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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.

1 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 col-
loidal suspensions is essential. Such control can be exerted in
a variety of ways, e.g. by changing the properties of the sol-
vent such that the interactions between the constituent parti-
cles are tuned, by applying external fields such as electric and
magnetic fields, and by shearing the sample, see for exam-
ple Refs.!=*. In particular, electric fields have been shown to
change the structural, rheological, dielectric and optical prop-
erties of colloidal suspensions.>>% Recently, several groups
have come to the conclusion that the use of electric and mag-
netic fields is necessary to achieve equilibrium structures for
more complex particles (for examples see: Refs.®3) and/or to
achieve completely new structures that could not be realized
without such fields (e.g., Refs.®%-!1). Understanding the be-
havior of colloids in electric fields is thus important to modify
material properties in a controlled way. In this paper we exam-
ine 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 align-
ment of the particles with the field and dipole-dipole inter-
actions between the particles. To date, experimental stud-
ies of colloids in electric fields have mainly focused on
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spheres>!2-14 with some recent studies on anisotropic parti-

cles such as ellipsoids and dimers. ”-'>!6 With respect to rods,
Kang et al. studied concentrated dispersions of the fd-virus
in electric fields; '’~!° this group also contributed to the theo-
retical understanding of rods in external fields by considering
the electric field induced ion distribution around the rods.?°
The phase behaviour of rods in electric fields was also exam-
ined using computer simulations?! where the induced dipole
moment that spherocylinders obtain in an electric field was
modeled by two charges placed at the ends of the cylindri-
cal 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 develop-
ment of a new monodisperse colloidal system of rods?>23
which makes it possible to study, for the first time, concen-
trated dispersions on the single particle level. Using this sys-
tem, we study the effect of electric fields on the phase behavior
of rods in both dilute and concentrated suspensions for a va-
riety 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 242 where it normally indicates the
length of only the cylindrical part of the spherocylinder. The
reason is that the experimental particles are not perfect sphero-
cylinders. 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
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behaviour we observed experimentally for rods with aspect ra-
tio 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.

2 Model

We model the rods as hard, parallel, polarizable spherocylin-
ders in a solvent with dielectric constant &g,. Similar to
Ref.?!, we place two charges, g and —¢, located a distance
8, 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

| BUaip(r), if the rods do not overlap

BU(r) = { oo, if the rods overlap S
where
2D D
BUaip(r) =y -
VR +L=D+28,)?
D

; ()

A+ —L+D=26.)

with 7 the length of r, r, and r| denoting the distances be-
tween the centers of the spherocylinders in the direction per-
pendicular and parallel to the field, = kBLT, kp the Boltzmann
constant, T the temperature, and

y- Be
47178501D.

3)

The charge ¢ 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 &,q which is polarized uniformly along the
direction of the external field. We find

1=\L-D+28.

where the rod polarizability & is determined from the Clausius
Mossotti relation and
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Fig. 1 Model of a single rod in the double charge approximation.

Note that J; is the distance between the charge and the center of the
spherical hemisphere on the end of the spherocylinder.

with vioq the volume of the rod. The only model parameter
not defined by the experimental setup is §,. In order to deter-
mine this parameter, we compared the pair potential energy of
the double charge model U for various values of 8, to a sys-
tem where the rods were approximated by ~6100 permanent
dipoles arranged on a simple cubic lattice. >’ For L/D = 6, this
resulted in a choice of 6,/D = 0.276.

3 Experimental Methods

3.1 Dispersions

The fluorescent rods were prepared as described in Refs.?>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 isothio-
cyanate (RITC) labeled core and a 150 nm and 175 nm non-
fluorescent 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 (Mil-
lipore 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 viscos-
ity 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 ap-
ply 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 um diameter T2 ther-
mocouple alloy wires (Goodfellow) running on opposite sides
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Page 2 of 9



Page 3 of 9

Soft Matter

Lum) o, D@mm) op L/D V(um’)

B35 33 10% 550 11% 6.0 0.74
B31 2.37 10% 640 75% 3.6 0.69
B48 2.6 8.5% 630 63% 4.0 0.7
N51 2.660 10% 530 63% 5.0 0.55

Table 1 Dimensions of the systems of rods as measured by
transmission electron microscopy (TEM). Here, L is the end-to-end
length of the rods, D the diameter of the rods, oy (p) the
polydispersity in the length (diameter) of the rods, and V the volume
if the rods.

through a 0.1 x 1 mm glass capillary (Fig. 2a). The distance
between the wires was around 0.7 mm. The capillaries were
sealed with a layer of candle wax, followed by a layer of two-
component epoxy (Bison).

For the experiments with a relatively low electric field
parallel to gravity, 0.1 x 1 mm capillaries were used, with
glass walls of 0.1 mm thick, that were coated with 3 nm of
chromium and 7 nm of gold, subsequently (Fig. 2b). The cap-
illary was positioned on top of two 50 um wires to keep it
horizontal; one of these served as an electrical contact and
was connected with a standard electronic wire. A second con-
tact was made by placing a 50 um wire on top of the capil-
lary, connecting it to the capillary by silverpaint (SPI-paint)
and wrapping it around a standard electronic wire. The same
type of cell was used for the experiments with dilute systems
in an electric field. In this case the two gold-coated sides of a
square 0.2 x 0.2 mm capillary were placed on the side, so that
an electric field perpendicular to gravity was created.

A high electric field, parallel to gravity, was applied us-
ing cells that consisted of two conductive and transparent in-
dium tin oxide (ITO) coated glass slides (30-60 Q, Diamond
Coatings Ltd), which were separated by glass spacers (No. 00
cover slips by Menzel-Gliser, thickness around 100 um), see
Fig. 2c. The conductive sides of the ITO-slides were on the
inside of the cell, in direct contact with the dispersion, and
all parts were glued together with UV-glue (Norland No. 68).
Electrical contacts were made by gluing 50 ym diameter wires
to the conductive side of the ITO slides with silverpaint. The
thin electrical wires were wrapped around standard electronic
wires to enable connection to the electrical set-up. The cells
were sealed with UV-glue.

For configurations in which several layers of material are
positioned between the electrodes, which is the case when the
electrodes are on the outside of the capillary, the electric field
inside any of these layers can be calculated by:
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Fig. 2 Schematic representation of the used sample cells. a) Field
perpendicular to gravity. b-c) Field parallel to gravity.

with V the applied voltage, & the dielectric constant of the
material the field strength is calculated in, & 3 the dielectric
constants of layers 1-3 and d;_j the thickness of layer 1-3.
When the electrodes are in direct contact with the solvent E is
simply V' /d (d the distance between the electrodes).

3.3 Observations in an electric field

A function generator (Agilent, type 33220A or 33120A) was
used to generate a sinusoidal signal with a frequency of 1 MHz
and an amplitude of 3.0 V. The generated signal was sent to
the sample via a wide band amplifier (Krohn-Hite, 7602M)),
which was used to control the field strength in the sample
cell. The field strength was measured by an oscilloscope (Tek-
tronix, TDS3012B or TDS3052) and is given in the effective
root mean square (RMS) value (Vgys/pm) in this paper. Ob-
servations of the phase behavior were done with a Leica TCS
SP2 confocal microscope with a 63x or 100x oil immersion
objective.

4 Results and discussion

4.1 Dilute dispersions of polarizable rods in electric
fields.

When an electric field is applied to silica particles that are dis-
persed in a mixture of DMSO and water, the relatively high
contrast in dielectric constant between the colloid (&s5i0, ~
4.5€0)%® and the solvent (ep50 Jwater ~ 50€0) induces a dipole
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Fig. 3 Dilute dispersions of L/D =5 rods (N51) in a 1 MHz electric
field. (a) Rods oriented in random directions when no field was
applied. (b) Rods oriented along the field direction formed a
para-nematic phase at low field-strengths (E ~ 0.05 V/um). (c) At
higher field-strengths (E ~ 0.1 V/pm) rods oriented head-to-toe in
strings due to dipole-dipole interactions. Scale bars indicate 5 pm.

moment in each rod. For rods, the strength of the dipole mo-
ment depends on the orientation of the particle with respect to
the field direction. Furthermore, the behavior of rod-like parti-
cles in an electric field depends on the strength of their dipole
moments, which can be influenced by changing the strength of
the applied external electric field. In our experiments we used
an electric field with a frequency of 1 MHz to prevent polar-
ization of the double layer. The behavior of a dilute dispersion
of rods at different electric field strength regimes is shown in
Fig. 3. While the rods were randomly oriented when no elec-
tric field was applied, they oriented with their long axis paral-
lel to the field direction at low field strength (£ ~ 0.05 V/um).
When the field was increased to E ~ 0.1 V/um, string forma-
tion was observed, in agreement with the behaviour seen in
systems of spheres subjected to an E-field. >12-14

4.2 Concentrated dispersions of short rods in low electric
fields.

We studied concentrated dispersions of “short” rods with an
aspect ratio of L/D = 3.6. Outside the presence of an electric
field, these short rods crystallize directly from the isotropic
phase into hexagonally ordered domains that are primarily
single layers without regular stacking.?® These rods are too
short to form nematic or smectic liquid crystal phases, as was
already predicted by computer simulations on hard sphero-
cylinders.?® However, with the application of electric fields
we have a tool at our disposal to induce and control orienta-
tional order in this system of sedimenting rods. The forma-
tion of a para-nematic phase was trivial in this case: the rods
aligned when a field of 0.05 V/um was applied and a para-
nematic phase was formed (similar to that shown in Fig. 3b
for L/D = 5). We noticed that the field needed to align parti-
cles in the concentrated sediment of a sample was lower than
the field needed to align rods in the dilute top-part of a sam-
ple. In a field of 0.03 V/um, sediments aligned, while the
top-part showed an isotropic phase that aligned at a field of

Fig. 4 Short L/D = 3.6 rods (B31) after sedimentation in a

0.03 V/um electric field, starting from a volume fraction of 0.1 ina
100 pm high capillary formed a para-smectic phase. (a) Electric
field perpendicular to gravity: the rods aligned with the field and
formed layers. (b) Electric field parallel to gravity: the rods aligned
with the field and ordered in layers. (c) Within the layers, the rods
showed hexagonal ordering (second layer from the bottom). Scale
bars indicate 5 pm.

Fig. 5 Short L/D = 3.6 rods after sedimentation. (a) Without
application of an external electric field. (b) Two days after a

0.03 V/um electric field had been switched off. Scale bars indicate
10 pm.

0.05 V/um. This effect can be explained by the fact that in
the dilute phase, alignment is caused only by the interaction
between the induced dipole and the field. In the sediment,
however, nematic order is already favored by the higher den-
sity which means that a lower electric field is required to align
the rods.

Interestingly, it was found that the combination of the in-
duced orientational order caused by the field and the increase
in density due to sedimentation resulted in the formation of
a regularly layered structure as shown in Fig. 4. Within the
layers, the rods showed hexagonal ordering, but no positional
correlation was found between neighboring layers. Therefore,
the structure was identified as a smectic-B phase. These para-
smectic phases were only found in the presence of an electric
field for such short rods.

When the field was increased to 0.07 V/um, dipole-dipole
interactions started to contribute significantly, leading to a re-
pulsive interaction between the ends of neighboring rods. This
resulted in a distortion of the layered structure and a transition,
to a crystal structure in which the rods are positioned on a
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hexagonal lattice in the plane perpendicular to the E-field, and
shifted in the field direction. Because this structure is more
easily visualized with long rods, it will be discussed including
images in the next section.

The structured smectic and crystal phases that short rods
formed under the influence of an electric field were not sta-
ble when the field was turned off. After turning a 0.07 V/um
off, the system went from an induced crystal phase to a smec-
tic phase similar to the one shown in Fig 4a, which subse-
quently relaxed in the same way as a para-smectic. Figure 5b
shows that a para-smectic that had been formed by applying a
0.03 V/um field, relaxed back to a state with considerably less
order than the smectic within two days, but with still more or-
der than a system that had not been exposed to an electric field
at all (Fig. 5a).

4.3 Concentrated dispersions of long rods in low electric
fields.

In contrast to the short rods, particles with an aspect ratio of
L/D = 6 exhibit nematic and smectic liquid crystal phases
when they sediment, even without an external electric field. 29
While an electric field was not needed to induce orientational
order, we found it to be helpful in controlling the direction of
alignment and in reducing defects. In particular, we observed
alignment of particles in the sediment parallel to the field for
electric fields of 0.02 V/um. In agreement with the experi-
ments on shorter rods, a layered structure with rods pointing
in the field direction was formed when the field was applied
during sedimentation. Additionally, this behaviour could also
be induced by applying the field after the rods had sedimented.
In this case the rods rotated to align with the field within 20
minutes and the sample rearranged resulting in a single do-
main with only one orientation (Fig. 6b), in contrast to the
multiple domains present before the applied field (Fig. 6a).
The Fourier transforms of the images, also depicted in Fig.
6, clearly show that the order increases when a field is ap-
plied. When the electric field was switched off after 1 night,
the general orientation of the rods remained in the (former)
field direction, but several defects were formed (Fig. 6¢). A
possible explanation for the formation of defects is provided
by the inter-layer spacing. In a field of 0.02 V/um, the inter-
layer spacing was 1.24 L, which decreased to 1.16 L when the
field strength was zero. This difference can be associated with
the weak dipole-dipole interactions, which caused the ends of
the rods in one layer to repel each other slightly. As a re-
sult, the rods shift in position with respect to their neighbors
and stick out partly above or below the layer, making it ef-
fectively broader. When the field is turned off, dipole-dipole
interactions disappear and the system relaxes back to its orig-
inal inter-layer spacing. However, since there was more space
between the layers when the field was on, this allowed for de-

Fig. 6 Applying a field to a sediment of L/D = 6 rods, the initial
volume fraction was 0.05 in a 100 ptm high capillary. The images
were taken at different positions in the sample, but at approximately
the same height (a few microns from the bottom). (a) After 1 night
of sedimentation without electric field. (b) 30 minutes after turning
on a 0.02 V/um field. (c) 5 days after the field had been turned off.
(d-f) Fourier transforms on a logarithmic intensity scale of the
images on the left. Scale bars indicate 15 pm for a-c, 5 m for the
insets and 3 pm™~! for d-f.
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Fig. 7 Long L/D = 6 rods in a 0.06 V/um 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 um for a,d
and 3 um for b,c,e.f.

fects to form. Figure 6¢c shows that these defects are mainly
splay distortions and edge dislocations.

In fields higher than 0.03 V/um (up to 0.14 V/um), the in-
teraction induced by the electric field increased to the point
where ordering into layers was no longer favorable. How-
ever, 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. Addi-
tionally, the columns are staggered with respect to each other
by an integer multiple of L/6 (Fig. 7b-f). This is not com-
mensurate with the Cz-symmetric crystal structure found in
computer simulations by Rotunno et al. for rods of L/D =3
in an external electric field.?! 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, '23°
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 simu-

b)

E®

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 free-
energy calculations3! 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) corre-
sponds 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 smec-
tic 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 in-
teraction 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.?*? When we compare the predicted phase
diagram to our experimental results, we find strong agree-
ment. In particular, crystal X is consistent with the planes
depicted in Figure 7, and the nematic and smectic phases ap-
pear in both simulations and experiment. More details on the
double charge model and the phase diagram will be published
separately.?’

4.4 Rods in high electric fields

At field-strengths higher than 0.14 V/um, dipole-dipole inter-
actions 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 um and
D =630 nm, i.e. L/D = 4. Together with string formation,
voids appeared in the xy-plane, and the rods grouped together

6| 1-8
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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, >
the rods did not form sheets in fields of 0.18 V/um. 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/um), 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/um in sample
cells with an electrode gap of 120 um. At higher fields, tem-
perature 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 with-
out 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/um. 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 direc-
tion, 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

Fig. 10 Short L/D = 4 rods in a field parallel to gravity, 10 um
above the bottom. Gap width is ~ 120 um. (a) 1.5 min after
switching a 0.18 V/um, 1 MHz field on. (b) 18 min after the field
was turned on. (c¢) Increasing the field to 0.25 V/um. (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 um.
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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/um 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/um 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.




