power display
corresponded to the stable temperature for distilling adcohol (slightly higher
than the bp of alcohol). Water cooling was turned o before heating started.
and was carefully coutrolled not to bhe too strong or too weak dwring the
whole distillation. by watching the oil pressure indicaror counected to the
iner environment of the distillation column. The inner pressure was slightly
higher than 1wt When alcohol condensate started to form, it was kept re-
Huxing back to rlie two-neck flask for about 15 wimntes to suppress possible
orgauic impurities. Colleetion of the alcoliol condensate in the distillation
column was then begun, As the capacity of the colimn was limited, the
distilled alcohol was transterred to another container when the column was
full (approximately 100 mL). Tn case there was any impurity in the distilled
alcohiol releasing patl. the first 100 mb was discarded. When the alcoliol lett
in rhe Hask was less than approximately 100 L. heating wias stopped and

water cooled for anotlier 30 minutes,

TEOS (Flnka, purnni, > 98,09, bp 168 °C) was also freshlyv distilled be-
tore nze. Three ronnd-bottown Hasks (500 mL. 24/40 joint) were washed with
05% alcoliol and dried in the oven before use. Oue of the Hasks was filled
witlh some boiling stones at the bottonn. and TEOS to two thirds of the fask

volume, The schemartie for this setup is shown in Figure 2.2 The Hask with
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boiling stones was held by a heating mantle and aometal ab jack. It was
connected to a condenser (air cooled) by a three-way adapter. with the other
end of the adapter closed by a stopper. The condenser was counected to a
vacunm adapter, connected to another 500 mL round-bottom flask for col-
lectine TEOS condensate, and also to a drying tube to prevent hydrolyvsis
of TEOS. A variable transformer (Powerstat., 3PN1L6CY) was used as power
supply for the heating mantle. and =857 {out of “1.107) on power display gave
a stable temperature for TEOS distillation (slightly higher than the hp of
TEOS). The dropping rate of condensed TEOS was about 3 drops per sec-
ond. To suppress the impurity of TEOS. the first 20 mL were discarded. All
the joints of glassware were clamped. Heating was stopped when the original

TEOS left in the first Hask was less than approximately 30 ntl.

The distillation of TEOS was uecessary because the trial we attempted with-
out distilliug TEOS. named as NLO. had the result that the particles were
not as spherical as NL1.2.7. which is clear from the comparison SEN images
of NLO colloids (Figure 2.3) and SEM images of NL1T and N1 7 colloids (Fig-
ures 2.Lac 2.4¢). This may be due to premature hivdrolyvsis of TEOS in the

undistilled TEOS. which can be exclnded by distilling it.

Ammonium hydroxide (289 to 30%. Caledon) was of reagent grade. Sulfu-
ric acid (95% to 98%. Caledon) and hydrogen peroxide (29% to 329, ACD)

were used for making “piranhia” solution. s 77 d water was taken from
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Figure 2.2: Schematic drawing of TEOS distillation setup
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Figure 2.3: SENM image of noufluorescent silica particles NLO

Barnstead Fi-Streem 11T GlassStill system (at the lab of Professor Poduska).
95% alcohol (Conmnercial Alcohols Tne.)  was used for cleaning. An ana-
Iytical balance (Mettler, AE260) was used for all mass measurements. A\
cen  fuge (Sorvall, Legend Mach 1.6) was used after synthesis for separat-
ing the colloids from water  d anunoninm hydroxide.  Fisherbrand 50 L
Falcon centrifuge tubes and 1.5 n " 1wicro tubes (Sarstedt) were used for
centrifugation. Colloids were redispersed after centrifugation by placing in
an ultrasonic bath (Bransonic, model 8510R-DTH) for a few hours. Small
amounts of liquid were taken 7 Fisherbrand disposable glass pipettes. and

small amonuts of powder  re taken by . sherbrand spatula. Measuring
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small amounts of liquid was done by pipettors (Fisherbrand. finmpipette 11)
and tips of sae brand, or by 5 mL svringes (HSW). A Fisher [sotemp H00
Series oven was used for the dryving of glassware. A hot plate stivrer (Bam-
stead Thermolyne) and a stir bar (F FE-coated. 1 in. x 1/3 in.) was used

for stirring and heating the reaction vessel.

Equipment Preparation

A | L three-ueck round-hottom Hask., a 250 mL Erlenmmever Hask. as well
as a 50 mlL and a 100 ml measuring cvlinder, were used in syvnthesis. All
elassware (including the magnetic stir bar) was washed with piranha solution.
Face shield and thick rubber gloves must be used for protection when nsing
piranha solution. as it is a strong oxidizer. The piranha washing was done
i a fume hood. A 2 L beaker filled with tap water was prepared next to
the fume hood. in order to wash off any piranha solution on the gloves. To
make piranha solution. 70 ml of sulfuric acid was first added into the 100
mL measring evlinder. then 30 ml of hydrogen peroxide was added into the
same oviinder. One should always add the peroxide into the acid, not the
other wav around. The mixing reaction of peroxide and acid is exothermic,
so the mixture hecame very hot immediately after mixing. The Lot piranha
solution was carelully transferred into the round-bottoin flask. Three glass
stoppers (joint 24/40) were used to close all the openings of the Hask aud
held tightly with hands in case of pop-ups. The flask was slowly rotated in

ordered to wet the inside of the sk completely with pivanha solution. The
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solution was then transferred back to the 100 mL eylider and kept in there
for a few minutes before transferring back to the flask. This procedure was
repeated three times to clean the 100 ml eylinder and 1 L flask. . e same
procedure was used to clean the 50 ml eyvlinder and the 250 ml, Erlenmever
fask. Ouce finished, the piranha solution was transterred to a glass bottle
or a beaker and neutralized with soda ash before disposing into a sink. All
classware washed with piranha solution was rinsed with distilled water until
the pH was 7 ("Accutint™ pH indicator was used). They were then rinsed

with 95% alcohol and dried in the oven.

Colloid Synthesis Setup and Procedure

The svnthesis was done in the fume hood. The set up was as follows: the
middle neck of the three-neck round-bottom Hask was held on the franes in
the fune hood; the stirrer was then placed under the tlask. The height of
the clamp was adjusted to ensure the bottom of the flask was close to the

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

Since the capacity of our reaction vessel was 1 L, the total amount of reagents
shiould not exceed approximately 700 mbL. Therefore. the amount of reagents
were scaled down from the data in Dannis t Hart's thesis [29]. 525 ml of
distilled anhvdrous alcohol, 52.5 mL of ammmnoninu hydroxide and 21 mL of

TEOS were nsed in this svnthesis. having the total amonnt of H5O8.5 mL.
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First. 250 mL Erlenmoever was used to transter 125wl distilled alcohol into
the round-bottom Hask through the right hand side opening. 52.5 mlL of
ammonium hvdroxide was then trausferred to the flask through the same
opening by the 100 mL cvlinder. Another 200 mL of alcohol was then trans-
ferred throngh this opening in order to rinse the anmmonium hvdroxide on
the wall of the flask. which othierwise may cause a high concentration of am-
wouniin hyvdroxide in that area and affect the result. Afrer adding alcolol
and ammonium hyvdroxide, the stirrer was started to mix the ethanol and
annmonium hydroxide.  TEOS was then added through the left hand side
opening by the 50 mL cylinder. under a vigorous stirring. This should be
done as fast as possible to suppress the hyvdrolysis of TEOS iu the air. The
openings of the Hask should be closed by the three glass stoppers during the

whole syuthesis.

Tle reaction start thme was recorded. After one wmiunte. the stirring speed
was slowed down to a gentle stirring so that there wias only a shallow vorrex
at the center of the surface of solution (approximately 200 rpu). After 10
mimites the solution turned <lightly milky, indicating the silica stavted con-
densing. Within 60 minutes. the solution turned very wilky. indicating most
of the silica coudensate already formed. The gentle stirring was continued
for 5 hours. The colloidal suspension was then trausterred to twelve 50 mL

Falcon tubes.
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Particle Transfer

The synthesized colloids were transferred as soon as possible to an ethanol
medium for two reasons. A high ammonium hvdroxide concentration, e, a
Ligh pH. gives a high ionic strength. which can decrease the thickness of the
double layver (see 1.1.2 for more details) of the particles, destrov the charge
stabilitv awd shorten the distances between particles. Although the inerensed
pll here. whicli is above the isoclectric point of silica (about 3). may cause
more surface sroup dissociation and finally increase the surface chiarge of
silica microspheres. the decreasii — of the electrostatic double layer still dom-
inates and turus ont to overcoie the repulsive effect of the increased surface
charee. The van der Waals force hetween these particles. Lowever, is only
very stroug at short distances. So this force may canse irreversible aggre-
gation to the particles approaching cach otlier at short distauces. Besides.
the smell of ammoniwm hvdroxide may cause inconvenience when working
with these colloids. Therefore. the colloidal suspension was centrifuged to

separate silica particles and the solution containing ammonium hydroxide.

An 800 rpu1 > -1 hours centrifugation was used for these nonfluorescent sil-
ica particles (NL1. NL2. NL7). After centrifugation, most of the particles
sedimented to the bottom and the supernatant was clear. The Falcon tubes
were then carefully raken ont from the centrifuge. and kept vertical in case
thie seditents redisperse to the solution. The supernatant was then removed

with elass pipettes. The tubes were then refilled with anhivdrous ethanol (not
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redistilled). and ultrasonicated in the nltrasonic bath for a fow hours. Water
cooling (via a lab-made copper tube coil in the ultrasonic bath) was used
for long-time nltrasonication. as the ultrasonication heated the water in the
bath, Redispersion of colloids is more efficient if accompanied hy frequent
vortexing. There is a trade off betweew centrifuge time and ultrasonication
time. If one use high-gpeed centrifugation. shorter tinie is needed for collolds
sedimentation. but longer time is required to redisperse by ultrasonication:
on the other hand, lower speed of centrifugation ueed longer time to sedi-
ment the colloids. but shorter time is required for redispersion. The exact
time and speed of centrifuge were different for different particles (see Table

2.2 for detailed centrifuge and ultrasonication time).

This centrifugation, decantation, adding fresh ethanol and redispersion pro-
cedure was repeated 3 times or more. until there was 1o annonia siell in
the colloids. One caw also test the pH of the colloids to ensure there is no am-
woninm hydroxice left. The colloids were then rransferred to a glass bottle,

and labeled by the bateh name.

Polydispersity Analysis

Particle size distribution and polydispersity was obtained using scanning elec-
tron wicroscope (SEM) images of silica particles dried on a glass substrate.
The dried particles might appear slightly smaller on SEM than the size mea-

sured with light scattering technicues, which give the real hydrodynamic size



of particles. These images were analvzed nsing an image-processing software
Inwaged (version La7v) and statisties done using a graphical analysis software
[oor Pro (version 5.03). The procedire was as follows: a line was manually
drawn across the center of each particle in the SEN imace to set a diam-
eter of eaclhi particle, with correct scale serring from the scale bhar on the
SEN fmage. The diameters were recorded ina graphical analvsis software
legor Pro and the statistics were obtained. The average particle dimmeter of
nonfluorescent silica colloids NL1T (Ficure 2.-0a) was 0.37 pmi with a poly-
dispersity of 14 1% (Figure 2.4b). and NL2 (Figure 2.4¢) was .34 gL with
a polydispersity of 9.4% (Figure 2.4d). The SEM lmages and particle size
distribution of NL1 and NL2 are shown in Flienre 2.4, We are not snure about
wlnv the polvdispersity of NL2 was smadler than NL L why the particle size
distributed into two peaks and why the polvdispersity wias not as stiadl as
those in the Giesche conditions (see Table Tin [27]) which was approximately
Doto 10%. and that in the work of van Blaaderen and Vrij (approximately
5%) [30]. The possible reason conld be the varianee in the room temperature

for different batclies of syuthesis.

2.1.2 Fluorescent- abeled Silica Particles

The purpose of norescent-labeling silica particles was to facilitate imaging
of confocal microscopy. The syuthesis of Huorescent-labeled silica colloids
nsed a procedure from van Blaaderen and V1ij's article  [30]. This pro-

cedure consisted of two ste) Hrst. the dyve was chemically bonded to a
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silane coupling agent: second, this coupling agent was used in the hvdrol-

vsis aud condensation of TEOS, as described in section 2.1.1.0 which was
based on the Stober method [26]. The silane coupling agent used here was
(3-AwminopropyvDtricthoxysilane (ADPS) (Figure 2.5a). Ounly one of the four
groups bouded on Sioof APS is different from TEOS (Figure 2.5b). which
make APS capable to bond with the dve, fluorescein isothiocvanate (FTTC)

(Figure 2.5¢). and finally coat on silica spheves (Figure 2.5 [30]).

Materials Preparation and Synthesis Procedure

Distilled TEOS and anhydrons alcohol were made in the same way as betore,
The other chemicals were also the same as hefore except APS (Fluka. purii.

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

The amount of reagents was scaled down from the data in the thesis of
Danis 't Hart [29): 0.0732 g of FITC. 0.426 g of APS. 3 g of ethanol. and
same amount of chemicals (525 mL of ethanol. 52.5 mL of anmonimm hy-
droxide and 21 ml, of TEOS) as before in pure silica synthesis. The glassware

washing and instrunents setup were also tlie same as before.
First 525 mL of cthanol and 52.5 of ammonium hvdroxide were added to

the 1 L three-neck round-bottom flask and mixed. using the seane procedure

as before.
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(a) {3-Awminopropytriethoxysilane
(ADPS)
c/S
N/
@)
O
HO
o}
OH

(¢) Huorescein isothiocyanate (FTTC)

Figure 2.5: Sketcl
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Then the balomee and @ 20 mL disposable scintillation vial and o small stir
bar (both cleaned with distilled anhvdrous ethanol and dried beforeliand)
were used to make the FITC-APS solution. The procedure was as follows,
First. measure the mass of the glass hottle (with stir bar in it). rezero the
balance atter the display is stable. Sccond. take 450 L of APS by using a
pipettor (ADPS density 0.946 g/mL) and add it into the bottle. NMeasure the
nass of the whole hottle and record the display on the balanee. Since the
balance wis rezeroed after measuring the hottle and the stir bar. the display
shonld be the muass of APS. Again rezero the balance after use. Third. add
3.8 mL distilled anhyvdrous ethanol (0.789 /L) into the bottle, measure the
nass aidd rezero the balanee, Finally, use o spatula to add 0.0732 g of FITC
powder into the glass bottle and nicasure the mass. The actual nasses niea-
sived for FITC powder could be slichtly Larger than expected. which could
hielp to over Iorescent-label the particles and gave better image quality for
confocal microscopy. It is iimportant to make the FITC-ADPS solution as fast
as possible to suppress the possible Livdrolysis of ADPS aud bleaching of FITC.

especially the former.

Ouce the solution was made. the class hottle was covered with alhuninum
foil and put ou a stirrer for betrer mixiug. After approxiuately 15 mimites.
which was different from the stirring time in the work of van Blaaderen and

\rij (12 honrs) [30]. the solution was clear and showed adark red color.
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21 mL distilled TEOS was then added to the rond-bottom Hask nuder vie-
orous stirrine. The FITC-APS mixture was then added from the orlier neck
inmediately.  After one minute, the stirring speed was turned down to

gentle stirring (200 rpi). The sash (covered with aluminum foil heforeland)

of the fume Lood was lowered in order to suppress thie bleaching of FITC.

The solution turned milky as before, but with an orange color instead of
white. After 5 hours stirring, another 3 mL of distilled TEOS qand 3 mL of
distilled water were simultaneously added from two necks to coat the result-

g particles with a thin pure silica laver. in order to prorect the Huorescent

dve of the particles.,

The same procedure as NLL and NL2 was used for particle transfer. Lhe
two batches of TITC silica seeds made by the same procedure were labeled

as NL3 aud NLD.

Polydispersity Analys

Again the procedure of polvdispersity analysis was the same as before. NL3
(Figure 2.6a) had @ average dinmeter of 0.7 jan and a polvdispersity of 6.9%
(Tigure 2.6h). The polydispersity of NL3 was smaller than NL1 and NL2.

for as vet unknowi reasois.
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RBITC Labeled Silica Seeds

We also attempted to syuthesize a bateh (NL1O) of Rhodamine B isothio-
cyvanate (RBITC) labeled silica seeds [32]. RBITC has the similar structure
(Tigure 2.6d) as FITC but is less bleachable than FITC. The procedure used
was all the same as tlie FITC seeds syuthesis. except the mass of the Huoves-
cent dve. The molecular weight is 389.38 for FITC. but 536.08 for RBITC
(Sigma. wixed isomers).  For the same moles of Huovescent dve. 100 g
RBITC (the total amount in a fresh bottle of RBETC) was used by putting
APS aud ethanol in the RBITC bottle. The resulting particles (Figure 2.46¢)
Lhad the same diameter as .. TC seeds. but were more likelv to aggregate
when centrifuged and therefore more ditfienlt to redisperse afterward. This
was possibly dne to different swrface groups of RBITC labeled silica parti-
cles, which could lead to different surface charges from FETC Libeled silica

particles.

2.1.3 Sceded Growth of Core-Shell particles

Tlie second step of core-shell particle synthesis was seeded growth. based
ou the finorescent-labeled seeds. A predetermined qanount of TEOS/ethanol
mixture and anmounium hydroxide/water/cthanol mixture were added drop-
wise (through a dual-channel peristaltic pump) into the previously prepared
seed suspension. under gentle stirring. A nonflnorescent shell then grew on

the fluorescent mmelei and finally formed corve-shell silica particles.
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Figure 2.6: Fluorescent-labeled silica seeds
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Care must be taken during the svathesis. Too low seed concentration in
suspension gives a large diffusion distance of the hyvdrolyzed TEOS to the
particles surface [28]. which may induce premature hydrolysis and conden-
sation of TEOS, and leads to the secondary nucleation. the formation of
nuwanted small silica nuelei in the seed suspension. On the other haud. too
high a secd concentration increases particle clustering, leads to wuwanted
particle aggregates, which is difficult to separate from the monodisperse sus-

pension by centrifugation.

Similarly. at too low concentration of annnoninm hydroxide. the particle sur-
face potential may be too low to stabilize the particles: however, too high pH
may decrease the double laver thickness, the electrostatic repulsion barrier.
and cousequently reduces particle stability. So one must carefully control the

concentration of the reagents.

Giesche [28] gives cupirical gnidelines for oprimal results (a practical guide

but not a strict lmit):

e thie concentration of SiOy in the seed sispension should be less than 1

M (ie. T mol/L) and preferably between 0.5 and 0.8 N
e the ammonium hyvdroxide concentration between 0.5 and 0.7 M

e tlie water concentration about 8N
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Materials preparation

Freshly distilled TEOS. anhvdrons ethanol (not distilled. following [29]). am-

monium hyvdroxide and distilled water were used ax betore.

The seed suspension consisted of 31 mL of concentrated FITC labeled seeds
(80 g/L). 4dmb ethanol. 11 mL water and 4 mL ammonin hydroxide, A
high concentration of seeds in ethanol was obtained using the procedure as

follows:

e \easure the concentration of the orieinal seeds (using the oven). esti-

mate the required amonnt.

o Ceutrifuge the seeds of required amount. remove the extra ethanol and

redizperse them using nltrasonicatioln.

e Measure the concentration of these concentrated seeds to see if more

original seeds needed.

e Since there will be another 44 mbL ethanol in the seed suspension. one
onlv needs to concentrate the original seeds to a concentration of 33.07

¢/L and take 75 mL of thix.

When measuring the concentration. a small disposable glass vial (1 mbL ca-
pacity) was first washed with 95% ethanol and dricd in the oven. The mass
of the dried bottle was then measured. 500 gL of seed suspension was then

added i the bottle. dried and measured again. From the mass diffevence we
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got the mass of silica per unit vohune of suspension. To eusure the silica

were colupletely dried in the oven, the dryving and measuring procedure was
repeated a few tines more until there was no difference of the mass. To
minimize the ervor. final data was taken from the average of three bhatches of

lleasurelnents.

Equipment Preparation . r See :d Growth

A significant amount of equipment wid optrimization was required for the

scecled growth set up. and is desceribed here,

Two cylindrical separatory funnels {capacity 500 L. Graduated, PTFE
stopeock, 24/40 joint. Excrer). a three-neck round-bottom flask {500 mL
or 1 L. depends on the final volume of all reagents of use. 2-0/40 joints). and
all other glassware was washed with piravha solution using the same proce-

dure as hefore,

A dual-channel peristaltic prunp (Gilsou. minipulsd. Mandel) was nsed for
dropwise addition of the reagents at the same rate through two channels. The
tubing system for this punp was made following the principle that tubing
diameter should never be increased downstream. For each chanuel. 3 pieces
of tveon tubing (1/4 inch internal diameter (ID). 1/16 incl wall thickness:
1/8 incl ID. 1/16 wall thickness: and 1/16 inch 1D 1/32 inch I thick-

ness. respectively) were used to assemble along tubing whose bigger end
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was counected to the cud of one separatory funuel and the sialler end was
connected to the calibrated PVC tubing (Gilson, 0.38 mm 1D, color coding
orange/green. GF-I117933). The 1/4 inch TD tubing was directly assembled
onto the end of the separatory funuel and scaled with paratiln (Figure 2.7
a); the 1/8 inch ID tubing was counected to the 1/4 inch ID rubing with
a plastic connector and scaled with paratihn (Figure 2.7 b): the 1/16 inch
ID tubing was jointed to the 1/8 inel ID tubing witl super glue and sealed
with Teflon (P'TFE) tape (Figure 2.7 ¢): and rhe 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 importaut part of the
whole tubing svstewn. going through one of the two channels of the pump
and direerly affecting the How rate. The How rate and the puip rotating
speed have a llnear relation and the ratio for the tubing we used (0.38 nun
D) cquals to 0.073 ml/min per 5 rpm (see Table 2.1 [33]). The output end
of the calibrared tubing, coming out of thie punp, was connected to a loug
extension tubing (saue internal diameter. GE-F117953) with a metal sleeve
(GF-F117985) (Figure 2.7 ¢). The othier cud of the extension tubing was as-
sembled to a glass inlet tube (bleed type, Guni, joint size 2.1/.10, Kontes) and
sealed with parafilm in order to suppress the reagent-air contact (Figure 2.7
£). This inlet tnbe helped to assemble the tubing onto the reaction vessel and
form droplers iuto the seed suspension. The total length for the tubing was

long enongh to couneet the separatory funnel and the rouud-bottom fask.
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Tuble 2.1: Diameters and flow rates of peristaltic tubing. The flow rate

necessary for this synthesis was 5.1 mb/h, which equals to 0.085mL/min.

corresponded to a pup rotation rate of 5.82 rpun.

Seeded Growth Setup

The syuthesis was carried out in the fiune hood. Reagents were added as

follows:

First transter the 90 mb of seed suspension (75 mik of seeds and ethanol,

11 ml, water. 4 mL ammmnmonium hvdroxide) to the round-bottom flask.

Put the flask in a water bath (filled with tap water) on a magnetic

stirrer. and fix the Hask onto the frames.

Adjust the height of the flask to get a smooth gentle stirring (approxi-

mately 200 rpu).

Fix the separatory funnels onto the franes at a proper height and

position in order to leave enough space for the tubing and flask,

Connect the tubing svstem to the separatory fuunels. install the cal-
ibrated part onto the pump. and fix the two inlet tnube onto the two

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

Use a three-way adapter to gently bl nitrogen into the Hask and keep
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the whole reaction under a nitrogen cuvirownent. in order to suppress

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

A schenmaric drawing of this setup is shown as Figure 2.8. The stopper on the
center neck three-way adapter was loosened a little because of gentle Howing

ol nitrogen.

Seeded Growth Procedure

Reagents were added into the separatory fimels after the seeded growth
svstemn was iustalled. Alming at a final particle size of approximately 1 .
the ot of TEOS needed was 159 miL following [27] and [29]. The wax-
imum TEOS addition rate was 2.3 mb/h according ro Giesche couditions,
Therefore, a 2 M oof TEOS solution was prepared by adding 190 bl of TEOS
and 236 ml of ethanol in one separatory funnel (funnel A). A superfluous
aowitt of solution was added in order to leave sufficient liquid in the tannel
to keep the pnmp working properly diring rhe whole seeded growtl. A so-
lution of 151 M water and 1.35 M NHy in ethanol was prepared by adding
100 mbL of distilled water. 310 mbL of ethanol and 38 mbL sunmonim hydrox-
ide in another separatory funnel (fannel BY. The molar concentration of onr
anoninm hvdroxide (12.5 M), determined by titration, did not agree with
285 to 309 weight pereenrage (0.9 kg/L. approximately 15 N labeled on
the bottle. So the actual molar conceentrarion of NIy in funnel B was 1.06
A (not 135 M oas in [29]). This could be the possible reason that our results

Jdid not agree with the work in ")






After flling with reagents, the funnels were filled with nitrogen and closed
with stoppers, in order to protect the reagents with a nitrogen enviromment.
The stopeocks of the two funnels were then opened and the liquid in the tub-
ing conld pass throngh. It is sometimes necessary to squeeze the tubing in
order to exclude the air in it. Once the lquid passed through the pump (the

calibrated part of tubing), the calibrated tubin

f

os were tightened by closing

the compression cas and tightening the adjustient screws.

The cam pressure on the tubing was adjusted (by thie adjnstinent screw)
to the minimun necessary to ensure pumping of the liquid [34]. One should
slowly tighten the serew until the pump starts pumping liquid inside the
tubing (the front of the liquid starts to How peristaltically). and then tighten
again approximately 1/8 turn. Care must be taken not to over-tighten the

screws inorder to minimize wear on the calibrated tubing.

I order to get a 2.3 mL/h TEOS adding rate. 5.1 mL/L (equals 0.0851mL /1nin)
How rate for TEOS solution in funnel A was used (same flow rate for funnel
B). Therefore a pump head rotating speed of 5.82 rpm was used for this
pup and this size of calibrated tubing (see Table 2.1). Since the rotating
speed was the same for the two chaunels. the How rares for these two tub-
ing should be ideally the smme. The hardening (by TEOS) of the calibrated

rubing. however. leaded to a different anount of Hattening and stretching
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of the calibrated tubing by the punp. thus the actunal How rates were not
the sane for the two channels during the sceded growtl. The longer tine
the seeded growth took. the worse this problem was. Carveful adjustinent
of the screws wus carvied out after approximately 12 hours to decrease the
diffevence of flow rate. The How rare diffevence was coutrolled to be within 2
L/l during the whole sceded growth (approximately 70 howrs). This is an
mportant area of possible mprovement of particle monodispersity. Instead
of PV'C calibrated tubing. one can use otlhier more durable calibrated tubing,

sich as viton tubinge.,

The TEOS solution aud ammouimn hiydroxide were slowly pruped throngh
the two clianels of tubing and finally dropped into thie seed suspension
through the glass tips of the inlet tube. It was mportant to cnsure the
droplets of veagent fall in the suspension directly {especially the TEOS so-
Inrion) rarther than fall on the wall of the vessel fivst. This was to avold
locally nonuniform concentration of reageut or any hvdrolysis of TEOS be-
tore it reached the sced suspension. whicl could canse nnwantred effeets like
secoliddary nueleation or aggregation.

Nitrogen eas was blown cently through the middle neck, preventing pre-
mature conract of the two reagent drips aud unwanted hydrolysis of TEOS
witlh the ambient atmosphere. should be very gentle that the stopper on the

adapter can onlyv be very slightly loosened hecanse of the nitrogen blowing



ont. The rwo separatory funuels were refilled wirh nitrogen approximarely
every 10 hours: in order to keep the pressurve balance hetween the nside of

outside of the hinnels <o that the pump can work properly,

The room tewperatnre (outside the hune hood but i the 1lab). during the
whole seeded growth. was 23 °C: while the water bath temperatures were 21.5
*C for two hatches NLO and NLE and 19 °C' for NLY. without any noticeable
Huctuation. The reason for the temperature difference between the room and
water bath could be that the temperatire inside the fume hood was actually
lower than ontside: and the reason for the water bhath temperature difference
between NLG/NLS and NL9 may be ditferent sizes of reaction vessels used

for these hatches (NLG/NLS 1 L. NL9 500 mL).

Particle Transfer and Polydispersity Analysis

The result particle transfer procedire was similar as before, using a lower
centrifuge speed of approximately 500 rpm for 4 howrs. The four batches of
all seeded crowth are NL4 (NL3SL means first seeded erowth of NL3 FITC
seedsy. NL6 (NL3S2). NLS (NLAS) and NLY (NL5HS2). as shown in Figures

2094, 290, 2.9¢. and 2.9d.

The polvdispersity analysis was done i the same procedure as betore. Table

2.2 sunnnarizes the centrifuge speed and ultrasonication rine wsed for differ-






ent batches.

Table 2.2: Sunnnary of centrifuge and ultrasonication conditions for different
particle sizes. NL1.2.3 were centrifuged and altrasonicated using different
centrifuge (Sorvall) (thanks ro Dr. Merschrod) and nltrasonic bath (NEY.
100 Ultrasouik).

The details of the three batches of seeded growth are summarized in rable
2.3, The column ~funnel A™ and “funnel B refer to the amounts of 'TEOS
solution and anmmonium hvdroxide used in funnel A and B by the three
batclies (keeping the same ratio of 190 mL TEOS. 236 mL ethanol for TEOS
solution and 38 mL anunonimm hyvdroxide. 100 mL water and 310wl etlianol
for anmuoninm hydroxide). The columns "NHz (M) / “HoO (MD)" show the
start and end NHy / HaO molar concentration in the reaction vessel. Taking
NLG as an example: we started with the 90 mlL secd suspension. contain-
ing 4wl of ammonium hydroxide (this was the same for all three batclies).
from which we can caleulate that the begiuning N1y concentration in the
vessel was 0056 N (nsing the titration result. fe. 12.5 M N1y in annnonihun
lvdroxide); afrer the syuthesis was finished. 316 L of TEOS solution and

376 ml of anmonium hvdroxide had been added to the reaction vessel. from

Batch # [ o Com) [ Centvifnoation g > hours) | Ultrasonication (hovrs)
\NL1 Ui Loy > 3 2 |
NI i34 1150 > 3 D
ALS Ui 0 > 4 6
NLG L.27 500 - 3 2
NLY L.14 00 > 3 2
\L9Y 0.77 R R




INILy (AL 1w (M)

Batch | funnel A | funnel B | Begin | End | Begin | End | @(jun) | PD (%)
NLG | 346 mL | 376 mL | 056 1 0.55 | 8.5 8.2 1.27 1.1
NLS | 207 mL | 248 mL I trou | 057 | 8.5 8.0 1.14 3.4
NL9Y 86 1L SltmL | vab 053] 85 8.0 07T 3.8

Table 2.3: Summary of seeded growth: “funnel A™ and “fuunel B” refer to
the amounts of TEOS solution and anunonium hydroxide solution used in
funnel A and B; “NHy (AL / “H,O (M7 show the start and end NHy / HaO
molar concentration in the reaction vessel: and the last two columns show
the average particle diameter (@) and polvdispersity (PD).

which we can caleulate that the end NHy coucentration was 0.55 M. Simi-
larly we can caleulate the beginning and end concentration of H,O (8.5 M
aled 8.2 M) in the reaction vessel (there is 39.1 M owater in omr anunoniuil
Lvdroxide). It is clear that the  d3 concentration was between 0.5 and 0.7
M as Giesche's guideline, and the water concentration was approxinately 8
M. The columm "o ()" shows the average diameter of vesult particles. and
“PD (%) shows the polvdispersity. Our seed suspension Si0a concentration
was 0,46 M. slightly less than 0.5 M. This was fine because, as we nmentioned
before. Giesche's guideline is not a strict limit. The SiO, concentration (not
listed in 2.3) was the same for all three batches (31 mbL 80 g/L silica in

ethanol. 44 ml ethanol. 11 mL water and 4 mL ammounium hvdroxide).

The polvdispersity of NL8 (M7551) is smaller than NLY (NL552). because
of the following reason: providing the same amount of hydrolyzed TEOS

condensate, namely the same volume of silica shell grown ou the silica sur-

[\
[\l




face. the diameter inereases slower as the diameter gets bigger (see Eqnation

2.3 28], where @= diameter, N = nass). Therefore the polvdispersity, the
relative diameter difterence between particles. becomes sinaller as the particle

diameter hecomes higger.

3
(g ....... ) _ ;’”““”Q" ...... ) (23)

Few MTEOS total
However. the polvdispersity of the largest particles NL6 (NL352). was higger
than that of the particles NL8 and NLY. This was probably due to the irre-
versible Hattening of the calibrated tubing, which made the coutrol of How
rate more and more diffiendt during the svathesis (especially after day 1).

and finally created a lot of second nucleation at dav 3 of NLO seeded growtl.



2.2 Image Proc ;i g of Co: focal Images Us-
ing I DL

We wse the confoeal microscope to obtain grav scale intensity images (256

oray levels for 8 bit image) sucli as the one shown in Figure 2,10, We need

Ficure 2.10: A frame from confocal image of core-shell silica particle: 1.1
(i NLG silica colloids observed by confocal microscope (100> objective).
The bright dots in the image are the Huorescent labeled cores. The particles
are actually touching cach other, but the cores are separated by the none-
Auorescent labeled shells. Note that there are some cores touching cacly other
forming doublets or triplets. They are just “impurities” formed via seeded
crowth on an two-particle or three-particle aggregates of seeds.

to convert this two-dinensional matrix of spacial intensity information (nor-
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mally a tagged image file format, known as o “tiff” image) into information
about colloidal particles such as positions of particles. This conversion pro-
cedure for our confocal microscopy images of colloidal dispersions was done
using IDL. the Interactive Data Language. In this section. we will discuss the
methods of particle tracking and particular IDL procedures for different pur-
poses sieh as calculating pair correlation function. volume fraction of silica

wicrosplicres in colloids, and order parameters of double-particle honds.

2.2.1 General Method for article irackir

The general methods of tracking bright dots on a dark backgrownd. described
in Crocker and Grier's article [35] and the website of Evic Weeks at Ewory
University [36]. is suitable for our confocal images. This method normally
contains three steps: first identify particles, then get data for all the particles

vou want, and finally link particles to fornn trajectories.

Identify Particles

IDL procedure “pretrack_thiresholds.pro™. based upon procedures available at
Eric Weeks" website [36]. with modifications written by Hugh Newman. was
the particle identifving procedure we used. The purpose of this procedure is
to determine the parameters we will use in particle tracking. The algorithm

of this procedure is as follows (see IDL codes in appendix A):

it



e First. read the tiff stack iinage (o mlti-frame tiff image) we have with

readtiffstack.pro (a function to read in a tiff stack into a single variable,
written by Eric Corwin). show one frame in the original image as a

reference (see Figure 2.11 a).

Then use “bpass.pro”™ [35], a spatial bandpass filter. to smooth the
image and suppress the background noise, in order to make the image

“Gaussian-like”™ white spots on a black backeround (see Figure 2.11 b).

The function “feature.pro™ then is used to analvze the liltered data and
select the needed spherical features (particles) with the given param-
eters stuch as feature “diameter” (a little greater than apparent parti-
cle dinmeter in pixels. but smaller than separation. defined as ~d”™ for
short), “separation” (specifies the minimumu allowable separation he-
tween feature centers, defined as “s™), “masscut” (minimam allowable

brightness). The way “feature.pro” locates particles is as follows [35]:

— First, identify the positions of all the local brightness maxina
in the image. which are defined in a circular neighborhood with
diameter equal to “d”

— Aronnd each of these maxima. place a circular mask of diameter
“d”. and caleulate the x and v centroids, the total of all the pixel
values (e, total brightness). the “radius of gyration™ (sinmlates
radius of gyvration in the mowment of inertia for an object with

brightness instead of mass). and the “eccentricity™ (0 for cireles
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and 1 for lines) of the pixel valnes within that mask.

— The resulting x awd v values will have errors of order 0.1 pixel
for reasonably noise free images of features which are larger than
about 5 pixels across. The crror is smealler than 0.5 pixel (which
corresponds to the location of a single pixel signal with 1 pixel
resolution) because the location of the center of a spherical feature
can get information from all pixels in this feature. which incereases

the acenracy location of the cenrer than a single pixel signal.

Feature.pro produces 5 columns of data from the image: (1) x-centroid
(2) v-centroid (3) total brightness (4) radius of gyration and (5) “ee-
centricity”. The plot of “radius of gyvration™ vs. “total hrightiess™ in

Figure 2.11 ¢ help us to decide the brightness cutoff.

Finallv. we use “fover2d.pro” to compare our original image with the
particles identified as wanted features. We can modify the paraimeters
till we are satisfied that features found agrees with thie particles we waunt
(sce Figure 2,11 d). This judgment. whicli depends on our particular
needs while processing the images. could be niade more objective using
svstematic nmethods with the help of analvtical software (Tgor Pro). \We

will discuss this in more detail in Chapter 3.






Two-dimensional Particle Tracking

After identifyving particles fron a test frame, we know the parameters to find
particles in our iimage. We then apply these parameters to all the frames of
our stack tiff image to get the data. The procedure used here is “hpretrack-
pro” (modified from Eric Weeks's procedure “epretrack.pro™ by Hugh New-
man with some ohsolete options about Noran image format removed). which
applies the parameters to the stack tiff image and produces a gdf file (a bi-
nary file format) containing 6 colunns of data. The first 5 coluinns are the
same as before, i.e. x and y position coordinates, brightness. ete. The 6th
colutn contains the uniformly gridded time “t™ that the position was deter-
miined (i.e. frame nwnber). All data in the gdf file are sorted by the frame

nunber so that the 6th columm is monotonically increasing.

We can nse the gdf file as the input of the procedure “track.pro™ [35] to pro-
duce a T-cohunn data list. The additional 7th colunn is a unique “Particle
[D nuunber” series appended to the original G6-column input data structure for
each identified particle trajectory. The result array is sorted so the rows with
corresponding ID munbers are in coutiguous blocks. witlt the time variable
monotonically inereasing inside cach block. The parameters for “track.pro”
inchdes "maxdisp™ (an estimate of the maxinmum pixels distance that a par-
ticle would move i a single time interval). “memory™ (the maximum number
of tinle steps that a particle can be “lost™ and then recovered again), and

“poodenougl’™ (to eliniuate all trajectories with fewer than goodenough valid
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positions. This is nseful for eliminating very short. mostly “lost™ trajectories

due to blinking noise”™ particles in the data streann.), etc.

Three-dimensional Particle Tracking

Particle identification aud tracking in three dimensions (3D) is very similar
to two dimensions (2D) [36]. There are differences in the tools nsed in the 3D
procedures. for exawple, “bpass3d.pro” [35] is nsed instead of “bpass.pro”.
“feature3d.pro™ [35] instead of “feature.pro” (instead of using one number for
“diaimeter” in 2D, we use an array containing diameter in x, y and z directions
as the ~diameter” in 3D). “fover3d.pro™ [35] [30] instead of “fover2d.pro”.
and “ept3dpro” [36] instead of “hpretrack.pro™. The 3D procedure “nl_-
Scdpreview™ (ul prefix refers to Ning Li. which nieans written by Ning Li) was
used to identify particles in 3D image (z-stack confocal image). similar as
“pretrack_thresholds.pro™ in 2D. However, “ul_3dpreview™ is able to measure
the dimensions of particles in three dimensions. 3D tracking gives x. v,
and 7 coordinates of all particles, which can be used to study the deusity

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

2.2.2 Structural Analy s of Colloidal System

Once we have obtained the positions of all colloidal particles in a reference
2D plane or a 3D volunie. we can investigate structural information about the
colloidal system. We created IDL procedures to calculate structural ¢nan-

tities of inferest, such as the pair corvelation function. the vertical particle
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density profile. as well as two order parameters based on rhe bond density
and bond angle. These IDL procedures contain two parts. The first part,
discussed above. is the general method of getting the positions of all the par-
ticles we want. The secoid part then uses tlie particle positions to do our
researcli, We will introduce the image calibration method and algorithns of

these procedures in this subsection.

Image Calibration

Our calibration sample is a dip-coated. dried core-shell silica sample (N1.Y).
which has a uniforim layer of 0.77 yun (about 4% uncertainty. see Table 2.3)
particles close packed. Because we can find large single domains in the dip-
coated, dried sample. we can measure the center-to-center distance along a
line of sone 10 particles (thus reducing uncertainties by the same factor). We

3O

measured the diameter in pixels of the confocal image of this sample (8.96
pixels. 2% uncertainty) so that we know it is 11.64 pixels per micron (64

nuncertainty) for a 700 x700 confocal image (100X objective). corresponding

to 0.086 micron per pixel.

Pair Correlation Function

The pair correlation function g(r) calculates the probability of finding the

center of a particle a given distance from the center of another particle [36].
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The 2

where

and

n(r)is

r+ A

D pair correlation function g(r) is detined as

gl = A (2.4)
o

. n(r) N -

Pl = 2rr - Ar (2.5)

B AY 56)

o = 1 (2.0

the ymmber of particles whose centers fall within the range of r to

ro A s acswall inerease inor: Vs the total particle mnber: o1 is the

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

Consider each particle in the inmge in turn. In the 3D case the range
is o spherical shell with thickness of Xroand in 2D this s an annulus
with width of Ar. We caleulate the particle munber density within
this range aud loop over all valnes of v with step size of Ay to get the
density distriburion along . The 2D case ix. for example. expressed in

eqitition 2.5,

Calenlare the average particle mumber deusity of the whole sample.
which is the toral parricle munber N divided by the total volue (3D)

Or area (_)D)



o Ger g(r) by dividing the particle mmber density within r to r 4+ Ar

by rhe average particle munber density. to ensure that ¢(r) = 1 for

structureless data (see equation 2.4).

The IDL procecire caleulating 2D g(r) is nl_ericgr2d.pro™ (Ning Li). apply-
ing Eric Weeks's 1DL routine “ericgr2d.pro” as part of this procedure. The

algorithm of thix procedure is as follows:

o Obtain 2D particle coordinates. Use the general inerhod for 2D particle
tracking (deseribed i 2.2.1) to get the data for all particles from a time

series of mages at fixed z positiou.

e Apply Eric Weeks's IDL routine “ericer2d.pro” to caladate g(r) of the

particles.

— Create 2 column matrices of idenrical dinensions Ay and A
one (M) where cach row containing x and y coordinates of one
reference particle (rg. yy). the other (M) where each row contain
x and v coordinates of all the particles (N particles. for example) in
caclt frame of hmage. Subtracting Ay from M/, gives all distances

(of each particle i the frame) from the reference particle, as shown
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in Equation 2.7,

RNTE ) I Lo — . Yo — I
Lo Yo Lo Lo — & Yy — Y

_ _ (2.7)
Lo Yo INUN Lo =N Yo T YN

— Compute the density function of @l distances from the reference

poiut using “histogram™ function. We decide upon the value of
the bin size of r (Ar). which is the uniform grid length of r. hased
ol a noise criterion. Ar is normally nmch less than the particle

diameter.

— In order to get an accurate particle count using a sequence of

cirenlar annuli of increasing radins. within a rectangnlar himage.
we used @ subroutine “checkquadrant™. which can deteriine how
much angular extent of the circle lies within the image when the

circle of radius 1 extends outside of the iimage.

— Divide the array of “histogram™ and the array of annulus arvea

with radii of various 1 (monotonically increasing from minimum r
to maxinnun v by the step size of Ar). we get the g(v) array for

this veference particle,



Run this procedure by treating cach the particle in the frame as
the reference i turn and loop over all frames, accinulate all the
ofr) and finally normalize it by particle number. fraome munber,
and average particle number density, we get the final g(r) result

for this iimage.

e Print the result of “ericor2d.pro”. which contains the whole range rand
corresponding g(r). into a data file readable Dy thie graphical analysis

program Tzor Pro.

Silica Colloids Vertical L sity Distribution

The procedure “ul3dhisto.pro™ caleulates the vertical profile of particle nun-
ber density, lience we can get the vertical voliune fraction distribution as a

reference parameter while doing electric ticld experiments.

The confocal image nsed for this procedure is a z-stack series (tiff file), which
I an image series taken at co 7 wously shifting 2 (vertical) positions step by
step through the whole thickness of colloidal particles. Tlie z step munber
is the frame munber of the z-stack series image. Along with the tift image
stack. there is o mesv™ file (fext tile) recording the actual z position of each 2

step (1.e. each frame). The algorithim of this procedure is as follows:

e Obtain 3D particle coordinates using the general method for 3D parti-

cle tracking. As the z step nmmber i a 3D lmage is shimply the frame



unnber. the z positions of particle centers thien is expressed by a muin-

ber between the minimum and maximui frame number (for example,

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

Obtain vertical density profile. Histogram thie z positions of particle
centters to compute the particle number density distriburion along z.
We wish to obtain local volunme fraction as a function of z. In order
fo do this. the reference volume should Lave thickuess comparable to
the particle diameter.  oaercfore. the munber of frames contained in
caclt binn of the “histogram™ (detined as “binsize™) times the actual
shifted deptli in each frame (defined as “stepsize™ ). which is the real bin
width i microns. should be slightly Targer than the particle dianmeter

(expressed in Equation 2.8).

[
s
-

hinsize x stepsize > divimeter (:

That is. the =slice™ has full x and v extent. and is thick cnough to
inclnde one layer of particles. We histogram the full range of 7z where

particles are found.

To calculate the voluiie fraction. multiply the volune of one particle
with the particle number in cacli bin, and divide by the actual vohune
of that bin slice. The actual z position is from the “esv™ file. The actual
x and v ovalue s from the difference of the maxinmun and minimum x

and v data out of the whole image (which is very cle » to the full x
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and v dimension of the image due to the densely packed particles in
the bottom frame of the image), and multiplied by 0.086 wicron per

pixel. obtained from calibration.

Priut output data. The output data is printed to a “dat™ file. containing
one column of the z position ad another colummn of the corresponding

munber density distribution.

Moving average. Sometimes the stepsize s much smaller than parricle
diameter. Lience the binsize is big due to Equation 2.8, It we still need
ro move in z by small steps in order to take more volume fraction data
(the reason for this is explained in the next chiapter), we can simply add
another histogram of z which is shifted by« small munber of frames
(~snf™ for short. this number should be smaller than the binsize of the
Arst one). but still using the same binsize and the same maximum of
z. Then we get another set of histogram whose z position is shifted
by “=nf”. By rearranging the z position in the output data. we have
a list of volume fraction with more details in terms of 2 position. For

example, if we set “suf™ to be half of the hinsize, we will then get a
series of vohune fraction in the step of hialf bhin, but with each bin widtl

still thick enongh for the particle size.

For example, a z-stack confocal image of naturally sedimented 0.77 puy silica

particles (NLY) gives a x-z profile of the 3D cube (see Figure 2.12a). which
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is produced nsing the routine “vslice.pro™ [36] in procedure “nl_3dpreview™,

with x:z ratio of 2:1 for a more spherical appearaiice of particles. The proce-
dure nlz3dhisto.pro™ will give the particle munber density distribution along
thie z direction (see Figure 2.12h). The structwre of this profile is explained

i more detail i next chapter.

() A x-z view of naturally sedimented silica particles in wa-
fer, DMSO mixtnre,
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(b) Particle number density distribution along Z. Y axis of the

plot is number of particle centers. X axis of the plot ix z steps

<A

starting from the bottom of sediment.

Fieure 2.12: Examuple of the particle munber density distribution from «
three-dimensional inage stack.



Particle Bond Density Calculation

We define a “bond™ to exist in our iinage when two particles are close enough
that the distance of the centers of thew is shorter thian the hond length we
set. Note that this bond ig not a real chemical bond but simply a criterion
for describing proximity between two particles. The bond density, by our
definition. is the ratio of the number of bouded particles to the total particle
nuber. The procedure nl_bondensiry”™ caleulates the bond density of a
time series confocal image of our core-shell silica spheres under an external
electric field. to see how the field affects the hond density. The algorithm of

this procedure is as follows:
e Obtain 2D particle coordinates.

e Count number of particles in eacl fraune. I each fraue of the image. we
take the x and v coordinates of particle centers. and caleulate nunmiber
of particles i the frame (represeuted by N). Then make a one-columm
array (for the next step) with the muuber of rows same as the particle

wnber in the frame.

e As the x v coordinates consist of two columns of data with the row
nuber equal to the munber of particles found iu the frame. we can
oot all the possible distances (D) between cach particle in the frame by
subtracting from the original coordinates a set of coordinates which are
shifted i1 rows by the ammount of 1 to the maximum particle munber
in this frame. Comparing the distances with the bond length (L), we
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know which particles in the frame are bonded. Force the same places
wliere particles are bonded in the wrray we created in last step to be
“17, and therefore the sum of all elements in this array is simply the
number of “honded particles™ (Ny) in this frame. Divide this number
by the total particle innmber in this frame (N), we will get the bond
density in this fraome (p(2)). We stiimmarize the ealenlation in one
frane in these equations:

No= N Count(D < L) (2.9)

4

all particles

1‘\’7,
ol Z) = —\—’ (2.10)

where C'oant weans thie number of cases satistying D < L.
e Loop over all frames in the thne series and we get the average bond

density for the whole image. "N is the number of fraunes in the inlage

stack. we can express the final bond density p, as:

Sl )
Py = ) (2] U
N

Awverage Particle Bond Direction

We also want to investigate how the external electric field affects the direction
of the bonds. The procedure “unl_bondtheta”. whose purpose is to calculate

(cos® @)« 1 (sin”d). wh -6 1e angle between the line joining the centers
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of two bowded particles awd the external field direction along v axis. follows

this aleoritlun:
e Obtain 2D particle coordinates.

e [n cach frame of the image. we take the x v coordinates of particle

centers, and calculate munber of particles in the fraue.

e Similar to the procedure tor bond density ("ul bondensity™ ). we calen-
late all rhe possible distances (D) between each particle in the frame
by shifting the coordinates in rows, Here the distances in separared x
and vodirection (N and Y) are recorded as well as the total distances
between the honded pair particles. Tt is actually the square of the
distances rhat are calenlared in the 1)1’()('(‘(1111‘6. To calenlate cos= 6 and

. ) . . . . .
sin” 6 we can simply divide the vand x distances by rlie rotal distances.

e Loop over all particles in each frame and all frame of the hage, we
vot final {cos* @) and (sin”6). We summarize the caleulation for the

complete image stack in these equations:

2 "_’//[);v
D DR (2.12)
bonded 1);\1'”(‘11»5 A\l) DN ‘\f
) ‘\'—'/D_)
e N N % N, 213
(vin” ) s .

bonded particles

where Nyis the nuber of frames in the iimage stack.



2.3 Electric Fiell _imulation and Construc-
tion

The exterual electrie fickd smnple cells used for onr colloidal svsteimns was
designed and constructed in cooperation with Mo Josepl Fitzgerald and
Dro Amit Agarwal, First. we used a sinnlation package ~Polsson Superfish”
(Los Alamos National Laboratory) to visnalize and quantify the electyic tield
created between thin cold-filin-electrodes conted on glass microscope slides
and cover slips, The purpose of the simulation was to analvze the feasibility
of using thin gold-flm-clectrodes on glass substrates to create a uniforin
linear/rotating electric field in the plane of colloidal siuple hetween glass
shides. Then. we used the results of the simulation to design appropriate
eeolletries for uniforin linear and rotating fields.  Finallv. we constrieted

clectric Held cells as shown in Figure 213,

2.3.1 Simulation of ..ectric Field
Stmulation of Linear Field

We simlated the linear field hetween two pairs of thin gold-filn-electrodes
on glass substrates, with solvent of vavious dielectric constants filling in be-
tweell. Fignre 2.14 shows the center part of the side-view sketch of linear
ficld clectrodes coated on glass substrates: parts A are glass substrates (up-

per A is a cover slip. 0017 mum thick, aud hottom A is o microscope slide. 1






nun thick): parts B are the colloidal sample we want to stidy, which shonld
be one continuous part but was most simply put into the program as three
piecewise sections: the geometric center of the part B in the middle i de-
signed to e at the center of the graph, i.e. x=0, v=0: and the two pairs of
white bars above aid under the two parts B on the left and right side repre-
sent the thin gold-filn-clectrodes coated on glass substrates, 0.025 m thick.
The otler unmarked parts are vacuunl. The geowmetry of the whole electric
field was first designed. an electric potential was then applied on the thin
cold-film-electrodes in the simulation (for example, the left pair was given
A potential of 200 V and the right pair was given -200 V). and the electric
Held aud potential in this geometry were calculated automatically (only for
the points from the intersections of the tiny triangular grid of lines in the
backeround, known as “mesh™ in Poisson Supertisli, which should be small
cnough, 0.025 mm in our case. for Poisson Supertish to calculate the potential
and feld correctly). Different materials were represented in the shinulation
by different diclectric constants in the editable input file: 4 for glass, 80 for

water. ete.

Ficure 2.15 shows the calculated electric potential and field directions of
linear Held geometry. The small arrows show the divection of local electric
fickl. and the pine lines are equal potential lines. When moving the mouse
cursor on this graph. local position. electric ficld and potential are antomat-

ically shown by the software.









o Move the mouse cursor to the central point (0.0) and record the electric
field magnitude |Lyl. Caleulate (50/1172)¥| L] (approximately 190 of
this vadne, picked as omr desived field wiformiry). call this value AE,

Record £.(0) (the x component of the electric field at (0.0)).

o Traverse thie positive x (horizoutal) axis and observe the poiut at which

[5.(0) = [0 = AL where I, is the x component of the electric field

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

e Repeat the previous step. but instead traverse the negative X axis.

Record this x position.

The positions recorded from the positive and negative sides were svinmetvice,
provided that the external field is linear. Therefore. we nsed a single valne
for the wideh as £ (A~ 03n0m). It was also observed thar tlie nou-
nniformiry in the v component of the elecrrie feld was mnel sialler tlian that
i the x component. I fact. L)) remained acceptably unifornn everywhere
Detween the elass regions along the lines of acceptable F,. This indicated
that as far as we observe on the center line between the two pairs of electrodes
(which ave at the lefr and right side in Fignre 2.14). the electric fiekd should
be sufficiently uniform. Figure 2.16 shows au exawnple image of an acceptable
range. = Ao s represented by the horizontal red bar. Ay is considered to
span the entive range between glass slides. as shown by the vertical ved bar.
Shaded grav area represents the entire region of acceptable unifority (x and

v ocomponents vary less than 4.2, .7 in this region). Black axes and gray box
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are superimposed for clarity (the area is approximately 600 nm x 300 nm).

Figure 2.16: Example image of an acceptable range in side-view lincar ficld
simulation: Az is represented by the horizontal red bar. Ay is considered
to span the entire range between glass slides, as shown by the vertical red
bar. Shaded gray area represents the entire region of acceptable uniforiity
(x and y components vary less than 4.27% in this region). Black axes and
gray box are superimposed for clarity.

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

observation.

Stmulation of Rotating Field

It was also necessary to develop a criterion for the acceptable range in the top-
view geometry for rotating field. Figure 2.17 shows the top-view of the center
of the rotating field electrode structure. In this figure, the white parts “1A",
“1B7, “2A”, “2B” represent four pairs of thin gold-film-electrodes. The two

electrode up and down in each pair (we cannot see them both because this is
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the top view) were given the saie eleetric potential in the simulation. similar
as the linear field. The rest of the figure represents the colloidal sample we
wallt to observe, A rotating field can be obtained like this: connect 1A and
[B to positive and negative output of a sine wave AC power supply “chaunel
170 similarly connect 2\ and 2B to positive and negative ontput of another
sine wave AC power supply “channel 27: channel 1T and channel 2 have the
satie frequency, but 90° phase difference. Hence there will he a electrice field
with constant strength and rotating direction produced in the center of the
fonr electrode pair (which is also made to be the geometric center (0.0) in
simnlation). A similar rechinique was used to determine the acceptable range
of ficld nniformity. We detined the following method for extracting the range

from top-view geoimetries:

e Move the mouse cursor to the central point (0.0} and record the electric

(approximately 4% of

. Caleulate (50/L172)%|

Held magnitnde |7,
this value). call this value © 7. Record E(0) aud E,(0) (the x and v

compouent of 5.

e Traverse the positive and negative x (horizontal) axes and observe the

two points at which |F,(0) = F()] = %, where 72,.(2) is the x
component of the eleetrie field at sone point on the x axis. Record

the x positions of these two points. for example. A, = -0.53 mni. 0,41

mnl. Note these values are generally not syvimetric.

e Traverse the positive - itive v (vertical) axes and observe the two



points where |E(0) = E (y)|  AE. E,(y) is the x component of the
electric field at some point on the v axis. Record the v position of these
points. for example. * oy, = -0.44 mm 0.54 mm. (Tt was observed that
the v component of electric field I, was always satisfving the criteria

within Ay, ieo Ay, > 7 )

o These four values define a rectangle (the big blue rectangle in Figure

2.17). Traverse the top aud bottom edges of this rectangle, and record

the x positions of the four points where |E,(0) - E, ()] = AL E, ()
is the v component of rhe electric field along the top and bottom edges

of this rectangle. In our simulations. these fonr points were svinetric
about v axis, =0 we recorded our data in the form +£Ae, = 0.26 mn.
e The acceptable range is now considered to be the smaller rectangular
region (gray shaded region in Figure 2.17) in which both the .. and
A, eriteria are sarisfied. Obscervation in this region hias the uniformity

of electric feld gunaranteed.

2.3.2 Design and Construction of Electric Field Cells
Design of Linear Field

Using the clecrric-Held simulation package Poisson Supertish, we demon-
strated the feasibility of creating a uniform linear/rotating electric field with

tl1 " pold-filim-electrodes coated Tws substrates. Then we designed two






types of masks for gold coating in order to make the gold-filu-clectrodes on
microscope slides and cover slips. The cells used for electric field studies on
colloids were made by two pieces of glass substrates coated with exactly the
same structure of electrodes. having eacli pair of electrodes facing each other
aid the potenfial difference between different pairs of electrode creating the

horizontal lncar/rotating ficld.

The masks were made of brass (thanks to Mr. Whalen). with a size same
as number 1 micro cover slips. i.e. 30x22 mm. The desiening sketch of the
brass mask for linear field is shown in Figure 2.18: The black parts are the
cpty arca on the mask where gold can be coated through. aud the white
area is brass where gold vapor is blocked during gold coating. Each electrode
(the black pare) is formed by a main rectangular electrode and w short “wire”
on which we canmake contact. The dimension of cacli rectangular electrode,
as shown in the figure, is 22x6 wn. They are 2 nun apart from each otlier.
4 mm frour the top and bottom boundary of the mask, 2 mm from the right
boundary, and 6 mm from the left boundary., The short ~wire™ counected
to ecacly electrode is 1 nnn wide and 5 nun long. The end of cach line then
i~ 1 mm from the left boundary of the mask. The plhoto of the actual lin-
ear field mask is slrown in Figure 2.19. Nore that all the right angles were
ronnded for technical reasons (the smallest milling 1machine bit available was

approximately 1 mm in diameter).
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Figure 2.18: The design of the linear field mask: Each electrode (the black
part) is formed by a wain rec¢ gular electrode and a short “wire” on whicli
we can make conduction. The dimension of eacli rectangular electrode. as
shown in the ligure. is 22x6 mm. They are 2 nin apart from each other. 4
mm from the top and bottom boun .ry of the mask, 2 mm from the right
boundary, and 6 nun from the ft boundarv. The short “wire” connected to
cach electrode is 1 mn wide and 5 mm long. The end of each line then is 1
nn from the left boundary of the mask.



Figure 2.19: Brass mask for linear field.

Design of Rotating Field

Similar as the linear field mask, the rotating field mask was also made of
brass and had boundary dimensions of 30x22 mm. The sketch of rotating
field mask is shown in Figure 2.20: Same as the linear field mask, the black
parts are the actual structure of gold-film-electrodes, and the other white
area is brass where gold vapor is blocked during gold coating. The four
electrodes (9x3 mun) are all rectangular flattened at the near-center angle
by a small 0.5x0.5 mm 1" it . ‘e triangular, in order to agree with the
electrode structure in former inulation (see Figure 2.17). But actually the
near-center angles were rounded due to technical reason, instead of flattened
(see Figure 2.21). The four electrodes were designed to be separated from
each other by 2 mm, but actually they were made to be separated by 2 mm

horizontally and 1 mm vertically in brass masks (due to technical reason).
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The electrodes are 2 mm from the right boundary of the mask. and 8 nim

fronr the lett boundary. They were designed to be 7 i from the top and
the bottom boundary of the mask. but were actually 7.5 nin as the verti-
cal distance between electrodes was <hrunk by 1 mim. The “wires™ on the
electrodes were designed to avoid overlapping of conduction joints witl real
wires when making the cell. The “wires™ are 1T mm wide and 2 mm away
from the left boundary of the mask. The phoro of actual rotating feld mask

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

Construction of Electric Field

The construcrion of linear and rotating electric field microscope sample cells

followed these steps:

e Use the brass masks for linear and rotating field for gold coating on

wicro glass slides and cover slips.

C'ut each microscope stide (VIVRL 75> 25 mu. 1.0 nan thick, plain)
into two identical pieces (37.5>25 mm). Prepare 8 pieces of them
and 8 micro cover slips (VIWWR, 30> 22 mm. 0.17 i thick) as we
Lave 8 linear field masks and 8 rotatring field masks.

— Ultrasonicate these glass slides in soap water for approximately
30 minutes. Then clean them with tap water and distilled water,
Ouce there is a thin nou-dewetting water layer on the glass slides.

thev should be elean enov 1 The  ashed shdes are then naturally
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We also used chirominm-gold coating, i.c.  chrouiuu (99.998%
pure, Kurt J. Lesker) coated first on glass and then gold coated

o

on chivomium, for a better electrode adherence to glass.

e Make contacts with thin electric wires (AWG, unu) on the gold coated

elass slides.

— Clean the extra gold on the glass slides in case of any unwanted
shorting when turning voltage on. The gold does not stick to
elass well, so it is very easy to clean the extra gold with wipes
(INimwipes). On the other hand. we need to be extremely careful
not to scratel the gold electrode by any chance. The chromium-
cold coated electrodes stick strongly to glass and are difficult to
scrateh. However we need to use 209 hydrochloric acid to clean
the extra gold on these slides.

— Cut a piece of electric wire (approximately 20 cm) for each elec-
trode. Use wire stripper to strip the insulation from electric 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, with
the same type of gold coating facing cach other and ~wires™ left at
opposite sides. So we put one gold coated cover slip awd another
saie-type-coated micro glass slide on a aluminum boavd (for the
later heating). Carefully put the stripped 2 m eud of each wire

ol each wold “wire™ of 7 pold electrode. Use a a swall plece of



almninum foil tape to stick the insulation part of the wires, for
the cover slip. onto the alumiimun board. The alumimun foil tape
call endure a high temperature when we cure the conductive glue,
Similarly use this tape to stick the wires onto the microscope slide
as thiere is more extra space on the slide than the slip (sce the
almninum foil tape stripes in Figure 2,130 for example). We stick
the wires with the alwninum foil tape in order to hold theu close
to the gold electrode “wires™. which helps keep the wires in close
contact with the gold substrate (important to minimize the joint

resistalce).

Put a small drop of conductive glue (Norland conductive adliesive
130) with a bamboo stick on each of the joints of the 2 1stripped
section of the electrie wire and the gold clectrode wire™. Put the
aluminum plate (with one cover slip, one slide and the wires on
it) into a pre-heated oven (approximately 110 °CY). The glue will
be precured in 5 minutes. Take out the almminum plate to check
if the wires coute off or moved. and add a little more conductive
glne if necessary. Be careful not to put too nich conductive glue
that shorts the nearby clectrode. The cure of the conductive ghue
takes 1 hour or even more, depends on the temperature. Ouce the
wires and vold electrodes are checked to be conducting (nsing a

multhueter). we can turn the oven off.
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o Ulse the microscope slide and cover slip with clectric wires to make an

electric field cell.

— We nuse 0.075 nnn thick polvethylene terephthalate filin (Goodfel-
low) as the spacer between the two pieces of micro glass. Cut two
9

spacers (25> 3 m) from the . wash them with 95% aleohol,

and wipe them with wipers.

Put the spacers on sides of the alass slide where no gold were
coated on. Then put the cover slip on the slide with gold electrodes
facing inside. Carefully align the electrode pattern of the bottom
slide and the top cover slip. Put a weight or hamboo stick to
press the cover slip on the hottow slide shich arve separated by

thie 0.075 nun spacer.

— Use bamboo stick to pur little drops of No. 61 UV (ultraviolet)
shie (Norland optical adliesive 61) on side of the spacers. The glue
will eo in slowly and join the top cover slip and the hottonn slide
due to the capillary effect. Put this cell under a high-intensity
UV lamp (Spectroline. 365 nm wavelength) within a short dis-
tance (approximately 10 ci) for faster cure. The precure for No.
61wy ghie needs a few seconds. and the complete cure needs ap-

proximately 15 minutes.

For o more convenient mounting of the cell on the confocal mi-

croscope, join another full length plain nicro glass slide (simply
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washed with alcohol) at the bottom of the half-size glass slide

(using the same No. 61 UV epoxy).

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

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

There is a large vertical electric field produced at the overlap of the
“wire” part of the four-electrode cell when turning on a rotating
field (the circled parts pointed by arrows in Figure 2.26). This
problem can be avoided by redesigning the rotating field mask in
the future. Therefore we use wider spacers (25x6 mm) so that the
extended spacers can separate the overlapped “wires”. This is the
reason for chromium-gold coating, which gives durable electrodes

that cannot be scratched by the extended spacers.

Figure 2.24: Comp .ed two-electrode linear field cell.
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Chapte- ?

Experimer , at: Analysis

and Resul.s

This chapter describes the detailed procedure for our electric field experi-
ments in sediwented colloidal suspensions. the acquisition and analysis of

quantitarive data. aud fnally the discussion of results.



3.1 Experimental rocedures

This section describes general procedures for electric field experiments. Us-
ing the confocal microscope. we studied the svuthesized silica colloids nnder
external electric ficlds. The confocal images were then analvzed using image-
processing programs written in the IDL programming langnage. the raw data
was analvzed to calculate different order parameters. and the output order
paraieters were further analyzed using graphical analvzing progran Igor

Pro.

3.1.1 Sample Preparation

We used syuthesized silica core-shell particles (0.77pan NLO and 1.14n NLS.
see 2.1 for synthesis details) to prepare samples for confocal microscopy (see
2.3.2 for more details about the cell). The colloids were refractive index
watched for confocal maghh  and salt added to make the silica spheres
behave like hard spheres. The colloids were then filled in the cells made for

clectric ficld experiments.

Refractive Inder Matching

The less the mismateh hetween the rvefractive index of silica particles n, and
of the swrrounding Huid r . the better the confocal inage quality of fuores-
coent cores will be. This is becanse multiple scattering of light degrades image

(uality. We did not know the exact n, of onr porous silica particles. but we
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Kuew n, &~ 1.46. Therefore we nsed dimethyl sulfoxide (abbreviated DNSO.
ACP Chemicals Inc., np = 1.479. 20 °C') and distilled water (11 = 1.333, 20
C) mixture to make a fluid whose ny equals n,. A mixture of water:DASO
with vohune fraction ratio of 15:85 gave a relatively good result. Thus we
found that n, &~ 1.46. The original silica suspension stored in ethanol was
very milky and almost opacque. After transter to the water:DNSO mixture.
whiere the same centrifuge technique wis used as before, the suspension coul-

tained i a 2 mbL evlindrical elass vial was clear enough to casilv look through.

To minimize the refractive index mismatcl, we used the technique of hieat-
e or cooling the suspensions to decide whether mwore DNSO or water was
needed.  Because the refractive index of water:DMSO wixture decreases
while the mixture is heated and increases wlen cooled (the femperature
dependence of refractive index for typical solvent is approximately 0.001 per
INelvin), we can tell whether 1y i the suspension is higher or lower than n,

and adjist it as follows:

o If the suspension (in a glass container) looks clearer when cooled with
cold tap water. or it looks move milky when heated with hot tap water,
then ny at roowm temperature is actually lower than n,. We can add a

fow drops of DMSO in the suspension to wake it look clearer.

o If the suspension looks clearer when heated, or it looks more milky

when cooled. then 2y at room temperature is actually higher than n,.
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We can add a few drops of distilled water in thie suspension to wake it

look clearer.

o If both leating and cooling make the suspension look worse, 1 equal
ny and the refractive index mismatcl is minimized. The suspension

shonld appear very clear and transparent.

Control of Ionic Strength

To make the colloidal silica spheres behave like hard spheres. we needed to
decrease the Debve screening length down to one tenth of the particle diam-
eter, which was approximately 50 ni for 0.5 - 1 yau. The Debyve screening
length /71 is related to the electrolvte ionie strength and diclectric constant.
s well as the absolute temperature, by [37):
, L2000\
KT eT — (3.1)
sufphpl
where £ Is inversed Debve screening length, e is the elementary charge, () is
the jonic strength of the electrolvte and is in mol/m? as £ is in ST units, N4
is Avogadro’s number. 5 is the permittivity of free space. 2, is the dielectric
constant. Ay is the Boltzmann's constant. and 7 is the absolute temperatre

in kelvin, A more commonly nsed formula to calenlate #=5 is:

K5 0.034
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which can be casily derived from Ecquation 3.1, and 4 here is inmol/L. From

Equation 3.2, we can get the relation hetween n=5 and (4. Using:

T

T (3.3)
A()(’)w/’/wl’)

f
Co

whicly describes the velarion of (4 and specific conductivity a of an elec-
frolvtic soliution, we cau rell if the ionic strenerl of the suspension is strong
enongh to have a small enough 71 by measuring the conductivity nsing a
conductivity meter (Amber Science Inc). \y here is the molav conductivity
of electrolytes, which is 141.3 S cin® mol™! ar 0.01 mol dm ™ [37]. 1, and 15,
are viscosities of water (1002 ¢P at 20 °CY) and warer:DMSO mixture (1.847
el ar 20 °C for 15:85 volue ratio). Due to Walden's rule {37]. the product

ol molar conductivity and viscosity of one electrolyte should be constant.

We made 194 ¢/L KCL water solution. and added to warer:DASO mix-
ture for making hard sphere like colloidal suspensions. For #71 = 50 um .
the calculated result of needed () was 215 > 107 M. corresponded to a o of
187 piS/cm. After adding 394 pL KCTsolution to 225 mL water:DNSO mix-

tire. we got a ¢ of actually 1.96 ¢S/cm. corresponding to a ¢4 of 2.57 »x 10

AL and the actual /71 = 48.8 nn.
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Control of Sample Concentration and Sample Filling

The volne fraction of our colloidal samples was measured using the same

oven-drving method as described in last chapter. assuning the density ot

porous silica sphere was 2 g/ml.. Vohune fractions for the samples we used

were as follows:

o 3.19%0.77 jnn core-shell silica colloids (NLOBL). salted (Lo, KCTadded).

used for Experiment SI (described in next section).

e 3.8% L.14 yon core-shell silica colloids (NLSB). salted. used for Exper-

iiment L1,

e 319 0.77 ynn core-shell silica colloids (NLIB2). unsalted (ie. water

and DNSO only). used for Experbiment S2.

After making the sanples, we stored eacli of them separately in 2 mb black
cap glass vials. Before experinients. we stirred the sample using a vortexer
(Vortex Genie 2. Scientific Industries) and ultrasonicated it for approximately
30 minutes to make the voluiie fraction uniform. Then a disposable Pastenr
pipette (.)% inches. Fisherbrand) was used ro rake the sample. by dipping the
tip of the pipette in the sample. The capillary action drove the sanple into
the pipette. although only a small canomnt. The sauple was then transterred

to the electric field cell we made by touching the pipette tip to the edge of

the cell. again dne to the capillary action.  ais was repeated a few tines
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until the cell was fully filled. We tried to avoid creating any air bubbles while

filling the cell, whicli otherwise can affect the uniformity of the electric field.

3.1.2 Experimental tup

Here we introduce the experinental setup, including setup for electric ficld

instrunents ald configurations for our confocal microscope.

Electric Field Setup

The instrinnents we used to generate electric fields were a dual-cliannel fune-
tion generator (0-25 NMHz. Tektronix. AFG3022) and two wide-band ampli-
fiers (DC/0-1 NHz. Krohn-Hite. 7602\). and a two-chiauuel digital storage
oscilloscope (0-10 NHz. Tektronix. TDS1002) for monitoring AC voltages.

For the two-electrode linear field cell (described in 2.3.2). only one chanuel
of the function generator and one amplifier was used.  Oue pair of verti-
cally overlapped clectrodes was connected to the positive output e wires,
the other pair was grounded. We nsed the function generator to generate
a1 Mz, sinsoidally alternating signal. and used tlie amplifier to generate
different aplitudes of potentials. The signal aunplitude from the tunction
cenerator was 1V (peak-to-peak potential. same for follows). Both the am-
plitudes generated from generator and the amplifier can be gradually varied
ro change the ontput. The amplitude control in the generator was especially

wseful as the anplitude control in the amplifier vave too large Huctuation in
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output. The mnplifier can be casily turned on and off to achiceve fast switch-

ing between field on and field off in the sample.

For the four-electrode linear/rotating cell. both channels of the generator
(Channel 1 and Channel 2) were used. and both amplifiers were nsed re-
spectively for the two channels.  Again cacli pair of vertically overlapped
electrodes were connected to one output.  Four pairs of electrodes corre-

sponded to four outputs from the two amplifiers. as shown in Figure 3.1: if

1 _
() A © /

. - J 1)
(Y = - - -
oo
R N

2] - 1o 'C.;I |

L .

Figure 3.1: Sketch for four-electrode cell electric set up: the top left (1A) and
bottom right (1B) pairs were respectively connected to positive and negative
output of one amplifier (Amplifier 1) wlicl amplificd Channel 1: the top right
(2A) and bottom left (2B) pairs were respectively connected to positive aud
negative ourput of the other amplifier (Amplifier 2) which amplified Channel
9

viewed from the top of the cell. the top lefr (1A) and bottom right (113) paivs

were respectively conncected to positive and negative output of one amplifier
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(Amplifier 1) which amplified Channel 1: the top right (2A) and bottow left

(213) pairs were respectively connected to positive and negative output of the
other amplilier (Amplifier 2) which amplified Channel 2. Note that Channel
1/2 and Amplifier 1/2 were arbitrarily chosen, and should not affect the re-
sult it 1 and 2 were completely switched. We used negative output instead
of ground i order to achieve syimmetric rotating ficld. The detector of the
oscilloscope. however. can only measure the potential to ground because one
of the two counections on the detector was desizned to be gronnded througl
the oscilloscope. Therefore we had to use the other connection of the detector
connecting ouly the positive ontput of rhe amplifier. knowing the acrual po-
tential was twice as high as shown ou the oscilloscope. We again used 1 Mllz
sinusoidally alternating signal. but for rotating field there was a 90° pliase
shift from channel 2 to chaunel 1, while for linear field there was no phase
difference between the two chanuels. 1 e anplitudes of potentials from the
two awplifiers were always kept the same for either rotating field or linecar
field. in order to have a spatially uniform field near the center of the four

clectrodes.

Microscope Configuration

The confocal microscope we used consists of a Nikon Huorescent inverted
wicroscope. a VisiTecli confocal scauning nuit equipped with a 491 mu laser.
The confignrations in the confocal microscope and the confocal controlling

software “VoxClell™ were as foll
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e 100> /1.40 Oil objective

e 50 pm aperture

e 700 » 700 pixcls

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

o > amplification

To optimize the quality of the confocal images. one needs to adjnst Laser
power and photomultiplier tubes (P2 ') gain using the VoxCell software for

the 491 nn laser we used.

3.1.3 T'xperiment Procedure

The operational procedure of the three electric field experiments is described
Lere. iucluding linear field experiment for NLOBL 0.77 jan silica particles
(Experiment S1. as it is the first experiiment nsing relatively small size silica
collotds) and NLSB 1.14 ynu particles (Experiment L1, as it is the Hrst ox-
periment using relatively large size silica colloids). and rotating/linear field
experiment for NLIB2 0.77 g particles (Experiment S2. as it is the second

experiment using relatively small size silica colloids).
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FExperiment 51

This experiment. using 0.77 pm diameter silica colloids (NLOBL. salted.
wa = 7.9 where « is particle radins) under linear felds created by a two-
clectrode cell (2 mm between the two electrodes. see 2.3.2). was completed

i a procedure as follows:
e Scdimentation profile.

— A coufocal z-scan was carried out for the full ranee of sedimented
silica particles. Analvze the data with IDL procedure nl_3dhisto-
pro oand obtain a profile of particle nmmber distribution along,

sedimenting direction. i.e. z direction.

— Load the IDL data to leor Pro. caleulate the volunie fraction (o)
distribution along z steps (Z. integers start from 0). The step-
size along z of the confocal image acquisition (stored in the vari-
able “stepsize™) was chiosen to be ronghly halt of the particle
diameter (i.e. 0.4 pm). Data from a mumber (stored in the vari-
able “binsize™) of cousccntive steps were binned togethier. Typ-
ically. the variable binsize and stepsize were chosen such that
hinsize » stepsize = particle diameler (see Figure 3.2). Tn or-
der to caleulate local voluiie fraction in oue bin we can simply

multiply the particle mumbers found by a constant (C,):

Vbin






where V), is the single particle volume. and Vi, 15 the bin vohune:

Viin = binsize s stepsize x arca (3.5)

For example. the stepsize showed in the Agure is 0.4 jane if our
particle diameter is 0.77 g, then we chioose a binsize of 20 The
volune of oue bin (highlighted by eray lines in the figure) then can
he calculated from binsize. stepsize. and the dimensions in x and
v (700 pixels 2 60 pan for both x aud v in onr case). Therefore,
Vi in the fenre equals 2880 (pan)?. and the corresponding ¢,
cauials 8.3 » 1077,
Using Tgor. we can also casily get the real z position from the IDL
result. We used 100 steps tor z-scan. correspond to 0 to 12,3 ynn.
So each z step number (Z) multiplving stepsize 0.423 jm gives 2z
position (£,).

— From the aualvsis in Igor, locate tle Z range containing 10 points
for needed volume fraction. see Figure 3.3, As we were interested
1 low o case, the range we selected for rhis experiment was ap-

proxinatrely from 10% to (.24

e Time Scries at different deprh. With the 10 points of Z,,. we kuow where
in depth to take confocal time series image for bond parameter aud
other analvsis. Start from the deepest position polnt among the ten,

take 400-frame time series (29 fps). and move up to the next position
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Fieure 3.3: Exaunple of seditentation profile. The “Range Interested™ in the
Houre shows the general Z range of terest for confocal time series experi-

nients.

to take another 100-frane tine series.

o Varv fields. We started from no field. and repeated the wlole procedure
at different values of linear field. We took 11 values between 0V aud
300V, and the values were almost equally distributed (in volt): 0. 50,
100, 120, 150, 180, 200. 220. 250. 280. 300. Note the corresponding

Helds here were just these potentials divided by 2 .

e Aualvze these time series using [IDL procedures nl_bondensity.pro. nl-
bondtheta.pro and nl_ericgr2d.pro. ete to ot bond order paraneters

and pair correlation functions.

o Load all these data to lgor Pro for analysis.
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Experiment L1

This experiment. using 1.14 ynu dimeter salted silica colloids (NLSB. va =
L1.7 where « is particle radius) under lnear fields created Hhy o two-electrode

cell (2 mm between). was completed in a procedure similar to Experiment S1.

We used the moving average method for z profile as mentioned in 2.2.2.
cue ro the relatively large particle diameter. \We did 100 z steps throngh 30
jan, therefore the stepsize is 0.3 pn and binsize is L leading to o 1.2 yan
thick biu slide. However. we shifted every 2 frames (i.e. 0.6 yan) in z-stack

to get more fnelv-spaced data.

We took 11 cqually (every 20 V) separated values from 0 to 200 V' oas the
potentials across tlhe 2 nun electrode cap. corresponding to 11 fields from 0

to 1000 V/(']n.

Experiment S2

This experiment. nsing 0.77 g unsalred silica colloids (NLYB2) uder lin-
car/rotating ficlds created by a nw-clectrode eell (see 2.3.2 for details). was

again completed in o similar procedure.

The reason we nsed nusalted colloids for this experiments is that the ver-
tical field created at the overlaps of the electrode “wires™. as we mentioned

in 2.3.2. When a rotating ficld was applied on the four-clectrode celll a poten-
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tial difference between the top and hottom clectrodes ereated a high vertical
electric field at the overlap parts of the “wires™. Sauple with higher ionic
strength would produce more heat. dangerous for the 100> objective which
was closely tonching the cell. Therefore, we switchied to a unsalted 0.77 jan

salple with same concentration.

We took LD values from 0V to 240 V' for both lnear and rotating Helds.
From the simulation resudts we liad an estimate for the actual fields at the
center of the four electrodes where we observed the colloids through the wi-
croscope. These fields were not the sawme for the linear field and rotating
feld. and different from the two-clectrode case. This was sinmply due to dif-
ferent electrode ceometries. For exauuple. a 200 V' potential corresponded
to a 1000V /en linear tield in the two-electrode cell. But for four-electrode
cell. the linear field produced by 200V owias 520 Ve, and the rotating field

proditeed by the same porential was 580 Ve (1/v/2 of linear field).

Wlhen doing the experiment. we switched hetween liear and rotating ficld
(Le switched © 17 s 7 rence hetween Channel 1 and Channel 2 between
0°%and 907) at all the ten places in depth and also at all T1 potential values. in
order to obraiu the sedimentation profile and time series images for these rwo
types of ficld. To assure the colloids were at equilibrini state, the switching

of the Held tvpe was not faster than once per minute. The advantage of this

method wis having the lnear/rotating phase transition observed at the sae
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place in the plane. Even if there was any vertical shift (there actually was
alittle as we will show later), we would not lose anyv information in local
volune fraction, since we had the sedimentation prolfile separately taken for

cach type of field.

3.2 Data A quisli.io: , ..nalysis and Results

[n this scetion. we will present the detailed methods of data acquisition aid

analvsis, s mentioned in 3.1.3 at the last step of the experiment procedure.

3.2.1 Data Acquisition

From all the confocal images taken in eaclh experimment, we used IDL to
calculate bond parameters. We also used Igor Pro to lelp determine the

proper parameters of IDL procedures described in 2.2,

Data Naming Convention

T one experiment. for each value of potential we had ten time series with clif-
ferent local voluine fractions. Normally a 400-frame time series was exported
with a name containing inforniation of both potential and voluwe fraction.
Since the sedimented silica colloids showed a decreasing local vohwne fraction
upon decreasing depth and we started from the lowest point, normally the
first time series was the most dense one. For example. the first time servies

taken at 20 V. which had the highest local vohune fraction. would be named

113



as "020vors1" and rhie Last one with the lowest volune fraction would be

“020v =107,

Systematic Method For Setting Brightness Thresholds

[dentityving teatures cia image processing is an hmperfect science, with a del-
icate balance between cutofts which allow no spurions particles and cutotts
that do not miss any real parti- = When acquiring z-stacks. it is possible
by correlating particles in adjacent frames to obtain a very reliable measure
of particle. When obtaining time series. the results were more sensitive to
the value of the brightness parameter (i.e. the brichtness threshold) wsed.
We devised (and describe here) a self-cousistent procedure to treat all time

series nages i the sanie way.

The brightness threshold turned out to be an important parameter in the DT,
procedures (i.e. “ul_bondensity.pro™. “nl_bondtheta.pro™ and nl_ericgr2d-
pro’) for calculating the colloidal order parametrer. because the muuber of
identified particles within an image was sensitive ro the brightuess wsed. Too
low a briehtness threshold allows the ideutificarion of noise as spurious parti-
cles. Increasing the brightuess threshold progressively decreased the mumber
of real particles that are found. To minimize the instability and subjectivity
of lnunan judgment. we plotted the caleulated howd densities of the time se-
ries Image at maxinnun volume fraction (rsl) as a function of the brightiess

threshold used, An exawple from Experiment S1 was shown in Figure 3.4,
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At very high vahies of the brightness thireshold. the bond density saturates
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Figure 3.4 Boud density vs brightness from Experiment ST (0.77 jan): If we
curve (it the linear part of 300 V data. the point where the oviginal data and
the linear curve fit start to meet. i.e. 000 in brightuess axis. is a good value
of brightness cutoff for owr image.

at a value close to zero. On lowering brightness threshold (below 9000 in
Figure 3.4). there is a linear increase in boud density. At very low brighitness
(below 4000). artifacts are allowed and there is again nonlinear beliavior.
When we curve fit the linear part of 300 V data, the point where the original
data and the linear curve fit start to meet. i.e. 1000 in brightness axis. was
seell 1o give a good value of brightuess cutofl’ for the corresponding confocal
tie-series image. We nsed this brightness threshold for the ts1 images at the
highest potentials, and got the statistics of features found (average munber
of identified particles in cach frame) for different volune fractions. The max-
innun o for different potentials were normally different. and ouly these data

for maximum o showed a obvious nonlinearity, An example for Experiment
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S1 s shown in Fignre 3.5, Features found (Ny) indimage were proportional

2000
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4 + data Domts]
e I R linoar fit

1500 —
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500 —
0J.

I’II11|l|1llllllllllllIIIIIII
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Figure 3.5: Features found vs voluine fraction tor c.cperiiment S1: Features
found in image were proportional to the local volume fraction o, therefore,
the four data point taken from different potential and ¢ should fall on one
line passing through zero point. The four points (from low ¢ to high o)
correspond to high potentials of 250V, 220V, 280V and 300V.

to local volume fraction (o). thevefore. the four data points (Ny and corre-
spouding o) taken from different potentials at the maximum ¢ should fall on
one line passing throueh zero point. Actuallyv they did fall on one line and
the error of the linear curve fit was 4.8%. Using the relation between Vg
and o, we optimized the values of brightness threshold cutoft for all o and
all potentials in one experhnent so that the IDL generated Ny was very close

to this expected value. within 5% ervor.
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Separation Threshold

The diaameter and separation setting in IDL procedures were determined
using the line tool in lnaged and the actual diiuneters of particles.  For
example. a diameter of 9 pixels and a separation of 9 pixels were used for
0.77 yan particle. 11 pixels and 13 pixels for 1.14 yan particle. e hond
length nsed for IDL procedures were 11 pixels (ie. 0095 gan) for 0.77 pm

particle. and 16 pixels (1.37 yan) for 1.14 jan particle.

Dipolar Energy

We calculated the hond density B and the angular order parameter {cos= 6)
from the particle coordinates obtained trom onr coufocal images. We theun
sed simple do-loop procedures (these “macros™ were written in the graphical
analysis program. Igor Pro) to analyze all thiese data (Igor Pro procedures
used are included in appendix B). The procedures consisted of operations on
duta for each value of electric fields with loops running through the analysis

for data atr all values of Helds (see next subsection for detailed results).

This was a convenient way to study the physical paraneters of uterest
of colloidal suspensions upon increasing electric field energy (£7). where
(E%) = (E - EY. and F is the center rins (root mean square) electric field. Tn
all the linear field experiments the (E£7) is shuply half of the square of £ for

Experiment S1 and Experiment L1 (where Fy is the center field amplitude
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of ficld). hecanse:

(ﬁ - F) = 0 / cos=0df = E7/2 . (3.6)
(

)

Although thie ceuter field amplitude Ejy was different for rotating field and
linear field in Experiment 82, ax we wentioned in 3.1.3, (£7) was the same

for them because:
<E}‘ut . Eruf> _ (11'(11‘“1' )'_’ (7.“1\,'.’ )+ (L'(Il‘uf )';‘ .\'illg { _ (Lv(]‘nt)'l ) (';7)

Given the siune potential. the center linear field amplitude 257 is /2 times

Larger thau the center rotating field amplitude £ as:

s [FNT I
(E{‘ut)- — ( \/)) — (ELI)H )~/2 — <E111 . E[I > . (33)
So we have
<(E,y,:l)'_’> — <(Elm)z> — E[-:/_) ) (59)
where
= it "
N o

1o here is the peak-to-peak potential. o ix the distance hetween two lin-
ear electrodes. As we lhave seen i1 Equation 1.4, lambda parameter A is
a good parameter representing dipolar cnergy. which is proportional to the

Held strengtl as 7 own in 7 uation 1.3, We plotted £y vs A for both sizes
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of particles in Figure 3.6 for convenicnce of looking up corresponding Held

strength of A.

E, (Vimm)

Figure 3.0: £y vs .\t Experiment ST and S2 was nsing 0.77 yan particles, and
Experiment L1 was using 1.14 jan particles.
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3.2.2 Order Parameter nalysis and Results

Here we present detailed analysis and results of our order parameters.

Bond Density

The boud density vs volhume fraction o for Experiment S1 is shown in Figure

3.7. For eachi value of potential in this experiment. bond density basically

06 - O OV X
. + 50v
A 100v
05— | # 120v X
| ® 150v
X 180v
2044 | % 200v X
2 ] X 220v
> X 250v o %
o 0.3 <O 280v % [
X 300v
-8 - o X ¥ g ¥
'S s
_ < K
S K
0.1 — ﬁXQiX " C@E

0.0 -

0.00 0.02 0.04 0.06 0. 0.10 0.12

0

Figure 3.7 Experiment S1: Bond density vs o profile. Tor cach value of
peak-to-peak potential in Experimment ST, bond density basically increased
linearly with volume fraction, which was due to the decreasing distances
between each pair of particles.  For different potentials, it appeared that
higher potential corresponded to a higher slope of the linew increase of houd
deusity upon o.
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increased almost lincarly with ¢, Such an inercase in bond density was indeed
expected due to the decreasing distances hetween eaclt pair of particles as the
increasing potential caused increasing inter-particle attraction. For different
potentials. it appeared that higher potential corresponded to a higher slope
of the linear increase of bond density with . We expected the bond density
(B) to Lave a ¢ dependence of the form B = 30 + 3.0%. The reason for
this is as follows: When we use IDL to analyze o confocal image of colloids
to calculate the boud density in this image, we define o bond lengtly (L)
as the standard of bonds (see 2.2.2 for details). In general. L is chosen to
be slightly larger than actual boud length in real-space. as we o not waur
to miss anv bonds due to too small a value of L. Therefore. if the actual
dicaneter of the monodispersed particles is o, then L chosen is slightly larger
than o. Then the actual volune of a particle () is slightly smaller thau the
volume it appears (¢, where thie subscript “e” means extended volue). as
shown in Figure 3.8, If we call the boud density B and the unbonded density

[T then we alwavs have B+ 07 1. The B at zero ficld can be expressed as
B= = N—L— =10, (3.1

where N is the muuber of bonded particles and 17 is the total volume of
all particles. Morcover, as we define that when the distance between two
particles (/) is smaller than L. Le. when B < L. we say this two particles

are “honded”. So there will be volume overlap of ¢, when the distance of two






Therefore, we nsed polynomial fitting B = 4y + 3,0 + 407 for our boud
density profiles (such as Figures 3.7 and 3.9), constraining .4, = 0. .9 > 0.
and 3, < 0. In the presence of an external field the actual B will be higher

than that at zevo field. so aninereasing ) with increasing field was expected.,

The polviomial fit of bond density vs ¢ profile showed its advantage os-
pecially at Experiment L1 (as shown in Figure 3.9) where @ nonlinearity rose
up at high field: At high enough o (¢ = 20%) particles in a confocal image
appear close to each other and bond density B will reach its maximuim at
this point. after where increasing ¢ will only decrease B, For high ficlds. not
onlv the high o points behiave nonlinearly. the points at low o (¢ < 2%) also
increase nonlinearly with . The reason for this was due to the strouger dipo-
lar interaction between particles (for .11 jan particles) for high Held cases
in Experiment L1, as the strength of the interaction was proportional to the
cube of particle dimneter. Tlerefore. very few particles at low ¢ situation

coukd still formn bonds and led to a high boud density at high enongh fickds.

In Figure 3.10, we present all the results of ) vs Luubda parameter A (de-
scribed in Equation 1.3) from the three experiments to see how J; beliaves in
different fields and if there is any threshold-like bheliavior. Since eacli particle
should lias the same weight in the curve fitting of bond density profiles, we

wsed CV N (where N was the local particle munber and ¢ was a constant)

as the weight for the polynomial fit function, producing the same error of
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Ficure 3.9: Experiment L1: Bond density vs volume fraction profile. Here
we can see the nonlinear effect at high fields.
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01 (the error bars shown in Figure 3.10) as that produced without weighting
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Figure 3.10: 3, vs A. Particle sizes: 0.77 pm for Experiment S1 and S2,
1.14 pym for L1. Fields applied were linear for Experiments S1 and L1. For
Experiment 2 “lin” means linear field.

From Figure 3.10 we can see that ) increases with dipolar interaction energy

to a value 150% of the zero field value when A > 6, except Experiment S2

in which the field could not be increased too much because of the heating

problem we mentioned in 2.3.2. At low A (A < 6), 3, stays steady at approx-

imately 2 - 4 for 0.77 um particles. But this steady stage of ) is not clear
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for 1.14 jnu particles. Although we expected the result from Experiment 52
would collapse on that of Experiment St as they were using the same size
particles. actually there is an obvious difference in .3 vs A diagram for Sl
and S2. The difference between ST and L1 in 97 is understandable becanse

Jp Is sensitive to o, cliosen for I caleulation and the actual o of particles.



Bond Angular Order arameter

Bond angular order parameter {cos?#) was obtained for botli 0.77 pmu and
LLE pan particles as o function of local vole fraction o, The {(cos? 0) vs

o profile for Experiment ST is presented in Figure 3,11 For cach value of

o o Oy
................. %::::::::z&,* e 50V
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Figlll‘(‘ 311 EX])(‘I‘illl('llT S1: <('()H") (‘)> VSO 1)1‘()ﬁh‘. For cach value of 1)()r(‘11Ti211
in Experiment SL. the angular order parameter (cos® #) was basically constant
for ditferent o, except at the low o (o < 0.02) where the small nuber of
bouds resulted i poor statisties. Higher potential corresponded to a higher

average valie of (cos? #).

potential. (cos®#) was ronghily coustant for different o. except at the low o

(o < 0.02) part where the all munber of bonds resulted in poor statistics.



For different potentials. it appeared that higher potential corresponded to a
higher average value of {(cos? @), which can be understood because particles
were more likely to form chains parallel to the field direction at higher lields
({(cos®8) = 1 for a perfect particle chain. along v axis and parallel to the

linear field).

For Lrger particles (Figure 3.12). a significant decrease (roughly linear) in

(cos? ) ix seen at high fields. 'The reason was closely related to that for the

- 5
0.9 Dg
08— 4

A 0.7 —

NCD i e OV
0 - 20v
8 0.6 40v
Vv . 60v

- 80v

0.5 - 100v
. -~ 120v
160v

7 - 180v

0.3 % 200v
T T L E R B R B CT

0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40

0

Figure 3.12: Bond angle parameter vs voluiie fraction profile for Experiment
L1 (1.14 gan): here we can see even at high volune fraction, (cos?#) still
behaves linearly even the line starts to be tilted at high volume fraction and
field.




nonlinearity of bond density profile in Lxperiment L1

e At high o there is a svstematic effect on both bond density profile and

{(cos™ 6 profile.

Firsr. for large o (¢ = 200 in Experiment L), rhere is a noulin-

earity in bond density thar arises from the onset of saturation of

bonds {Fignure 3.9).

— As this happens. the svstemn also evolves toward close-packing
where <('l)s'"’ gy = 0.5 for botli random orientations as well as a
hexagonal close packed structure. Thus ar high o there is a svs-

tenatic decrease <(,:(,)s: ).

e At high felds. the nonlinearity hecomes more obvions in Experiment

.1 becanse larcer particles experience stror v attraction induced by

external field. Therefore even at low o we can see the noulinearity of

boud densiry profile i1 Figure 3.9 and rhe dramatically high (cos=6) in

Fignure 3.12. providing the Held is high enough.

Because (cos”#) vs o profiles were generally linear for all experiments. we
rook the intercept of linear Ht. ay. as a vepresentative value of (cos=#) (o, —

cos= @V —g). ap is plotted vs A i Fieure 3.13 for all experiments. The
;o=0 l &

theoretical zero Aeld vahie of o should be 0.3 beeause in 2 dinensions

/‘zn cos® 8 dH
=15 (3.13)
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Figure 3.13: o vs A: The data from three experiments basically fell on one
curve, which might indicate the dipolar interaction are still applicable in our
study.
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However. our starting value was alwayvs slightlv smaller than 0.5 in all 3 ex-

periments, which we do not understand vet.

If the dipolar interaction was applicable in our case. we would expect ag
plotted against the dipolar strength A to he independent of particle size. i.e.
the merease of ay upon A from all three linear experiments shall collapse
olto one master curve. Becatse the orientations of bhonds were more parallel
to the field direction as the dipolar energy hecae stronger.  In fact, the
data in Figure 3,13 from linear field experiments of different particle sizes do
collapse outo one curve. This suggests that the point-dipolar approxination

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

For rotating field in Experiment 52, staved alimost steady over the whole
range ol applied field energy. This is expected because no direction in the
X-v plane is preferred in a rotating field. There was a slight decrease with
icreasing field energy. which is expected because the four clectrodes cre-
ating the rotating field were not perfectly svinmnetric about the center (see
2.3.2) but wider separated i the direction perpendicular to the reference
of 8 (i.e. the averaged field direction actnally slightly preferred x direction
than v direction). To show the difference between linear and rotating fields
in Experintent 82, we plotted oy vs (E7) for this experiment and show it in

Figure 3.14.
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Figure 3.14: Experiment S2 (0.77 y): ao vs (E7). The linear o stays
constant and starts to inerease linearlv from approximately 350 (V/mm)-=.
whiclhh can be considered as a threshold.  The rotating oy is roughly con-
stant as expected. Here the maximum (£2), approximately 1200 (V /)=,

correspoluds to A~ 5.



Pair Correlation Function

We calenlated the pair correlatrion in the three experiments according to the

tollowing procedure:

o Pair correlation calculation.  Use the same diaueter and separation
settings of IDL procedure as mentioned in 3.2.1. calculate g(r) with
| pixel resolution (i.e. Ar = 1 pixel. sce 2.2.2 {for more details). We
calculated the data for ¢y = H% for 0.77 jan particles (Experinents 1
and 3) and oy 11% for L.14 jan particles (Experiment L1), which both
corresponded to approximately 600 particles in each frame of image.
Since we obtained data at discrere valites of o, we picked two o valies
Op and ¢y enclosing oy (e, g € (0. op)) for cach value of field to

caleulate g(r) at ¢y by lterpolation.

Load data into leor Pro. Two columns of data. v (possible distance
between particles) and g(r). were produced from TDL calculation. They
were naned i sequence of field strength for the convenience of Igor Pro

macros when looping over field cuergy.

First peak of g(r). Wey e interested in the value of the pair correlation
funcrion at the first peak (g(r)) and the corresponding position ().
which indicated the most probable distanee between particles. We used
macros to interpolate and smooth g(r). and found the ryand g(ry). By

running the analysis in a loop for all the field values we applied, we

obtained the relation of r; and g(ry) versus A for o, and ¢y We then
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linearly fitted these data for o, and o, then interpolate in order to

obtain the value for ¢.

Results for Experiment S1 are shown in Figures 3,15 and 3.17. As we in-
creased the field, 1y deceased. and g(rf) increased. This is becanse the inter-
particle attraction becomes stronger. and the particles come closer to cach
othier when the field enerev hecontes stronger. The first peak at zero field, as
shown in Figure 3.15, was not sharp. which led to a large and inacenrate 7.
As the Held energy was increased. rp was relatively constant at r/o ~ 1.6 it
began to decrease toward 1 above A = 6. On the other hand, g(rp) stayed
constant at approximately 1.05 - 1.10 and hereased to approximately 135
at hicher fields.

Results for Experiment L1 are shown in Figures 3.16 and 3.17. As we in-
creawsed the field, ry deceased gradually instead of having a steady range as
Experiment S1. and g(1r;) increased after a short steady range at the begi-

ning A.

We plot 7y and g(ry) vs A for all linear experiments in Figures 3.17a and
3.17h. By doing this. we can obtain the general information for all ex-
periments recardless of the different particle size used. There is no otler

simiilarity of rp for Experiments S and L1 except hotl ry collapse to T at
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jun As we increased the field. 7 deceased. and g(ry) increased. Because
when field encreyv becawe stror er. the attraction between particles becate
stroueer and eate closer to each other.
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high enongl dipolar energy. The glry) for these two experiments increase

stiilarly toward a liquid-like state with increasing dipolar eneregy. There is

asvstenatic shift i girp) due to the difference in local volume fraction (o)

in the confocal images we used from SL and L1

The vesults of Experiinent 52 shows no obvions iucerease or decrease of 1y

or g{ry) npou .\, This can be nnderstood becanse in Experinient 52 we only

increased .\ up to X & 5. where for Experinment 5L (sane particle size) rpand

glrp) are still steady. 1y of S2 collapse into that of S1as expected. However,

glry) is more sensitive to local voluiie fraction so that g(ry) of 52 does not

perfectly collapse on ST due to errors in volune fraction deterutination.
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Osmotic Compressibility

We studied the equilibrivun secimentation profile of colloidal silica particles.

calculate isothermal osiotic compressibility of our colloidal svstem and to

study its dependence on field energy.

I o colloidal silica suspension at sedimentation equilibrinm. we can measure
the local particle density n(z). where 2 is the vertical coordinate measured
from the bottom of the sediment. and from it. calculate the osmotic pressure

of the system I1(2). The osmotic equilibrium condition is [38]. [39)]

AdTT( )

oz

= —mgn(i). (3.1

Under isothermal conditions. TT depends only on n(z). therefore. Equation

3.14 can be written as
At =) _1 -
= —ly i) (3.15)

as
where \p = ApT(I/Om) 7 is the isothermal oswotic compressibility. and
l, = kT /mg is the gravitational length. In the dilute gas limit (\p = 1) we

can obtain from Equation 3.15 the harometric law:

n(z) = n,val,)[—]—] : (3.16)

4



We rewrite Equation 3.15 as

Im(n(z))  In(ng) — 2179\ (3.17)

Y

for o analysis below.

The gravitational length g for 0.77 jan particle is calenlated to be 1,92

g and for 114 pan particle i 0.59 gL and the estimated error is 1450

We studied the top part of the sediments (the tail of the density profile
in Figure 3.18). where colloidal particles were fow enough to beliave like Huid
and we could Ht to @ expouential curve as Equation 3.16. We linearly fitted
o vs 2 (as shown in Equation 3.17) instead of direct exponential fitting.
which put more weiglie for particles at higher . o(z) and number density
n{z) oulv differ i a constant. ie. the single particle volume. so they are

equivalent for this purpose.

We obtained the yp from the  ope of the linear fitting. plot the ypovs .\

i Fieure 3.19 and observe these effects:

o With increasing field. \ iucrcases almost linearly. This can be ex-
plained as: becanse of nereasing field encrgy. the inter-particle attrac-
tion increases. so the colloids appewr to be easier to campress. Le. a

laveer apparvent compressibility.
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Figure 3.18:0 Experiment Skt o vs Z,. \We observed that as we increase
the field strength. the sedimentation profile becae sharper. This s due
to the incereasing dipolar attraction between the particles which makes the
particles Hoating on the top sediment down. The sedimentation profiles here
are inversed along z from original data for the convenience ot \ p calenlation.
The "Range Interested™ is ronghly the range tor \ ¢ calenlation where the
sediltentation profile is exponentiallyv inereasing. Note that 2, is depth in
real-space. Z, = zg—z where 2 is shown in Equation 3.17 and 2 is a constant
which does not affect o results,
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Figure 3.19: Isothermal compressibility xT (calculated from exponential tail
of density profiles such as those in Figure 3.18) as a function of dipolar
strength A.
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e At zero ficld, all \r are smaller than 1. which means owr systeims cannot
be considered as ideal gas or hard splicres at low o, Softness (Le. the
repulsion ininteraction potential) is a possible reason for the decrease of
vr. Although our svstems are very close to hard spheres (11 & 50nm).

deviations from ideal hard-sphere beliaviors can canse suiall decrease

i . Indeed these deviations are also observed in the position of the

first peak of the pair correlation functions being muell larger than 1

(Le. rp/o = 1).

o o for 1.14 gon particles is svstematically sialler than that for 0.77
jin particles. This is reasonable becanse at a given muuber density,
the effective hard-sphere repulsion is more important for larger splieres,
which can make the colloidal svstem more difficult to compress. Le. a

smaller \ .

e The error in the determination of particle size (within 5%) and material
density can cause systematic error in the gravitational length 7,0 which

can afleet owr calcudation.




3.3 Conclusions

T this thesis. we have svithesized fluorescent-labeled colloids. constructed
satnples aud software for confocal microscopy experiments. and conducted
experiments where we study the behavior of guiescent colloidal sediments as

well as the respouse of the colloidal suspension to and external clectrie feld.

In the studies of (uiescent colloidal sedimentation profiles. we observed un-
expected platean region (Figure 3.18). A\ further analysis of the exponential
region of these sedimentation profiles showed that the valnes of the isother-
mal ostmotic compressibility 7 at zero-feld were smaller than 1 tor both
0.77 o and L1 gon colloids (Figu - 3,09, which indicated that our sys-

tems were not perfectly hard-sphere like.

Next. we studied colloidal ordering in the presence of a high-tfrequency (MHz)
AC Held of variable strength characterized by a dipolar strengtly parameter
A (becase we asswned a dipolar inter-particle interaction). For our electrice
field studies, we wsed not ouly the pair correlation functious but also. various
boud order parameters, and isotherimal osmotic compressibility, which helped
s to quantify feld-indnced structure. We did not kuow beforehand which
order parawceter would give us the most information. We tried two boud
order parameters (bond density and bond angular paraieters) as described

helow.
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The bond density pa meter 3;: The plot of the bond density param-
eter 9y vy the dipolar energy parameter A diagram (Figure 3.10) exhibits a
steady low field value for 0.77 pm experiments (ST and 52). At high A,
in botl Experiments S1 and L1 rises to approximately 1509 of the zero field
value. We were mnable to incerease the rotating Held to a high value due to
siunple-heating problems. so there is no high feld data for Experiment 52
Jy from all experiments did not collapse into one curve, but this is expected
as 7 1s sensitive to the parameters chosen for bond density caleulation: these

parameters vary a bit from experiment to experiment.

The bond angular parameter ag: Tle extrapolation of o-dependence
of (cos? ) 1o zero o. aq. turned out to be a self-consistent way to compare
all experiment and superior to the boud density parameter 3. For exper-
iments where the (cos®6) vs ¢ profiles were flat. o, was also close to the
average (cos® #), Bur we used ag instead of average (cos? 6) because ag is

less sensitive to the shape of (cos®#) vs o profiles. We note the following:

o Tor lincar ficlds. oy increases from random bond-orientation (ay ~ 0.5)
to highly anisotropic along the feld direction (o > 0.8). All linecar
experiments {ditferent particle sizes) had ag vs A curves that collapsed
onto one master enrve (Figure 3.13). This is astrong indication that. at
least at these field vidues, the dipolar approximation is valid. Moreover,

the A parameter at the onset for chain formation is approximately 6
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instead of 1. Thus although the dipolar approximation is valid, we

must still view it as an effective dipolar interaction.

o For rotating fields. bond orientation was abseut as expected. cansilg
ag to be different from linear field results in the saine sample (Figure

3.14).

In suunnary, we fonud that while 3 was very sensitive to sofrware paratile-
ters. ap was a robust paraineter that accurately reflected colloidal response to
an electrie Held, When plotted against a dipolar strength parvaieter (which
has all particle size dependence absorbed), results for different puarticle sizes
fall on one curve, This suggests strongly the validity of the dipolar interac-
tion. Moreover, we proved that we can switch the colloidal system between
anisotropic phase and isotropic phase by switching the exterual electric field

directions between linear and rotating,

The pair correlation function g(r): The results from pair correlation
function calenlation supported that as field energy inereases. morve parti-
cles come closer to cacli other due to the increased inter-particle attraction.
The position of the fivst peak of g(r). rp. approached the particle diameters,
Leo rp/e 1, as the external field was increased. The magnitude of g(rp)
also increased with field. with the structure approaching liquid-like beliaviors

(Figure 3.17).
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The isothermal compressibility x7: [n the presence of an external high-
frequency AC field. \ increased dramatically at moderate values of A (Fig-
ure 3.19). Increase in \r is reasonable: increasing A\ increases dipole-dipole

iteraction which compresses the colloidal sediment.
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Outlook

The experimments deseribed i this thesis quantifv collold structure at low
volume fractions i the presence of cravity aud low electric Helds.  First,
the measurenients presented make quantitative statements about structure
in a quiescent colloidal sedilent. Several questions rentain to be definitively

answered:

o Wlhat cises the plateant region”  We already kuow that there st
he an inter-particle repulsion (from pair corvelation as well as the less-
than-unity zero-field value of 7). Could this cause the platean region
or st van der Waals attraction he raken into acconut? Comparison
of experiments with compnter sinmlations currently nder way conld

<hed lieht on this.

o Why is the isothermal compressibility \ ¢ at zero teld lower than unity?
Tlie conld be caused by the softness of the zero-field interaction poten-
tinl. While we estimated 75 <2 50 mn. we neverthieless observed that
the first peak of pair correlation function g(r) was at rp/a = 1.6 for
.77 i dianteter colloidal particles. It is reasonable that softiess de-
creases compressibilitv: again a comparison with simulation would be

lteresting.

Second, while the field-induced structure appears to be consistent with dipo-

lar interaction. it is nevertheless curions that colloids feel the presence of the

L1



clectrie field at 2\ &~ O(10) rather than O(1).

Finallv. we successfully tested modification of interactions in a rotating elec-

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

o modifv cell to achieve higher fields,

o xtudy phase behavior in rotating fields.
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Lpoeac ..
1_ _ oroce

; %; " comments text after which is not functioning
pro nl_3dhisto

A KT kKR kR kA KKK Kk h ok ok k ok ok Kk ok ok ok ok ok Kk oh Kk
’

;using eric week's ept3d.pro

;calculating number density function along z direction
;using 'nlé_zstackd_1to50.tif' as an example image
;created by ning 1li, july 17, 2007
’.****************************

n=99; number of frames--the maximum z pixel
bphi=[9,9,5]

dia=[9,9,5]

sep=[4,4, 2]

brightness=0

binsize=2; binsize for both histogram and plot_hist
dc=0.77; real coreshell particle diameter for nl9
maxz=62; local z range where interested in
minz=60;

;****************************

;n=99; number of frames--the maximum z pixel
;bphi=[11,11,7]

;dia=(11,11,7]

;sep=[5,5, 3]

;brightness=0; for feature3d in the ept3d
;binsize=4; binsize for histogram

:dc=1.14; real coreshell particle diameter for nl8

;m=2;m 1s the amount of min of histogram shifted
CEAKA A KK A AR AL A KA KR AT AR AR T A AR TR AR A AR I A AT AT AR AT AR AL AL KKK KRR X RK
r

* K

c=dialog _pickfile()
IF ¢ eq '' Then Begin

goto, finish
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ENDIF

filename=strsplit(c, '\',/extract)
length=size(filename, /dimensions)
tif_file=filename{length)
dir=strjoin([filename(0:length-2)1, '\")
res=strjoin(['pt',tif_£il |, '.")

ept3d, tif_file, bphi=bphi, dia=dia, sep=sep,
masscut=brightness, /tiff

;--skip this after run it once, to save some time--nl

print, 'res="',res

pt=read_gdf (res)

help, pt
ptxfile=strjoin(['ptx',tif_file, "txt'],'.")
;write_text, pt, ptxfile;------- 7 columns
window, 0, xsize=512, vy¢ =512
thiswindowindexl = !D.v W

wset = thiswindowindexl

plot_hist,pt (0,*) mod 1

window,1l, xsize=512, ysi :512
thiswindowindexl = !D.wi w
wset = thiswindowindexl

plot_hist,pt(l,*) mod 1

window, 2, xsize=512, ysiz :512
thiswindowindexl = !D.window
wset = thiswindowindexl
plot_hist,pt(2,*) mod 1

156



window, 3, xsize=512, ysize=512
thiswindowindexl = !D.window

wset = thiswindowindexl
plot,pt(3,*),pt(4,*),/ynozero,psym=3, chars=2
; brightness (x) vs. radius of gyration (y)

z=pt (2, *)

zl=min(z,max=z2)

;print, 'z=',z

print, 'z2=',z2, ‘'zl=', |

histol = histogram(z, binsize=binsize, min=0, max=100)
;histo2 = histogram(z, binsize=binsize, min=m, max=100)

shl=size(histol, /dimensions)
print, '/size of histol=', shl

;sh2=size(histo2, /dimensions)
;print, '/size of histo2=', sh2

histl=fltarr (2, shl)

histl(0,*)=binsize*indgen(shl)
histl(1l,*)=histol
;print, 'histl(0)=', histl(0,*), 'histl(l)=',histl(1l,*)

;hist2=fltarr (2, sh2)
;hist2 (0, *)=binsize*indgen (sh2)+m
;hist2 (1, *)=histo2

window, 4, xsize=512, ysize=512
thiswindowindexl = !D.window
wset = thiswindowindexl

plot, histl1(0,*), histl(1l,™*)

;write_bmp, 'nl9bl_3dl "sto.bmp', TVRD()
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;window, 5, xsize=512, ysize=512
; thiswindowindexl = !D.window
;wset = thiswindowindexl

;plot, hist2(0,*), hist2(1,*)

;****F*print z histogram teo file, for
igor****‘k*‘k‘k*********

GET_LUN, lunl

cpenw, lunl,
'C:\ning\IDL\procedt 32s\r 9b2\3dhisto_280v_zstackl.dat"

printf, lunl, histl;, hist2

free_lun, lunl

K % Kk %k ok %k ok ok ok Sk sk Sk ok otk ok %k ok ke ok sk ok sk ok sk sk sk ok ok ok ok sk ok b ok b ok b ok b ok sk %k ok Kk ok %k ok kb Kk %k ok
4

num=total (histol) ;2 means total of each colum

;num=num(1l); where dose 600 comes from?? as the output
of 'total' is: 600 1383
;print, 'num=', num

x1l=min (pt (0, *) , max=x2)
vi=min(pt (1, *),max=y2)

;the white dots(cores) are more close to 0.6um rather
than 0.5um under cor =~ il

1x=(x2-x1)*0.086; 0.086 micron per pixel, from 11.64
pixels per micron for 700x700;11.64 comes from
nl_ztracker.pro (dip coating)

ly=(y2-y1)*0.086

print, 'lx=', 1x, 'ly="', 7



split=strsplit(tif_7" "2, '."', /extract)
join=strjoin{[split(0), 'csv'], '.")

temp = ASCII_TEMPLATE(join)
depth=read_ascii(join, template=temp)
z0=depth.field3

lzmax=max(z0)
print, 'lzmax=', lzmax

lzmin=min(z0)
print, 'lzmin=', lzmin

1z0=1lzmax-lzmin
print, '1z0=", 1z0
i 1z0 is the depth of the whole z stack---------

rz=1z0/n; exactly how many micron per pixel in z
direction

lz=(z2-z1)*rz

print, 'lz=', 1=z

vol=1lx*1ly*1lz;as you incre se field, the vi increases
because the 1z get smaller (thickness of particle part
shrinked)

;vol=1lx*1y*100; thickness of capilary

density=num/vol
print, 'number density=', density, 'particles per cubic
micron'

vEi=100*density*3.14159265* (dc"3)/6; vEi means volume
fraction
print, ‘'volume fraction=', vf, '%'

histol----------

histo9= histogram(z, binsize=binsize, min=minz,
max=maxz)

print, 'histo9=', hic¢ »>9
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print, 'size of histo9=', size(histo9)

num2=total (histo9,1); total (histo9%, 2) will give an
error
print, 'num2=', num2; seems now the histod is really

one column, but why not before (histol)?

lz2=(maxz-minz) *rz
print, 'lz2=', 1z2

vol2=1x*1y*1z2

print, 'vol2=', wvol2

densityZ2=num2/vol?2

print, 'number density #2=', density2, 'particles per

cubic micron'

vi2=100*density2*3.14159265* (dc"3)/6; vi means volume
fraction

print, ‘'volume fraction #2=', vi2, '$%'’
print, 'num=', num

finish:

end

pro nl_3dpreview
’.**********************************

;in the purpose of checking zstack image and then
$decide the brightness, diameter and separation of
particles

;using bpass3d, feature3dd 1d fover3d

;created by ning 1i, june 2007

LRk Kk ok ok ok Kk R ok ok ok ok kK ok kR ok Rk ok ok Tk ok Kk kK kR Kk ok ok Rk ok Kk ok ok ok ok ok ok ok ke ok
’

bright=1000; ----------- masscut for feature3d
dx=9;----—————=--- a: ¢ in x and y direction, same
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for sperical

dy=9

dz=5;----—--—"-———- oo diameter in z direction
SX=4;~---——mm - separation in x and y used in
feature/featureid

sy=4

SZ=2 ;- —mmmm e — e — = separation in =z
tf=40;----------------- tested frame # to be displayed
xscale=l;-----—--—-—-~ xscale for yslice
zscale=2;--—-——=—-—-———— zscale for yslice

nys=350;number of yslice cut

e Kk ok ok ok ok ok k ok ok ok ok ok ok k kk ok ok ok ok ok ok ok k ok ok ok ok ok ok ok ok ok ok
!

c=dialog_pickfile()
IF ¢ eg '' Then Begin
goto, finish

ENDIF

a = readtiffstack(c)

restart:

window, 0, xsize=700, ysize=700
thiswindowindexl = !D.window
wset = thiswindowindexl
tvscl,a(*, *,tf)

help, a

;profiles, a

window, 1, xsize=700, ysize=700
thiswindowindexl = !D.window
wset = thiswindowindexl
tvscl,big(a(*,*,tf))
profiles,big(a(*,*,tf))

window, 2, xsize=700, ysize=250

thiswindowindexl = !D.window
wset = thiswindowindexl
yslice,a,nys,xscale=xs . ,zscale=zscale,result
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profiles, result
write_bmp, 'nl9bl_vyslice.bmp', TVRD{()

dialogl=dialog_message{'Do you want to change
diameter?', /QUESTION)

1f (dialogl eq 'Yes') then goto, finish

cancel:
wdelete
wdelete
wdelete

;window, 3, xsize=700, ysize=700
; thiswindowindexl = !D.window
;wset = thiswindowindexl
b=bpass3d(a, (1,1,1], [dx,dy,dz])
;tvscl,big(b(*,*,tf))

fe=feature(b(*,*,tf), dx)
window, 4, xsize=700, y .ze=700
thiswindowindexl = !D.window
wset = thiswindowindexl

plot, fe(2,*),fe(3,*),psym=6

window, 5, xsize=700, ysi 2=700

thiswindowindexl = !D.window

wset = thiswindowindexl

fel = feature(b(*,*,tf), dx, dz, masscut=bright)

fo0 = foverZd(a(*,*,tf), fel, /circle)
dialog3=dialog_mess: ('Do you wi n to change bright?',
/QUESTION)

if (dialog3 eq 'Yes') then goto, finish

dialog2=dialog_message({'Do you wish to continue with
3Dtracking?', /QUESTION)

if (dialog2 eg 'No') then goto, finish



window, 6, xsize=700, ysize=700
thiswindowindexl = !D.window

wset = thiswindowindexl

f = feature3d(b, [dx,dy,dz], sep=[sx,sy,sz2],
masscut=bright, threst ).25)
plot_hist,f£(0,*) mod 1

window, 8, xsize=700, ysize=700
thiswindowindexl = !D.window
wset = thiswindowindexl
plot_hist,f(1,*) mod 1

window, 9, xsize=700, ysize=700
thiswindowindexl = !D.window
wset = thiswindowindexl
plot_hist, f(2,*) mod 1

dialog3=dialog_message('Are you happy with the
histograms?', /QUESTION)

if (dialog3 eqg 'No') then goto, finish

fol=fover3d(a, f, /big)
movie, fol

window, 7, xsize=700, ysize=700

thiswindowindexl = !D.window

wset = thiswindowindexl

fo2=transpose{fol, [0,2,1])
fo3=rebin(fo2,1400,100,1400);fol already is big/twice
scaled in xy by fover3d----use to be (1400,100,1400)
for 700 image

movie, fo3

finish:

end
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pro nl_bondensity
;************************************************
;to calculate bond (which is formed by two jointed
particles due to electric

;field along y axis) dens :cy and average bond angle.
;created by ning 1i on Aug 22, 2007

e Kk KoKk Kk A K K Kk Kk Kk kK Kk Kk %k ok sk sk ok k% ok dk gk ok ok ok ok gk ok ok ok %k %k % %k ko kR Kk ok ok ok %
’

;for nl9bls2

KAH AKX AKX A A A A AL AAFAAA AT A A A A FAAANKAFTA AR A KK KK A KK KKK Kk k Kk d ok kdk

;n=399;--—-------"---"------~-—-—- number of frames, start from
zZero

;d=9; - - - article diameter in image
78=9;--—---- - - an optional parameter which

specifies the minimum allowable separation between
feature centers. the default value is diameter+l.

;b=3500;-----"-"-"-"-"-"--"--"-——- brightness cutoff

;maxdisp=3;--- - - -~ ——————-——- the maximum displacement a
particle can move 1in one ‘ame 1n pixels
;good=3;-—-—-—-—-——-—————————- any particle existing in less

frames than the number set for good will not be counted
in hn_track.pro

;mem=2;-—-——-—-——-——-——————————- if the particle reappears
after this number of frames has elapsed, it will be
tracked as a new particle

;noilse=l;-—~---—=——=-——-—-—- characteristic lengthscale of
noise in pixels, used in yfilter.pro (generally 1, 1
pixel noise)

;jrmax=11.0;---=~-==---=----- maximum bond length

ok ke ke ko ok ok ok kK ok %k %k ki ok ke %k ke ke k ko ok ok ok b ok ok ke ok ok ok ke ok ok ok ok ok ok R Rk ok ok ok ok X

r

;for nlgb

ek ok ok ok ok ok ok R ok ok ok ok ok %k ok ok R ok ok %k ok Rk Sk R ok ko ok sk sk ke ok ok ok ok ok R ok ok sk ok ok ok ok ok ok ok ok ok ok ok X
’

n=399;------—-—\——-—-—-——-—-————— number of frames, start from
Zero

d=11;----—-—-—---"-"-"-"-"-"-"—"————- particle diameter in image
s=13;-—-——---"---""—""—— - an optional parameter which

specifies the minimum allowable separation between
feature centers. the default value is diameter+l.

;the g(r) shows the first peak is 14, between sep (13)
and rmax (15)



b=18000;----—-=-=-=---- oo brightness cutoff

maxdisp=3;----—----—--—-—-—-- the maximum displacement a
particle can move in one rame 1in pixels
good=3;-----—--———-—————- any particle existing in less

frames than the number set for good will not be counted
in hn_track.pro

mem=2;-—--—-—-—-—-———————————— if the particle reappears
after this number of fran 3 has elapsed, 1t will be
tracked as a new particle

noise=l;----------————---- characteristic lengthscale of
noise in pixels, used in dgfilter.pro (generally 1, 1
pixel noise)

rmax=16.0;----—--—=----—-——-- maximum bond length

,.***************************************************
c=dialog_pickfile()

if ¢ eq '' then begin

goto, finish

endif

filename=strsplit(c, '\', /extract)
length=size(filename, /dimensions)

tif _file=filename(length)

restart:for i=0,n do I yjyin

pretrack thresholds,i,c,d,s,b,noise
frame=string (i)

frar =strjoin(['Frame', framel,'")
box=dialog_mess Jye 2, >rmation, /cancel)
if (box eq 'Cancel') then begin

goto, cancel

endif

endfor

resp=dialoc¢ uwessage('. 2 you finished
checking?', /QUESTION)
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if (resp eq 'No') then goto, restart

cancel: wdelete

wdelete

wdelete

wdelete
pXFEAFEK A XX AAF particle identify
finished********************
a=dialog_message('Do you wish to continue with bond
density calculation?', /question)
if (a eg 'No') then goto, finish

ptfile=strjoin([ 'pt',tif_file, 'gdf'], ".")
split=strsplit(tif_fi. ,'.',/extract);not used

hpretrack,tif_file, bplo=noise, bphi=d, dia=d, sep=s,
mass=b, /tiff,/multi

pt=read_gdf (ptfile)

t=track (pt,maxdisp,gooder 1gh=good,memory=mem)

jrR}FxkkkRxT columns of  ita
taken*********************

f=max(t(5,*)); f+1 1s total frame #
rmaxz=rmax”2

sl=size(t(0:1,*), /dimensions);total row # (particle #)
for all frames

fbd=fltarr(1l)

for j=0, f do begin
wl=where(t(5,*) eq Jj)
coord=t (0:1, wl);x and y data in each frame
ids=t (6, wl); particle IDs for each frame
s=size(coord, /dimensions) ;particle # in one frame
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count=1lonarr{s(1l))
;print, 'count=',6 count

for k=1, s(l)-1 do begin;shift s(1) make no change

coordij=(coord(*,*)-shift{coord(*,*), Q,
k))"2
rZ2=total (coordij, 1)
w=where(r2 1t ax2)
if (total(w) ne -1) then begin
count (w)=1
endif
endfor

fhd=temporary (fbd)+total (count) /s (1l); fbd means
frame bond density

endfor
bd=fbd/ (f+1); need not to devided by 2
print, 'bd=', bd

finish:
end

pro nl_bondtheta

o Rk ok ok ok ok ok ok kR ok ok ok ok ko ke ok ke ok ke ke ok ke ok ok ok ke ok ok ek ok ok ke ke ke ok ke ke ke ok ok ke kA kK
7

;to calculate bond (which is formed by two jointed

particles due to electric
;field along y axis) ansity and average bond angle.
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;created by ning 11 on Aug 22, 2007

ek Kk AR A KK KK A A I IR KA KKK K AT kI Kk Kk khkhkhkkkhkdkhkkhkhkhkkdkkkkkkkkxx* %%
4

;for nl19bl

o ook ko ok kK vk ok ok ek ke ke ko k k Tk ok ke ke ok Kk ke ko ok ok ok ok ke ok ke ok k ok ok ke ok ke ok ok ok ke
’

;n=399; - —-—-—--ce e ——— number of frames, start from
zZero

;d=9;---—---- - - particle diameter in pixels
18=9; —m e an optional parameter which

specifies the minimum allowable separation between
feature centers. the default value is diameter+l.

;b=10000;-------"-"-"-"-"-"-"---—-— brightness cutoff
ymaxdisp=3;--------------- the maximum displacement a
particle can move in one frame in pixels
;good=3;--—---——"——-———-————- any particle existing in less

frames than the number set for good will not be counted

in hn_track.pro
JMem=2; ——~~—————=—————————— if the particle reappears

after this number of rar 3 has elapsed, it will be
tracked as a new particle

;noise=l;-——-—----—————————~ characteristic lengthscale of
noise in pixels, used : dgfilter.pro (generally 1, 1
pixel noise)

;rmax=11.0;-------------—- maximum radius
,.***************************************************
;for nl8b
;********************‘k*******‘k*************************
n=399;---—-——————————-——- -~ -~ number of frames, start from
Zero

d=11;--------=--"=""--—————- particle diameter in image
s=13;---=----=—-——— - an optional parameter which
specifies the mir’ 1 owable separation between
feature centers. ( 1lt value is diamet :-+1.
b=10000;----------------—- brightness cutoff
maxdisp=3;-----———————=---- the maximum displacement a
particle can move in one frame in pixels
good=3;-——--—-————=———=—-~-~~ any particle existing in less

frames than the number set for good will not be counted

in hn_track.pro
mem=2; ———-——-—-—-——-—————-—-——-~ E the particle reappears
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after this number of frames ~ is elapsed, it will be
tracked as a new particle

noise=l;----—---------—-—-- characteristic lengthscale of
noise in pixels, used in dgfilter.pro (generally 1, 1
pixel noise)

rmax=16.0; - —------—--—-———- maximum bond length

o KOk Kk kK Kk kK K K ok kK kR ok ok Sk ok ke ke ok ke ke ok ke Sk kR ok ok ok ke dk ke sk ok ok sk ok sk ke ok ok ke ke ko ok ok
7

c=dialog_pickfile()
if ¢ eq '' then begin
goto, finish

endif

filename=strsplit(c, '\',, tract)
length=size(filename, /dir sions)
tif_file=filename(length)

;restart:for 1=0,n do begin

;pretrack_thresholds,i,c,d,s,b,noise

; frame=string (i)
;frame=strjoin([ 'Frame', framel, '")
;box=dialog_message(frame, /information, /cancel)
;1f (box eqg 'Cancel') then begin

;goto, cancel

;endif

;endfor

;res=dialog_message('Are ou finished
checking?', /QUESTION)

;1f (res eqg 'No') then goto, restart
;cancel: wdelete
;wdelete

;wdelete
;wdelete
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S

jR*xokk kR x particle i¢ 1tify
finished********************

a=dialo¢ nessage('Do you wish to continue with bond
angle calculation?', /question)

if (a eq 'No') then goto, finish
res=strjoin(['pt',tif_file, 'gdf'],'.")
split=strsplit(tif_file,'.', /extract)

;hpretrack, tif_file, bplo=1, bphi=d, dia=d, sep=s,
mass=b, /tiff,/multi

pt=read_gdf (res)

t=track (pt,maxdisp, goodenough=good, memory=mem)

prrkFxokxwxkxT columns of data
takem* * * % k k% sk ok Kk ok Kk ok Kk ok Kk ok Kk Kk Kk ok

f=max(t(5,*)); f£+1 1s total frame #

rmax2=rmax” 2

histo=fltarr (1)
)
)

cost Iltarr(l
sint=fltarr (1

rsl=size(t(0:1,*), /dimensions);total row # (particle
#) for all frames
for j=0, f do begin
wl=where(t(5,*) eq J
coord=t (0:1, wl);x and y data in each frame
s=size(coord, /dimensions) ;particle # in one frame

for k=1, s(l)-1 do t gin;shift s(l) make no change

coordij={coord(*,*)-shift(coord(*,*), O,
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r2=total (coordij, 1)

w=where(r2 1lt rmax2)

1f (total(w) eqg -1) then goto, endshift
sz=gize(w, /dir 1sions)

yvij=coordij(1l,w)

xij=coordij (0, w)

rij=r2(w)

costheta=yij/rij
sintheta=xij/rij

cost=temporary(cost)+total (costheta)
sint=temporary(sint)+total (sintheta)

histo=temporary (histo)+sz;

endshift:
endfor

endfor

co=cost/histo
si=sint/histo

print, 'co=', co, 'co+si ', co+si;'si=', si,

finish:

end

pro nl_ericgr2d

ook ok ok ok ok ok ok ok ok ok ok kR ok ok Rk ok ok gk k %k k %k ok ok ok sk ok ok ok ok ok ok dk ke ke ok ok ok K ok ok ok ok ok ok ok ok ok ok ok ok ok
’

;to apply ericgr2d.pro and calculate pair correlation
function calculation g({r)
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;created by ning 11
;last modified at june 18, 2007

Kok ok ok ok ok ok ok ok Kk ok Kk ok Rk ke k ko ok ok ke ke k ke kS ke ok kK Kk ok K sk %k ok sk ok ok ke ke kK ok ok ok R ok ke ke %k

n=19;-------—---————————- wumber of frames, start from
Zero

d=9;------—--- - particle diameter in image
S=9; - an optional parameter which

specifies the minimum allowable separation between
feature centers. the default value is diameter+1l.

b=5750;------""—"""--—————— brightness cutoftf
maxdisp=3;----—----—==-~—-—- the maximum displacement a
particle can move in one frame in pixels
good=3;--—-——-—---—--—————- any particle existing in less

frames than the number set for good will not be counted
in hn_track.pro

mem=2; ———-—-—-=——————————— if the particle reappears
after this number of frames has elapsed, it will be

tracked as a new particle

noise=l;-----—-=--—-—————-—- characteristic lengthscale of
noise in pixels, used in dgfilter.pro (generally 1, 1
pixel noise)

dr=l;---------------- deltar, i.e. binsize

rmax=100.0;-------=--~———- maximum radius
e Rk ok ok ok ok ok ok ok ok ko ok ok R %k kR Rk kR ko kR ko kR kR ok ko ke ko ok ok ok ok ok ok ke ok ok ok ok ok ke
!

; 'please go to $$$$$$S to change output data file
first!

c=dialog_pickfile()

IF ¢ egq '' Then Be in

goto, finish

ENDIF
filename=strsplit(c, '\', /extract)
length=size(filename, /dimensions)

tif_file=filename(length)

restart:FOR 1=0,n DO BEGIN
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pretrack_thresholds,i,c,d,s,b,noise
frame=string (i)
frame=strjoin(['Frame', fr nel,'")
box=dialog_message (frame, /information, /cancel)
if (box eqg 'Cancel') then begin
goto, cancel
endif

ENDFOR

res=dialog_message ('Are you finished
checking?', /QUESTION)

if (res eg 'No') then goto, restart

cancel :wdelete

wdelete

wdelete

wdelete
pRxxKkxkkxkkxxx thig part ¢ doing particle
identify*************i k% % K% K
a=dialog_message('Do you wish to continue with pair
correlation function?', /¢ 3:stion)
if (a eg 'No') then goto, finish

res=strjoin(['pt',tif_£file, 'gdf'],"'.")

split=strsplit(tif_file,'.', /extract)

;hpretrack, tif_file, bplc ., bphi=d, dia=d, sep=s,
mass=b, /tiff,/multi

pt=read_gdf (res)
;t=track(pt,maxdisp, goodenocugh=good, memory=mem)

gr = ericgr2d(pt,rmin=0.0, rmax=rmax,deltar=dr);, /track)
;deltar is close to numsteps=5000 in nl_rdf_stack.pro
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;decreasing deltar (binsi 2) here (0.01 by defult) will
decrease the time running the procedure and make the
result less noisy

;window, 4, xsi1ze=700, ys & =512
;thiswindowindexl = !D.v low
;wset = thiswindowindexl

;plot,gr(0,*),gr(l,*),xtitle="r', ytitle="g(r)"
e = it take too long to plot this
GET_LUN, lunl

openw, lunl,
'C:\ning\IDL\procedures\nl9b2\gre_240v_rts2.dat’

;s=size(gr, /dimensions)

;for 1=1long(0),s(1)-1 do begin
;printf, lunl, gr(0,1),gr(l,1)
;endfor

printf, lunl, gr

free lun, lunl

finish:
end
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Append
Igor 'ro n

//for bl calculation. “//“comments the text after which
1s not functioning.
Macro bdlinear ()
Variable 1,3
Variable row=10, col=11
String s
make/o/n=(row) bdtemp, vitemp, viwt
make/o/n=(col) coefl, coefl, coef2 sigmal, sigmal,

sigma?2
i=0
do
bdtemp=bdmatrix[x] [i]
vitemp=vfmatrix[x][i]
//viwt=vfsqgrt(x][i]/4.74666//for slope
//viwt=visqgrt([x][1]1/6.58695//for intercept
viwt=vfsgrt(x][1]/3.59414//for poly Kl
//Cu eFit line bdtemp /X= vitemp /D
//CurveFit/X=1 line bdtemp /X=vitemp /W=vfwt
/I=1 /D

KO = 0;
Make/O, ./ ! T_Constraints
T _Constraints([0] {"K1 > 0","K2 < 0"}
//CurveFit/H="100" poly 3,

bdtemp /X=vft ap /D /C TI_Constraints
CurveFitc/H="100" poly 3,

bdtemp /X=vitemp /W=vifwt /I=1 /D /C=T_Constraints

coefO[1]=W_coef J]
coefl[i]=W coef 1]
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coef2{i1]1=W_coef (2]

sigmal(i]l=w_sigmal0]
sigmal[i]=t sigma(l)
sigma2(il=w_sigmal2]

//bdmatrix[(*] [1]*=(coefl[0]/W_coef[1])

1+=1
while(i<(col))

//Display bdmatrix[*] (0] vs vimatrix[*][0]

//3=1

//do

//AppendToGraph bdn trix[*1[{3J] vs vimatrix[*][7]
//s="bdmatrix#" + numlZstr(j)

//ModifyGraph mode=4, marker ($s)=3J

//+=1

//while(j<{col))

//Wavestats sigmal
Wavestats sigmal
//Wavestats sigmal

Display coefl vs energy
ModifyGraph mode=3
ErrorBars coefl Y,wave=(sigmal,sigmal)

//Display coef2 vs ergy
/ /ModifyGraph mode=3
//ErrorBar coO¢ 2 Y,wave (sigma2,sigmaZ)

//for a0 calculation
Macrc btline()
Variable 1
Variable row=10, col .1



String s

make/o/n=(row) bttemp, vitemp, viwt

make/o/n=(col) bty, btysigma, btslope,
btslopesigma, chi

1=0

do
bttemp=btmatrix([x][1i]
vitemp=vimatrix[x] [i]
//vEwt=visqgrt(x][1]1/1.29696//for bty
viwt=visqgrt[x][i]1*1.12281//for btslope
//viwt=visgrt[x] [1]*1.28957

//k1=0

//CurveFit/X=1/ :"01" line Dbttemp
vitemp /D

//CurveFit/X=1 line Dbttemp [5,0]
vitemp /D

//CurveFit/X=1 line bttemp /X=vitemp /D

CurveFit/X=1 line
bttemp /X=vftemp /W=viwt /I=1 /D

//CurveFit/> _./H="01" line
bttemp /X=vftemp /D

//CurveFit/> ./H="01" line
bttemp /X=vftemp /W=viwt /I=1 /D

bty[i]=W_coef[0]
btysigmali)l=W_sigmal0]
btslopel[i]l=W_coef[1)]
btslox sigme V_sigmall)
chi[il=vV_ch: _ _npnts

//btmatrix[*] [1]-=(W_ccef[0]-bty[0])

i+=1
while (i< (col))

177



End

//Display btmatrix[*][0] vs vimatrix[*] [0)]

//1=1
//do

//AppendToGraph btmatrix[*][1] vs vfmatrix[*][1]

//s="btmatrix#" + num2str (i)
//ModifyGraph mode |, marker ($s)=1
//1+=1

//while(i<(col))

//wavestats btysigma
wavestats btslopesigma

//Display bty vs fields
//ModifyGraph mode=3
//ErrorBars bty Y,wave=(btysigma,btysigma)

//wavestats chi

//for g(r) calculation

Macro paircorrelation()

Variable 1
Variable rmax=101, rnum=11
String rstr, grstr, ipstr, smstr

make/o/n=(grnum) gr’ . rfp

i=0
do

rstr="r"+ num2str(i)+"a"
grstr="gr" + nuw “str 1)+"a

ipstr="gr" + num2str i)+"a_L"
smstr="gr" + num2str{i)+"a_L_smth"

//rstr="r"+ numZstr( )+"b"
//grstr="gr" + num2str{i)+"b"
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//ipstr="gr" + num2str(i)+"b_ L"
//smstr="gr" + numl2str(i)+"b_L_smth"
InterpolateZ2/T=1/N=1000/Y= $ipstr Srstr, Sgrstr

Duplicate/O S$ipstr, S$smstr;DelayUpdate
Smooth, - 15, Ssmstr

Findpeak /M=0.5 S$smstr

grfpl[i]=V_Peakval
rfp[1]=V_ PeaklLocC

i+=1
while (i< (grnum))

Display grfp vs f: 3
Display rfp vs fields

Display grOa_L_smth vs r0
//Display grOb_L_smth vs r0

i=1
do

smstr="gr" + numZ2str(i)+"a_L_smth"
//smstr="gr" + numZstr(i)+"b_L_smth"

AppendToGraph S$Ssmstr vs 10

i+=1
while (i< (grnum))

End

//interpolating g(r) for £f0
Macro avgr ()
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Variable i
Variable grnum=11
variable vf=0.5 //for expt 1,3

Variable dia=0.77*11.64//diameter in pixels

make/o/n=(2) rcfp,

grcfp,

make/o/n=(grnum) avrip,

i=0
do

rcfp(0l=rafpli]
rcfp{l]=rbfp(i]

grcfp(0]=grafp(i]
grcfp(l]l=grbfp{i]

vigrc[0l=vigrali]
vigrc[ll=vigrb[i]

CurvefFit/X=1 line

CurveFit/X=1 line

rcfp /X=vfgrc /D
avrfplil={(fit_rcfp(vi))/dia

grcfp /X=vfgrc /D

avgrfp{il=£fi+ -“rcfpi{vt)

i+=1
while (i< (grnum))

display avrfp vs energy

ModifyGraph mode=3,rghb=(0,0,0)

display avgrfp vs energy
ModifyGraph mode 3,rgb=(0,0,0)

//cT calculation
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Macro lnexpfit ()

Variable i

Variable col=11

String vfstr, zpstr, vfintstr, vfitpstr, fitvfstr,
vigraphstr, lnvftpstr

make/o/n={(col) vfound, vicoef(, vfsigmal, vfcoefl,
visigmal, vifchi

1=0

do
vistr="vi"+num2str (1)
zpstr="zp"+numZstr (i)

Invitpstr="1nvf"+num2str (i)

vitpstr="vf"+num2str(i)+"_L"
viintstr="vf"+num2str{(i1)+" I INT"

//fitvistr="fit _vE'"+num2str{i}+"_L"
fitvistr="fit Invif"+num2str (i)

vigraphstr="vfgraph_" + numl2str (i)

// ;i //Sort/R Szstr Svistr
Interpolate2/T=1/N=1000/v=Svitpstr $zpstr, Svistr
Integrate $t ¢ /1 svfiintstr

findvalue /t ).002 /v=0.11 S$vfintstr
viound[1]=V_value

//Make/D/N=2/0 W_coef

//W_coef[0] = (1,20}

//FuncFit ning exp W_coef Svftpstr(0,V_value] /D

Duplicate/0 $vftpstr $lnvftpstr
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Slnvftpstr=ln(sSvftpstr)

Duplicate/0 Svitpstr viwt
viwt=1/(sqgrt(Svitpstr)*42.6835)//42.7 is to make

visigmal have the same V_avg=0.0066

//CurveFit line Slnvftpstr{0,V_value] /D
CurveFit line

Slnvftpstr([0,V_value] /W=viwt /I=1 /D

flag

vicoefO[i]=W_coef[0]
vigsigmalO[i]l=W_sigmal0]
vicoefl[i]=W_coefl
visigmal[il=\ "~ gymall]

//vEchi[i]l=V_chisqg/V pnts

//display/n=svfgraphstr $Svfstr vs S$zpstr// "/n":
the graph

display/n=svigraphstr S$Slnvftpstr
ModifyGraph mode=3

appendtograph S$fitvistr

ModifyGraph rgb(sfitvistr)=(0,15872,65280)
ModifyGraph width={aAspect, 1}

//ModifyGraph log(left)=

i+=1
while(i<(col))

//Display vicoef( vs fields
/ /ModifyGraph mode=3
Display vfcoefl vs energy
ModifyGraph moc =3
//Display vfound vs fields

//wavestats visigmal
wavestats visigmal

//wavestats vichi



End

//close a series of oy 1ed windows in Igor Pro
Macro kill_vfwindows ()
Variable 1
Variable col=11
String vigraphstr
i=0
do
vigraphstr="vfgraph_" + numZ2str (i)

Dowindow/K S$vigraphstr
‘ .
1+=1

while (i< (col))

End
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