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Abstract

Crystals and Liquids in Gravitationally Confined Quasi-2-Dimensional Colloidal
Systems

by Yijun Dong

We use bright field microscopy to observe the phase behavior of the base layer in a
gravitationally confined colloidal system of silica particles. After injecting the colloidal
particles into a chamber and giving the system sufficient amount of time for sedimen-
tation, we observe those particles settling on the base of the chamber forming a static
quasi-2D structure. We control two parameters of the system, namely the particle con-
centration and their Péclet number. The Péclet number measures the relative importance
of the gravitational force over the thermal effects, and is positively related to the parti-
cle diameters. We find that the most ordered states are formed by the heavy particles
(with large Péclet numbers) at moderately high concentrations. For the lighter particles
with smaller Péclet numbers, we observe the "glassy’ phases in some sedimented quasi-2D
colloidal systems, which do not exist in the ideal 2D hard disk fluids.
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1 Introduction

The transitions between the gas, liquid, and solid phases of matter are ubiquitous
in nature [!]. From the freezing of water that forms ice to the crystallization of salt
from seawater, the transitions between the liquid and solid phases of matter involve the
change of particle ordering within the system. Meanwhile, colloids are suspensions of
microscopically dispersed insoluble particles throughout a liquid [18]. The diameters of
colloidal particles fall in a range between 1 nm and 10 nm [11], where the individual
particles can be observed via the optical microscopy over accessible length and time scales.
Colloid particles also display intriguing phase transitions between liquids and solids which
have been an interesting research topic in the solid state physics for decades [1, 7]. A
colloidal crystal is a highly ordered array of colloidal particles, analogous to the crystal
lattice, that is able to extend for a large length scale [15]. Depending on the initial state
and the dynamics of the phase transition, as the concentration increases, a 3D colloidal
suspension may undergo crystallization and form ordered colloidal crystals, or be trapped
in the amorphous gel-like state and form colloidal glasses [1, 18]. Since the advances in
imaging techniques enable the direct observation of individual colloidal particles during
the phase transition [1], the colloidal suspensions are commonly used as model systems
in studying glass transition and crystallization of materials [1].

Growth of 3D colloidal crystals under sedimentation is an active research topic stud-
ied by various simulations and experiments [5, 10, 13, 11]. Meanwhile, research indicates
that phase behaviors of 2D or quasi-2D systems can be modeled by colloidal suspensions
confined in thin layers [15]. Particles with proper sizes and buoyant densities can be
confined by the gravitational force in a monolayer, and thereby form a monolayer struc-
ture under sedimentation, as shown in Figure 1. The quasi-2D ordering of particles in
such monolayer structures can be affected by the particle sizes, as well as the concen-
trations of sedimented systems. Specifically, gravitationally confined colloidal particles
are dominated by two types of motions, namely the diffusion and sedimentation. The

size of particles determines the relative importance between diffusion and sedimentation.



Qualitatively, for the ’heavy’ large particles, sedimentation has more significant effects
on the particles. Thus, the particles are prone to be confined by the gravity and form a
monolayer structure. In contrast, for the 'light’ small particles, diffusion dominates the
motion of the particles. In this case, particles tend to fluctuate in the 3D space due to

their thermal energy, and therefore are less probable to form quasi-2D structures.

@ Overlayer particles
@ Base layer particles

Figure 1: A sedimented colloidal system with a gravitationally confined monolayer struc-
ture over the base of the system.

An ideal 2D hard disk fluid has three different phases, the crystal phase, the liquid
phase and an intermediate hexatic phase [3, 12]. Between these phases, the ideal 2D hard
disks undergo two stages of phase transitions, the first-order liquid-hexatic transition
and the second-order hexatic-solid transition [3]. Different from a 3D hard sphere system
which can be trapped in a disordered glassy state, a 2D hard disk fluid does not have glassy
phases. This is because the equilateral triangular local optimal packing of hard disks can
tile the 2D space, while the tetrahedral local optimal packing of hard spheres fails to
fill the 3D space [12]. Nevertheless, a real gravitationally confined quasi-2D monolayer
structure may display different ordering behaviors from those of an ideal 2D system
because of the particle diffusion in the vertical direction, the inevitable polydispersity of
synthetic colloidal particles [2], and the effects of overlayer particles on the base layer
ordering (Figure 1).

In this thesis we present a series of experiments where we use bright field microscopy to
observe the phase behaviors of the base layer in a gravitationally confined colloidal system

of monodispersed silica particles. After injecting the colloidal particles into a chamber



and giving the system sufficient amount of time for sedimentation, we observe those
particles settling on the base of the chamber forming a stable or metastable monolayer
structure. We control two parameters of the system, namely the concentration of particles
and their Péclet number. The Péclet number measures the relative importance of the
gravitational force over the thermal fluctuation, and is positively related to the particle
diameter. We find that the most ordered states are formed by the heavy particles (with
large Péclet numbers) at moderately high concentrations. In addition, for the lighter
particles with smaller Péclet numbers, we observe the "glassy’ phases in some sedimented

quasi-2D colloidal systems, which do not exist in the ideal 2D hard disk fluids.



2 Relevent Physics

2.1 Diffusion, Sedimentation, and the Péclet Number

The motion of heavy colloidal particles consists of the diffusion driven by the thermal
energy and the sedimentation due to the gravitational potential. In a dilute suspension
where the particle interaction is negligible, when the thermal fluctuation of the particles
and the gravitational force reach an equilibrium, the distribution of particles with respect

to the height can be expressed as,

P(z) = - exp (- E>’ (1)

where z denotes the height that particles reach from the base of a chamber. I, (m) is
the characteristic lengthscale that is related to the thermal energy and the gravitational
force of the particle,

lg = k:B_T7 (2)

mg
where kg = 1.38 x 10723 J/K is the Boltzmann’s constant; T represents the absolute
temperature of the system in Kelvin; m (kg) denotes the buoyant mass of the particle;
and g = 9.8 m/s? is the gravitational acceleration.

From Equation (1), we can predict the probability of particles in a dilute system form-
ing quasi-2D structures under sedimentation by comparing [/, with the particle diameter
d. Roughly, we define the monolayer structure formed by particles that directly settle on
the base as the base layer; and we name the other particles in the system that settle on
or fluctuate above the base layer as the overlayer particles. For d < [;, the probability
for the particles to fluctuate above one particle diameter is large enough such that the
particles are not expected to form a quasi-2D monolayer without the pressure from dense
overlayers. However, when d > I, the probability of finding particles above one parti-
cle diameter due to thermal fluctuation is negligible. Therefore, the particles driven by

the sedimentation are expected to form a monolayer structure in the base layer without



significant amounts of overlayer particles.
The Péclet number (Pe) is a dimensionless number that measures the relative impor-

tance of the gravitational potential over the thermal fluctuation on the particle motion,

d _mApg

Pe = =
“T 1, " 6ksT

o d?, (3)

where Ap = pparticie — Pmedia 15 the buoyant density of the particles in the media. Equation
(3) indicates that for a colloidal system with given uniform media at a certain tempera-
ture, the Péclet number of particles is positively related to the particle diameter, Pe oc d*.
Together with Equation (1), we predict that in a monodispersed system of large particles
with an appropriate concentration, an ordered quasi-2D structure will form in the base
layer without the accumulation of particles in the overlayers under sedimentation because
of the relatively large Péclet numbers (Equation (3)). However, a system of smaller parti-
cles will not form an ordered base layer unless the particle concentration in the overlayer
is high enough to apply sufficient pressure on the base layer and constrain the diffusion

of the base layer particles in the vertical direction.

2.2  Quasi-2D Ordering of Heavy Colloidal Particles

When Pe(d) > 1, the diffusion of particles in the vertical direction is negligible
compared to the sedimentation. Given a proper concentration, all the particles will be
confined to the base layer by the gravitational force, and the system can be mapped into
two-dimension. Moreover, for the hard spherical particles, like the silica particles, the
particle interaction is negligible unless the particles contact with each other, where they
are strongly repulsive [18]. Therefore in the ideal case, a perfectly monodispersed system
of large hard spherical particles (Pe(d) > 1) with a proper concentration can be well-
represented by the hard disk fluid. The two-dimensional hard disk fluid has three different
phases, the crystal phase with both long-range positional and orientational orders, the
liquid phase where both positional and orientational correlations show exponential decays,

and the intermediate hexatic phase with a power decay in the positional correlation [3, 12].



Simulations on the hard disk model indicate that the phase transition of the hard disk
fluid consists of two stages, the first-order liquid-hexatic transition and the second-order
hexatic-solid transition [3]. Moreover, different from the 3D hard sphere system which
can be trapped in a disordered glassy state, the hard disk fluid does not have a glassy
phase in two-dimension. This is because the equilateral triangular local optimal packing
of hard disks can tile the 2D space, while the tetrahedral local optimal packing of hard
spheres fails to fill the 3D space [12].

However, the 3D colloidal system confined by gravity has several complications com-
pared with the ideal 2D hard disk model which may lead to different order behaviors.
First, particles in the gravitationally confined colloidal system experience thermal fluctu-
ation in the vertical direction, while the hard disk model assumes zero potential energy
and thermal fluctuation in two-dimension only [3]. We predict that this variation has
little effect on the colloidal systems of large particles because the diffusion is negligible
compared with the sedimentation for large Péclet numbers (Equation (1), (3)). However,
the variation becomes nontrivial for the systems of smaller colloidal particles where the
thermal fluctuation dominates the particle motion. In this case, the real 3D colloidal
system may have a distinct order behavior from the 2D hard disk fluid. The second com-
plication comes from the polydispersity (i.e., the non-uniformity of particle sizes) of a real
colloidal system. The diameters of real synthetic colloidal particles have a distribution
that usually spreads more than 2 — 3% of the average diameter [2]. The polydispersity
has non-negligible effects on the crystallization of a colloidal system [2]. For instance,
experiments on hard spherical colloidal particles suggest that the crystallization is im-
peded when the polydispersity exceeds 12% [16]. Due to these complications and their
non-trivial effects on the order behaviors, we predict that a real sedimented quasi-2D col-
loidal system will have different phase behaviors depending on various factors, including
the particle sizes and the polydispersity of the system.

In addition to the vertical thermal fluctuation and the polydispersity, different from
the ideal 2D hard disk model, in a real sedimented 3D colloidal system, particles in the

overlayer have critical effects on the crystalline packing in the base layer. The overlayer



particles can apply pressure on the base layer that promotes the crystalline packing.
Specifically, the particles in the overlayer, provided a sufficient density, can inhibit the
vertical fluctuation of the base layer particles by constraining their diffusion within the
base layer. Nevertheless, particles in the overlayer may hinder the ordering of the base
layer by impeding the particle motion and rearrangement in the base layer. Starting with
a random disordered state, the base layer may be locked in a disordered phase by the

concentrated overlayer, and form a ’glassy’ state that does not exist in the 2D hard disk

fluid.



3 Experimental Methods

We study the quasi-2D crystalline packing of gravitationally confined spherical parti-
cles by observing the base layer ordering of a sedimented monodispersed micrometer-scale
silica particle suspension in water. The experiments consist of three parts, namely the
preparation of a sedimented colloidal system, the microscopy for recording the base layer
ordering, the image analysis and the particle tracking for analyzing the ordering behav-

101S.

3.1 Preparation of A Sedimented Colloidal System

@ Overlayer particles
@ Base layer particles

sl

Cover glass

A stack of 4 cover glasses

Microscope slide

Figure 2: A sedimented monodispersed colloidal system in a chamber formed by a mi-
croscope slide and (2xn + 1) =9 (n = 4) pieces of cover glasses that are adhered and
sealed by the Norland optical adhesive.

We prepare a sedimented colloidal system starting with a 3D colloidal system, by
giving the system sufficient amount of time to reach a stable or quasi-stable state under
sedimentation. First, we inject a suspension of colloidal particles in water into a chamber
formed by a microscope slide and cover glasses, and then adhere and seal the chamber
using the Norland optical adhesive, as shown in Figure 2. Then the 3D colloidal suspen-

sion is well mixed by hand shaking, as well as by flipping the chamber up-side-down. We



let the well-mixed 3D colloidal system rest on a horizontal surface (usually a horizon-
tal microscope stage) for sufficiently long time (usually 15 — 30 minutes), and allow the
system to form a stable or quasi-stable state under sedimentation.

We roughly control the area fraction of the base layer in a sedimented colloidal system
by adjusting the height of the chamber and the concentration of the colloidal suspension
injected into the chamber. The height of the chamber is adjusted discretely by stacking
various numbers of cover glasses (e.g., 4 cover glasses in Figure 2) at the side boundaries
of the chamber. Specifically, for a monodispersed colloidal suspension with particle con-
centration n (mm™3) confined in a chamber with height / (mm) as shown in Figure 2, a
(mm?) denotes the area of the projection of a spherical particle on the horizontal surface.
When n is in a moderate range such that all the particles in the 3D suspension are able
to settle in the base layer without occupying the space in the overlayer, then the upper

bound, ¢,,.., of the base layer area fraction, ¢, are given by,

nVag

A

¢ < gbmaz = - aOnh7 (4)

where V' (mm?) and A (mm?) are the total volume of the 3D suspension and the base
layer area of the chamber, respectively, such that h = V/A. Meanwhile, for a given h,
when n is large enough such that the particles stack in the overlayer after fully spanning
the base layer, we are able to adjust the overlayer particle concentration by changing the
concentration n. The base layer area fraction of such a concentrated sedimented system
varies from moderate to high depending on the ordering of the base layer.

Table 1: The diameters of spherical silica particles and their corresponding Peclet num-
bers. We assume that the silica particles are suspending in water at the room temperature.

d (um) 185 1.61 158
Pe 24 14 13

Furthermore, to investigate the effect of the Peclet number on the base layer ordering,
we prepare monodispersed colloidal systems with spherical sillica particles of various
diameters, as shown in Table 1. The particles with diameter d = 1.85 ym and 1.61 um

are non-functionalized silica microspheres with natural hydroxyl or silanol surface groups
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manufactured by the Bangs Laboratories Inc. These particles typically have coefficients
of variance (C.V.) of 10 — 15% in their diameters. The silica microspheres with diameter
d = 1.58 pum are produced by the Duke Scientific Corporation. These particles are
composed of amorphous silica with no surface additives. The particle diameter has a

standard deviation of 0.04 um, corresponding to a C.V. of 2.5%.

3.2 Microscopy

We observe the ordering of the base layer in a sedimented colloidal system in the
stable or quasi-stable state using bright field microscopy with a 100x oil lens and Kohler
illumination. Specifically, we record the constrained diffusion process of particles in the
base layer using a high-speed camera connected to the microscope, for 1 —5 minutes with

1 corresponding to an inter-frame time interval of At = 0.25 s.

a frame frequency of 4s~
The regions in the base layer observed by the microscope are square frames with side
lengths within the range 70 — 130 um, or 40 — 90 particle diameters, which contains
around 1000 — 4000 particles. The Kohler illumination is a sample illumination technique
that provides even illumination with high sample contrast [9]. By applying the Kohler
illumination, we are able to distinguish the base layer particles from the background, as

well as the overlayer particles, and thereby observe the particle ordering and motion in

the monolayer structure.

3.3 Particle Identification, Tracking, and Phase Analysis

Via a series of image processing and particle tracking algorithms in IDL (i.e., Interac-
tive Data Language) developed by Crocker and Grier [1], we are able to extract quantita-
tive data on the structures and dynamics of colloidal suspensions in various phases from
the digital video microscope images [3]. First, the particles are identified, located, and
refined iteratively based on the brightness-weighted centroid estimation [1]. This method
is limited by the digital image resolution and the noise in the original image (e.g., the
shadows of inter-layer particles fluctuating between the base layer and the overlayer),

but is not sensitive to the optical resolution of the microscope (e.g., 200 nm for a typical
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100x objective) [8]. Specifically, the algorithms can determine the particle positions up
to a remarkable precision of 30 — 50 nm [%], which is negligible compared to the diameters
of the colloidal particles. Furthermore, the algorithms support simultaneous tracking of
several thousands of particles from the particle position data [8]. The trajectory linking
from the particle positions is based on considering the dynamics of the noninteracting
Brownian particles [1].

From the particle position data, we are able to further analyze different phase prop-
erties of the monolayer structures in the sedimented colloidal systems, including the base
layer area fraction and the measurement of 2D hexagonal packing, 1)s. The monolayer
area fraction ¢ is evaluated from the particle diameter d in and the particle count N in
a given frame with known total area A,

Td*N

o="10 )

Meanwhile, the measurement of 2D hexagonal packing, 1), is calculated in two steps.
First, the monolayer is partitioned with respect to the set of particle positions using
the Delaunay triangulation. A pair of particles connected by an edge of a triangle in
the partition is defined as neighbors. Knowing the position of a given particle and all
its neighbors, we can conduct further phase analysis on the ordering of particles in the

monolayer which will be introduced in Section 4.1.
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4 Analysis Methods

4.1 Two-Dimensional Crystalline Packing

We use ¢ as an order parameter to quantify ordering of a two-dimensional structure.
The g is a normalized complex number that measures the hexagonal packing of the

two-dimensional monodispersed particles,

1
V=%

Mz

i-60;), (6)

where given a fixed axis and a 2D projection of a particle, k£ spans all the immediate
neighbors of the given particle determined by the Delaunay triangulation; N denotes the
total number of neighbors of the particle; and 6, represents the angle formed by the given
axis and the connection of centers between the particle and its k-th neighbor, as shown in
Figure 3a. Specifically, for our microscopic images (Section 3.2), we identify the position
of a given particle and all its neighbors via the methods described in Section 3.3, and
then calculate g by taking the vertical and horizontal edges of the rectangular image

frame as the fixed axis.

(a) A unit of two- (b) The v colorplot of a domain Wlth both the 2D crystal
dimensional crystal formed in hexagonal packing, as labeled by the solid red bound-
by 7 monodispersed par- ary, and the grain boundary in disordered arrangement,
ticles in perfect hexagonal as marked by the dash line. The g color plot uses colors
crystalline packing. The with high brightness to mark the particles with [ig] — 1.
central particle has |¢g| = 1 The particles with similar vg phase angles are labeled in
with a phase angle of 0°. similar colors (i.e., colors with similar hue values).

Figure 3: (3a) The definition of g, and (3b) a demonstration of the s colorplot of a
domain with both the 2D crystalline packing and the grain boundary.
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In an ordered domain with the hexagonal 2D crystalline packing, particles have 1
with absolute values |1)g| — 1 and similar phase angles with respect to the common given
axis (Figure 3a). In order to visualize the ordered and disordered domains within a 2D
frame, we label particles with different |¢)g| and phase angles using different brightness
and hue, respectively, as shown in Figure 3b.

Moreover, we define a correlation function on 14 to approximate the average size of
the ordered domains, as labeled by the solid red line segments in Figure 4a and 4c, within

a frame. The 1)g correlation function f : RT — [—1,1] is defined such that,

fr) = (Ws(r) - 46(0)), (7)

where for a given particle with 1g(0) = ao + iby and any particle with 1¢(r) = a, + ib,

and distance r apart from the given particle,

— —

v6(r) - ¥6(0) = aoar + bob. (8)

The brackets (-) denotes the average over all the possible pairs with distance r contained
in the frame. The g correlation function f usually shows an exponential decay as the
distance r increases, as Figure 4b and 4d demonstrated. The average size of the ordered
domains in a given frame is approximated by the fitting parameter in the exponent,
named the s characteristic length scale L, when the 1) correlation data are fitted to

an exponential decay,

fr)=A-exp (= 7). (9)

as illustrated in Figure 4b and 4d.

4.2 Diffusion and Caging

Structural rearrangements and particle mobility are crucial properties of colloidal
glasses and crystals that control the resistance to flow [17]. The mobility of particles in

colloidal glasses is many orders of magnitude lower than those in fluids [17]. Therefore,



(a) The g colorplot of a relatively
ordered monolayer of particles with
diameter d = 1.58 pm that con-
tains large crystallized domains of var-
ious sizes, as marked by the solid red
boundaries.
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(¢) The s colorplot of a disordered
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14

0.7 T T T T T T T

06

r
05+ f(r) =A-exp (——)
Ly
A o 6
= 04°f o Ly =7.5d =11.8um
£
. 03Ff
=
=4
g o2f

0.1}

fr)

-0.1 |

0.2 . n L L L L L L L
0 5 10 15 20 25 30 35 40 45 50

r/d (d = 1.58um)
(b) The v correlation function of particles in
Figure 4a and the corresponding exponential de-
cay predicted by Equation (9). From the fitting
parameter, the approximated average size of the
ordered domains, Ly, = 11.8 pm = 6.4 d.
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B 0.15
<
=
v

fr)

0 1‘0 2I0 3I0 4I0 56 6‘0 7IO 80
r/d (d = 1.58m)

(d) The v correlation function of particles in

Figure 4c and the corresponding exponential de-

cay predicted by Equation (9). From the fitting

parameter, the approximated average size of the

ordered domains, Ly, = 2.3 pm = 1.5 d.

Figure 4: For a given relatively ordered (4a) or disordered (4c) frame, the average sizes
of the ordered domains, L, are approximated from (4b, 4d) the corresponding s cor-
relation functions and their patterns of exponential decay given by Equation (9).

the particle mobility in the base layer of a sedimented colloidal system can be a potential
indicator for the ordering of a gravitationally confined quasi-2D structure. We quantify

the base layer particle mobility via the mean square displacement of particles undergoing
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constrained diffusion,

(Arf)(At) = ([r(t + At) — (1)), (10)

where (-); denotes the average of all the time intervals, starting from an arbitrary time
t, with given length At.
For a 2D colloidal system in liquid phase, the free diffusion of particles is known as

Brownian motion, which satisfies that [(],

(Ar?) = (A2 + Ay?) o AL, (11)

However, in a concentrated system where the particle diffusion is significantly constrained
by the neighbors, (Ar?) is not always proportional to At. In fact, the mean square dis-
placements follow Equation (11) in a sufficiently small time interval before the particles
start colliding with their neighbors, and also in a large enough time interval where the
particles readily break the ’cages’ formed by their neighbors via rearrangements. How-
ever, Equation (11) does not hold for the time intervals with intermediate lengths where
particles are doing constrained diffusion in the ’cages’ formed by the neighboring particles.

Known as caging, for these intermediate-length time intervals,

(Ar?) oc AtF, (12)

where k£ € (0,1). In a log — log plot of mean square displacements,

log(Ar?) = klog At + ¢ (13)

for some constant ¢. From Equation (13), we can predict that a mean square displacement
curve of the constrained diffusion will have slopes k = 1 at extremely short or long time
intervals, while at the intermediate values of At, the curve has a plateau with 0 < k < 1.
For the base layer of a concentrated sedimented colloidal system, the slope and the height
of the plateau in the mean square displacement curve reflect the mobility, as well as the

average size of the ’cages’, of the particles in the base layer.
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Figure 5: The mean square displacements (in a log — log plot) of the constrained particle
diffusion in the base layers concentrated sedimented colloidal systems with different base
layer area fractions. The set of curves shows the range of At while the particles are in the
caging stage (i.e., k < 1 for Equation (12)). All the sediments systems are monodispersed
with the particle diameter d = 1.85 um.

We use the particle tracking data (Section 3.3) extracted from the digital microscopic
images (Section 3.2) to study the dynamics of the base layers in sedimented colloidal
systems. Specifically, we first evaluate the mean square displacements of the particles
via the msd. pro function implemented in the IDL particle tracking package [1]. Then we
infer the particle mobility and rearrangements in different systems by comparing their
corresponding mean square displacement curves (Figure 5).

Figure 5 illustrates a set of mean square displacement curves for the constrained
diffusion of particles in the base layers with various area fractions. In Figure 5, both the
slope and the height of the plateau decrease as the area fraction increases, because of
the shrinking sizes of the ’cages’ and the decrease in particle mobility when the system

is approaching crystallization or glass transition.
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5 Results

We investigate the base layer ordering of sedimented monodispersed colloidal systems
with 3 different particle diameters (Table 1) and various base layer area fractions. We
observe different base layer ordering behaviors as the area fraction increases for particles
with small Péclet numbers (i.e., Pe = 13,14) and those with relatively large Péclet
numbers (i.e., Pe = 24). To understand the different ordering behaviors, we further

analyze the particle density in the overlayer and the mobility in the base layer.

5.1 Base Layer Ordering Behaviors

8 -
09} u
- ! .-
08¢ 6
§° u
5 07 - =7 -
5 e
2 ] 47
0.6 u
] 3l .
u L |
0.5 m
-~ 2/
0.4 : ‘ : : : 1 : : : :
0.55 06 065 0.7 075 0.8 0.5 0.6 0.7 0.8 0.9
¢ ¢
(a) The median v of particles with Pe = (b) The Ly, of particles with Pe = 24 (d =
24 (d = 1.85um). 1.85 pum).

Figure 6: The base layer ordering of particles with Pe = 24 (d = 1.85 pum). The base
layer is more ordered as the area fraction increases. The most ordered phase is found at
the highest area fraction. Each data point in the figures represents the average (i.e., area
fraction, median 1 and Ly, ) of 200 — 1000 frames in a video as described in Section 3.2.
The standard deviations of the area fraction, median v, and Ly, /d for each data point
are small, and therefore can approximately be represented by the size of the markers.
The same is true for Figure 7 and Figure 8.

Figure 6, 7 and 8 demonstrate the median ¢ and normalized characteristic length
scale L, /d of the base layers in stable or metastable monodispersed sedimented colloidal
suspensions with three different particle diameters, corresponding to a relatively large

Péclet number Pe = 24 and two relatively small Péclet numbers Pe = 14 and 13.
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(a) The median 1 of particles with Pe = (b) The Ly, of particles with Pe = 14 (d =

14 (d = 1.61 pm). 1.61 pum).

Figure 7: The base layer ordering of particles with Pe = 14 (d = 1.61 um). Two sets of
data are observed at the lower (i.e., ¢ € (0.52,0.69)) and higher (i.e., ¢ € (0.69,0.83))
area fraction intervals. The highly ordered phases can be found at both the highest
and the intermediate area fractions. A wide range of ordering behaviors, from a highly
ordered packing to a disordered phase, is observed in the interval of intermediate area
fraction, ¢ € (0.66,0.72).
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(a) The median v of particles with Pe =

13 (d = 1.58 pm).

(b) The Ly, of particles with Pe =13 (d =
1.58 pum).

Figure 8: The base layer ordering of particles with Pe = 13 (d = 1.58 um). Two sets of
data are observed at the lower (i.e., ¢ € (0.61,0.70)) and higher (i.e., ¢ € (0.73,0.84))
area fraction intervals. The highly ordered phases can be found at both the highest
and the intermediate area fractions. A wide range of ordering behaviors, from a highly
ordered packing to a disordered phase, is observed in the interval of intermediate area
fraction, ¢ € (0.66,0.74).
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Specifically, as shown in Figure 6, for particles with diameter d = 1.85 um, corresponding
to a relatively large Péclet number Pe = 24, the base layer of a sedimented system
becomes more ordered with increasing area fraction. The most ordered packing is found
in the sedimented system with the highest base layer area fraction. However, the base
layer ordering of particles with smaller Péclet numbers, Pe = 14 (d = 1.61 pum) and
Pe =13 (d = 1.58 pum), does not show the same simple monotone pattern as the area
fraction increase. As Figure 7 and Figure 8 indicate, for both of the relatively small Péclet
numbers, two sets of data are observed at the lower and higher area fraction intervals.
Highly ordered packings with median ¢s > 0.7 and L, > 6d can be found at both the
highest and the intermediate area fractions. Moreover, wide ranges of ordering behaviors,
from highly ordered packings to disordered phases, are observed in the intermediate area

fraction intervals around ¢ € (0.65,0.75).
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5.2 Overlayer Particle Density and Classification

In contrast to a 2D colloidal system, in a 3D sedimented colloidal suspension, parti-
cles in the overlayer may considerably affect the crystalline packing in the base layer. To
understand the irregular ordering behaviors of the particles with relatively small Péclet
numbers in sedimented colloidal systems with intermediate base layer area fractions (Fig-
ure 7 and Figure 8), we observe the overlayer by gradually adjusting the height of the
focal plane starting from the base layer until a relatively well-defined overlayer is in focus
and distinguishable from the base layer, as shown in Figure 9. Then we qualitatively
estimate the particle density in the overlayer and classify the overlayers into four cat-
egories based on their density, numbered 1 — 4 representing increasing particle density,
as illustrated in Table 2. In general, we find denser overlayers in the more concentrated
sedimented colloidal systems. The detailed effects of overlayers on the base layer ordering
will be illustrated in Section 5.3.

Table 2: The four categories of overlayers, numbered 1 — 4 with increasing particle den-
sity, classified qualitatively by scanning the overlayers and approximating the particle
concentrations.

NO. Classification Description Example
1 EO Empty / sparse overlayer  Figure 9a
2 SDO Single dilute overlayer Figure 9b
3 MDO Multiple dilute overlayers  Figure 9c
4 MCO Multiple compact overlayers Figure 9d

5.3 Base Layer Particle Mobility

Aiming to relate the overlayer particle density to different base layer ordering be-
haviors, we measure the base layer particle mobility via the mean square displacements
(Equation (10)) and investigate the effect of the overlayer particles on the mobility in
the base layer, as predicted in Section 4.2. Figure 10, 11 and 12 demonstrate the mean
square displacement curves, along with the corresponding base layer ordering and the
overlayer particle densities, for various base layer ordering behaviors of particles with

different Péclet numbers, Pe = 24,14 and 13. In the mean square displacements, the
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median 1 and the Ly, plots, the markers of the same color represent the same base layer
of a sedimented colloidal system. The sizes of the markers correspond to the particle
densities in the overlayer, as labeled by the numbers (referring to Table 2) on the side of
the markers in the median ¢4 plots. For the relatively small Péclet numbers Pe = 13 and
14 where two sets of data at the lower and higher area fraction intervals are observed,
we use the circular and the triangular markers to represents the data in the lower and
higher area fractions, respectively.

For particles with Pe = 24, the base layer mobility decreases as the overlayer particle
density increases, as shown in Figure 10a. Meanwhile, we find that the base layer tends
to be more ordered for lower mobility by comparing Figure 10a with Figure 10b and 10c.

For particles with Pe = 14, the base layer mobility also shows a decrease as the
overlayer particle density increases. The median s tends to increase as the mobility
decreases. However, Ly, is prone to be smaller for the lower mobility and denser overlayer,
as illustrated by the grey and black triangular data point in Figure 11.

For particles with Pe = 13, the base layer mobility decreases with increasing overlayer
particle density in general. The only exception takes place between the violet circular
and the black triangular data points in Figure 12, where the difference in the base layer
area fraction plays a more important role in the mobility. In contrast to the particles
with larger Péclet numbers (Pe = 24 and 14), for the particles with Pe = 13, the base
layer ordering fails to show a monotone pattern with respect to the change in the particle
mobility. Particularly, in Figure 12, the orange circular and the blue triangular data
points are in the disordered phases with dense overlayers and especially low mobilities
compared to other data points in the more ordered phases with higher area fractions

(e.g., the violet circular, red circular, green triangular, and black triangular data points).



a) The empty / sparse overlayer (EO)
of a monodispersed sedimented system
with particle diameter d = 1.85 um
with a 150 magmﬁcatlon

) The single dilute overlayer (SDO)

of a monodispersed sedimented system
with particle diameter d = 1.85 um
Wlth a 150>< magnlﬁcatlon

(¢) The multiple dilute overlayers
(MDO) of a monodispersed sedi-
mented system with particle diameter
d = 1.85 um with a 100x magnifica-
tion.

ocodho

(1) EO (2) SDO

(d) The multiple compact overlay-
ers (MCO) of a monodispersed sedi-
mented system with particle diameter
d = 1.85 um with a 100x magnifica-
tion.

(3) MDO (4) MCO

(e) The side views of the 4 categories of overlayers.

Figure 9: Four categories of overlayers classified by their particle densities.
9b, 9c and 9d are the digital microscopic images of different categories of overlayers. The
particles with relatively bright (white) centroids are the overlayer particles that are in
focus. The base layer particles, as well as some overlayer particles, that are out of focus
appear as the dim contours and transparent interiors with the similar color as that of
the background. Figure 9e¢ demonstrates the approximated side-views of the four types

of overlayers.

Figure 9a,
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(a) The mean square displacement curves and the corresponding overlayer
densities of particles with Pe = 24 (d = 1.85 um).
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(b) The median ¢ and the corresponding (c) The Ly, and the corresponding over-
overlayer densities of particles with Pe = layer densities of particles with Pe = 24
24 (d = 1.85 pum). (d =1.85 um).

Figure 10: The mean square displacement curves, the base layer ordering and the corre-
sponding overlayer densities of particles with Pe = 24 (d = 1.85 um). As the overlayer
particle density increases, the mobility in the base layer decreases and the base layer
tends to be more ordered.
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(a) The mean square displacement curves and the corresponding overlayer
densities of particles with Pe = 14 (d = 1.61 um).
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(b) The median s and the corresponding (c) The Ly, and the corresponding over-
overlayer densities of particles with Pe = layer densities of particles with Pe = 14
14 (d = 1.61 pm). (d =1.61 pum).

Figure 11: The mean square displacement curves, the base layer ordering and the corre-
sponding overlayer densities of particles with Pe = 14 (d = 1.61 um). As the overlayer
particle density increases, the mobility in the base layer decreases. In terms of the base
layer ordering, the median 1 tends to increase as the mobility decreases. However, Ly,
tends to be smaller for the lower mobility and denser overlayer, as illustrated by the grey
and black triangular data point.
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(a) The mean square displacement curves and the corresponding overlayer
densities of particles with Pe = 13 (d = 1.58 um).
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(b) The median v and the corresponding (c) The Ly and the corresponding over-
overlayer densities of particles with Pe = layer densities of particles with Pe = 13
13 (d = 1.58 um). (d =1.58 um).

Figure 12: The mean square displacement curves, the base layer ordering and the cor-
responding overlayer densities of particles with Pe = 13 (d = 1.58 um). The base layer
particle mobility decreases as the density of the overlayer increases. The only exception
take place between the violet circular data point and the black triangular data point,
where the difference in the base layer area fraction has considerable effects on the mobil-
ity. The base layer ordering does not show a monotone pattern as the mobility decreases.
Particularly, the orange circular and the blue triangular data points are in the disor-
dered phases with dense overlayers and especially low mobilities compared to other data
points in the more ordered phases with higher area fractions (e.g., the violet circular, red
circular, green triangular, and black triangular data points).
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6 Discussion

We study the quasi-2D ordering of gravitationally confined monodispersed colloidal
systems with various concentrations and Péclet numbers of particles. We find that par-
ticles with different Péclet numbers display distinct quasi-2D ordering behaviors.

For the ’heavy’ colloidal particles with a large Péclet number (i.e., Pe = 24), the
gravitational force has more significant effect on the particle motion, and therefore the
particles will be dominated by sedimentation and tend to form a gravitationally confined
quasi-2D structure, as explained in Section 2.1. Agreeing with the predictions, the mono-
tone trends of both the magnitude and phase angle of 15 with respect to the area fraction
in Figure 6 indicate that the sedimented base layers are more ordered for the higher area
fractions. The most ordered phase can be found at the highest area fraction. In addition,
Figure 10b and 10c suggest that the base layers become more ordered for the denser
overlayers, as the particle mobility decreases (Figure 10a). Therefore, the presence of the
overlayer in a sedimented colloidal system probably promotes the base layer ordering for
particles with Pe = 24.

Meanwhile, for the 'light’ particles with relatively small Péclet numbers (i.e., Pe = 13
and 14), the thermal fluctuation has more influence on the particle motion and the
diffusion of particles along the vertical direction is nonnegligible. Therefore, it is less
probable for the particles to form a monolayer merely under the confinement of gravity,
and the stacking of overlayer particles will be essential for the formation and ordering
of the base layer. In accordance with different dynamics, in contrast to particles with
Pe = 24, particles with Pe = 13 and 14 display distinct base layer phase behaviors with
respect to the area fraction and the overlayer density. Figure 7 and 8 imply that the
base layers are not necessarily more ordered as the area fraction increases. The highly
ordered phases can be found at both the highest and some intermediate area fractions.
The irregular ordering behaviors of particles with smaller Péclet numbers with respect
to the area fraction can be explained by the effects of the overlayer on the base layer

particle mobility. Specifically, Figure 11a and 12a imply that the dense overlayer can
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constrain the diffusion and rearrangements of particles in the base layer. Therefore,
depending on the state of the 3D colloidal system as the sedimentation takes place, the
base layer may be ’locked’ in a disordered phase by the overlayer particles and thereby
form a metastable glassy state. For instance, the orange circular and the blue triangular
data points in Figure 12 represent two possible glassy phases in highly disordered states
accompanied with dense overlayers and low mobilities, compared to other data points in
the more ordered phases with higher area fractions.

Overall, our experiments suggest that the highly ordered phase of a gravitationally
confined quasi-2D structure will most probably be found in a sedimented colloidal system
of particles with a relatively large Péclet number at a high area fraction. Meanwhile, we
find that the quasi-2D base layer in a concentrated sedimented system of particles with
a small Péclet number may be trapped by the overlayer particles in a metastable glassy
state.

The scope of this work can be expanded from several perspectives. First, the evolution
of monolayer structures in the sedimented colloidal systems with respect to time can be
investigated by observing the ordering of base layers after sedimenting for different spans
of time. Although the area fraction and particle ordering (measured by median |¢g|) are
relatively stable after 15 — 30 minutes of sedimentation in our experiments, the study
[10] indicates that monolayer structures may still undergo coarsening where the sizes
of ordered domains are slowly increasing and the systems are not in true stable states.
Therefore, by giving the colloidal suspensions longer sedimentation time, we can study
the potential effects of coarsening on the ordering of the metastable monolayer structures.
We can also conduct more experiments on particles with different Péclet numbers within
the range Pe € (14, 24) where a possible change in the quasi-2D ordering behaviors takes
place. In addition, we can study the formation of the ordered quasi-2D structures, as
well as that of the disordered glassy states, by recording and analyzing the sedimentation
processes. Moreover, we are collaborating with Peiyao Wu and Dr. James Kindt at
the chemistry department of Emory University who are working on the simulations of

sedimented colloidal systems. We believe that the computational and experimental results
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together will provide us with a better insight on the ordering of quasi-2D structures in

the sedimented colloidal systems.
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