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Abstract

This brief perspective focuses on recent advances in the design of functional soft materials that are
based on confinement of low molecular weight liquid crystals (LCs) within micrometer-sized
droplets. While the ordering of LCs within micrometer-sized domains has been explored
extensively in polymer-dispersed LC materials, recent studies performed with LC domains with
precisely defined size and interfacial chemistry have unmasked observations of confinement-
induced ordering of LCs that do not follow previously reported theoretical predictions. These new
findings, which are enabled in part by advances in the preparation of LCs encapsulated in
polymeric shells, are opening up new opportunities for the design of soft responsive materials
based on surface-induced ordering transitions. These materials are also providing new insights into
the self-assembly of biomolecular and colloidal species at defects formed by LCs confined to
micrometer-sized domains. The studies presented in this perspective serve additionally to
highlight gaps in knowledge regarding the ordering of LCs in confined systems.
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1. Introduction

Liquid crystals (LCs) are a phase of matter that combines properties commonly associated
with crystalline solids (long-range orientational order) and isotropic liquids (high levels of
molecular mobility).1~# The orientational ordering of molecules in LCs leads to anisotropic
properties (optical, mechanical, transport). Of particular relevance to this perspective, the
ordering of LCs near interfaces is also known to be remarkably sensitive to interfacial
interactions, including those arising from hydrogen bonding, van der Waals interactions,
metalligand coordination and electrical double layers.>8

This perspective is focused on nematic LCs confined within micrometer-sized droplets that
are dispersed within a second immiscible medium. While dispersions of nematic LCs have
been widely investigated within continuous polymeric phases (so-called “polymer dispersed
liquid crystals” (PDLCs)),%11 more recently, investigations based on systems that permit
precise control of LC droplet size and interfacial chemistry have revealed unanticipated size-
dependent ordering of LCs. It is these recent findings that motivate this perspective, as they
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are providing the opportunity to create new designs of functional materials based on LC
droplets.

As noted above, this perspective describes studies that have systematically investigated the
effects of changes in LC droplet size and interfacial chemistry on LC ordering and
functional properties. Where helpful to a reader, however, we briefly describe past studies
involving PDLCs to highlight gaps in knowledge addressed by the recent studies. We also
note that the majority of the studies reported in this perspective deal with LC droplets
dispersed in aqueous phases. The interfaces of the water-dispersed LC droplets are decorated
with molecular species that possess a diversity of chemical functionality that goes well
beyond those investigated previously (biological lipids, surfactants, proteins,
polyelectrolytes, etc). The majority of studies falling within the above-stated scope of this
perspective have been reported by our own research group. However, where relevant to the
scope of this article, we also describe work reported by other laboratories.

A key aspect of the work described below involves elucidation of the ordering of LCs within
dispersed phases, and specifically, identification of the director configuration within LC
droplets. As an introduction to this topic, Figure 1 displays bright field, polarized light
micrographs and schematic illustrations of nematic LC in several common configurations
encountered in droplets (and of relevance to the studies presented in this perspective). We
point out that Figure 1 shows one orientation for each LC droplet configuration, and that
other orientations of the LC droplets will generate distinct optical signatures (with the
exception of the rotationally symmetric radial configuration).2 10 12-15 Within the droplets,
the average orientations of the molecules forming the nematic LC are described by a director
(n). For example, Figure 1A shows a so-called bipolar configuration of the LC droplet. In
this configuration, the director is aligned tangentially to the droplet interface and two
diametrically opposite point defects (“boojums”) are present at the poles of each LC
droplet.10. 13, 17-20 The interested reader is directed elsewhere for detailed descriptions of
the optical signatures of LC droplets in various other director configurations.2 10. 12-15

As background to the recent observations of size-dependent ordering of LCs in droplets that
are detailed below, here we briefly introduce a common formulation of the free energy of a
LC droplet and then summarize key predictions that follow from the description. In short,
the equilibrium director configuration within a LC droplet is governed by a delicate
energetic balance that involves surface and volumetric contributions. The free energy (F) of
a LC droplet can be expressed as:

F:Fhomogeneous +~IA fsdA"'_fV fed‘/"l_f‘, fﬁeldd‘/‘kfvd fdd‘fd (]_)

where Fpomogeneous iS the free energy of an unstrained bulk LC (typically expressed as a
function of the orientational order parameter of the LC, and neglected in analytical models
of relative energies of two director configurations), A is the surface area of a droplet, V the
volume of a droplet, f; and fg are the surface anchoring energy and elastic free energy
densities, respectively, and felq is the free energy density due to external fields (e.g., an
electric field).10 The last term in equation 1 describes the contribution of defects to the free
energy, as discussed in detail below. We note that in the discussion below we assume the LC
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droplet shape to be spherical and independent of the internal ordering of the LC. This
approximation is a good one for thermotropic LCs dispersed in water as the interfacial
tensions are high (typically 1073 to 1072 J/m?).

The surface anchoring energy of the LC droplet (second term in equation 1) characterizes
the energetic penalty associated with deviations of the nematic director from its preferred
alignment at the droplet interface (easy axis; set by the interfacial chemistry). The surface
anchoring energy density (f;) is often approximated using the single-constant Rapini and
Papoular equation:

1
fsziwsm%p @)

where ¢ is the angle between the director (n) and easy axis, and W is surface anchoring
energy per unit area.2! Typical values of W range from 1076 to 1075 J/m?2,10. 22 3 range that
is at least two orders of magnitude smaller than common values of interfacial tension for LC
droplets dispersed in water (see above).23: 24

The elastic free energy of the LC droplet (third term in equations 1) is the energetic penalty
associated with strain of the LC. The elastic free energy density (f¢) can be described by the
Frank-Oseen equation:

f=L[ Ku(v: n)’*+Koy(n -V x n)*+Kyz(n x V x n)?
°73 KoV - (n x V x ntn(V - n)) @

where K11, Koy, Kz (Which are sometimes also labeled as K1, Ko, and K32°-27) and Ky are
elastic constants associated with splay, twist, bend, and saddle-splay strain,

respectively.* 28. 29 \We also comment that a fifth elastic constant not shown in equation 3 is
the splay-bend elastic constant (K43), which is typically neglected because it involves higher
order derivatives of n.30: 31

Two external fields frequently applied to LC droplets are electric and magnetic fields. The
free energy density due to these two external fields (fgelq; fourth term in equation 1) can be
expressed as:

1Ax

1
fﬁeld:_EEOAE[E . n]Q——

2
2, Bl @

where the first term is the energy density due to an applied electric field, and &, is the free
space permittivity, Ae is the nematic dielectric anisotropy, and E is the local electric field
inside a droplet (usually different from the applied field).10: 29. 32,33 The second term in
equation 4 is the energy density due to an applied magnetic field, and |, is the free space
permeability, Ay is diamagnetic anisotropy, and B is the local magnetic field inside a
droplet.

The fifth term in equation 1 is the free energy contribution from topological defects, where
fq and V4 are the free energy density and volume of defects, respectively. Defects are
localized regions of LC that partially “melt” in response to a high local elastic free energy
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density of the LC. Specifically, the cores of defects, which are typically about 10 nm in size,
possess levels of orientational order that are lower than that of the bulk LC.34 35 In general,
defects are easily identified in bright field micrographs of LC droplets because the defect
cores, although nanoscopic in size, possess refractive indices that differ substantially from
that of the surrounding LC and strongly scatter light (see Figure 1, left column). Defects,
therefore, are frequently used to aid in characterization of the director configuration of LC
droplet.2® As discussed below, the contribution of defects to the free energy of a droplet is
typically two orders of magnitude lower than the surface anchoring and elastic energies and,
therefore, often neglected in the evaluation of equation 1.14 Despite their small “core”
energies, however, defects appear to play an important role in mediating the interactions of
LC droplets with some biological amphiphiles4 16 as well as colloidal species in LC-
templated material synthesis36 (see below).

The above formulation of the free energy of a LC droplet has been widely used to predict the
size-dependent ordering of nematic LC within droplets. Historical descriptions have
typically neglected the contribution saddle-splay strain (Ko4) to the elastic energy (although
more recent studies indicate that it can play a role in the relative stability of droplet director
configurations, a point that we expand on below)10: 14, 16. 37 and applied the “one elastic
constant approximation” (i.e., K = K11 = Ko = K33).4 10 With these approximations,
equations 1 through 3 predict that the elastic energy of a LC droplet scales with the droplet
radius (~ KR) and the surface anchoring energy scales with the square of the droplet radius
(~ WR2). In the absence of applied fields and neglecting defect energies, these two
contributions to the free energy lead to the expectation that droplets with R << K/W will
exhibit a uniform director profile free of strain (see Figure 4B below) whereas larger
droplets will satisfy the surface anchoring and incur a free energy penalty associated with
strain.22: 38 Because typical elastic constants and surface anchoring energies per unit area are
10711 N and 107 J/m2, respectively,16: 25 this scaling argument predicts a cross-over in free
energy/droplet configuration for droplets with sizes of ~1 um. As will be discussed below,
recent experimental measurements have led to observations of size-dependent order that are
not consistent with these historical predictions, thus leading to a reexamination of the
energetics that control the size-dependent ordering of LC droplets.37: 39

The remainder of this perspective is organized into three sections. The first section details
recent studies that have revealed size-dependent ordering of LCs within micrometer-sized
droplets that possess precisely defined sizes and interfacial chemistry. In the second section,
we highlight how these observations underlie new, emerging designs of functional LC
materials that respond to remarkably low concentrations of specific biomolecular species.
These studies are also revealing the importance of interactions of molecular species at
defects in determining the configurations of LC droplets. The third section addresses the use
of LC droplets as templates for synthesis of spherical and non-spherical polymeric particles
with chemical patches, highlighting again the diversity of functional properties that can be
engineered based on the presence of defects in LCs. We conclude the perspective by
offering thoughts regarding possible future directions of research involving LC droplet-
based materials, and we also discuss gaps in knowledge that need to be addressed to
facilitate progress in design of LC droplet-based materials.
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2. Recent Observations of Size-Dependent Ordering of LCs in Micrometer-

Sized Droplets

Size-Dependent Ordering of LCs in the Droplets of PDLCs

Here we briefly discuss past observations of size-dependent ordering of LCs in droplets of
PDLCs to provide a historical perspective and highlight gaps in knowledge addressed by the
more recent experimental studies that are the focus of this perspective. Size-dependent
changes in the director configuration of micrometer-sized droplets of LC dispersed in
polymer matrices have been characterized both experimentally32: 40 and predicted
theoretically.2? 33 For example, Figure 2A shows an experimentally measured phase
diagram for droplets of a nematic LC called E7 dispersed in a polyurethane matrix that
causes homeotropic anchoring of the LC.32 It was observed that a decrease in LC droplet
size below a critical value caused a spontaneous radial-to-axial ordering transition. A second
transition from an axial to a uniform director was predicted but was not observed in
experiments (Figure 2B). We also comment here that past studies have demonstrated that
application of an electric field can trigger a radial-to-axial ordering transition within the LC
droplets. The strength of the applied field needed to trigger the transitions is dependent on
the size of the LC droplets in the PDLC.29: 32. 33,40

While the studies summarized above report size-dependent ordering of LCs in PDLCs, we
comment that the processes of phase separation leading to formation of LC droplets in
PDLCs impact the composition of the LC (note that the nematic-to-isotropic clearing
temperature of the LC in Figure 2 is 303 K whereas the clearing temperature of pure E7 is
30 K higher). This compositional uncertainty is resolved in more recent experiments
performed using water-dispersed LC droplets. We also note that recent experiments also
permit precise control over the interfacial anchoring of the LC.37: 39

Preparation of LC Droplets with Precise Size and Interfacial Chemistry

In addition to the phase separation processes described above in the context of PDLCs,
methods that permit preparation of dispersions of LC droplets include

sonication,14-16. 3841, 42 microfiuidics,*3-4> homogenization,38 shearing of droplets and
subsequent crystallization fractionation,! 42 and dispersion polymerization.#6-48 These
methods, while generally effective for the preparation of LC droplets larger than 10 um, do
not work well at the 1 pm-scale. Recently, however, a new technique, which involves the
templated synthesis of polyelectrolyte multilayer (PEM) capsules using sacrificial silica
micro- or nano-particles and subsequent filling of the capsules with LC, has provided the
necessary level of control to explore size-dependent ordering of LC droplets with sizes
around 1 um (Figure 3).37.39

Here we briefly summarize the methodology. First, PEMs were formed on the surfaces of
silica (template) particles of predetermined size via layer-by-layer adsorption of
polyelectrolytes from aqueous solution. In the studies summarized below, the PEMs were
prepared from the anionic polyelectrolyte poly(sodium 4-styrene-sulfonate) (PSS) and the
cationic polyelectrolyte poly(allylamine hydrochloride) (PAH) (Figure 3C and D,
respectively).3” Following formation of the PEMs, the silica template particles were
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selectively etched using hydrofluoric acid, resulting in formation of hollow PEM capsules.
The hollow capsules were then infiltrated with an isotropic mixture of ethanol (5 wt%) and
4’ -pentyl-4-cyanobiphenyl (5CB, Figure 3B). Finally, the ethanol was evaporated from the
mixture, and the monodisperse nematic LC-filled PEM capsules were extracted into a bulk
aqueous phase thus forming LC droplets of precise size that were encapsulated in PEMs of
pre-determined chemical composition. Because a range of polymers can be incorporated into
PEMs, this technique provides a level of control over both the interfacial chemistry of the
LC droplets and the size of the LC droplets (as determined by the silica template particle;
see Figure 3) that is difficult to achieve with other methods of preparing LC droplets. We
end this section by noting that removal of the multilayers from the LC droplets to prepare
“bare” droplets is possible using hydrogen bonded polymeric multilayers (e.g., poly-
(methacrylic acid)/poly(vinylpyrrolidone)).13

Observation of Size-Dependent Ordering

Using the synthetic methodology described above, micrometer-sized droplets of nematic
5CB were prepared to study the size-dependent ordering in the droplets and thereby test
prior theoretical predictions (see above).37 In the studies described below, the LC droplets
were coated with PEMs prepared from PSS/PAH (Figure 3C and D). For encapsulated 5CB
droplets with diameters larger than 3 um, the LC was observed to exhibit a bipolar
configuration (Figure 4C and D). This configuration is consistent with tangential anchoring
of the LC on the PEM. Surprisingly, however, droplets with diameters of ~ 1 um and 700
nm were observed to assume so-called preradial (Figure 4F-I) and radial (Figure 4K and L)
configurations, respectively. In a radial configuration, the LC director is aligned normal to
the droplet surface and a single point defect (or a very small disclination line in the shape of
a ring)40: 49-51 js present at the core of each droplet (Figure 4M).10: 20. 37, 52 Similar to a
radial configuration, the preradial configuration possesses a single point defect. However,
this defect is located at the surface of the droplet rather than in the center of the droplet and
the LC director is tilted at the droplet interface (Figure 4J).10. 15, 20,52, 53 These results,
obtained with the PEM-coated LC, thus revealed that polymer-coated LC droplets transition
from a bipolar to the radial configuration (a so-called “bipolar-to-radial ordering transition”)
with decreasing droplet size. Specifically, the LC droplets were not observed to transition to
a homogeneous internal director configuration, as previously predicted on the basis of
scaling arguments (see above).

The experimental results described above (and others that confirm the size-dependent
ordering)!* have led to a reexamination of the relative importance of contributions to the LC
droplet free energy, as described by equation 1. Specifically, by relaxing the one constant
approximation® 10 and including the contribution of the saddle-splay elastic constant (K2a4),
it was shown that the above-described stabilization of the radial configuration relative to the
uniform configuration could be predicted.37 In this revised treatment, the free energy of the
radial configuration (F,) is described as:>*

F.=87K11 R—4n Koy R+21WR? (5)
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where the first term is associated with splay deformation within the LC droplet, and the third
term is the energetic penalty associated with a homeotropic orientation of the LC at the
droplet interface (note that the easy axis is tangential to the droplet interface).3” The second
term is associated with saddle-splay deformation of the LC, and favors the radial
configuration.2% 37

In contrast to a radial configuration, a droplet with a uniform director profile is free of
elastic strain. Thus, the only contribution to the free energy of a uniform LC droplet
(Funiform) is an anchoring energy penalty: 37

2
Flniform= 5 WI;VRQ (6)

By comparing equations 5 and 6, it is possible to predict that a radial configuration will be
favored over a uniform director profile for droplets with R < 6K*/W, where K* = Ky4/2 -
K11.37 While this analysis of the free energy can, in principle, provide an account for the
stabilization of the radial configuration, it requires that Ko4 be greater than 2K 1, which
violates one of the Ericksen inequalities (K4 < 2K11).%5 %6 However, we note that more
detail and quantitative numerical models have concluded that elastic constants that satisfy
the Ericksen stability limits can predict stabilization of the radial configuration.>” We end by
noting that experimental estimates of Ko4 vary widely and range up to 3.1K11.%6 Thus, while
it appears likely that Ko4 plays an important role in determining the configurations of the LC
droplets, additional investigations are needed to provide a full account of the experimental
observations.

We comment here that size-dependent bipolar-to-radial ordering transitions (similar to those
reported above using PEM-coated LC droplets) have also been observed using bare LC
droplets (free of polymer) in aqueous solutions at high ionic strength (~ 100 mM) and
alkaline pH (> 12).14 Under these latter conditions, recently documented effects of electrical
double layers®8: %9 |ead to sufficiently small anchoring energies that the size-dependent
changes in configuration of the LCs are observed in the micrometer-range of sizes.

3. Ordering Transitions in LC Droplets Triggered Interactions with

Biomolecular Species

Interactions between Lecithin and LC Droplets of PDLCs

The observations of size-dependent ordering of LCs within droplets, as outlined in the first
two sections of this perspective, have inspired and aided in the interpretation of a series of
investigations of LC droplet systems that respond to the presence of biological species that
assemble at the aqueous interface of the LC.8 Prior to discussing these investigations, here
we mention briefly an early study that reported on the effects of incorporation of lecithin
into the polymer matrix of a PDLC. Figure 5 shows a series of configurational states
observed for 5CB droplets contained in a poly(vinyl butyral) matrix doped with increasing
amounts of lecithin.29 Overall, these studies revealed configurations of the LC that
corresponded to the bipolar, monopolar, preradial and radial states (each of which possess a
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single defect). In this study, however, the sizes of the LC droplets were not maintained
constant (see scale bars in Figure 5). As described below, more recent studies with LC-in-
water emulsions with LC droplets of well-defined size have revealed that the effects of
adsorbates on LC configurations within droplets are size-dependent. In addition,
observations of the dynamic transition pathways observed during the interaction of the
adsorbate from the aqueous phase provide new insights into two distinct mechanisms by
which adsorbates trigger LC ordering transitions (adsorption at the aqueous-LC interface or
formation of self-assembled structures within LC droplets).

Adsorption of Amphiphiles at the Aqueous-LC Interface

The aqueous environment of LC-in-water emulsions provides a means of delivery of
biomolecules to LC interfaces and also influences the interfacial adsorption process (e.g.,
through water mediated interactions such as those associated with hydrophobic
hydration).> 68 As noted above, recent interest in aqueous dispersions of LCs has been
motivated by prior reports that amphiphiles adsorb to and alter the orientational ordering of
LCs at aqueous-LC interfaces.”- 80. 61 This phenomenon is commonly referred to as an
“adsorbate-induced anchoring transition”13 and involves a change in the LC anchoring
energy induced by the amphiphile (the second term in equation 1 for LC droplets). To
change the anchoring energy to an extent that an ordering transition is triggered from the

interface, a coverage of the interface by adsorbate of 0.1 to 1 Langmuir is typically
required.20. 52, 61-63

Figure 6 shows an adsorbate-induced bipolar-to-radial ordering transition in water-dispersed
droplets of nematic 5CB, where the adsorbate is sodium dodecyl sulfate (SDS).13 This
figure demonstrates that an increasing concentration of adsorbate leads to a series of stable
director configurations that are driven by changes in the anchoring of the LC at the droplet
interface. The first transition shown in Figure 6 is a bipolar-to-axial transition, evidenced by
the disappearance of the two point defects (boojums) at the diametric ends of the bipolar
droplet and simultaneous appearance of a disclination ring near the droplet equator. With
further increase in bulk surfactant concentration (and thus concentration of the SDS at the
aqueous-LC interface), this ring defect moved towards a pole and shrank to a surface point
defect, forming a preradial configuration. Finally, the point defect migrated from the surface
of the droplet to the center, forming the radial structure. The above-described sequence of
configurational states of the LC droplets observed with SDS is similar to that reported
previously in a study of the effect of temperature on glycerol-dispersed 5CB droplets in the
presence of a fixed concentration of lecithin.52 Whereas changes in temperature are
expected to impact all terms in equation 1 (including elastic energies), the results reported
recently with SDS clearly define the role of surface anchoring in dictating the series of
configurational states shown in Figure 6. We comment that the sequence of configurational
states observed in these two studies is distinct from that observed for polymer-dispersed
5CB droplets doped with lecithin (Figure 5). The reasons for these differences are not fully
understood, but it is possible that they reflect differences in the uniformity of the distribution
of adsorbates on the surfaces of the LC droplets.
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Importantly, and as outlined in sections 1 and 2 of this perspective, the concentration of SDS
that triggers the various internal configurations of LC droplets shown in Figure 6 can be
tailored by taking advantage of the size-dependent energetics of the LC droplets.
Specifically, Figure 7 shows one set of results obtained with LC droplets with diameters
between 1 and 10pm.3” The observations of both a family of equilibrium director
configurations as a function of interfacial concentration of adsorbate and the size-
dependence of the responsiveness of LC droplets to adsorbates have initiated studies aimed
at elucidation of general design principles for responsive materials based on LC droplets.
Specifically, LC droplets have been shown to undergo ordering transitions in response to the
presence of lipids,13: 16 surfactants,37 64 proteins,13: 65-67 pile acids,8 and bacteria and
viruses.®3 Finally, we note that size-dependent ordering of LC droplets has also been
exploited to design LC materials that respond to changes in ionic strength® and pH?° of
aqueous solutions and the presence of charged macromolecules.*3

Ordering Transitions Triggered by Self-Assembly of Amphiphiles within LC Droplets

The configurational transitions described above rely on adsorbate-induced changes in the
surface anchoring energy of LC droplets. Recent observations, however, also indicate that
amphiphiles can associate with LC droplets to trigger ordering transitions through
mechanisms that do not involve changes in anchoring energy of the LC. This new class of
ordering transitions is, however, influenced by the size- dependent scaling of the interfacial
and elastic contributions to the free energy of the LC droplets (as described above).
Specifically, bipolar-to-radial ordering transitions have been observed in micrometer-sized
droplets of nematic 5CB dispersed in aqueous solution in the presence of the bacterial
lipopolysaccharide endotoxin (lipid A portion displayed in Figure 8A) at interfacial
concentrations that are at least five orders of magnitude lower than the concentration
required to saturate the surfaces of the droplets and cause ordering transitions through
uniform changes in anchoring energies (Figure 8D).14 16 We emphasize the remarkable
nature of this configuration transition by noting that approximately 108 endotoxin molecules
are needed to saturate the interface of a LC droplet with a diameter of 10 pm. In contrast, the
configurational transition triggered by endotoxin involves, on average, roughly 103
endotoxin molecules for each LC droplet. In addition, the ordering transitions in the LC
droplets were observed to occur through a kinetic pathway (series of transition states) that
was distinct from that observed with adsorbates that induce changes in the anchoring energy
of the LC droplets (compare Figure 8E to Figure 6), thus providing further support for the
conclusion that the ordering transitions in the LC droplets caused by pg/mL concentrations
of endotoxin are not driven by changes in anchoring energy.13: 20 52 Finally, we comment
that the sensitivity of the LC droplets to endotoxin was established to be a result of the lipid
A component, as purified lipid A also triggered the configurational transitions at pg/mL
concentrations. 6

Subsequent experimental measurements have documented the important role of LC droplet
size in the endotoxin-induced bipolar-to-radial configurational transition. For example, LC
droplets with diameters larger than 10 pm were found to be insensitive to the presence of
endotoxin at pg/mL concentrations, and remained in a bipolar configuration (Figure 9A).14
To provide insight into the origins of this unexpected sensitivity of LC droplets to
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endotoxin, a simple thermodynamic model was developed to estimate the influence of
endotoxin on the free energy of LC droplets.1# Specifically, the free energy of a LC droplet
in a bipolar configuration (Fpp) was approximated as:>4

Fbp:57TK11R—27TK24R (7)

where K1 and K33 were assumed to be equal in magnitude. Combining equations 5 and 7,
and adding a term that accounts for the relative influence of endotoxin on the free energies
of bipolar and radial droplets (AFendotoxin), the change in free energy (associated with the
interaction of endotoxin with the LC droplet) required to transform a LC droplet from a
bipolar to a radial configuration (AF°P—") was expressed as:14

AFPPT=31 K11 R—21 Koy R+27W R 4+ A F spdotoxin (8

By combining equation 8 with the experimental observation that endotoxin-induced ordering
transitions in LC droplets were not observed for droplets with diameters greater than 10 um
(Figure 9A), and estimating K4 to be 1.53K 14 (below the Ericksen limit of K,4=2K1)5°
and W to be 0.4 uJ/m? (from experimental observations),1# 37 the interactions of endotoxin
were estimated to influence the free energy of LC droplets (|AFendotoxinl) by ~10717 J.
Interestingly, this estimate for [AFgngotoxinl 1S Similar in magnitude to the standard free
energy of the self-association of 103 endotoxin molecules, which is approximately the
number of endotoxin molecules available per LC droplet in a solution of endotoxin at the
pg/mL concentration level (see above).23 24 Here we note that lipids with molecular
architectures that are distinct from lipid A, namely double-tailed lipids such as DLPC and
DOPC (Figure 8B and C, respectively), as well as SDS (Figure 6B), do not trigger
configurational transitions in the pg/mL range (Figure 8D).16 These various observations,
when combined, strongly suggest that endotoxin (or the lipid A component of endotoxin) is
self-assembling within the LC droplets to trigger the ordering transitions. In contrast to
DLPC, DOPC and SDS, lipid A possesses a molecular architecture that prefers self-
assembly into “inverted” assemblies’? 71 (e.g., inverted hexagonal and cubic phases)
suggesting that lipid A may prefer to assemble within the LC droplets. Indeed, initial
evidence of the partitioning of endotoxin into the interior of LC droplets in the radial
configuration has been obtained using confocal microscopy and fluorescently labeled
endotoxin (Figure 9B). Detailed characterization of the organization of the endotoxin within
the LC, however, remains to be accomplished.4 16 We comment, however, that a roughly
spherical assembly of endotoxin comprised of ~10% molecules would occupy a volume that
has a diameter of a few tens of nanometers. We end by noting that a number of past studies
have reported the partitioning of inclusions (e.g., colloidal particles to defects of LCs, see
below, for recent examples). The free energy of the core of a point defect withina LC
droplet is, however, estimated to be only 10719 J. The “core displacement” mechanism
invoked previously to describe the association of colloids with LC defects,”2-7> therefore,
appears to be a small part of the free energy change caused by the self-assembly of
endotoxin within the LC droplets. Overall, these results highlight the many unresolved
issues related to the interactions of amphiphiles with LC droplets, and they motivate
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ongoing investigations of the self-assembly of amphiphiles in LCs, particularly in the
nanoscopic environments defined by defects in LCs.

4. Templated Synthesis of Polymer Particles with Chemical Patches Using
LC Droplets

In addition to providing designs of stimuli-responsive soft materials, LC droplets have
recently been explored as the basis of a general and facile class of templates for the
synthesis of spherical and non-spherical polymer particles with chemical patches. The work
was motivated by the observation that particles with either anisotropic shape or patterned
surface chemistry are enabling new scientific and technological advances (e.g., intracellular
delivery of particles;”8 tuning of colloidal interactions between particles;’7~81 stabilization
of Pickering emulsions;82 manipulation of Brownian motion:3 and design of hierarchical
structures using particles as building blocks8+ 85). While non-spherical and chemically
patterned particles represent an exciting frontier in materials science, the synthesis of such
particles remains challenging.84-86 It is this challenge that has recently been addressed by
particle synthesis templated using LC droplets.

As noted above, a number of past studies have revealed that colloids can localize at defects
in bulk LCs to decrease the free energy cost associated with both elastic deformations of
LCs near defects and diminished orientational ordering of molecules in the core of the
defects.87-90 Building from these prior observations, recent studies have used the defects
associated with the bipolar configuration of LC droplets (the boojums) to localize the
association of colloids with the LC droplets.10: 13. 17-20. 36 Figure 10 shows a schematic
illustration of the synthetic scheme. First, 5CB-in-water emulsions were prepared by
homogenizing 5CB in the presence of fluorescent polystyrene (PS) colloids (Figure 10A).
After emulsification (Figure 10B), bipolar nematic droplets were obtained. Inspection of
combined fluorescence and bright field micrographs (Figure 10E and G) revealed that the PS
colloids adsorbed at the droplet surface and localized at the boojums of the bipolar droplets.
Bipolar droplets possessing two boojums were used to direct the self-assembly of organic or
inorganic colloids to the poles of droplets independent of the type of anchoring of the LC at
the colloid surface.38

While the scheme reported above leads to the formation of LC droplets with chemical
patches at their poles (defined by the colloids), it was also demonstrated that photo-
polymerization of reactive liquid crystalline mesogens could be performed to preserve the
initial assembly (Figure 10C).%1. 92

This procedure leads to spherical particles comprised of a cross-linked polymeric network
that is swollen with 5CB. One or two poles of the particles were decorated with chemical
patches defined by the colloids. Finally, it was also demonstrated that non-spherical particles
could be obtained by extraction of LC from the above described particles (Figure 10D).
Extraction of the 5CB resulted in contraction (de-swelling) of the polymerized particles in a
direction perpendicular to the line joining the poles of the nematic droplets, as shown in
Figure 101-L. These observations indicated that the polymer network had been templated by
the mesogens in the initial bipolar configuration of the nematic droplets. Overall, this study
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defines the basis of a general method for the synthesis of spherical and non-spherical
particles possessing well-organized chemically distinct domains from LC-in-water
emulsions. Ongoing efforts are aimed at using other configurations of LC droplets as
templates for particle synthesis, including the size-dependent configurations of LC droplets
described earlier in this perspective.

5. Conclusion and Future Directions

Much of the work described above is motivated by recent observations of size-dependent
ordering of LCs within micrometer-sized droplets. Specifically, the observation that droplets
of LC dispersed in aqueous solution, when prepared with decreasing size, exhibit a bipolar-
to-radial transition in configuration, was not anticipated by previous theories of LC
droplets.3” While it appears that the saddle-splay elastic constant of the LC plays a role in
the size-dependent ordering, values of Ky4 that give rise to the experimentally observed size-
dependent ordering lie close to or beyond the Eriksen limits for stability.>> This leaves open
the possibility that the contribution of the elasticity of the LC to the free energy of the LC
droplets is not correctly captured by existing theories or that other phenomena that influence
the ordering of the LC are size-dependent. For example, recent studies have established that
electrical double layers form on the LC-side of aqueous-LC interfaces.®® 59 It is possible,
for example, that the contribution of the electrical double layer to the anchoring energy of
the LC droplets is size-dependent. Additional studies, both experimental and theoretical, are
needed to resolve these fundamental issues that influence the design of responsive soft
materials based on LCs.

A second key issue that is highlighted by the results described above is related to the effects
of specific lipids (e.g., lipid A of endotoxin) on the configurations of LC droplets. The
remarkably low concentrations at which lipid A triggers changes in the configurations of LC
droplets is inconsistent with a mechanism that involves changes in anchoring energy.14: 16
Specifically, we observe that the configurational transitions are triggered by ~102 lipid A
molecules, whereas 108 molecules are required to increase the density of lipid A molecules
at the interface of the LC droplets to a level that influences the orientation of the LC through
a change in anchoring.14 16 We emphasize that this effect is only observed for a range of LC
droplet sizes for which elastic and interfacial contributions to the free energy are comparable
in the radial and bipolar configurations. While aspects of the molecular mechanism of action
of endotoxin remain to be fully elucidated, a number of experimental observations (and
thermodynamic arguments) point to the formation of a self-assembled structure by the
endotoxin within the core of radial LC droplets.1® This result (self-assembly in defects) thus
goes beyond past studies that have explored the localization of preformed colloidal species
at defects.87-90 This area is an exciting frontier of materials chemistry involving LCs that
deserves additional investigation. Overall, the elucidation of molecular design principles for
self-assembly in defects could lead to fundamentally new classes of LC-based materials with
high responsiveness to molecular interactions.

Finally, we comment that LC droplets are emerging as a new class of templates for the
synthesis of complex assemblies of colloidal species. The example presented in this
perspective was focused on LC droplets with chemical patches,36 but the range of
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possibilities is very large as knowledge regarding defect structures formed in LC materials
has progressed substantially over the past decade. For example, double emulsions, where a
thin nematic shell separates two aqueous phases (so called “LC shells) can be used to
design new classes of soft materials with colloids precisely positioned via the use of
defects.93-9594, 96-99 Recently, the behavior of silica colloids and defects embedded in a
nematic LC shell with tangential surface anchoring was investigated.19° The nematic LC
shells potentially provide a way to generate colloidal-shell materials with new types of
symmetries, valences and directionalities which may be exploited for controlled self-
assembly of colloidal particles.
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Figure 1.

(A?—E) Bright field (left) and polarized light (middle) micrographs and corresponding
schematic illustrations (right) of director configurations commonly observed for
micrometer-sized droplets of nematic LC. The droplets displayed in the micrographs are 8-
um-diameter droplets of nematic 4’ -pentyl-4-cyanobiphenyl (5CB) dispersed in either (A)
water or (B—E) aqueous dispersions of the biological lipids. (F) Schematic illustrations of
other possible director configurations of micrometer-sized LC droplets. The solid black lines
within the droplet boundaries in the illustrations represent the orientation of the LC director
and the black spots represent defects. Double headed arrows in polarized light micrographs
indicate the orientation of the crossed polarizers. Reproduced with permission.16
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Figure2.
(A) Experimental phase diagram of the preferred configuration of nematic droplets of E7

dispersed in a polyurethane matrix as a function of temperature (T) and droplet radius (R).
T, is the nematic-to-isotropic clearing temperature (303 K for this system). (B) Schematic
illustrations of the director configuration predicted as a function of decreasing R.
Reproduced with permission.32
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Figure3.
(A) Procedure used to prepare LC droplets of predetermined sizes within polymeric

multilayer capsules. Polymeric capsules were prepared by the sequential deposition of
polyelectrolytes onto silica particles and the subsequent etching of silica. The resulting
polymeric capsules were filled with LCs (see the text for details). (B—D) Chemical structures
of the (B) 5CB and the polyelectrolytes used to create polymeric multilayer capsules ((C)
PSS and (D) PAH). (E) Bright field micrographs of polymer-encapsulated 5CB droplets
obtained using silica templates with diameters of 10 + 0.22, 8 £ 0.20,5+0.19,3+0.18,1 +
0.04, and 0.7 = 0.08 um, respectively. All scale bars are 3 um. Reproduced with
permission.3’
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Figure4.
Size-dependent ordering within LC. (A and B) Schematic illustrations of the bipolar (A) and

uniform (B) ordering of LCs predicted from scaling arguments. (C, F, H, K) Polarized light
and (D, G, I, L) bright field optical micrographs of polymer-encapsulated 5CB droplets with
(C, D) diameters of 8.0 = 0.2 pm and bipolar LC ordering, (F-I) diameters of 1.0 + 0.2 ym
and preradial LC ordering ((F and G) show the end on views of the preradial ordering; (H
and I) show side views), and (K, L) diameters of 0.70 £ 0.08 pum and radial LC ordering.
Point defects in the LCs are indicated by white arrows. Schematic illustrations (E, J, and M)
show bipolar, preradial, and radial ordering of the LC droplets, respectively. The scale bars
are 2 um for (C, D, and F-1), and 1 pm for (K, L). Reproduced with permission.3’
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Figureb5.
Equilibrium director configurations observed in nematic LC droplets dispersed in a

poly(vinyl butyral) matrix containing lecithin. The top row shows schematic illustrations of
the configuration of the LC within each droplet, and the middle and bottom rows,
respectively, show the corresponding bright field and polarized light micrographs of the
5CB droplets. The weight percent of lecithin doped into the polymeric matrix is indicated
below each polarized light micrograph. Note that the scale-bar differs between figures.
Double headed arrows in bright field micrographs indicate the orientation of the single
polarizer, while double headed arrows in polarized light micrographs indicate the orientation
of the crossed polarizers. Reproduced with permission.20
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Figure®6.
(A) Concentration-dependent equilibrium director configurations induced by an adsorbate-

driven change in the anchoring energy of LC droplets coated by polymeric multilayer
capsules composed of alternating layers of PSS and PAH (Figure 3C and D respectively).
The change in surface anchoring of the LC droplet (from tangential to perpendicular) was
achieved by equilibrating 8.0 £+ 0.2-um-diameter, polymer-encapsulated 5CB droplets with
aqueous solutions containing SDS at concentrations that ranged from 0 to 1 mM (as
indicated). The top row shows schematic illustrations of the configuration of the LC within
each droplet, and the middle and bottom rows, respectively, show the corresponding bright
field and polarized light micrographs of the 5CB droplets. (B) Molecular structure of sodium
dodecyl sulfate (SDS). Reproduced with permission.13
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Figure7.
SDS concentrations () in aqueous solution that caused LC droplets of the indicated size (d)

to assume a radial configuration. Reproduced with permission.3’
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Figure8.
Endotoxin-induced bipolar-to-radial ordering transitions in water-dispersed nematic 5CB

droplets. (A—-C) Molecular structure of (A) the glycolipid tail of endotoxin, lipid A, (B) 1,2-
dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC) and (C) 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC). (D) Bulk concentrations of lipids (endotoxin, DLPC, or
DOPC) or surfactants (SDS, Figure 6B) in aqueous solution required to induce bipolar-to-
radial ordering transitions in 5CB droplets. (E) Pathway of transition states observed during
endotoxin-induced ordering transitions. The top row shows schematic illustrations of the
configuration of the LC within each droplet, and the middle and bottom rows, respectively,
show the corresponding bright field and polarized light micrographs of the 5CB droplets.
The ordering transitions were triggered by exposure of 8-um-diameter 5CB droplets to 10
pg/mL of endotoxin. Contrary to the pathway observed for adsorbate-induced ordering
transitions (Figure 6), no disclination rings were observed during the transition of the
droplets from bipolar to radial configurations in the presence of 10 pg/mL of endotoxin.
Reproduced with permission.16
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Figure9.
(A) Influence of LC droplet size on endotoxin-induced bipolar-to-radial ordering transitions

in micrometer-sized droplets of nematic 5CB. The droplets were exposed to either an
aqueous solution containing 100 pg/mL endotoxin (solid bar) or the same aqueous solution
without endotoxin (open bar). No 5CB droplets were observed to exhibit a radial
configuration in the absence of 100 pg/mL endotoxin above a diameter of 6 um. (B)
Confocal fluorescent micrograph showing localization of BODIPY-labeled endotoxin at the
center of a 5CB droplet in the radial configuration. Reproduced with permission.14: 16
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Figure 10.
(A-D) Synthesis of non-spherical and chemical-patterned particles. (A) Emulsification of

LC. (B) After emulsification, formation of bipolar nematic droplets with either one or two
fluorescent PS colloids located at the poles. (C) After polymerization of the monomer within
the droplets, formation of spherical particles. (D) Upon the extraction of the LC from the
polymerized droplets, formation of non-spherical particles. (E, G) Combined fluorescence
and bright field micrographs of bipolar nematic droplets exhibiting one or two fluorescent
PS colloids adsorbed at their surfaces. (I, K) Combined fluorescence and bright field, of
non-spherical particles exhibiting one or two fluorescent PS particles. Scale bars: 5 um. (F,
H, J, L) The corresponding schematic illustrations of the director field configuration (dark
lines) within spherical nematic droplets and non-spherical particles; the blue spots represent
the PS colloids (at the poles). Reproduced with permission.36
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