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Common nematic oils, such as SCB, experience planar anchoring at aqueous interfaces. When these
oils are emulsified, this anchoring preference and the resulting topological constraints lead to the
formation of droplets that exhibit one or two point defects within the nematic phase. Here, we explore
the interactions of adsorbed particles at the aqueous interface through a combination of experiments and
coarse-grained modeling, and demonstrate that surface-active particles, driven by elastic forces in the
droplet, readily localize to these defect regions in a programmable manner. When droplets include two
nanoparticles, these preferentially segregate to the two poles, thereby forming highly regular dipolar
structures that could serve for hierarchical assembly of functional structures. Addition of sufficient
concentrations of surfactant changes the interior morphology of the droplet, but pins defects to the
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interface, resulting in aggregation of the two particles.
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Liquid crystals (LCs) exhibit thermodynamic and struc-
tural properties that are intermediate between those
expected from ordinary solid and liquid states. Though
structurally liquid, molecules within LCs can adopt distinct
orientations, resulting in a new palette of technologically
useful phases. Spherical confinement of LCs results in two
primary morphologies. Bipolar droplets are formed when
LCs prefer to order tangent to the interface (planar anchor-
ing), creating two point defects (boojums) on their surfaces
as a consequence of the Poincaré—Hopf theorem [1]. Radial
morphologies appear when LC molecules are oriented
perpendicular to the interface (homeotropic anchoring).
A single ring- or pointlike defect is formed in the center
of the droplet, with molecules outside the core aligning
with the local radial vector. Uniform, axial, and uniaxial
morphologies can also be achieved by tuning the anchoring
strength [2,3].

Recent work has demonstrated that the tight interplay
between a droplet’s interface and its interior can lead to the
formation of new ordered phases [4]. In such phases, the
droplet interior organizes adsorbates at the interface, while
the adsorbates also influence the order adopted by the LC.
When a critical adsorbate concentration is reached, not
only does the interior morphology of the droplet change
from bipolar to homeotropic, but spherical or striped adsor-
bate domains also self-organize on the surface due to the
interplay of enthalpy and elastic stresses. The question
addressed in this Letter, which from a practical perspective
is more intriguing, is whether the interior morphology of a
LC droplet can be used to control the positioning of small
particles at the droplet’s interface. If possible, the resulting
nanoparticle-decorated droplets would provide a promis-
ing new route for templated assembly of functional patchy
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particles [5], as well as for development of primed sensing
devices, whose morphology is balanced on a knife’s edge
to be swayed by vanishing concentrations of analyte [6].

Small particles or impurities in a nematic LC are known
to exhibit a preference for phase boundaries and defect
regions [7]. In pioneering experiments on bulk LC emul-
sions, optical traps were utilized to demonstrate the affinity
between colloidal particles and a locally melted nematic
phase [8,9]. Further work has shown colloidal particles to
have an affinity for disclination lines, useful in templated
nanowire assembly [7,10-14]. Defect affinity, combined
with self assembly of surfactant molecules, is thought to be
partly responsible for the exquisite sensitivity of droplet
biosensors [6,15]. While recent investigations of nematic
double-emulsions [16] also indicate that an intricate inter-
play exists between defects on the interior and exterior
droplets, studies of nanoparticles at LC droplet interfaces
are not available.

Experimentally, we observe this behavior for larger
droplet—particle combinations. Figure 1 shows a series of
micrographs for bare [Figs. 1(a) and 1(b)] 5CB droplets
and those decorated with one [Figs. 1(f)-1(h)] or two
[Figs. 1(k)-1(m)] fluorescent polystyrene particles.
Additional details regarding the experimental system are
provided in the Supplemental Material (SM) [17]. Images
generated using bright-field, polarized light, and fluores-
cence microscopy reveal the interior morphology of the
droplet and the presence of particles at the defects. The
forces holding these particles are strong—particles never
leave their adopted defect unless the LC is heated through
the clearing point.

To address the origin and strength of these forces, we
implement a molecular model utilizing a Gay—Berne (GB)
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FIG. 1 (color). Experimental images of SCB droplets in water emulsions with zero (a),(b), one (f)—(h), or two (k)~(m) adsorbed
polystyrene particles. Bright-field, polarized light and fluorescence images (particle cases only) are shown alongside simulated systems
depicting a o = 100 particle adsorbed onto a Gay-Berne droplet of radius R = 250,. Mesogens are colored by an (r,g,b) value
representing their (x, y, z) orientation. The cartoon in (c) depicts the field lines expected in a bipolar morphology. (d) Snapshot of a
bare droplet with planar anchoring, alongside a plot of the scalar order parameter (S) [17] and field lines within the droplet (e). The
axes are given next to this plot for clarity; subsequent views are rotated, but preserve the (r,g,b) color mapping. The boojum defects are
clearly visible for their low value of S and as confluence points for the field lines. For clarity, field lines are projected onto the viewing
plane. Importantly, it can be seen that the defect is = 507 in radius. Simulation results for a single adsorbed particle (i),(j), and two
adsorbed particles (n),(o) are also shown. The region of disorder within these droplets (prior to the adsorption of particles) coincides
exactly with the particle positions. Overall nematic ordering is similar in each case, suggesting each configuration minimizes the LC
elastic cost. In both simulation and experiment, the particles are approximately the size of the defect core. The order parameter scale

for maps (e),(j),(0) is given on the right panel.

representation of the LC [17-21], with particles modeled
by spheres of varying diameter. As the GB ellipsoids
represent single molecules, this necessarily examines
smaller length scales than those accessible in the experi-
ments, and serves to provide a comprehensive view of
particles in LC droplets that encompasses mesoscopic
and microscopic length scales. Comparison between the
two is justified provided the two systems exhibit the same
morphology, as the driving forces in colloidal aggregation
will be elastic stresses associated with the presence of
defects. In the following discussion, lengths are reduced
by the ellipsoid minor diameter o, energies by the Gay—
Berne interaction strength &, and masses by the mesogen

mass m [22]; this sets a natural timescale at 7, = w/mo% /e.

Anchoring and particle confinement inside a drop of radius
R = 25 are handled by a modified 9-3 Lennard-Jones wall
[17,23], which enforces a spherical shape to mimic that of
larger aqueous droplets. Our approach differs from that in
recent investigations of LC droplets in equilibrium with
their own vapor, which adopt tactoid shapes [24,25]. We
explicitly aim to avoid these geometries, and use our
results for spherical geometries to connect with experi-
ments on spherical droplets an order of magnitude larger
[26], which are prohibitive to molecular simulation. Note
that past work has indeed shown that results for GB sys-
tems at small length scales can be mapped onto those of
continuum models at much longer length scales [27].
Additional details are provided in the SM [17].

After evolving the droplet interior to its equilibrium
nematic configuration through NVT molecular dynamics

simulations, we place a particle near the surface, at a radius
r = 23, deleting any overlapping mesogens. This is done
for two types of configurations: polar placement (where the
particle is placed at a boojum defect), and equatorial place-
ment (between the two boojums). Following this, two types
of simulations are performed to probe dynamic and ther-
modynamic behavior. The dynamics are monitored for
2 X 10°ty in standard NVT molecular dynamics. Slow
diffusion renders simple MD insufficient to sample free
energies, hence, free energies are calculated through a
biased molecular dynamics approach [17].

Representative configurations for particles of diameter
o = 10 placed on the surface of a droplet are given along-
side the experimental images in Fig. 1 [28]. Mixing rules
for the GB potential [29,30] imply planar anchoring is
energetically preferred, though the actual anchoring for
large particles (o € {8, 10}) is closer to homeotropic
[cf. Figs. 1(i) and 1(n)]. High-splay regions are eliminated
[cf. Fig. 1(e)] when a particle is located at a boojum defect,
indicating that a strong preference should exist for this
region. When a particle occupies this state, the disorder
and elastic stress associated with the defect are eliminated.
Importantly, for the o = 10 particle depicted in the figure,
the particle and boojum sizes are nearly equal. The com-
petition in boundary conditions between particle LC and
surface LC may even be enough to deform the droplet into
a more elongated object to balance surface tension [31],
though the rigid boundaries here prevent this. Smaller
particles exhibit more planarlike orientation [29,32]. A
combination of entropic and anchoring effects also limits
configurations available to the particle. In simulation,
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FIG. 2 (color). (a) Probability distribution for particles as a
function of distance along the nematic axis i = Z from standard
NVT simulation trajectories. The poles of the droplet are located
at z =25 and z = —25, respectively. The distribution trends
toward polar regions as the particle size is increased. Statistics
are coarsened by slow diffusion for large particles, which are not
shown for clarity. The dashed line corresponds to a uniform
volume distribution. (b),(c) Representative trajectories from
simulations with (b) ¢ =80 and (c) o = 100y. Red lines
denote trajectories which start at a boojum defect, while green
lines denote trajectories originating from the equator of the
droplet. A distinct preference for the boojum region is observed
in both cases. The o = 100 particle segregates to one of the
boojums through rotation of the nematic vector, while the o =
80 particle remains in its initial misaligned configuration.
(d) Potential of mean force for particles of size o = 80 and
o = 100 as a function of the angle 6 formed by the particle’s
radial position and the nematic axis. As the particle size in-
creases, a deep minimum develops at the location of the boojum
defects.

larger particles (o € {8, 10}) were observed primarily at
the droplet interface, while smaller particles roamed the
entire droplet volume.

This behavior is apparent from results shown in Fig. 2(a),
where a histogram of particle positions (obtained from
standard NVT molecular dynamics simulations of length
2 X 10°ty) is plotted. Simulations were prepared by plac-
ing a particle at the interface of the droplet and allowing it
to diffuse around the droplet. Note that a uniform distribu-
tion over the volume of the droplet would be proportional
to (R*> — z?), which corresponds to the dotted line. These
histograms are averaged over a set of six independent
simulations; three having initial conditions near the equa-
tor, and three starting at the poles. The smallest particles
examined here, o = 2, roam throughout the droplet and do
not exhibit a preferred location. Increasing the particle size
brings segregation toward the poles of the droplet.

To study the segregation dynamics, we follow the align-
ment of each particle’s normalized position vector F
relative to the nematic ordering vector ii for the two largest
particles considered here. The results are plotted in

Figs. 2(b) and 2(c). Each particle exhibits a pronounced
preference for the interfacial boojum defect. In the case of
particles having o = 10, particles placed at a polar region
have a strong tendency to remain there, while particles
placed at the equator segregate to the defect. This can be
clearly seen in Fig. 2(c), where the green equatorial tra-
jectories segregate toward the poles over the duration of a
simulation despite slow diffusive motion of the particle in
dense nematic LC. The polar trajectories retain configura-
tions where the nematic axis is aligned with the particle
position vector (though occasional fluctuations away from
this alignment are observed). This behavior is suggestive of
the presence of deep attractive wells for particles to the
boojums.

In Fig. 2(d), we plot the free energy of interaction [or
potential of mean force (PMF)], normalized by &, between
single particles and boojum defects for larger adsorbed
colloids [17]. These simulations are performed at tempera-
ture kT /e = 1.44, so the PMF may be converted to thermal
units dividing by this factor. Here, the nematic director has
been constrained to lie along the z axis, and bias is applied
to sample particle positions along this axis. In agreement
with the results in Fig. 2(a), we observe a monotonic
deepening of the free-energy well with increasing particle
size. Though small particles are ambivalent to their sur-
roundings, significant free energetic gains of order several
tens of kg7 occur as particles are grown to the largest size
considered here. As the origin of this free energetic, gain
resides in the alleviation of elastic stress. Scaling our
results to larger systems such as those amenable to experi-
ment, we expect that only the elastic stress should play a
role, as in the segregation of colloidal particles to nematic-
isotropic phase boundaries [33]. Importantly, the minima
observed for large particles are deep, and may be exploited
for robust particle assembly.

Though in Fig. 1 we show the results of ideal two-
particle placement, such robust assembly is not always
the case. Indeed, as shown in Figs. 3(a)-3(d), particles
often located near the same defect. As particles are them-
selves larger than a boojum, this is a suboptimal condition.
To quantify this effect, in Fig. 3(e) we plot results of
simulations for the free energy of two nanoparticles as a
function of separation. These simulations proceed simi-
larly to the one-particle calculations, except that here one
particle is fixed in space at z = 25, and the nematic axis is
free to reorient. This has the effect of fixing one particle at
a boojum defect while the other particle is driven around
the surface. In this case, the free energy exhibits two
minima. Focusing on the free energy curve for o = 10,
the first minimum occurs when two particles share the
same boojum defect, and has a depth of = —25kgT rela-
tive to the maximum free energy for o = 10 particles
where we have utilized kg7 /e = 1.44. This minimum
develops as the nanoparticles are pushed close together,
until it is mitigated by the repulsive interactions between
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FIG. 3 (color). (a) Cartoon of two particles located at the same
boojum defect, complemented by experimental images from
bright-field (b), polarized-light (c), and fluorescence (d) micros-
copy. (e) Potential of mean force for two particles of size o =
100 one of which is restricted to lie at the position of a boojum
defect. The coordinate 6 defines the angle between the particle’s
position vector (relative to the droplet center) and the nematic
axis fi. Two minima are observed, with particles either located
near the same pole or segregating to opposing poles. The latter
case is thermodynamically favorable for the large particle, as
particle anchorings and steric effects prevent elastic relaxation
within the droplet. Dots represent the computed potential,
while the solid line is a Bezier curve approximation to the
data. (f)—(i) Instantaneous morphology, order parameter maps,
and field lines for two representative configurations of o = 100,
spheres. (f),(g) Particles separated by a 70° angle in the plane
coincident with the droplet’s center. The field lines in (g) show
three defect regions, corresponding to the positions of the two
particles and the free boojum. The region between the two
particles is disordered relative to the bulk; this can be alleviated
by the particle proceeding to the occupied boojum as in (h), or by
migrating to the free boojum. (g),(h) Two particles sharing the
same boojum defect. Interestingly, the field lines depicted in
(i) appear to show an additional defect occupying the region
between the two interacting particles.

overlapping nanoparticles. In the cross-sectional view
depicted in Fig. 3(h), one can see that the defect has been
annihilated by the presence of the two particles. The sec-
ond minimum occurs for particles at opposing boojums,
and has depth = 50kg T, comparable with the energy found
in the one-particle case. The interior structure of the defect
is modified when two particles are present at one pole, as
evidenced by Fig. 3(i). The central repulsive region (6 =
90° in Fig. 3) contains contributions from strong elastic
deformations of the nematic order, bringing the two boo-
jum defects closer together, and from conformations where
the driven nanoparticle has escaped the primary boojum,
alleviating the elastic cost, but creating further stress asso-
ciated with its surface anchoring. In metadynamics trajec-
tories [17,34,35], we find that the boojum defect will
detach when the particle is driven just past the equator
of the droplet (taking the fixed particle and droplet center
to define the polar axis). This observation correlates

(2)

FIG. 4 (color). (a)-(c) Addition of 8 mM SDS to a droplet
with one adsorbed particle results in a pinned preradial defect.
Formation of this morphology is robust against the order of
surfactant and particle adsorption. (d)—(f) The same method can
be used to robustly select morphologies with two particles
sharing the preradial defect. (g),(h) Simulations with an adsorbed
nanoparticle (o = 100) quenched from a radial morphology
predict such a structure to occur at the transition from a bipolar
to a radial droplet.

extremely well with the quantitative free energy results
of Fig. 3(e), which show a plateau in the free energy when
the droplet is near the equator, before presenting a strong
second minimum for adjacent particles. This is further
elucidated by Figs. 3(f) and 3(g), which show the two
particles to interact through a region with nematic orienta-
tion which differs from the overall director, and which
exhibits substantially more orientational disorder.

Finally, in Fig. 4, we consider the effects of droplet
morphology on particle positioning. Here, surfactant
[8 mM Sodium Dodecyl Sulfate (SDS)] is added to the
aqueous dispersion to induce homeotropic anchoring on
the droplet. Normally, this results in a radial droplet mor-
phology. However, the presence of one [Figs. 4(a)—4(c)] or
two [Figs. 4(d)—4(f)] particles pins the radial defect. This
has the further effect of selecting a single two-particle
arrangement from the two competing bipolar arrangements.
A similar effect is predicted in simulations by preparing a
radial state, and then adjusting the surface anchoring toward
the bipolar-radial transition to mimic the addition of
surfactant. Here, the radial defect moves from the center
of the droplet to the surface and attaches preferentially to
the nanoparticle. The presence of these stable states implies
that a few adsorbed nanoparticles are sufficient to create
morphological changes in LC droplets, which could be
utilized in a reversible sequestration process.

The results reported in this Letter demonstrate the size-
dependent segregation of nanoparticles to defect regions in
LC droplets. While the droplet sizes examined here are
small, past work has shown that they can be safely extrapo-
lated to longer length scales, more amenable to experimen-
tal characterization [4,6]. The results reported here indicate
that nematic droplets can indeed be used to create dipolar
functional particles, where the particle on each pole could
have different chemical characteristics, and thereby, offer
unique possibilities for hierarchical assembly of ordered
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structures. They also demonstrate that single particles can
be used for active displacement of defects and release of a
radial defect to an interface. Droplet formation is simple
and robust, facilitating the creation of such particles in the
laboratory. Extensions of these results to larger surface
coverages by nanoparticles are underway.
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