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One- and two-dimensional assembly of colloidal ellipsoids in ac electric fields
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We investigate the assembly of colloidal ellipsoids in ac electric fields. Polystyrene latex ellipsoids with
aspect ratios 3.0, 4.3, and 7.6 orient with the applied field and, at sufficient field strengths, interact to form
particle chains at an angle with respect to the field. The characteristic chain angle decreases with increasing
aspect ratio. The angled chains combine laterally to form an open centered rectangular two-dimensional
structures belonging to the ¢2mm plane group. This chaining and assembly behavior is explained based on
calculations of the particle pair interactions explicitly accounting for the electric field and shape of the

ellipsoids.
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The solution phase assembly of colloidal particles using
external fields is a powerful means for achieving structured
and ordered phases, with potential applications in photonics
[1,2], biosensors [3,4], electronic devices [5,6], and displays
[7,8]. Suspensions of spherical colloidal particles exhibit
rapid self-assembly in response to the application of an ex-
ternal ac electric field [2]. This disorder-to-order transition is
driven by the interactions between particles, which polarize
due to the contrast between their dielectric properties and
that of the suspending medium [9]. The induced dipole-
dipole interactions first lead to the formation of particle
chains oriented in the field direction. These dipolar chains
subsequently laterally combine to form hexagonal two-
dimensional (2D) particle arrays.

The effect of particle shape on the disorder-to-order tran-
sition in electric fields remains unexplored, despite the fact
that shape plays an important role in many applications, in-
cluding the control of polarization modes of propagated light
in photonic crystals [10,11]. Nonetheless, recent work recog-
nizes that anisotropy in shape or properties is a key to form-
ing complex higher-order structures from dispersions via
self-assembly [12-14]. Excluded volume interactions alone
lead to the expression of a rich equilibrium phase behavior in
colloidal suspensions of anisotropic particles [15-18]. At di-
lute concentrations, where excluded volume effects are neg-
ligible, the shape dependence of the depletion interaction
[19,20] and capillary forces [21,22] provide control over the
interactions between particles and, ultimately, the self-
assembled structures that form.

In this Rapid Communication, we report experiments in-
vestigating the assembly of ellipsoidal colloidal particles in
ac electric fields. Similar to spherical particles, ellipsoids ori-
ent and form particle chains in the field direction. Surpris-
ingly, however, chains of ellipsoids form at a distinct angle
with respect to the applied field. Subsequent lateral coales-
cence of the angled chains leads to open particle arrays, in
contrast to the hexagonal-close-packed arrays obtained for
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spheres. Similar structures are observed for three different
aspect ratios of the particles. We explain these observations
using a simple model based on the polarization interactions
between pairs of particles as the underlying mechanism of
the assembly process. We find that the most stable configu-
ration for two interacting ellipsoidal particles is to align at an
angle with respect to the applied field. Before discussing
these results in detail, we first briefly detail our materials and
methods.

Anisotropic polystyrene particles are fabricated using the
methods of Keville et al. [23] and Ho et al. [24]. Monodis-
perse spherical polystyrene latex particles with a diameter of
3 wm are dispersed in a supersaturated solution of poly(vi-
nyl alcohol) (PVA, Fluka 40-88, degree of hydrolysis 86.7—-
88.7, M,,=2.05X 10°, degree of polymerization ~4200) in
water, which is then cast and dried, resulting in a thin film.
The film is heated above the glass transition temperature of
polystyrene (T>T,~105 °C) in a silicone oil bath and
stretched uniaxially. After rapidly cooling the film, the PVA
matrix is dissolved in a 7:3 water-isopropanol solution. The
recovered anisotropic particles are redispersed in water and
2.5 mM sodium dodecyl sulfate (SDS). Three aspect ratios
are investigated here, a=b/a=3.0, 4.3, and 7.6, where a and
b are the particle polar and equatorial radii, respectively.

A coplanar electrode geometry is used to generate the
electric field [Fig. 1(a)]. The electrodes are fabricated on a
clean glass slide (25X 75 mm, Fischer Scientic) by first de-
positing a 10 nm chromium layer followed by 100 nm of
gold using an electron-beam evaporator (Thermionics, VE
series). A similar electrode geometry was used earlier to
study the assembly and interactions of spherical particles
[2,25,26]. The gap between the electrodes is 2 mm. The glass
slide and electrodes are cleaned before each use using a
freshly prepared cleaning solution (Nochromix, Godax Labo-
ratories) and a plasma cleaner (Harrick Plasma, PDC-32G).
Using an adhesive spacer and a coverslip, a chamber is built
over the electrodes with a height of approximately 100 um.
A particle solution with a volume fraction of 10~ is injected
into the chamber using capillary action and the ends are
sealed using a UV curing epoxy (NOA 81, Norland). We take
care to avoid introducing air bubbles into the chamber. The
ac electric field is generated using a function generator (Agi-
lent technologies, 33220A) amplified 50X (Tegam, 2340). A
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FIG. 1. (Color online) (a) A schematic of the experimental setup and scanning electron microscopy (SEM) images of colloidal ellipsoids
with aspect ratios @=3.0, 4.3, and 7.6. The scalebar is 10 um. (b) Particles (a=3.0) orienting in the electric field for E=99 V/cm and
®=10 kHz. The Fourier transform power spectrum is shown in the inset. [(c) and (d)] At higher field strengths (E=180 V/cm), chains form
with a characteristic angle with respect to the field, 6. Chain angles are observed for both +6 and —6. (¢) Two chains combine laterally. (f)
Further growth leads to arrays with a centered rectangular unit cell, shown by the white box. (g) At higher concentrations, long-range order
occurs. The scale bar is 25 um. The inset shows the image power spectrum with the lattice vectors a* and b*. To the right is the magnitude
of the power spectrum for line segments through the (11) peak parallel and perpendicular to the field. Smooth lines (blue) show the total fits
to /; and /. The lower red Gaussian curves show the anisotropic width of the peak with the corresponding standard deviations oy and o .

1 wF capacitor is used in series to eliminate any residual dc
component. The range of frequencies w examined in our
work varies between 1 and 10 kHz and the rms value of the
applied field strength E ranges from O to 400 V/cm.

At the beginning of each experiment, the ellipsoidal par-
ticles are randomly oriented. After applying the electric field,
the particles orient with their major axes aligned in the field
direction [Fig. 1(b)], which reduces the energy between the
induced polarization of the particles and the external field
[9]. The inset of Fig. 1(b) shows the power spectrum of the
image Fourier transform. The anisotropic “lobed” pattern in-
dicates particle orientation with the field, but long-range or-
der is not evident. As the field strength increases, the induced
polarization of the particles leads to interparticle interactions
and subsequent assembly into chains in the field direction. At
frequencies w>1 kHz, the orientation and assembly is field
strength dependent. Chaining is observed at approximately
E>100 V/cm, similar to the order-disorder transition of
polystyrene latex spheres [2,25]. This transition is expected
to occur when the maximum polarization-induced attraction
between particles overcomes the thermal energy kzT.

As noted above, the first unexpected effect of the ellipsoi-
dal particle shape is the angle 6 that the dipolar chains form
with respect to the applied field, as shown in Figs. 1(c) and
1(d). The chains orient equally between the positive and
negative angles with respect to the field direction. Above
approximately E=180 V/cm these angled chains subse-
quently combine laterally, as shown in Fig. 1(d), again analo-
gous to the fashion in which dipolar chains of spheres form
particle arrays [2]. Further growth occurs as additional
chains join the structure, leading to ordered two-dimensional
arrays [Fig. 1(e)]. Each particle in the array has four nearest
neighbors, in contrast to the hexagonal-close-packed lattice
reported previously for spherical particles [2]. Similar struc-
tures are observed for all three aspect ratios of ellipsoids.

In order to investigate the structure of ellipsoidal particle
arrays further, we increased the suspension concentration by
tilting the sample cell for 20 min and allowing the particle
chains to drift together by gravitational sedimentation. The

resulting structure is shown in Fig. 1(g), along with the cor-
responding Fourier transform power spectrum (inset). In the
power spectrum, distinct peaks indicating long-range order
are now apparent. The structure is a centered rectangular unit
cell belonging to the ¢2mm plane group, reflecting the verti-
cal and horizontal mirror planes. The lattice vectors are
aligned with the field direction a* and orthogonal to the field
b*; their magnitudes are [a*[=0.56+0.01 wm™' and
[b*|=2.06+0.02 um™'.

An estimate of the average crystalline domain size L is
determined from the standard deviation of the (11) peak
magnitude o, L=27/c [27]. The magnitude of the power
spectrum is taken parallel /; and perpendicular /, to the field
along the line segments ¢, =|b*| and ¢,=|a*|, respectively,
and averaged over the four symmetric quadrants. As shown
in Fig. 1(g), both I; and I, are modeled by the sum of
three Gaussian curves (solid lines) yielding the location
and width of the (11) peak. The peak width is clearly aniso-
tropic, indicating different domain sizes parallel and perpen-
dicular to the field. The standard deviations are o
=0.054*0.002 um~! and o, =0.105+0.002 um™', corre-
sponding to domain sizes of L;=16 um and L, =8.1 um,
or about 1.7 unit-cell lengths and 3.1 unit-cell widths.

The results shown above demonstrate the significant ef-
fects particle shape has on field-directed self-assembly of
colloids, leading specifically here to unusual chaining angles
and open arrays. We quantify the distribution of chain angles
that three or more particles subtend with the applied field for
the three particle aspect ratios and find average angles be-
tween #=10° and 15° (Fig. 2). The chains of particles with
the smallest aspect ratio (@=3.0) exhibit the largest angles,
0=16*+5°  while for the largest aspect ratio
(a=17.6), 6=11=*3.5°. The width of the distribution also de-
creases with increasing a.

Why do ellipsoidal particles form angled chains in electric
fields when spherical particles do not? As a first approxima-
tion, we consider the energy of interaction between two point
dipoles each centered within the volume of an ellipsoid. The
interaction energy between aligned dipoles P, and P, with
centers of mass separated by the vector r is
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FIG. 2. (Color online) Distribution of chain angles that three or
more particles subtend with the applied field for three particle as-
pect ratios.
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The minimum energy (maximum attraction) occurs when the
dipoles are aligned in the field direction (#=0) and increases
with the angle, becoming repulsive at §=57°. When we ac-
count for the ellipsoid shape, the radial interaction energy as
a function of angle with respect to the field 6 is attractive, but
unlike spheres, the energy minimum energy occurs at angles
>0, in agreement with our experiments. The angles of the
minimum energy are #=36°, 38°, and 39° for aspect ratios
a=3.0, 4.3, and 7.6, respectively. Although this calculation
provides the important insight that the chaining angle arises
for ellipsoidal particles due to the competition between the 6
and r dependence of the dipolar interaction, the calculated
angles are considerably larger than the experimental values,
and the angle of the interaction minimum increases with in-
creasing aspect ratio, which is the opposite trend observed in
the experiments.

To make further progress, we consider the electric field
around an ellipsoid with its major axis oriented with an ex-
ternal field. The external applied potential is ¢y, and the
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FIG. 3. (Color online) Calculated energy of a point dipole with
ellipsoidal shape in the vicinity of an ellipsoidal particle. A sche-
matic of the model is shown in the inset. The two particles maintain
a point contact as the angle between them increases. The scaled
interaction energy exhibits a minimum at nonzero angle with re-
spect to the field. The dashed line denotes U=0.
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FIG. 4. (Color online) The angle of the interaction energy mini-
mum at contact for point dipoles centered in two ellipsoids and the
electrostatic model compared to the experiments for colloidal ellip-
soids (triangles).

resulting potential is governed by the Laplacian, V2¢=0.
This is solved using ellipsoidal coordinates (&, 77, {) to obtain
the field due to the presence of an ellipsoidal particle using
continuous potential conditions and the displacement field on
the surface of the ellipsoid as boundary conditions. The po-
tential outside the particle is [28,29]

o

dolabel2) (e - 62)/62f 1/((s + a®)R,)ds
¢ = = L@
1+ (abel2)(e, - 61)/62f 1/((s + a®)R,)ds
0

where R,=((s+a?)(s+b%)(s+¢?)"?, € and ¢, are the dielec-
tric constant of the medium and particle, respectively, a is
the particle polar radius, and b, ¢ are the equatorial radii. For
the prolate spheroids considered in this work (b=c),

fm ds 1 {l<l+e> 2} 3
o (s+a»R, da’é’ 1= ok ®)
where the eccentricity is e=\1-b?/a’. The resulting electric
field is given as E=-V¢".

Next, we calculate the energy of a point dipole P oriented
in the external field direction around the first particle,
U=P-E, again taking into account the ellipsoidal shape of
the particles. The dielectric constants for the particle and the
media in the calculation are €,=2.5 and &,=80, respectively.
Figure 3 shows the energy as a function of the angle. The
minimum energy occurs at §=~22° for a=3, while a=7.6
exhibits a minima at 6= 12°. Figure 4 shows the energy
minimum as a function of aspect ratio. Notably, the angle of
the energy minimum is nonmonotonic with respect to aspect
ratio; the minimum occurs at higher angles as « increases
from 1.5 to approximately 3, and then decreases to approxi-
mately 4.5° for a=20. For rodlike particles, € is expected to
be close to zero. Particles with aspect ratio less than 1.5
exhibit minima at #=0°, and thus, slightly deformed par-
ticles should form chains which are aligned with the field,
similar to spheres. While the use of a point dipole and ellip-
soidal excluded volume for the second particle in our model
is an approximation to the full solution of two interacting
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ellipsoids, the calculated chaining angles, based on the mini-
mum interaction energy, agree with the angles observed ex-
perimentally.

In conclusion, it has been shown in this work that the one-
and two-dimensional assembly of colloidal ellipsoids in ac
electric fields is remarkably different than spherical particles.
Unlike spherical particles, ellipsoids form dipolar chains at
an angle with the applied field. This angle persists in the
assembled structure leading to open two-dimensional arrays.
A model accounting for the electric field around a polarized
ellipsoid quantitatively explains these experimental observa-
tions. Other important effects play roles in the field-driven
self-assembly of high aspect ratio particles that are otherwise
absent for suspensions of spheres. For instance, when the
concentration exceeds the number density p>1/a’ before
applying the field, hindered rotation causes the kinetic arrest
of the suspension into a jammed state, thereby frustrating the
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order-disorder transition. In preliminary studies, we find that
the ability to rapidly switch the induced colloidal interactions
on and off can be used to overcome such jamming, leading to
new approaches for nonequilibrium assembly and structural
annealing. Annealing may also help increase the crystalline
domain size, since this appears to be limited by defects
formed during the collision between oppositely angled
chains. In all, the unique structures formed by anisotropic
colloidal particles in electric fields will likely serve as build-
ing blocks for new photonic, sensor, and electronic device
technologies.

We thank J. Vermant and B. Madivala for providing
initial samples of ellipsoidal particles and R. Lobo,
G. Mukhopadhyay, and A. Grillet for useful discussions.
Support for this work was provided by NSF-NIRT
(Contract No. CBET-0506701) and Sandia National
Laboratories (Contract No. 678286).

[1] Y. A. Vlasov et al., Nature (London) 414, 289 (2001).
[2] S. O. Lumsdon et al., Langmuir 20, 2108 (2004).
[3] O. D. Velev and E. W. Kaler, Langmuir 15, 3693 (1999).
[4] K. F. Hoettges et al., J. Phys. D 36, L101 (2003).
[5] K. D. Hermanson et al., Science 294, 1082 (2001).
[6] J.-C. Bradley et al., Nature (London) 389, 268 (1997).
[7] B. Comiskey et al., Nature (London) 394, 253 (1998).
[8] R. A. Hayes and B. J. Feenstra, Nature (London) 425, 383
(2003).
[9] T. B. Jones, Electromechanics of Particles (Cambridge Univer-
sity Press, Cambridge, England, 1995).
[10] K. P. Velikov et al., Appl. Phys. Lett. 81, 838 (2002).
[11] S. Noda et al., Science 293, 1123 (2001).
[12] S. C. Glotzer and M. J. Solomon, Nature Mater. 6, 557 (2007).
[13] T. L. Breen et al., Science 284, 948 (1999).
[14] N. Bowden er al., Science 276, 233 (1997).
[15] M. Adams et al., Nature (London) 393, 349 (1998).

[16] Z. Dogic and S. Fraden, Phys. Rev. Lett. 78, 2417 (1997).

[17] D. Frenkel and B. M. Mulder, Mol. Phys. 55, 1171 (1985).

[18] K. W. Wojciechowski, D. Frenkel, and A. C. Branka, Phys.
Rev. Lett. 66, 3168 (1991).

[19] K. Zhao and T. G. Mason, Phys. Rev. Lett. 99, 268301 (2007).

[20] S. Badaire et al., J. Am. Chem. Soc. 129, 40 (2007).

[21] E. P. Lewandowski et al., Langmuir 24, 9302 (2008).

[22] M. G. Basavaraj et al., Langmuir 22, 6605 (2006).

[23] K. M. Keville et al., J. Colloid Interface Sci. 144, 103 (1991).

[24] C. C. Ho et al., Colloid Polym. Sci. 271, 469 (1993).

[25] M. Mittal et al., J. Chem. Phys. 129, 064513 (2008).

[26] P. P. Lele et al., Langmuir 24, 12842 (2008).

[27] A. Guinier, X-Ray Diffraction (Freeman, San Francisco, 1963).

[28] J. A. Stratton, Electromagnetic Theory (McGraw-Hill, New
York, 1941).

[29] C. F. Bohren and D. R. Huffman, Absorption and Scattering of
Light by Small Particles (Wiley, New York, 1983).

050401-4



