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ABSTRACT

Anisotropic colloids can be used as building blocks for fabricating assemblies with complex microstructure and
function. External electric fields are one key tool used to assemble such colloidal structures. Herein, we utilized a
parallel plate electrode geometry to drive motion of micrometer scale ellipsoidal colloids. The response of
pseudo 2D layers of ellipsoids with systematically altered aspect ratios was measured as a function of electric
field strength and frequency. We found there to be a weak dependence of ellipsoid ensemble structure on aspect
ratio. Namely, regions of aggregation and separation were only slightly dependent on particle aspect ratio. We
found that ellipsoids with a smaller aspect ratio tended to align with the electric field, while high aspect ratio
ellipsoids did not in response to an electric field of the magnitude and time scale used herein. In addition, we
found the kinetics of aggregation of colloids to be very similar regardless of aspect ratio. Complementary ex-
periments utilizing these data demonstrated long-lasting deposition of ellipsoids in energetically unfavorable
orientations, which is being used as a model system for the measurement of light scattered from an evanescent
wave by an ellipsoid.

1. Introduction

uses a parallel plate electrode geometry to drive assembly of a pseudo
2D layer of colloidal particles near, but not adhered, to a polarized

The response of colloidal particles to an external field has been in- electrode [4]. Extensive work in this area has been completed by
vestigated as a route for fabricating optical materials that interact with multiple groups on the response of colloidal spheres to steady and os-
light in technologically useful ways [1-3]. One such fabrication method cillatory electric fields [5-20]. These studies found that particles
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respond to electrically driven flows along the particle and electrode
surfaces to induce net attractive or repulsive interactions between
particles. Colloidal arrays are quickly formed from the dynamic re-
sponse of these particles to those hydrodynamic interactions mediated
by electrokinetic flows. Work in this area focused on isotropic particles
for nearly two decades, but recent experiments with this electrode
geometry and others demonstrated the profound difference in how in-
dividual and ensembles of anisotropic particles respond to the nearby
electrode [21-29].

Motivation for work on the response of anisotropic particles to an
electric field resides on multiple fronts. The first is that colloidal par-
ticles with anisotropy in shape or surface chemistry have the potential
to form colloidal assemblies with a more sophisticated structure as
compared to those fabricated from colloidal spheres [30]. Isotropic
colloidal spheres form assemblies via isotropic interactions that typi-
cally restrict structures to hexagonal arrays with interparticle spacing
ranging from close-packed to a few particle diameters. However, ani-
sotropic particles will interact via spatially anisotropic forces that will
induce assemblies with more complexity. Structurally complex assem-
blies with internal directionality have greater potential for interacting
with light as compared to hexagonal arrays. The second motivation for
this work is to drive the directed motion of individual anisotropic
particles, which offer more control over locomotion and trajectories as
compared to isotropic particles [25,31-33]. Colloidal particles with
anisotropy in shape and surface chemistry display motility in response
to externally applied electric fields. For instance, a doublet of unequal
lobe size will propel in an oscillatory electric field in the direction of
either the small or large lobe, depending on the combination of particle
and electric field conditions [25]. The origin of this motion is in the
mismatch of electrokinetic flows that arise on either the particle or
electrode surface, which then induces a mismatch in local force that
propels the particle. Finally, our group is specifically interested in the
external control of the orientation of non-spherical particles in en-
ergetically unfavorable positions. This interest arises from the need to
collect the light scattered from an evanescent wave by a non-spherical
particle for the development of Scattering Morphology Resolved TIRM
[34]. Given that particles described herein are typically < 300 nm in
separation distance from the nearby electrode, an evanescent wave with
decay length of ~100 nm would readily interact with these particles
thereby scattering light.

Herein, we summarize experimental results for the response of
colloidal ellipsoids to a nearby electrode undergoing ac polarization.
Polystyrene ellipsoids of varying aspect ratio were first fabricated via
film stretching and then were suspended in low concentration electro-
lyte. The response of ellipsoids that had formed a quasi-2D layer near
an electrode polarized at low-frequency electric fields was measured at
intermediate concentration. Both the ensemble structure and aggrega-
tion kinetics was measured. First, we found that ellipsoids responded to
the electric field by either aggregating or separating depending on the
electric field conditions. Further, we found that ellipsoids oriented
parallel to the electric field at certain conditions. We then modulated
the electric field to achieve long-lasting deposition of ellipsoids at this
orientation. Finally, we found the rate constant for aggregation did not
depend on particle shape for the aspect ratios measured herein.
Although our work shows some differences in the way that ellipsoids
respond to an electric field as compared to spheres, the overall ag-
gregation behavior was similar. This suggests that work conducted for
spheres over the last two decades is applicable to the response of el-
lipsoids of these aspect ratios to a nearby polarized electrode.

2. Experimental
2.1. Fabrication of ellipsoids

Colloidal ellipsoids were fabricated with an established film-
stretching procedure [35]. Briefly, 7.5 g of polyvinyl alcohol (PVA,
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POVAL 40-88 Kuraray polyvinyl alcohol) was first added slowly to 300
g of ultra-pure water in a clean bottle. Addition of PVA too rapidly will
lead to the formation of non-dissolvable clumps. The PVA solution was
stirred for 24 h and then filtered with filter paper (Lab Safety Supply,
Grade CFP4, 18.5 cm diameter, 25 pm pore size) to remove any re-
maining non-dissolved PVA. The filtered solution was allowed to rest to
minimize bubbles. Next, 1.0 g of nominally 5 ym diameter polystyrene
sulfate latex particles (Molecular Probes, lot# 1964358, 4% w/v) was
added to the PVA solution. The bottle was then gently swirled to ensure
dispersal of the latex without production of bubbles in the PVA solu-
tion. The PVA solution was then slowly poured onto a 25 cm X 25 cm
square cast constructed on a polyvinylidene difluoride (PVDF) surface.
The bubbles were pushed to the edges with a clean spatula. The casted
film was left to dry for approximately 48 h and then detached from the
PVDF surface carefully from the edges using a knife.

The PVA film was cut into squares of size 10 cm X 10 cm, witha 1
cm X 1 cm grid drawn onto the film to track the uniformity of
stretching. Finally, the film was heated to 130 °C and uniaxially stret-
ched with a biaxial film stretcher to the desired elongation. Following
stretching, sections of the film that stretched uniformly were cut and
dissolved in a 3:7 solution of isopropyl alcohol (IPA) and ultra-pure
water. Dissolution was conducted over 12 h. The suspensions of ellip-
soids in dissolved PVA, IPA, and water was centrifuged and redispersed
in a 3:7 solution of IPA andwater three times to remove PVA. Following
these washing steps, the ellipsoids were further cleaned by centrifuga-
tion and re-dispersal in ultra-pure water seven times. The ellipsoids
were finally dispersed in a KCl solution of a concentration of 10~ * M.

2.2. Assembly of fluid cell and experimental protocol

The experimental setup consisted of a parallel plate electrochemical
fluid cell observed via a regular upright microscope. The cell was as-
sembled by sandwiching fluid between two electrodes (see Fig. 1). The
electrodes were two tin-doped indium oxide (ITO) coated glass slides
(with a surface resistivity of 30-60 €2/sq., purchased from Sigma Al-
drich). Silver conductive epoxy adhesives were used to attach the
conducting wire on the ITO sliders. The electrodes were first sonicated
in acetone and IPA for 10 min., respectively, and then plasma cleaned
for 2 min. Afterward, the electrodes were rinsed with ultra-pure water
and soaked in a KCI and poly(sodium-p-styrenesulfonate) solution for
another 15 min bath sonication. One 120 um deep Secure-Seal™ (In-
vitrogen) was placed on the conducting side of one slide. Each of the
eight wells in the space was filled with 10.5 pL of the suspended el-
lipsoids. The fluid cell was then sealed by placing a second ITO slide on
top. The electric field was applied with a Reference 600+ Potentiostat/
Galvanostat/ZRA (Gamry Instruments) implemented with the Virtual
Panel user interface. The images were captured under a 20 X objective
(NA = 0.45, 511.9 nm/pixel) via a digital deep-cooled camera
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Fig. 1. Experimental setup for the response of colloidal particles to an ac
electric field. Colloidal ellipsoids settle to the bottom electrode as a con-
sequence of gravity. Strong negative equilibrium charges bound to both the
particle and electrode contribute to the particles remaining mobile.
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(Hamamatsu C10600). Experiments summarized herein were executed
in potentiodynamic (potential controlled) mode at low frequencies.
Experiments in which structure was measured kept the nominal po-
tential drop fixed and ramped the frequency in steps spaced one minute
apart. When measuring the rate constant associated with aggregation,
no electric field was introduced for the first 15 s and then followed by
applying an electric field of a fixed potential and frequency for another
45 s. A very similar protocol was previously employed for measuring
the kinetics of aggregation for isotropic spheres [14]. As noted else-
where [16], the electric field does not saturate until frequencies > 100
Hz when operating in potential controlled mode. Herein, we reported
the nominal potential drop (A®) across the electrode separation dis-
tance.

2.3. Structure and rate constant analysis

Particles undergo a process of electric field mediated aggregation or
separation that is somewhat different from other flocculation processes
experienced by active colloidal suspensions. Herein, particles do not
experience a dynamic assembly process in which clusters form and
disintegrate for a given condition. Rather, particles tend to either ag-
gregate or separate, depending on the electric field conditions. Thus, it
is unnecessary to consider the process to form “living” clusters as has
been done elsewhere [36]. Rather, we seek to track first whether par-
ticles will aggregate or separate at a given conditions and second with
what rate constant the aggregation process occurs.

Digital video microscopy was used to capture the response of el-
lipsoids to the nearby polarized electrode. Images were captured at 8
frames per second (fps) with a 10 ms exposure time. The longest
duration video was 17 min. In experiments where the ensemble struc-
ture was measured, there was no external electric field during the first
and last minute, but once the electric field was introduced, the applied
potential was fixed while the applied frequency was tuned every 1 min
to ramp up from 25 Hz to 3000 Hz, and then ramp down to 25 Hz,
which led to 17 conditions in total for a single video. Three potential
drops were used when controlling potential (1.0 V, 1.5 V, and 2.0 V).
Videos were saved as .avi files and were analyzed with Fiji (https://fiji.
sc/).

Two quantities were measured and reported herein. First, the scaled
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mean cluster projected area was measured via the projected mean area
of all objects in view (see Fig. 2(a) — (d)). The scaled cluster projected
area D, was defined as the quotient of the average dynamic D, and
average initial Dy cluster projected area. Particles attracted to each
other will result in an increase in D, as a function of time (see Fig. 2(a)
to (b) and Fig. 2(c) to (d)), while repelling particles will be measured to
have a decrease in D, as a function of time (see Fig. 2(b) to (c)).

Second, the rate constant for the aggregation of ellipsoids re-
sponding to an electric field was measured. As was done previously for
spherical colloids responding to an electric field [14], the rate constant
was equated with the short time loss of singlets in our experiments
starting from monodisperse conditions. This treatment is appropriate
for our experiments both because the short time loss of singlets dom-
inates the aggregation process and there is no breakup of clusters once
formed (i.e. there are no living clusters). Briefly, consider the ensemble
of particles in a single plane shown in Fig. 2(e) — (h). These re-
presentative micrographs show only the remaining singlet ellipsoids as
a function of time in response to an electric field. When only con-
sidering singlets assembling into doublets without cluster breakup, the
singlet loss rate is given by:

dny

= —k.n?
dt el

(€]

Where n; is the concentration of singlets, which equals to the number of

singlets in the region of interest divided by the area of the region of

interest and k, is the rate constant in units of area/time. Following the

integration of Eq. 1 and defining n; (t = 0) = nyo [14]:
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Eq. 2 is of utility in the experiments described below where singlet

concentration was directly measured. Rearranging Eq. 3 such that the

product of k. and t are isolated:

1o,
n Iy 3

Thus, plotting the left-hand side of Eq. 3 versus time should give a
straight line with slope equal to the rate constant, k.. Herein, we
measured the slope over the first 15 s of the 45-second application of

Measure Projection Area

Measure Rate Constant

Fig. 2. Processed binary videos of colloidal particles in response to a nearby ac polarized electrode. Tracking the average cluster projected area and total area
coverage over time to measure structure: (a) 0 min (no electric field), (b) 2 min (50 Hz, A® = 2.0 V ramp up), (¢) 10 min (500 Hz, A® = 2.0 V, ramp down), (d) 14
min (50 Hz, A® = 2.0, ramp down). Tracking the number of singlets over time to measure rate constant with electric field conditions of A® = 2.0 and frequency
=50 Hz: (e) 0s, (f) 20 s, (8) 40 s, (h) 60 s. Note that in (e) — (h) only the particles that remain singlets are shown, while all other objects in the frame have formed

multibody clusters.
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Fig. 3. Micrographs (500 x 500 pixels) of three particle samples (a) processed spheres, (b) low aspect ratio (LAR) ellipsoids, and (c) high aspect ratio (HAR)

ellipsoids.

the electric field. The rate constant is expected to depend on the electric
field conditions. A particle system aggregating strongly at a given set of
electric field conditions will have a larger rate constant when compared
to a system aggregating less strongly at a different set of conditions.
Previous work has shown that spheres have a rate constant that de-
pended on the square of the electric field strength and on the inverse of
the frequency [14].

3. Results and discussion
3.1. Fabrication and characterization of colloidal ellipsoids

Fig. 3 shows optical micrographs of ellipsoids prepared via the film
stretching technique described in the previous section, along with
spheres that were processed in the same way as the ellipsoids, except
without stretching. Two populations of ellipsoids were prepared for the
experiments described herein. “Low aspect ratio (LAR)” ellipsoids had
an aspect ratio of 1.39 * 0.08 (see Fig. 3(b)), while “high aspect ratio
(HAR)” ellipsoids had an aspect ratio of 2.30 = 0.16 (see Fig. 3(c)).
Ellipsoids were somewhat polydisperse as a consequence of a variety of
factors. First, feedstock spheres had a nominal diameter of 5 um, but
were polydisperse. The polydispersity of native spheres translated to
ellipsoid populations with polydisperse aspect ratio. Second, the mac-
roscopic film stretch was non-uniform. This effect was mitigated by pre-
sorting populations of particles by processing films together that
stretched similarly to each other. Finally, a more minor factor leading
to non-uniformity in aspect ratio was that of particle location within the
film. Particles located at or near the film-air interface did not stretch
uniformly, however, this likely only impacts a small fraction of particles
because there would be far more particles dispersed in the volume of
the film than near or at the interface.

3.2. Ellipsoid response to electric field

Initially, the average cluster projected area and total area coverage
were tracked for ensembles of colloidal spheres and ellipsoids of
varying aspect ratio in response to an electric field of varying strength
and frequency. The scaled cluster projected area was measured to de-
termine whether particles aggregated or separated (or neither) at a
given electric field condition. The slope of the dynamic cluster pro-

jected area at a given electric field and frequency conditions %E ' isan
0.
indicator of this behavior, which results from the net electrokinetic

mediated hydrodynamic force felt by individual particles in the en-
semble.

Specifically, electrokinetic flows originate from action of electric
field components on mobile charge accumulated near either the particle
or electrode. Induced-charge electroosmosis (ICEO) and equilibrium-
charge electroosmosis (ECEO) are two electrokinetic flows that have

been shown to induce either aggregation or separation among colloidal
particles in response to an electric field [4]. For ICEO, polarization
induces the accumulation of excess surface charge on the electrode. The
nearby particle causes electric field components to be tangent to the
electrode that acts on the induced mobile charge associated with the
electrode to produce ICEO flow. Further, ECEO flow arises when the
electric field acts on the equilibrium charge associate with the diffuse
layer of a particle. Both ICEO and ECEO flow generate toroidal flow
with a direction that depends on a variety of factors, including electric
field and solution conditions. When the combination of these flows
pump towards and upward along the particle, neighboring particles will
aggregate. However, neighboring particles will separate when these
flows combine to pump downward along the particle and outward.
We chose to begin with spheres processed in the same way as el-
lipsoids to isolate the impact of shape (rather than processing) on the
response of particles to an electric field. These control experiments were
conducted to determine whether dispersing polystyrene colloids in PVA
had any significant impact on the response of these particles to electric
fields. Increasing (decreasing) average cluster projected area is in-
dicated by a region with a positive (negative) slope, showing ag-
gregation (separation) (see Fig. 4). The particles experienced aggrega-
tion when 1%‘) >1 and %Eof > 0, and experienced separation when

D _q o d:

Do dt

ProcessedEoépherical colloids had regions of aggregation and se-
paration depending on the electric field frequency and strength (see
Fig. 4(a)). Spherical particles tended to aggregate strongly at low fre-
quency. Further, increasing the electric field strength tended to boost
the magnitude of the response rate of particles aggregation. However,
increasing the electric field strength did not induce a strong increase in
the response rate of particles separation. Finally, note from Fig. 4 how
ensemble behavior for aggregating conditions depended on electric
field strength. There was a shift in the critical frequency experienced by
the spherical particles. As the electric field frequency approached 200
Hz, aggregation plateaued, crossed a critical frequency, and then par-
ticles began to separate at frequencies greater than or equal to 300 Hz
when the electric field strength set as 1.0 V or 1.5 V. However, for 2.0 V
at 300 Hz, the aggregation reached another plateau, which is lower
than the previous one, suggesting the critical frequency would increase
as the applied electric field strength increases. These data were used to
formulate a structure diagram (see Fig. 4(b)). The main features of the
structure diagram for spheres are the shifted presence of a critical fre-
quency f, (200 Hz-300 Hz for 1.0 V, 1.5 V, and 300 Hz-500 Hz for 2.0
V) regardless of the ramp of tuning frequency.

Low aspect ratio (LAR) ellipsoids displayed behavior different from
that of spheres. LAR ellipsoids rapidly aggregated at low frequency,
reached a critical frequency f. ~ 300 Hz-500 Hz, and then began to
separate at frequencies between = 500 Hz (see Fig. 5(a)). One feature
that was unique to LAR ellipsoids was the reorientation in the axis

<0
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Fig. 4. Dynamic structural evolution of colloidal spheres in response to a nearby ac polarized electrode. (a) Coloring of each data point indicates electric field
strength and the inset numbers from 25 Hz — 3000 Hz indicate the frequency applied over that time period. Spherical colloidal particles processed in the same way as
ellipsoids (without stretching) experienced shifted regimes of aggregation and separation, depending on field strength. In particular, spheres aggregated at all electric
field strengths and increasing frequencies < 200 Hz and repelled at all frequencies = 500 Hz. However, at frequencies 300 Hz - 500 Hz, spherical colloids at 1.0 V
and 1.5 V responded differently from spherical colloids at 2.0 V. (b) Structure diagram assembled from the data summarized in (a). Regions with a non-negative slope
and g—(’) > 1 in (a) were considered regions of ‘aggregation’, while regions with either a negative slope or 1%’) =1 in (b) were considered to be regions of ‘separation’.

The solid line indicates where the frequency ramp reversed and the broken lines indicate where particles response changed.

parallel to the electrode at certain frequencies. Evidence of ellipsoids
reorienting such that the long axis was perpendicular to the electrode
(standing ellipsoid) was first seen in the average cluster projected area
measurement (see Fig. 5(a)). Standing is apparent when the scaled
average cluster projected area decreased below the reference line (D./
Dy < 1) at times between 8 min — 10 min. The scaled average cluster
projected area decreased due to a decrease in the projected area of the
ellipsoid. A standing ellipsoid will have a circular projected area, as
compared to a laying ellipsoids with an elliptical projected area. Similar
to spheres, these data were used to formulate a structure diagram (see
Fig. 5(b)). Note the asymmetry of the ensemble behavior for ag-
gregating conditions. There was a hysteresis in the critical frequency
experienced by LAR ellipsoids: the presence of a critical frequency f. ~
300 Hz-500 Hz for all electric field strengths when increasing the fre-
quency, but a critical frequency f. ~ 1000 Hz - 500 Hz when decreasing
frequency.

The structure diagram in Fig. 5(b) has features that are unique when
compared to the structure diagram for spheres. First, besides the hys-
teretic behavior, the LAR ellipsoids have a constant and larger critical
frequency as compared to that of spheres. LAR ellipsoids experience the
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separation at increasing frequencies = 500 Hz and decreasing fre-
quencies = 1000 Hz. Second, LAR ellipsoids also displayed hysteresis in
the frequencies over which LAR ellipsoids align parallel with the elec-
tric field. Ellipsoids aligned at a frequency of 3000 Hz when ramping up
in frequency, but did not relax to an orientation roughly perpendicular
to the electric field until a frequency of ~500 Hz when ramping down
in frequency. This behavior is a consequence of the balance between
stochastic Brownian rotation, hindered rotational mobility, and electric
field mediated dipole torque. An ellipsoid will stand when ramping
frequency at the condition where the electric field induced dipole
moment is sufficient to overcome rotational hindrance from the nearby
boundary and stochastic fluctuations away from an orientated state.
When ramping down in frequency and decreasing dipole torque, the
balance of these effects produce a finite relaxation time for the ellipsoid
to reorient such that the long axis is parallel to the electrode surface.
Given the unhindered rotational diffusion time for spherical particles of
this volume is ~ 27 s, with the hindered rotational diffusion time longer
depending on the most probable separation distance of the particle, we
expect such relaxation to be observable and potentially longer than the
electric field stepping conditions. Thus, the hysteresis observed in
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Fig. 5. Dynamic structural evolution of low aspect ratio (LAR) ellipsoids in response to a nearby ac polarized electrode. (a) Coloring of each data point indicates
electric field strength and the inset numbers from 25 Hz — 3000 Hz indicate the frequency applied over that time period. Unlike spherical colloidal particles, LAR
experienced hysteretic regimes of aggregation and separation. In particular, LAR ellipsoids aggregated at all electric field strengths and increasing frequencies
roughly < 300 Hz and separated from each other at increasing frequencies = 500 Hz. Yet, LAR ellipsoids experienced the separation at all electric strengths and
decreasing frequencies < 1000 Hz. In addition, LAR ellipsoids aligned with the direction of the electric field (i.e. standing) at the envelope of frequencies with an
upper bound of 3000 Hz and decreasing frequency 1000 Hz. (b) Structure diagram assembled from the data summarized in (a). Regions with a non-negative slope and
1%[) > 1 in (a) were considered regions of ‘aggregation’, while regions with a negative slope or ;%’) =1 in (b) were considered regions of ‘separation’. The solid line

indicates where the frequency ramp reversed and the broken lines indicate where particles response changed.
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Fig. 6. Dynamic structural evolution of high aspect ratio (HAR) ellipsoids in response to a nearby ac polarized electrode. (a) Coloring of each data point indicates
electric field strength and the inset numbers from 25 Hz — 3000 Hz indicate the frequency applied over that time period. Similar to LAR ellipsoids, HAR experienced
hysteretic regimes of aggregation and separation. HAR ellipsoids aggregated at all electric field strengths and increasing frequencies roughly < 300 Hz and separated
at increasing frequencies = 500 Hz. Further, HAR ellipsoids experienced the aggregation at all electric strengths and decreasing frequencies < 1000 Hz. However,
unlike LAR ellipsoids, there were no regimes in which HAR ellipsoids were observed to align with the direction of the electric field (i.e. standing). (b) Structure
diagram assembled from the data summarized in (a). Regions with a non-negative slope and % > 11in (a) were considered regions of ‘aggregation’, while regions with

either a negative slope or % =1 in (b) were considered regions of ‘separation’. The solid line indicates where the frequency ramp reversed and the broken lines

indicate where particles response changed.
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Fig. 7. Schematic of protocol to deposit LAR
ellipsoids in a standing orientation. (a) Prior to
application of an electric field, ellipsoids ex-
periencing Brownian fluctuations with the long
axis orientated roughly parallel to the elec-
trode. (b) Ellipsoids align the long axis in the
direction of the nominal electric field at con-
ditions summarized in Fig. 5. (c) A pulse of a dc
electric field will deposit the LAR ellipsoids at
an orientation nearly perpendicular to the
electrode substrate. The deposited ellipsoids
are long-lasting while in liquid. (d) Image of a
group of ellipsoid particles before applying
electric field. (e) Stuck particles after applying
ac and dc field.
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Fig. 8. Rate constants for aggregation of processed spheres, LAR ellipsoids, and HAR ellipsoids. The rate constant was measured for a range of frequencies and
varying electric field strength, including (a) 1.0 V, (b) 1.5V, and (c) 2.0 V. All systems responded in qualitatively the same way. The rate constant for aggregation
grew as frequency increased from 25 Hz, reached a maximum, and then started to decrease as frequency was increased to regions where particles began to experience
the separation. Although the qualitative behavior was the same, the magnitude of the rate constant increased as a function of the nominal electric field strength.
These data suggest there is no strong dependence of particle shape on the aggregation rate constant at these conditions. Each rate constant reported herein is the

mean value of six separate experiments and the error bars represent the standard error of the mean.

standing in these data is likely a partial consequence of the rotational
diffusion time for the particles being similar to that of the electric field
time step.

High aspect ratio (HAR) ellipsoids experienced trends in the re-
sponse to the nearby electrode similar to that of LAR ellipsoids (see
Fig. 6). HAR ellipsoids aggregated for all electric field strengths up to a

critical frequency of ~300 Hz and separated for frequencies between
500 Hz - 3000 Hz. The primary difference between LAR and HAR el-
lipsoids was in the presence of a standing state. HAR ellipsoids did not
align for any of the conditions tested herein. This supports the hy-
pothesis that the hysteresis is a consequence of the balance between
rotational relaxation and hindered mobility. Although one would
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expect the induced dipole torque experienced by HAR and LAR ellip-
soids to be approximately the same at these conditions [37], hindered
rotational mobility will differ. A LAR ellipsoid will have a larger rota-
tional mobility about the polar angle as compared to a HAR as a con-
sequence of hindrance induced by the nearby boundary. Apparently,
the induced dipole torque was insufficient to overcome hindered rota-
tional mobility to align the HAR ellipsoid in the direction of the electric
field at these conditions.

3.3. Deposition of standing ellipsoids

Alignment of the LAR ellipsoids in the direction of the electric field
could potentially be utilized for fixing ellipsoidal particles at orienta-
tions that typically would be energetically inaccessible in the absence of
an ac electric field. Prior to application of the oscillatory electric field,
ellipsoidal particles are at orientations such that the long axis of the
particle is roughly parallel to the substrate (see Fig. 7(a) and (d)). In-
itially, an electric field is applied at conditions expected to induce
standing (see Fig. 7(b)). After a sufficient number of ellipsoids align
with the electric field, application of a dc electric field > 2 V induces
sticking (see Fig. 7(c) and (e)) (see SI for videos demonstrating particle
relaxation and sticking). Previous work has demonstrated that spherical
particles can be made to stick upon application of a steady electric field
[38]. A steady dc electric field will produce a steady electrophoretic
force on the ellipsoidal particle in either the direction of the nearby
electrode or to the other side of the fluid cell [39,40]. Ultimately, the
steady force needs to overcome the potentially strong electrostatic re-
pulsion that will arise from the equilibrium charge bound to both the
electrode substrate and particle. Immediate application of the dc field
while the ac field is on will induce sticking of ellipsoids in an orienta-
tion nearly perpendicular to the substrate because the ellipsoid does not
have sufficient time to relax. Waiting a finite amount of time between
switching of the fields allows for the ellipsoid to relax to orientations
intermediate between perpendicular and parallel to the electrode sub-
strate.

3.4. Kinetics of aggregation for spheroidal colloids

Data summarized above provided a semi-quantitative description of
the response of spheroids with varying aspect ratio to a nearby polar-
ized electrode. We obtained a quantitative description of aggregation
kinetics by treating the process with the framework of a chemical re-
action. The primary feature of such a treatment is measuring a rate
constant associated with singlet loss (see Section 2.3 for the descrip-
tion). This treatment was previously used for spheres; we repeat similar
measurements with processed spheres and extend the measurements to
ellipsoids. Our primary motivation is to determine whether there was
an impact of aspect ratio on the rate constant for aggregation in re-
sponse to an ac electric field. Initially, the rate constant for processed
spheres was measured at systemically different frequencies and varying
nominal electric field. These measurements were followed-up by ex-
periments on LAR and HAR ellipsoids. Fig. 8 shows a summary of the
rate constant for all systems at varying frequency at different fixed
electrode polarization.

Processed spheres, LAR ellipsoids, and HAR ellipsoids all had rate
constants for aggregation that were qualitatively similar. The rate
constant for each system increased from 25 Hz with frequency at fixed
nominal electric field, reaching a maximum between 50 Hz — 100 Hz.
Once the frequency was increased beyond this maximum, the rate
constant decreased monotonically with frequency until reaching the
critical frequency identified for each system in Section 3.2. Note the
range of rate constants measured herein for processed spheres matched
that of the range measured previously [14], which indicates the film
casting process does not have a significant impact on the response of
these particles to a nearby electrode. There was no apparent difference
in rate constant between systems of different aspect ratios for fixed
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nominal electric field. However, the magnitude of the rate constant did
increase monotonically for increases in the nominal electric field
strength. Although LAR and HAR ellipsoids experience slight differ-
ences in the structural response to an electric field when compared to
spheres, the rate constant with which these systems aggregate does not
strongly depend on aspect ratio.

4. Conclusions

Colloidal particles with anisotropic shape or chemistry have the
potential to be used as building blocks for complex structures.
Utilization of an external electrical field is one strategy for assembling
these particles into complex structures. Herein, we conducted structure
and kinetic rate experiments to quantify the response of ellipsoidal
particles to a nearby electrode polarized with a low-frequency ac
electric field. Ellipsoidal particles displayed a qualitatively different
response depending on the aspect ratio. While both displayed a hys-
teretic behavior in aggregation and separation, with regimes of fre-
quency matching each type of interaction, only the low aspect ratio
ellipsoids aligned with the direction of the electric field at some con-
ditions. Further, additional measurements probing the aggregation rate
of ellipsoids in response to an ac electric field showed the same quali-
tative behavior, regardless of aspect ratio. An additional set of experi-
ments utilizing this information was conducted to show that long-
lasting deposition of ellipsoids in energetically unfavorable orientations
could be achieved. Such structures could be useful as model systems for
light scattering problems or more generally useful for building complex
structures. Together, experiments and data summarized herein illus-
trate that although there are some specific qualitative differences in the
response of spheroids to an electric field as a consequence of aspect
ratio, the general behavior is very similar at these aspect ratios.
Consequently, previous work on spheres is likely applicable to ellip-
soids of these aspect ratios.
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