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Branching of Colloidal Chains in Capillary-Confined Nematics
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We report on the observation of colloidal chain assembly and branching inside capillaries filled with a
nematic liquid crystal. Because of the homeotropic anchoring of liquid crystalline molecules on the
capillary and colloidal droplet surfaces, the assembly of droplets along the capillary axis is expected,
producing a transformation of the nematic director field from an escape-radial to quasiradial configura-
tion. However, the subsequent over time branching of the straight colloidal chains is counterintuitive. By
numerical simulations, we demonstrate that chain branching can occur by overcoming an energy barrier
and can at least dwell as a metastable configuration. Moreover, manipulation of colloidal chains by
electric fields and their gradients demonstrates various regimes of chain behavior in electric fields.
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FIG. 1. (a) Microscope images of the structure in white light
and between cross polarizers. The directions of polarizers are
indicated. (b) The tip and the end of a droplet chain showing that
the companion defects are positioned under the droplets.
A previously reported new class of colloidal interactions
can arise in emulsions of isotropic fluids that form droplets
in the host of nematic liquid crystals (LCs) [1]. These
interactions may govern the microdroplets of isotropic
fluid to assemble into chains. Originally, chains of water
droplets were observed inside large droplets of nematics
[1]. When emulsions of LC and polymer were produced
inside a planar cell, the chains of polymer droplets formed
ordered arrays [2]. Recently, one- and two-dimensional
(1D, 2D) droplet structures were observed at the LC-air
interfaces [3]. In the above examples, the delicate balance
between colloidal interactions in anisotropic fluids govern
the assembly of regular 1D and 2D arrays of droplets. A
regular structure that exhibits a structural instability is an
interesting test ground for studying the details of colloidal
interactions. In this Letter, we demonstrate that emulsions
of polymer droplets in the host of LC, which are confined
inside cylindrical capillaries, assemble along the capillary
axis transforming the LC director field from an escape-
radial to quasiradial configuration. Surprisingly, branching
of the initially straight chains of droplets is observed over
time. We investigate this branching instability by numeri-
cal simulations based on the Frank elasticity. Moreover, we
report on the manipulation of droplet chains by external
electric fields, and show that the dielectric interactions
within an inhomogeneous electric field are crucial for
chain manipulation.

In general, the cylindrical geometry has attracted many
studies of the properties of confined LC and the distribu-
tion of LC molecular orientations, described by a spatially
varying unit vector called the director [4,5]. For example,
polarizing optical microscopy of the birefringence of the
escape-radial molecular configuration can reveal the elas-
tic constants and anchoring energy on capillary walls for
nematics [5]. The escape-radial configuration that appears
when molecules are anchored perpendicularly to capillary
walls is observed for almost all practical capillaries, such
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as the capillary radius R> 20l � 40 nm, where l � 2 nm
is a common molecular length of low-molecular-weight
nematics [6]. We stabilized the escape-radial configuration
inside a 50 �m diameter cylindrical capillary by treating
the inner capillary walls with a lecithin surfactant to en-
force homeotropic (perpendicular to surface) anchoring
[7]. As shown in Fig. 1(a), the regions along the capillary
axis that do not include polymer droplets possess the
escape-radial configuration, the characteristic birefrin-
gence of which displays symmetrical light and dark bands
parallel to the capillary axis that reverse upon 45� rotation
of cross polarizers.

To prepare chains of droplets situated on the capillary
axis, we filled the capillaries with a homogeneous mixture
of pentylcyanobiphenyl (5CB) LC containing 1 wt. % of
polydimethyl-siloxane (PDMS) polymer at elevated tem-
peratures of 50 �C. Upon cooling to room temperature, the
polymer phase separates from the LC to form droplets.
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FIG. 2. (a) A chain with two close branches. Branching of
chains is observed after an equilibration time of �1 week. (b) A
region of branched chain in white light and between cross
polarizers. The directions of polarizers are indicated.
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Below 35 �C, the clearing point of 5CB, which possesses a
nematic phase between 23–35 �C, the droplets merge into
the center of the capillary. The axial droplet position is
preferred due to homeotropic anchoring of 5CB molecules
on PDMS droplet surfaces [7], producing the least elastic
distortions to the nematic host. Over time, single droplets
migrate along the capillary axis to assemble into chains.
The droplet diameter within a chain can be predicted [2] by
balancing the energies of anchoring, wa2, and elastic dis-
tortions Ka of LC host around a droplet. Measured by
optical means the droplet diameter a � 3 �m is in satis-
factory agreement with this energy balance assumption,
where the surface energy for cyanobiphenyl LC and
silicon-based materials, w � 5� 10�6 J=m2, and the elas-
tic constant of LC in one constant approximation, K �
10�11 N, were used from the literature [6,8].

Long-range attractive and short-range repulsive interac-
tions between droplets arising from the orientational elastic
energy of nematic LC host can be the reason for the
formation of colloidal chains [1]. A droplet with homeo-
tropic anchoring for LC molecules that is introduced into
the capillary with an escape-radial LC configuration forces
the LC to produce a defect. This companion defect is
situated on the capillary axis in the droplet vicinity, where
the distance between the defect and droplet center scales
linearly with the droplet diameter [1]. As shown in
Fig. 1(b), the escape-radial LC configuration promotes
companion defects to form under droplets, when going
from the tip to the end of droplet chains. A droplet-defect
pair, akin to an electrostatic dipole, attracts a similar pair
that can be rather well described by an effective long-range
dipole-dipole potential:

Uij � Kpipj
1� 3cos2�

r3 ; (1)

where � and r are the angle and the distance, respectively,
between the interacting dipoles pi and pj. On a short scale,
the presence of a topological defect between two droplets
induces droplet repulsion inhibiting their coalescence.
Some droplet coalescence, however, can be observed as a
result of chain metastability [see Fig. 1(a)].

Assembled chains produce significant perturbation to
the escape-radial LC configuration. For long chains of
droplets the perturbation transforms the escape-radial con-
figuration into a quasiradial configuration [see Fig. 1(a)].
By observing the formation of chains, we evaluated that
approximately 5–10 droplets are necessary to produce
significant perturbation resulting in the quasiradial LC
configuration, the dark field of which switches to bright
upon 45� rotation of cross polarizers, as shown in Fig. 1(a).

A chain of droplets in a nematic host is metastable rather
than in equilibrium. One of the interesting phenomena that
can appear as a result of metastability is the formation of
side branches perpendicular to the capillary axis (see
Fig. 2). The observed branching can constitute of one or
more droplets off the straight axial chains.
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To determine whether branching is favorable, one must
go beyond the effective dipole-dipole potential, Eq. (1),
which only predicts the formation of straight droplet
chains. We performed numerical simulations to compute
and compare the elastic free energy of the nematic LC for a
straight colloidal chain and a chain with an additional off-
chain droplet. The director field for both configurations
was calculated in the equal elastic constant approximation
[6] with the infinite homeotropic anchoring on all surfaces
by minimization of the Frank free energy F:

F �
1

2
K
Z

LC
��divn�2 	 �curln�2
dV; (2)

where K is the elastic constant, n is the nematic director,
and the integration is performed over the whole volume of
LC with a resolution for director smaller than 0:1 �m. For
our simulations we took the droplet diameter a � 3 �m,
capillary radius R � 20 �m, and LC elastic constant K �
10�11 N. The Euler–Lagrange equations obtained from
the minimization of Eq. (2), were discretized by a finite
difference method on a cubic mesh and then solved by an
explicit relaxation method algorithm [9]. For the mesh
resolution of 0:1 �m, about 3� 104 iterations were
needed to yield better than �1% convergence of the
free energy. The hyperbolical defects positioned at
(xkd; y

k
d; z

k
d) were described by the analytical ansatz
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where k stands for each defect, and x, y, and z are the
Cartesian coordinates [10]. This ansatz was used in the
Euler–Lagrange equations to determine the director con-
dition in the nearest lattice points surrounding each defect.

The droplet-droplet distance in the chain and off-chain
positions are the two major parameters that character-
ize the colloidal structure. By numerical minimization,
we obtained for both parameters an equilibrium value
d � �1:26� 0:07�a [see Figs. 3(a) and 3(b)] that agrees
with our experimental results (see Fig. 2). This droplet-
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droplet distance is slightly higher (by �8%) then the one
predicted in Ref. [1], but we should stress that, contrary to
Ref. [1], in our calculations no multipole ansatz functions
were used.

Note that in order to fairly compare the elastic free
energies of straight and branched chain configurations
the LC volume and the number of considered droplets
must be the same for both configurations. Therefore, we
compared a segment of a total of 5 axial droplets [see inset
of Fig. 3(a)] with a segment of 4 axial plus 1 off-chain
droplet accompanied with a 1:26a long segment of pure
escape-radial structure as needed to maintain equal LC
volumes [see inset of Fig. 3(b)]. Our results show that
the total elastic free energy F of the straight 5 droplet
FIG. 3. Numerical results. Free energy is determined within
�5% precision. (a) The elastic free energy F of a straight 5
droplet segment as a function of lateral shift of one of the middle
droplets. Note that the central droplet (large arrow), upper and
lower neighbor droplets (small arrows), and all 4 neighbor
defects were shifted at the same time. When the cen-
tral droplet was shifted, for example, by 4 units, the up-
per (lower) neighbor defect was shifted by 3 units, the up-
per (lower) neighbor droplet by two units, and upper (lower)
second-neighbor defect by one unit. (b) Dependence of F for a
branched 5 droplet configuration on the radial position of off-
chain droplet. To satisfy the equal volume requirement, an
escaped-radial elastic free energy Fesc � 3�Kd was added to
F. (c) Elastic free energy as a function of the chain and off-chain
droplet pair shift in radial direction. The distance d between the
chain and off-chain droplets was fixed. Analogous to (b), Fesc

was added.

04830
segment exhibits a quadratic dependence on the lateral
displacement of one of the middle droplets with a global
minimum � 2:158� 10�15 J [see Fig. 3(a)]. This value is
only slightly lower than the local minimum of the free
energy of the chain with an off-chain droplet, � 2:271�
10�15 J [see Fig. 3(b)]. Within our equal elastic constant
approximation the straight configuration is the equilibrium
one separated by an energy barrier from the metastable
structure, described by one droplet in the off-chain posi-
tion. The small difference in the calculated free energies
for the two configurations indicates that considering non-
equal Frank elastic constants and possible heterogeneity of
droplet sizes may easily yield more comparable energy
minima or may even reverse their stability. Indeed, our
additional numerical calculations indicate that the hetero-
geneity of droplet sizes relevant to our system can further
reduce the difference between the free energy minima of
straight and branched configurations by �30%.

We could speculate on the origin of off-chain droplet
formation. When the escape-radial structure is ‘‘energy
expensive’’ in comparison with the colloidal chain con-
figuration, the formation of long straight chains is favor-
able. On the contrary, when the escape-radial structure is
‘‘inexpensive’’ (e.g., a
 2R), a colloidal chain prefers to
be as short as possible to maximize the escaped director
volume, and droplets can be pushed out of capillary axis. In
our system the escaped structure is neither expensive nor
inexpensive resulting in very close values for the elastic
energy of the straight and branched chains.

Our numerical results also explain a slight bending of
axial colloidal chains at places where off-chain droplets are
present [see Fig. 2(a)]. We have shifted a chain and its
neighboring off-chain droplets in the radial direction and
calculated the elastic free energy [see Fig. 3(c)]. A mini-
mum is obtained at distance �� 0:1 �m from the capil-
lary axis, which is very close to the experimental obser-
vations. The chain bending can be qualitatively understood
by the mechanism of ‘‘elastic repulsion’’ between the off-
chain droplet and its 2 second closest neighbors. Indeed,
the director field is unable to relax smoothly if it is too
strongly confined by droplet surfaces, and, therefore,
pushes the chain and off-chain droplet pair slightly in the
radial direction.

Interestingly, when we modify the LC configuration by
an external electric field oriented perpendicular to the
capillary axis, chains display cooperative motion without
disassembling into single droplets or shorter chains. We
observe different electric field regimes of chain behavior
affiliated with an appearance of up to two disclination line
(DL) pairs of �1=2 strength or their absence (zero DL
regime). The formation of DLs, monitored by a polarizing
microscope, occurs in the axial capillary plane that is
perpendicular to the direction of electric field. When one
or no DL pairs are formed, the chain motion is to the
capillary walls with a typical speed of a few �m=s (see
Fig. 4). In most cases, the chain motion happens in the zero
DL regime, as expected due to the energy barrier to form a
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FIG. 4. (a) Most commonly observed droplet chain behavior in
electric field ( 2 V=�m), which is perpendicular to the plane of
observation. The time elapsed from the beginning of field
application is indicated in seconds. The front shown by an arrow
propagating down the capillary corresponds to the transition
from the zero DL regime at earlier time to a DL regime at later
time. Note that this transition happens at least 10 times faster
than the chain movement in earlier time frames. (b) Cross-
sectional view of different regimes of chain motion. Filled circle
represents a chain, small circles represent �1=2 DLs, and LC
director orientation is shown by solid lines. The direction of
chain motion is indicated by arrows.
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DL. Indeed, for a typical nematic, the energy per unit
length of a �1=2 DL is �10�10 J=m [10]. However,
when two DL pairs are formed, one on each side of a
chain, the chain stays fixed in the central axial position.

These observations can be explained by the appearance
of forces on colloidal droplets due to an inhomogeneous
electric field [11] and LC elasticity, which is coupled with
the electric field as a result of the dielectric anisotropy of
LC [6]. In an experiment at micrometer scale one cannot
completely avoid inhomogeneities in the electric field
caused mainly by the small tilt between electrode plates,
resulting in a gradient force on immersed droplets. In our
experiment the tilt angle can be at most �� 3�, producing
a gradient force of �5 pN per droplet in the direction to
capillary walls [12]. This gradient force can be unidirec-
tional or opposite to the ‘‘LC force’’ that acts on the
colloidal droplets due to LC distribution in inhomogeneous
electric field. From our numerical calculations for the zero
DL regime, we obtained the LC force 5–10 pN, which
points to capillary axis [13]. Thus, in the zero DL regime, a
competition between the gradient and LC forces occurs,
which can result in a motion of colloidal chains towards
capillary walls. However, for the regime of two DL pairs,
each on opposite sides of the chain, we obtain the LC force
that is at least an order of magnitude larger. If two DL pairs
form before the chain relocation to capillary walls, the LC
force is much stronger, and, no matter the gradient force,
the chain is stabilized in the central axial position.

In summary, we have demonstrated colloidal assembly
in supramicrometer capillaries that produces a transforma-
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tion of LC director from escape-radial to quasiradial con-
figuration. Not predicted by standard theory, branching of
initially straight colloidal chains was observed and dis-
cussed in terms of deformational free energy of the LC
director field. The analysis indicates that the off-chain
droplet configuration is possible but metastable within
the one elastic constant approximation. Experimental and
numerical results on colloidal chains in external electric
fields point out that colloidal structures can be easily
manipulated by controlling the electric field and its gra-
dient. Geared towards obtaining stabilized and structured
colloids in various geometries and creating a pathway to
new materials with potentially useful applications, we hope
that this report will generate further investigations of these
fascinating systems, where the detailed understanding of
interactions plays a crucial role.
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