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We report confocal laser scanning microscopy (CLSM) measurements, Monte Carlo (MC) simulations,
and an analytical model of the assembly of three dimensional (3D) equilibrium colloidal crystals within
quadrupole electrodes on microscope cover slip surfaces. Micron sized fluorescent silica colloids in an
index matching dimethylformamide (DMF) medium enable three dimensional CSLM imaging to
measure particle coordinates. By matching density profiles from CSLM measurements and MC
simulations, we obtain electrostatic, dipole—field, dipole-dipole, and gravitational potentials that
accurately capture the three dimensional microstructure and morphology. We also report analytical
density profiles with fluid-solid coexistence by balancing gravitational and electric field mediated
compression against local osmotic pressure, which agree with CSLM and MC results. These results
provide fundamental information on the assembly of three dimensional equilibrium colloidal crystals in
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the presence of multiple external fields and with coexisting inhomogeneous fluid and solid phases.

Introduction

Colloidal assembly provides the capability to produce micro-
scopically structured materials for use in numerous traditional
and emerging applications.”® The assembly of ordered colloidal
materials, or colloidal crystals, has been proposed as an
approach for scalable manufacturing of photonic and meta-
materials with exotic electromagnetic properties.* The primary
limitation is assembling colloidal crystals with sufficiently low
defect densities for these advanced material applications. Part of
the problem with assembling low defect colloidal crystals is that
most approaches involve strong interactions that produce highly
non-equilibrium structures and irreversibly quench the final
state. Because perfect colloidal crystals are the lowest free energy
configurations for conditions where crystals should exist, non-
equilibrium assembly processes are more likely to produce
imperfections. For particle configurations that are irreversibly
quenched, there is no way to repair defects.>¢

Several approaches have been developed to produce equilib-
rium colloidal crystals using tunable pair potentials to enable the
possibility of reversible assembly and repairing defects. Methods
employing tunable pair potentials include temperature depen-
dent interactions mediated by DNA,”® non-adsorbing hydrogel
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Videos: CSLM xyt.avi (3.87 MB) CSLM measured XY slices show
individual layers from bottom to top. CSLM xzt.avi (3.39 MB) CSLM
measured XZ slice shows cross-sectional view of hemisphere. MC xzt.
avi (2.10 MB) MC simulated XZ rending shows cross-sectional view of
hemisphere. CSLM rotate.avi (2.98 MB) CSLM measured XY stack
rendered as 3D rotating view. See DOI: 10.1039/c1sm06414b

particles,”'® and binary solvents.!* However, such temperature
dependent interactions rely on a global thermodynamic variable
that does not easily allow for local manipulation and can also
suffer from slow spatiotemporal transients. These potentials all
involve relatively short range attractive interactions that cause
crystallization via condensation and are susceptible to slow
equilibration or dynamic arrest. While such tunable k7-scale (i.e.
thermal energy scale) potentials show promise for creating
equilibrium colloidal structures, they might be best implemented
in conjunction with assistance from tunable external fields that
provide additional control authority.

External fields such as shear,'>'* gravity,"*! electric,'®!”
magnetic,'®! and optical***! fields have been used to manipulate
colloidal crystal assembly processes with different advantages
and disadvantages. For example, gravity is accessible but is not
easily manipulated dynamically. Magnetic fields are more easily
manipulated, but can involve complex apparatus and require
magnetic particles. Shear can be easily controlled and does not
require specific particle material properties, but dissipative fluid
forces generally produce non-equilibrium configurations and
multi-body hydrodynamic interactions can have complex
connections to microstructures. Optical fields require the right
combination of optical properties; no optical contrast between
particles and media produces no net force, whereas too much
contrast produces random scattering. Electric fields may offer the
fewest limitations since they can be generated in numerous
geometries and on different length scales via micro-fabrication,
and can operate on static charge (electrophoresis) or electrically
neutral materials by inducing dipoles (dielectrophoresis).

Electric fields have been used to manipulate colloidal crystal-
lization in a number of ways. Low frequency AC and DC electric
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fields have been used to create 2D*** and 3D?*** colloidal
crystals, but the mechanisms controlling these processes are still
not well understood.?® High frequency AC electric fields have
been observed to assemble 2D and 3D'-?7?° colloidal crystals.
Many of these studies relate microstructures to particle and field
potentials in a qualitative manner, although several quantify
density profiles using continuum models.** More recently, equi-
librium 2D colloidal crystals formed in high frequency AC
electric fields have been related to frequency and amplitude
dependent kT7-scale dipole—field and dipole-dipole potentials
using inverse MC methods.*'** Also of relevance to the present
work, colloids have previously been shown to assemble into 3D
crystalline configurations in quadrupole electrodes where gravity
is also significant,**3* but these studies reported primarily qual-
itative observations.

In the present work, we use CSLM to measure the reversible
equilibrium assembly of finite sized 3D colloidal crystals in
a coplanar quadrupole electrode where gravity acts normal to the
plane containing the electrode (see Fig. 1 and 2). Index matching
1.5 micron silica colloids in DMF enables 3D CSLM imaging

while still allowing for electrostatic particle—particle and
particle-surface repulsion and induced dipole-dipole and
dipole-field interactions in 1IMHz AC fields. Using functional
forms for potentials measured in our previous work,'s-31-3% we
obtain quantitative agreement between measured microstructure
and morphology with MC simulations and analytical predic-
tions. Our findings demonstrate how k7-scale interactions
between particles, the underlying surface, and multiple fields (i.e.
gravity, electric) lead to the formation of reversible, equilibrium
3D colloidal crystals. This fundamental understanding provides
the basis to quantitatively design, control, and optimize revers-
ible colloidal crystal assembly processes with the goal of creating
defect free microstructured materials.

Theory
Interaction potentials

For concentrated colloidal particles in a non-uniform electric
field near a planar wall surface, the net potential energy for

Fig.1 CSLM images and MC renderings of 1.5 um fluorescent SiO, colloids in DMF medium displaying 3D hemispherical morphology with crystalline
interior and thin fluid surface layer in quadrupole electrode at 10 V and 1 MHz. Supplemental movies show the dynamic equilibrium nature of this
structure from several 3D views (i.e. spatial scan through XY slices, temporal scan of XZ slice, rotated view, “temporal” XZ rendering from MC
simulation). (A) Projected view of 3D CSLM XYZ stack, and cross sectional view from 2D CSLM XZ slice. (B) Projected view and cross sectional
renderings of 3D MC simulation of experiment in A. Details of matching experiments and simulations described in text. An 8-bit white-blue color
scheme indicates (Cs) values for each particle between 0-6 as computed using eqn (32)—(35). (C) Projected view of 3D CSLM XYZ stack rotated through

360° to illustrate 3D microstructure and morphology.
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Fig. 2 Co-planar thin gold film quadrupole electrode on a cover slip
with a PDMS O-ring. (A) Top view photograph of device showing
connections to function generator. (B) Side view rendering of device. (C)
Zoom in rendering of colloidal crystal assembly in quadrupole device.
(D) Contour plot of electric field in eqn (7) with linear spectrum scale
from E/Ey = 0 to E/E, = 3.

particle i, as a function of particle-particle separation, r;;, and
orientation, #;;, elevation above the wall, z;, and radial distance
from the quadrupole center, R;, is given by,

u;wt (rij7 eija Ri? Zi) = uzpw(zi) + utp/(RH Zi) + Z uipp (rij7 0if’ Ri’ Zi)

)

The particle-wall interaction in the limit of negligible van der
Waals includes only electrostatic interactions given by,

ug"(z) = B™exp[—k(z — a)] (@)

kT\? ey ey,
v P v w
B 64me,a (z‘,e) tanh< T ) tanh( T ) 3)

1

where ' is the Debye length, ¢, is the medium dielectric
constant, k is Boltzmann’s constant, 7 is absolute temperature, e
is the charge of an electron, z, is the electrolyte valence, and v,
and y,, are the particle and wall electrostatic surface potentials.

The net particle-field interaction includes the gravitational
potential energy and the interaction of induced dipoles with
electric field gradients as,

u(R, 2) = ul/(2) + ulJ(R) 4
where the gravitational potential energy is given by,
u?/(z) = Gz (3)

where G = (4/3)ma’(p, — pm)g is the buoyant particle weight, p,
and p,, are the particle and medium densities, and g is accelera-
tion due to gravity. The interaction of an induced dipole with
a non-uniform electric field for the geometry in Fig. 2 is,’”

u?(R) = —2kTH yfem E'(R)? (6)

where f,, is a volume fraction, ¢, dependent modification of the
local electric field, 3333 and E'(R) is the electric field in the
central portion of quadrupole electrodes given by,*®

E'(R) = E(R)/Ey = 4d; 'R (7

where Ey = 0.5V,,,/d,, Vyp, is the applied peak-to-peak voltage, d,
is the distance between electrodes, and A is the relative dipolar
and Brownian energies given by,3®

A = e @®(fomEo) kT (8)
and f,,, is the Clausius—Mosotti factor given as,
Jom = Re[(gﬂ - gm)/(gp + 25,,,)] ©)

The net particle pair interaction as the sum of an electrostatic
interaction due to electrostatic surface charge and a dipole—
dipole interaction due to an applied electric field as,

u”(r if> aija R) = ul”(r ij) + “sp(" ij> ﬁip R) (10)

where the potential between colloids with thin electrostatic
double layers (ka > 1) is,*

ul?(ry) = Brexp[—«(ry — 2a)] (11)
where B is,
kT\? ey
w_ 2 P
B 327e,a (—e > tanh (rkT) (12)

and the dipolar interaction in concentrated, quasi-two dimen-
sional dispersions is,®

ugp(r,], 0,1, R,) = —kT/\f¢fmP2(COSH,,)(Za/r,/)sE*(R,)z (13)

where P>(cosf;) is the second Legendre polynomial.

Field mediated equilibrium density profiles

For the geometry in Fig. 1 and 2 where gravity is oriented normal
to the substrate, a differential change in osmotic pressure, I,
with a differential change in elevation, z, is given as,

oIr
9z
where p(z) is the local particle volumetric number density. This

expression can be rearranged with the use of a couple definitions
15
as,

—Gp(z) (14)

A (1s)

where [, = kT/G is a characteristic length scale, x is a reduced
osmotic compressibility given by,

-1
x =kT (a_n) (16)
ap

and ¢(z) is the local particle volume fraction given by,
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$(2) = (4/3)ma’p(z) (17

Eqn (15) can then be integrated to relate z and ¢ using the
fluid, xf, and solid, xs, reduced osmotic compressibilities as,

D b
(¢) = 20—y j(nq&)”d%](ucﬁ)”w (18)
[ [

where eqn (18) can be plotted as ¢(z) curves, zo and ¢, are
a reference elevation and concentration, and ¢, is obtained by
constraining area under each density profile to give the total
number of particles per volume, N/V, as,*®

N/V = J p(z)dz 19)
0

The x values can be obtained for effective hard sphere fluids
and solids using the osmotic pressure for hard sphere colloids
given by,

Mys(9) = pkTZps(¢) (20)

where the hard sphere fluid compressibility factor for concen-
trations from infinite dilution up to the freezing transition, ¢r =
0.494, is given as,*

Zusp@) =1+ ¢+ ¢ —¢)1 —¢)~° @0

and the hard sphere, solid compressibility factor for concentra-
tions from the melting transition, ¢, = 0.545, up to close
packing, ¢., = 0.74, is given as,*

Zs=12.6+0.1368 +0.185> — 1.18° + 2.88* — 2.96° + 1.16°
+ (12 — 3p8)/8 (22)

where 8 = 4(1 — ¢/¢cp).

With regard to electric field mediated interactions for the
geometry in Fig. 1 and 2, the electric field gradients are significant
parallel to the substrate and radially from the quadrupole center.
In this case, a differential change in IT with a differential change
in R is given as,

a
= ~ull (Rip.(R) 23)

where p4 is the number of particles per area in a 2D analysis. This
can be rearranged with substitutions as,

W — (/) Ru(R) 24)

where /is a characteristic length scale for the quadrupole field in
eqn (7) given by,

ly = do( feml642f )" (25)
and ¢a(z) is the local particle area fraction given by,
¢4(R) = ma’p4(R) (26)

Eqn (24) can then be integrated to relate R and ¢ using the
fluid, xr, and solid, s, reduced osmotic compressibilities as,

o . 12
R($,) = RS — 2112‘ J (xsba) " dys + J (xrd4) 'do,
ba0 bay
27

where eqn (27) can be plotted as ¢(R) curves, Ry and ¢4 o are
a reference radial position and concentration, and ¢a is
obtained by constraining area under each density profile to give
the correct total number of particles as,*

N = JpA (R)2mwRdAR (28)
0

The y values can be obtained for effective hard disk fluids and
solids using the osmotic pressure for hard disk colloids given
by,36

Myp(¢4) = pkTZyp(d4) (29)

where the hard disk fluid compressibility factor for concentra-
tions from infinite dilution up to the freezing transition, ¢ ¢ =
0.69,* is given as,**

Zup () =1+ %81 — $)2 (30)

and the hard disk, solid compressibility factor for concentrations
from the melting transition, ¢, = 0.716,** up to close packing,
dacp = 0.907, is given as,*

Zups =20+ 0.67a + 1.9 31)

where a = ¢A,cp/¢A —1.%

Crystallinity order parameter

The crystallinity order parameter, (Cs), is defined as the average
number of crystalline nearest neighbors around each particle in
an ensemble. The number of coordinated neighbors, N¢, to
particle i are all particles j within a coordination radius, rc.
Identification of crystalline near neighbors is based on a six-fold
bond orientational order parameter for particle i, s, given by,*
| N
Z ZHe"’fW—‘l Vi/S’C] (32)

6 = ATi
NCj:]

which is used to determine crystalline connectivity, ¢!, between
particle i and neighboring particles j as,*

(= (33)
vivi

where (5" is the complex conjugate of {s¢’. The number of crys-
talline near neighbors, C¢', for particle i is,’

N,

C,._z(: ‘1 X, =0.32 (34)
o x<o032

which is based on a criterion that a connection between particles i
and j only be considered crystalline for ¢’ > 0.32.*” The value of
(Cs) is the average over all particles in an ensemble as,

This journal is © The Royal Society of Chemistry 2012
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1,
(Co) = NZ c (35)
i=1

Materials and methods
Electrodes and particles

Coplanar quadrupole gold film electrodes were patterned on
glass microscope cover slips (50 mm x 24 mm x ~150 um,
Corning) that were washed with acetone (Sigma-Aldrich), KOH
(Sigma-Aldrich), and deionized water prior to patterning. The
hyperbolic quadrupole electrodes were fabricated by spin coating
photoresist (SU-8, Microchem) onto microscope cover slips, UV
exposure through a chrome photomask, and physical vapor
deposition of a 10nm chromium adhesive layer and a 40 nm gold
layer. The photoresist liftoff was accomplished with agitation in
1165 Remover (Shipley). The electrode tips are separated by
100 pm (Fig. 2a, ¢). Nominal 1.5um fluorescent SiO, colloids
(Kisker Biotech) were dispersed in n-dimethylformaldehyde
(DMF) (Sigma-Aldrich) for index matching and allowed to
sediment for 30 min in a polydimethylsiloxane (PDMS) (Dow
Chemical) batch cell (I mm high x 5 mm diameter) sealed with
a cover slip (Corning). The coplanar quadrupole electrodes were
connected in series with a function generator (Agilent, 33220A).

Microscopy experiments

CLSM experiments were performed using an inverted micro-
scope (Zeiss) with a mounted Zeiss LSM 5 Pascal Scanner and an
oil immersion objective (63x magnification, 1.45 numerical
aperture). The excitation source was a 488 nm line on a 500 mW
argon ion laser. Vertical scan images were collected in a fast
mode (~3 s to scan 50 pm) at 1024 x 718 pixels with pixel
dimensions of 52 x 52 nm? Horizontal scans were collected at
1024 x 1024 pixels with pixel dimensions of 52 x 52 nm?
Reconstructed 3D images were produced from XYZ stacks with
the same horizontal scan resolution as all other images and
160 nm spacing of 150 slices. Density profiles were determined by
averaging temporal scan data in 100 successive images. Particle
locations were located in 2D slices using standard algorithms
coded in FORTRAN.

Simulation experiments

Particle configurations were simulated using a canonical MC code
adapted from Allen and Tildesley.*® The simulation employed
periodic boundary conditions and a cutoff of the long range
dipolar potential at Sa, which is much less than half the simulation
box size (equal to the electrode spacing d,). 2D MC simulations
were initialized using experimental configurations. 3D MC
simulations were initialized by stacking equilibrated 2D configu-
rations aligned at their centers of mass, with HCP registry, and
layer spacing based on effective particle dimensions (i.e. (24/
9)%3a.¢r). All simulations included image resolution limiting effects
and polydispersity for realistic comparison with experiments.*-*
2D simulations were given a half million steps to equilibrate
(ensured by monitoring potential energy and density profiles)
followed by half-million steps for collecting particle coordinates.
3D simulations were given twenty thousand steps to relax before

data collection. Simulated histograms were constructed using the
same protocol used to construct experimental density profiles.

Results and discussion
Equilibrium colloidal crystals in quadrupolar fields

Fig. 1 shows CSLM images and MC simulation renderings of an
equilibrium 3D colloidal crystal assembled into a hemispherical
morphology in a high-frequency, inhomogeneous AC electric
field within a quadrupole electrode. Supplemental movies show
the dynamic equilibrium nature of this structure from several 3D
views (i.e. spatial scan through XY slices, temporal scan of XZ
slice, rotated view, “temporal” XZ rendering from MC simula-
tion). The material system consists of 1.5 micron fluorescent SiO,
colloids dispersed in DMF with no added electrolyte. The SiO,
colloids and cover slip refractive indices are sufficiently close to
the DMF medium to enable 3D CSLM imaging and minimize
van der Waals attraction. For the equilibrium structure in Fig. 1,
a IMHz, 10V peak-to-peak voltage was applied to the quadru-
pole electrode (Fig. 2). The DMF dielectric constant is reduced
compared to water, which increases the Debye length, decreases
surface charge and potential via reduced dissociation, and shifts
the frequency dependence of high-frequency electrokinetic
phenomena.

Before reporting a quantitative analysis, we first qualitatively
discuss the relevant interactions leading to the microstructure
and morphology observed in Fig. 1. The total interaction
includes a number of competing interactions between colloids,
surfaces, and external fields. In the absence of the applied electric
field, the 1.5 micron silica colloids experience electrostatic
particle—particle and particle-surface interactions. Gravity is the
sole external field when the electric field is not applied and is
sufficiently strong to confine colloids within a quasi-2D mono-
layer near the underlying substrate, or in other words, prevents
colloids from moving over top each other.>' Before application of
the field, the local lateral concentration is not affected by van der
Waals interactions with the underlying glass or metal film
surfaces.

With application of the spatially inhomogeneous AC electric
field, the gravitational interaction remains the same, but dipoles
induced on colloids are attracted to each other and interact with
electric field gradients.®' For the material and field properties in
our measurements, induced dipoles experience a minimum
potential energy at the electric field minimum, which is in the
center of the quadrupole electrode (Fig. 2). We refer to this as the
dipole-field interaction (eqn (6)). To make the connection to
a well-known related phenomenon, the dipole-field interaction is
the same conservative force that leads to induced dipole trans-
port from high to low fields, which is called “negative dielec-
trophoresis”. We are not concerned with transport in this work,
but rather the balance of conservative forces that leads to the
assembly of the equilibrium structure in Fig. 1. For the case in
Fig. 1, the dipole-field interaction is comparable to gravity,
which causes particles to be compressed into 3D configurations
in contrast to their initially uncompressed quasi-2D state in the
absence of the field.

Once many dipoles are located at the electric field minimum, they
are also attracted to each other. The dipole—dipole attraction
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Fig. 3 Spatial distribution functions to characterize microstructure and
morphology in experiments, simulations, and theory for the conditions in
Fig. 1. (A) 2D radial distribution functions averaged over all particles in
layers parallel to the microscope slide in seven alternating layers starting
with first layer closest to microscope slide (spectrum color scale from violet
to red) from CSLM images (points) and 2D MC simulations (lines). (B)
Angular averaged radially dependent effective volume fraction within 2D
layers with origin at quadrupole center from CSLM images (points) and
2D MC simulations (lines) with same color scheme as A. (C) Elevation
dependent effective volume fraction at the quadrupole center from CSLM
(points), 3D MC simulations (dashed line), and analysis using eqn (14)—
(22) (solid line). (D) Same plot as B with CSLM data (points) and analysis
using eqn (23)-(31) (line). (E) Elevation dependent crystallinity order
parameter averaged over all particles within layers parallel to microscope
slide from CSLM (points) and 3D MC simulations (line). “x”’s correspond
to fluid—solid transition from analytical predictions. (F) Angular averaged
radially dependent crystallinity order parameter averaged within 2D
layers with origin at quadrupole center from CSLM images (points) and
3D MC simulations (lines) with same color scheme as A.

between colloids has been show to produce a body-centered-
tetragonal microstructure as the lowest potential energy configura-
tion in uniform electric fields.** In the present work, we are interested
in the lowest free energy configuration that is formed in the presence
of gravity and a non-uniform electric field near a surface.

Experimental and simulated density profiles

A quantitative description of the interactions leading to the
microstructure and morphology in Fig. 1 should include all

particle—particle, particle—surface, and particlefield interactions.
To avoid any approximations and include all potentials, we
employ Monte Carlo (MC) simulations using dipole—dipole and
dipole-field potentials previously identified to be accurate on the
kT-scale for quasi-2D concentrated colloids confined at an
electric field minimum between parallel electrodes in aqueous
media.*'=3* These previous direct measurements provide a good
foundation for modeling interactions in the present case despite
the different media, geometry, and dimensionality.

To quantitatively match the CSLM measured microstructure
and morphology to MC simulated results, a number of spatial
distribution functions are compared in Fig. 3. Fig. 3a shows for
both CSLM and 2D MC results the radial distribution function,
g(r) = p(r)/py, averaged over all particles within specified eleva-
tion ranges that correspond to layers formed parallel to the wall
(that are crystalline at low elevations and fluid at the highest
elevation). From Fig. 3a, the effective radius, a.g, is taken as
0.875um based on the location of the first peak in the radial
distribution function of the first layer. Fig. 3b shows radially
dependent effective volume fraction profiles, ¢(R) = (4/3)
T p(R), from CSLM experiments and 2D MC simulations.
Radial density profiles are smoothed by fitting sigmoidal curves
and converted to effective volume fractions or area fractions
using eqn (17) and (26) with g in place of a.

We began by matching 2D MC simulations with density
profiles (i.e. g(r) and ¢eg(R)) within individual crystalline layers.
The analytical form of all potentials in the MC simulations were
fixed to those described in the theory section (i.e. eqn (1)-(13))
and our previous papers on electric field mediated colloidal
interactions®** and sedimentation equilibria.’> Table 1
summarizes all input parameters. The number of particles in each
simulation was determined from the area under each experi-
mental curve (i.e. eqn (19), (28)).

The sole adjustable parameter to obtain agreement between
the CSLM measurements and MC simulations in Fig. 1 is
a correction, fy, to the dipole—dipole and dipole field interactions
in eqn (6) and (13). This correction accounts for how the local
electric field is modified by the presence of dielectric particles,
which in principle also depends on particle configuration,®® but is
dominated by concentration.?® The best fit constant was

Table 1 Parameters used in potentials for MC simulations and analysis
in eqn (14)-(31). Parameters were determined from: (a) particle manu-
facturer, (b) first peak in g(r)’s in Fig. 3a, (c) literature value,> (d)
previous CSLM measurements in DMF.,'* (e) literature value,*® (f)
function generator readout, (g) microscope measurement, (h) literature
value,” (i) fit in MC simulations

Parameter Value
alnm? 750
aepr (nm)® 875
Eml/€0° 36.4
k' (nm)¢ 28.9
Up =y (V) 40
£p/€0° 3.8
O (US M) 0.34
Vpp (V) 10

dg (pm)® 93

pp (g cm™?)¢ 1.75
Pm (g cm )" 0.95
fo! 0.76

This journal is © The Royal Society of Chemistry 2012
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Jfo = 0.76, which is consistent with previous measurements and
the expectation that f;, < 1 based on relatively high core particle
volume fractions (e.g. ¢ = (a/ace)>derr = (750 nm/875 nm)*(0.74)
= 0.47 at center of the first layer).

The agreement between measured and simulated 2D density
profiles is good in Fig. 3. In particular, in Fig. 3a both CSLM and
MC results display a distinctive split in the second peak of g(r)
indicative of crystalline order in every layer up to ~21 um (the
13th layer in our analysis in Fig. 3). Above ~21 um, the particles
remain within distinct layers under gravitational confinement but
the lateral structure within layers is fluid. In Fig. 3b, the radial
density profiles, ¢.i(R), show good agreement at all elevations
between CSLM and MC results.

To assess whether the procedure using 2D MC simulations in
Fig. 3a and 3b produce potentials that accurately capture the 3D
behavior of the equilibrium hemisphere, we next performed 3D
MC simulations. Fig. 3c shows average elevation dependent
effective particle volume fraction, ¢per(z) = (4/3)aci’p(z), eval-
uated at the center of the hemisphere (R = 0) from CSLM
experiments and 3D MC simulations. This 3D MC simulation
used the same potentials and number of particles in each layers as
the 2D MC simulations, but was initialized using a hexagonal
close packed (ie. ABAB...) crystal with a layer spacing of
(24/9)*%aer = 1.43 pum using g obtained from the 2D g(r)s in
Fig. 3a. After the hemisphere surface melted during equilibra-
tion, the elevation dependent density profile in the center of the
simulated 3D hemisphere was in excellent agreement with
experimental CSLM results as shown in Fig. 3c. The average
equilibrated layer spacing in the CSLM measurements and 3D
MC simulations were 1.53 pum and 1.39 pm. These are within the
diffraction limit of each other and the predicted layer spacing,
which indicates good agreement within the resolution of our
measurements.

Experimental and analytical density profiles

We also compare measurements with predictions based on the
analytical models in eqn (14)—(31). This analysis employs the
local density approximation, which assumes the average local
thermodynamic properties within the equilibrium microstructure
depend only on the local density (and vice versa). Using this
approximation in conjunction with effective hard sphere or hard
disk particle dimensions (from g(r)s in Fig. 3a), equations of state
can be used to determine spatially varying density profiles. In
addition to the CSLM and MC results in Fig. 3c, a curve for
berr(z) evaluated at the hemisphere center (R = 0) was computed
by balancing gravitational compression against the hard sphere
osmotic pressure for fluid and solid phases (eqn (14)-(22)).
Fig. 3d shows ¢ R) within each layer from CSLM experiments
similar to Fig. 3b but now in comparison to the analytical model
in eqn (23)—(31). In Fig. 3d, the model is based on balancing the
radially varying electric field in the dipole—field potential against
the 2D hard disk osmotic pressure for fluid and solid phases
within each layer.

These calculations follow the methods outlined in our previous
paper on sedimentation equilibria,'s although we provide some
additional details. The total number of particles was conserved
by constraining the area under each experimental and analytical
curve to be the same using eqn (19) and (28). The curves were fit

to data by adjusting the density at reference positions (i.e. either
z=0or R =0) to match the value from CSLM experiments while
still conserving the area under the curves. The same parameters
obtained in the MC analysis in Table 1 were used for computing
the analytical curves in Fig. 3c and 3d. For plotting purposes, 2D
area fractions are converted into effective volume fractions in
Fig. 3d using the same acgr.

In all cases, the models predict density profiles in excellent
agreement with both CSLM experiments and MC simulations.
While the CSLM and MC density profiles are not of sufficiently
high resolution to distinguish the fluid-solid boundaries in
Fig. 3c and 3d, the profiles clearly follow each other quite closely
at nearly all coordinates. The main discrepancy is that the radi-
ally dependent analytical profiles in Fig. 3d end more abruptly
than the experimental and simulated profiles. In contrast, the
elevation dependent analytical profile in Fig. 3¢ is somewhat
more extended than the measured and simulated results.

The small systematic biases in regions where the density
profiles vanish at the hemisphere periphery could arise from
simplifying assumptions. The hard disk and hard sphere equa-
tions of state are approximate for the soft electrostatic repulsion
(ka = 25). The analytical model assumes dipole—dipole interac-
tions produce no net interaction (i.e. dipole-dipole interactions
average to zero) in bulk, isotropic, crystalline configurations,*®
which might be appropriate in the hemisphere crystalline inte-
rior'” but not for the inhomogeneous fluid layer on the hemi-
sphere surface where the density profile vanishes over dimensions
comparable to the particle size.>* A single average correction to
the electric field (i.e. f;, in eqn (6))*® rather than a local concen-
tration dependent'” parameter is also approximate and expected
to work best in the hemisphere interior. The analytical electric
field model (eqn (7)) is less accurate away from the electrode
center and does not take into account fabrication non-unifor-
mities (e.g. roughness, irregular shape). The overall good
agreement between experiments, simulations, and the analytical
curves generally validates these simplifying assumptions.

Experimental and simulated crystallinity profiles

The agreement between CSLM measured structure and 3D MC
simulations was further assessed by measuring spatial distribu-
tions of crystalline order in Fig. 3 and through direct visual
comparisons in Fig. 4. Fig. 3e and 3f show elevation and radial
distributions of crystalline order as characterized by (Cj)
(computed using eqn (32)—(35)) from CSLM experiments and
MC simulations. Fig. 3e shows the average elevation dependent
(Cs), which is the average number of crystalline particles around
each particle averaged over all particles within an elevation range
(i.e. crystalline and fluid layers parallel to the substrate). Fig. 3f
reports the radial dependence of (Cys) averaged over all angles
and for all particles within each elevation range. Points represent
experimental data extracted from CSLM measured particle
centers, and lines correspond to 3D MC simulation results.
Although (Cs) was not considered as part of the process of
matching spatial density profiles and MC simulations, good
agreement is observed between all (Cs) profiles in CSLM
experiments and 3D MC simulations.

Based on a comparison of the elevation dependent density and
(Cs) profiles in Fig. 3c and 3e, significant crystallinity is observed
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Fig. 4 CSLM XY images (1st, 3rd rows) and 3D MC renderings (2nd, 4th rows) of alternating layers in 3D colloidal assembly vs. elevations for the
conditions in Fig. 1. Rendering color scale is the same as in Fig. 1B. Highest to lowest elevations are shown from left to right, top to bottom.

in the first thirteen layers up to a height of ~21 um, beyond which
little order is seen (the density profile in Fig. 3¢ continues beyond
the (Cy) profile in Fig. 3e). A comparison of the radial profiles in
Fig. 3d and 3f show a similar effect with density persisting
beyond (Cs) profiles in each case, which indicates a several
micron thick fluid layer on the hemisphere surface. The fluid
layer becomes thinner near the base of the hemisphere where the
radial extent is the greatest and stronger dipole-field interactions
are encountered based on the dependence in eqn (6) and (7).

Points in Fig. 3e and 3f mark the locations of the fluid-solid
transitions from the analytical models in Fig. 3c and 3d, which all
occur around (Cs) = 2. Although the analytical model is not
capable of predicting spatial dependence of crystalline order, it is
interesting to note the correlation between (Cs) values at the
spatial position of fluid-solid coexistence in each case. The
agreement between both density and (Cg) profiles in Fig. 3
indicates the quantitative connection between the reported
potentials and the observed inhomogeneous coexisting solid—
fluid microstructure and hemispherical morphology.

As final confirmation of the agreement between simulations
and experiments, Fig. 4 shows CLSM images and rendering from
3D MC simulations. Several layers in the experiments contain
defects including point defects caused either by the absence of
particles or presence of doublets and line defects where particles

did not hexagonally pack. Experiments are also likely to contain
stacking faults that are not present in the simulations. Simula-
tions were started from perfect crystal configurations, which they
retain in contrast to the experiments. While differing degrees of
crystallinity in Fig. 4 indicate kinetic differences between exper-
iments and simulations, the same local microstructure (or phase)
is obtained in each case.

The morphology of several of the bottom layers also show
slight distortion toward a square shape, which probably results
from the quadrupolar field shape that is not captured by the
angular independent field used in eqn (7). This also probably
accounts for some of the variations in the density profile edges in
Fig. 3d. Despite these small difference, the agreement between
the CSLM images and MC renderings in Fig. 4 is good and not
surprising based on the agreement in Fig. 3. In any case, the
visual comparison provides a final check on the analysis and
shows a couple small differences due to polycrystallinity and
overall morphology.

Experimental and simulated morphology vs. applied voltage

To show the broader applicability of our results to different
applied fields, Fig. 5 shows CSLM measurements and MC
simulation results at different voltages and a 1 MHz frequency

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 94-103 | 101


http://dx.doi.org/10.1039/c1sm06414b

Published on 07 October 2011. Downloaded on 16/08/2013 04:35:58.

View Article Online

(lower frequencies could also be used to reduce the compressive
dipole-field interaction>*%). Specifically, Fig. 5 shows the
microstructural and morphological evolution captured by
CLSM XZ scans and MC simulations as the field strength
decreases from 8 V to 2 V in 2 V increments. In general, the
agreement between experiment and simulations is excellent
further validating the models presented in this work for
capturing the 3D assembly of colloidal crystals in inhomoge-
neous electric fields.

We do not perform an extensive quantitative analysis for each
voltage as we did for the 10 V case in Fig. 3, but discuss quali-
tative features that emerge. Experiments and simulations both
show that height decreases as the dipole-field interactions
weaken with decreasing field strength. This results from gravi-
tational compression dominating a decreasing electric field
mediated inward radial compression. Along with the decreasing
height, particles escape the quadrupole at the bottom peripheral
edge of the hemisphere. For applied voltages less than 1 V, the
1.5 micron SiO, colloids form sub-monolayer fluid configura-
tions, similar to our previous measurements of 2D structures
between parallel electrodes.?*® The hemispherical morphology
and height arise from a balance of a radial force concentrating
particles into the quadrupole center with sufficient pressure to
overcome the gravitational energy penalty associated with
forming layers normal to the substrate.

In addition to the field dependent morphological changes
captured in Fig. 5, these results also show how the inhomoge-
neous microstructure depends on the applied field. From 8 V
down to 4 V, the microstructures all correspond to crystalline
layers within the hemisphere center. The central crystal is encased
within a thin fluid-phase layer where the density profile vanishes
in both the normal and radial directions. At 2 V, a multi-layered
inhomogeneous fluid is observed not unlike sedimentation

Fig. 5 CSLM projection of XYZ stack and 3D MC renderings of

microstructure and morphology changes with decreasing voltages from
the 10V case discussed in Fig. 1, 3, and 4 for (A) 2V, (B) 4V, (C) 6V, and
(D) 8V. Rendering color scale is the same as in Fig. 1B.

equilibrium profiles with insufficient pressure to induce crystal-
lization." As a result, tuning the field amplitude and number of
particles within the quadrupole can be used to control the
resulting 3D crystal size, morphology, and microstructure.

Conclusions

We demonstrated the assembly of a 3D equilibrium colloidal
crystal within an inhomogeneous electric field formed by
a coplanar quadrupole electrode on a cover slip. By using an
index matching non-aqueous medium and fluorescent silica
colloids, CSLM was used to quantitatively measure the three
dimensional particle coordinates to quantify the resulting
microstructure and morphology. By matching CSLM measured
density profiles and spatial distributions with MC simulations,
our results confirm the electrostatic, dipole—field, and dipole—
dipole potentials used in our analysis. We also report analytical
predictions of density profiles and spatially varying fluid—solid
coexistence in agreement with CSLM and MC results. These
analytical results show that density profiles within layers parallel
to the substrate can modeled as two dimensional hard disks
compressed by radially varying electric fields, whereas the density
normal to the substrate can be modeled as gravitational
compression of hard spheres. Simulations also captured dynamic
equilibrium microstructures and morphologies for varying
applied electric fields, providing further confirmation of the
models developed in this work. By measuring and modeling the
equilibrium assembly of 3D colloidal crystals, our findings
provide a basis to quantitatively design, control, and optimize
assembly processes in similar configurations.
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