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We examine the effect of external electric fields on the behavior of colloidal silica rods. We find that the electric fields can be used
to induce para-nematic and para-smectic phases, and to reduce the number of defects in smectic phases. At high field strengths,
a new crystal structure was observed that consisted of strings of rods ordered in a hexagonal pattern in which neighboring rods
were shifted along their length. We also present a simple model to describe this system, which we used in computer simulations
to calculate the phase diagram for rods of L/D = 6, with L the end-to-end length of the rods and D the diameter of the rods. Our
theoretical predictions for the phase behavior agree well with the experimental observations.
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Introduction

Colloidal self-assembly is a promising route for the design
and fabrication of novel, advanced functional materials. For
many applications, the ability to control the properties of colloidal suspensions is essential. Such control can be exerted in
a variety of ways, e.g. by changing the properties of the solvent such that the interactions between the constituent particles are tuned, by applying external fields such as electric and
magnetic fields, and by shearing the sample, see for example Refs. 1–4 . In particular, electric fields have been shown to
change the structural, rheological, dielectric and optical properties of colloidal suspensions. 2,5,6 Recently, several groups
have come to the conclusion that the use of electric and magnetic fields is necessary to achieve equilibrium structures for
more complex particles (for examples see: Refs. 6–8 ) and/or to
achieve completely new structures that could not be realized
without such fields (e.g., Refs. 6,9–11 ). Understanding the behavior of colloids in electric fields is thus important to modify
material properties in a controlled way. In this paper we examine both experimentally and theoretically the effect of electric
fields on the phase behaviour of colloidal rod suspensions.
When colloidal particles are placed in an external E-field,
the induced polarization of the particles leads to both alignment of the particles with the field and dipole-dipole interactions between the particles. To date, experimental studies of colloids in electric fields have mainly focused on
a
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spheres 2,12–14 with some recent studies on anisotropic particles such as ellipsoids and dimers. 7,15,16 With respect to rods,
Kang et al. studied concentrated dispersions of the f d-virus
in electric fields; 17–19 this group also contributed to the theoretical understanding of rods in external fields by considering
the electric field induced ion distribution around the rods. 20
The phase behaviour of rods in electric fields was also examined using computer simulations 21 where the induced dipole
moment that spherocylinders obtain in an electric field was
modeled by two charges placed at the ends of the cylindrical part of the particle. In this study, the authors predicted a
new crystal phase where the rods were aligned with the field,
with hexagonal ordering in the plane perpendicular to the field,
but staggered in the field direction by 1/3 of the length of the
rods, which corresponds to their diameter, with respect to their
neighbours.
The current study takes advantage of the recent development of a new monodisperse colloidal system of rods 22,23
which makes it possible to study, for the first time, concentrated dispersions on the single particle level. Using this system, we study the effect of electric fields on the phase behavior
of rods in both dilute and concentrated suspensions for a variety of aspect ratios from L/D = 3.6 to 6.0, where L is the
end-to-end length of the rods and D is the diameter. Note that
this definition of L is slightly different from the one usually
used in theoretical papers 24–26 where it normally indicates the
length of only the cylindrical part of the spherocylinder. The
reason is that the experimental particles are not perfect spherocylinders. We use high frequency fields in this work to exclude
the contributions of the electric double layers and ion fluxes to
the polarizability, leaving only dielectric polarization of the
particle itself and not the double layer. We compare the phase
1–8 | 1
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behaviour we observed experimentally for rods with aspect ratio L/D = 6.0 to a phase diagram determined from computer
simulations.
This paper is organized as follows: in section II we describe
a model for colloidal rods in an external field, in section III we
describe our experimental methods, in section IV we describe
our experimental results and compare our results for rods of
length L/D = 6 to simulation results.

Model

We model the rods as hard, parallel, polarizable spherocylinders in a solvent with dielectric constant εsol . Similar to
Ref. 21 , we place two charges, q and −q, located a distance
δz from the centers of the spherical hemispheres (see Fig. 1),
in order to model the polarization of the rods. As the induced
dipole in this model is represented by two charges, we refer to
this as a double charge model. The pairwise potential between
the spherocylinders is then given by

βU(r) =



βUdip (r),
∞,

if the rods do not overlap
if the rods overlap

(1)

where
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βUdip (r) = γ 

(2)

with r the length of r, r⊥ and rk denoting the distances between the centers of the spherocylinders in the direction perpendicular and parallel to the field, β = kB1T , kB the Boltzmann
constant, T the temperature, and
γ=

β q2
.
4πεsol D

(3)

The charge q can be related to an applied electric field E by
equating the dipole moment of a rod in the double charge
model to that of a rod composed of a polarizable material of
dielectric constant εrod which is polarized uniformly along the
direction of the external field. We find


α
E
(4)
q=
L − D + 2δz
where the rod polarizability α is determined from the Clausius
Mossotti relation and


εrod − εsol
α = 3vrod εsol
(5)
εrod + 2εsol
2|

Fig. 1 Model of a single rod in the double charge approximation.
Note that δz is the distance between the charge and the center of the
spherical hemisphere on the end of the spherocylinder.
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with vrod the volume of the rod. The only model parameter
not defined by the experimental setup is δz . In order to determine this parameter, we compared the pair potential energy of
the double charge model U for various values of δz to a system where the rods were approximated by ∼6100 permanent
dipoles arranged on a simple cubic lattice. 27 For L/D = 6, this
resulted in a choice of δz /D = 0.276.

3
3.1

Experimental Methods
Dispersions

The fluorescent rods were prepared as described in Refs. 22,23 .
The particles produced by this synthesis are bullet-shaped, i.e.
a cylinder with one rounded end and one flat end. The systems
that were used to study the rods in an electric field are listed
in Table 1. Systems B35 and B31 consisted of non-fluorescent
core particles with a 30 nm fluorescine isothiocyanate (FITC)
labeled fluorescent inner shell and a 190 nm non-fluorescent
outer shell. Systems N51 and B48 had a rhodamine isothiocyanate (RITC) labeled core and a 150 nm and 175 nm nonfluorescent shell, respectively. B48 and N51 had a fluorescent
pattern that faded from the rounded to the flat end.
The solvent mixture consisted of dimethylsulfoxide
(DMSO, ≥ 99.9%, Sigma-Aldrich) and ultrapure water (Millipore system). The particles were dispersed in DMSO first,
after which water was added until the refractive index was
matched by eye. This resulted in a 10/0.85 volume ratio of
DMSO/water with an index of refraction of 1.47 and a viscosity of 1.92 cP (at 20◦ C). The system is not density-matched.
Therefore, the rods sediment, which leads to the formation of
liquid crystalline phases at the bottom of the cell.
3.2

Sample cells

Three types of sample cells were used (see Fig. 2): one to apply a field directed perpendicular to gravity (to align the rods
in the phases they form due to gravity) and two sample cells
to apply a field directed parallel to gravity (to study the phases
that are formed when gravity is counteracted by an electric
field). The first consisted of two 50 µm diameter T2 thermocouple alloy wires (Goodfellow) running on opposite sides
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Fig. 7 Long L/D = 6 rods in a 0.06 V/µm field parallel to gravity.
(a) Hexagonal ordering in the xy-direction. (b and d) Overview of
crystal planes parallel to the field direction. (c-f) Close-ups of
different planes of the same crystal parallel to the field direction. (c)
Plane in which rods are shifted one third of their length up or down
with respect to their neighbors. (e) Plane in which neighboring rods
are shifted one sixth of their length. Scale bars indicate 5 µm for a,d
and 3 µm for b,c,e,f.

fects to form. Figure 6c shows that these defects are mainly
splay distortions and edge dislocations.
In fields higher than 0.03 V/µm (up to 0.14 V/µm), the interaction induced by the electric field increased to the point
where ordering into layers was no longer favorable. However, the hexagonal ordering in the radial direction remained
(Fig. 7a). In this field strength regime, it was energetically
most favorable to shift neighboring rods up or down along
their length. The resulting configuration of rods is a crystal
structure where the rods are aligned in columns parallel to the
electric field, and the columns are hexagonally ordered. Additionally, the columns are staggered with respect to each other
by an integer multiple of L/6 (Fig. 7b-f). This is not commensurate with the C3 -symmetric crystal structure found in
computer simulations by Rotunno et al. for rods of L/D = 3
in an external electric field. 21 However, the crystal we found
as well as the crystal identified by Rotunno et al. consisted of
hexagonally ordered chains of rods shifted integer multiples
of the diameter with respect to each other. Similar structures
have been reported for spherical colloids in electric fields, 12,30
which also show string formation and form staggered crystals
(body centered tetragonal (BCT) structure). The symmetry,
however, is different: BCT has a tetragonal symmetry, while
the crystal structure of the rods in electric fields is hexagonal.
We further explored the phase behavior of rods of length
L/D = 6 in an external electric field using computer simu6|
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Fig. 8 a) and b) correspond to various representations of crystal X.
Note that the rods are shifted along their length by L/6.

lations. In particular, we determined the phase diagram for
N = 864, L/D = 6 model spherocylinders in an electric field
using Monte Carlo simulations in combination with full freeenergy calculations 31 and common tangent constructions. The
resulting phase diagram is shown in Figure 9. As shown in
Figure 9, we find regions of stability for nematic, smectic,
columnar, and various crystalline phases (ABC, AAA, HSC
and X). Note that the crystalline phase ABC(AAA) corresponds to hexagonal layers of rods which have an ABC(AAA)
stacking, while the X crystal phase consists of rods aligned
into columns, where the columns are hexagonally arranged
and staggered with respect to each other as shown in Figure 8.
The hexagonal smectic C (HSC) phase is similar to the smectic C phase, but with rods in the layers ordered hexagonally.
The angle between the long axis of the spherocylinders and
the layers found in the smectic C and HSC phases was highly
variable. The region on the phase diagram labeled AAA/HSC
displays complicated phase behavior: when the field is turned
off, the system exhibits purely the AAA phase but for weak interaction strengths, the system shifts between AAA and HSC.
Finally, at sufficiently high interaction strength, the columnar
phase takes over. The phase behaviour for zero field agrees
with the previous computer simulation studies of parallel hard
spheroclyinders. 24,25 When we compare the predicted phase
diagram to our experimental results, we find strong agreement. In particular, crystal X is consistent with the planes
depicted in Figure 7, and the nematic and smectic phases appear in both simulations and experiment. More details on the
double charge model and the phase diagram will be published
separately. 27
4.4

Rods in high electric fields

At field-strengths higher than 0.14 V/µm, dipole-dipole interactions became so strong that the rods formed strings from the
bottom upwards rather than sedimenting to the bottom of the
sample, as shown in Fig. 10 for rods with L = 2.6 µm and
D = 630 nm, i.e. L/D = 4. Together with string formation,
voids appeared in the xy-plane, and the rods grouped together
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Fig. 9 Phase diagram for parallel, polarizable L/D = 6
spherocylinders in the double charge model.

in time (Fig. 10a-b). In contrast to spheres in high fields, 12
the rods did not form sheets in fields of 0.18 V/µm. It is not
certain at this moment if this is true for all volume fractions.
Since dipoles placed side-by-side are repulsive, the sideways
attraction can only be favorable if the rods are shifted along
their length. Indeed, the groups of rods slowly ordered into a
crystal structure. At higher field strengths (0.25 V/µm), the
formation of a crystal structure occurred faster due to stronger
interactions. Figure 10d shows that eventually all rods became
part of the crystal columns. Unfortunately, we did not succeed
in applying electric fields higher than ∼ 0.25 V/µm in sample
cells with an electrode gap of 120 µm. At higher fields, temperature differences caused flow in the sample. Attempts to
prevent this included the coating of the electrodes with a thin
(100 nm) layer of silica to prevent any current running through
the sample. Also, a glycerol/water mixture and DMSO without water were tried as a solvent. However, none of these were
successful.

5

Conclusions

In conclusion, individual rods were aligned and liquid crystal
phases were formed at high concentrations by applying
electric fields with strengths less than 0.03 V/µm. For short
rods (L/D = 3.6) at higher volume fractions, the induced
orientational order caused by the electric field led to the
formation of para-nematic and -smectic phases that would
not have formed without the application of an electric field.
Long rods (L/D = 6) that do spontaneously form equilibrium
nematic and smectic phases were forced to orient in one direction, which led to the formation of a smectic phase with only
one orientation throughout the sample. The application of the
electric field additionally decreased the number of defects in
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Fig. 10 Short L/D = 4 rods in a field parallel to gravity, 10 µm
above the bottom. Gap width is ∼ 120 µm. (a) 1.5 min after
switching a 0.18 V/µm, 1 MHz field on. (b) 18 min after the field
was turned on. (c) Increasing the field to 0.25 V/µm. (d) A few
minutes later. (e) Side-view of the sample showing the crystalline
structure of the columns. (f) Cut through the crystal showing an L/3
jump in z-position of neighboring rods. Scale bars indicate 5 µm.
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smectic phases of long rods significantly. Also, the nematic
phase was extended to lower volume fractions under the
influence of an electric field. The combination of an electric
field between 0.03 and 0.14 V/µm and an increased volume
fraction due to sedimentation caused the formation of crystals
in both the long and short rods. In the case of the long rods, in
this structure the particles are aligned into columns which are
further hexagonally arranged, and the columns are staggered
with respect to each other by L/6n, where n is an integer.
The staggered arrangement occurs in order to minimize the
unfavorable “side-by-side” dipole-dipole interactions. Fields
higher than 0.14 V/µm were found to induce string formation
so strongly that sedimentation was counteracted. When the
field was pointing in the same direction as gravity and at large
gap widths, columns of tightly packed rods were formed that
again showed crystalline order. Finally, the phase behaviour
we observed experimentally was well captured by Monte
Carlo simulations of the double charge model which we
employed to describe the polarizable rods in an E-field.
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We investigate, using experiments and computer simulations, the behavior of colloidal rods in
external electric fields. We find stable para-nematic, para-smectic and crystalline phases.

