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ABSTRACT: We report a study of the wetting and ordering of thermotropic
liquid crystal (LC) droplets that are trapped (or “caged”) within micrometer-
sized cationic polymeric microcapsules dispersed in aqueous solutions of
surfactants. When they were initially dispersed in water, we observed caged,
nearly spherical droplets of E7, a nematic LC mixture, to occupy ~40% of the
interior volume of the polymeric capsules [diameter of 6.7 + 0.3 ym, formed via

In 1 mM Surfactant

Free LC “Caged” LC

covalent layer-by-layer assembly of branched polyethylenimine and poly(2-

vinyl-4,4-dimethylazlactone)] and to contact the interior surface of the capsule wall at an angle of ~157 + 11°. The internal
ordering of LC within the droplets corresponded to the so-called bipolar configuration (distorted by contact with the capsule
walls). While the effects of dodecyltrimethylammonium bromide (DTAB) and sodium dodecyl sulfate (SDS) on the internal
ordering of “free” LC droplets are similar, we observed the two surfactants to trigger strikingly different wetting and
configurational transitions when LC droplets were caged within polymeric capsules. Specifically, upon addition of SDS to the
aqueous phase, we observed the contact angles (6) of caged LC on the interior surface of the capsule to decrease, resulting in a
progression of complex droplet shapes, including lenses (6 ~ 130 + 10°), hemispheres (6 ~ 89 + 5°), and concave hemispheres
(6 < 85°). The wetting transitions induced by SDS also resulted in changes in the internal ordering of the LC to yield states
topologically equivalent to axial and radial configurations. Although topologically equivalent to free droplets, the contributions
that surface anchoring, LC elasticity, and topological defects make to the free energy of caged LC droplets differ from those of
free droplets. Overall, these results and others reported herein lead us to conclude that caged LC droplets offer a platform for

new designs of LC-droplet-based responsive soft matter that cannot be realized in dispersions of free droplets.

B INTRODUCTION

Aqueous dispersions of micrometer-sized droplets of thermo-
tropic liquid crystals (LCs) provide versatile platforms for the
design of stimuli-responsive soft matter systems.'”'* The
responsiveness of these droplet-based LC systems to various
types of stimuli results from the fine scale of energetics that
controls the equilibrium ordering of LCs. Specifically, past
studies have established that the ordering of LCs within
micrometer-sized droplets reflects contributions to the free
energy that arise from orientation-dependent anchoring of the
LC at the surfaces of the droplets, elastic strain of the LC
associated with the accommodation of surface anchoring, and
the formation of topological defects.'™* Recent studies,
however, have also led to observations involving LC droplets
in aqueous dispersions that reveal our understanding of factors
controlling the ordering of LC droplets to be incomplete. In
particular, existing theories of LC droplets cannot account for
(i) changes in the internal configurations of the LC droplets
that occur with changes in droplet size,”®'* (ii) the effects of
simple salts on the ordering of the LCs,® or (iii) the partitioning
of amphiphiles to the defects of LC droplets.*”'® In this paper,
we seek to advance our understanding and ability to design
aqueous dispersions of stimuli-responsive LC droplets by
exploring the properties of LC droplets encapsulated (or
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“caged”) inside thin and porous polymeric membranes. Our
results reveal that the interactions of the LC droplets with the
interfaces of the polymeric cages give rise to surfactant-
triggered shape changes and resulting internal ordering
transitions that are not seen in free LC droplets.

Of particular relevance to this article are recent studies that
have investigated the ordering of spherical LC droplets
encapsulated in capsules composed of polyelectrolyte multi-
layers (PEMs).>”” In those studies, the spherical polymeric
capsules were formed using noncovalent interactions (e.g,
electrostatic interactions or hydrogen bonding), and the LCs
were observed to fill the interiors of the capsules completely.
The study reported in this article moves to investigate the
ordering of LCs within multilayer capsules prepared by
covalent reactions of branched polyethylenimine (PEI) and
poly(2-vinyl-4,4-dimethylazlactone) (PVDMA). In contrast to
capsules formed from PEMs, multilayer capsules formed using
PEI and PVDMA have been found to fill only partially with LC,
resulting in the formation of micrometer-sized LC droplets that
are trapped or caged in aqueous solutions contained within the
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polymer capsule."® These systems are a particularly interesting
class of responsive soft matter, as the capsules can be designed
to bind to the surfaces of mammalian cells, with the caged LC
droplets undergoing changes in optical appearance upon
exposure to cytotoxic analytes (thus providing the basis for
sensors of local concentrations of toxic analytes near cells,
etc.).

The work reported here sought to provide insight into some
of the observations reported above and explore further the
properties of caged LC droplets in the presence of aqueous
solutions of surfactants. First, we report on the origins of the
partial filling of PEI/PVDMA capsules by the nematic LC E7.
In this context, we describe the design of new amphiphilic
polymeric capsules that were prepared to present a hydro-
phobic inner surface to the LC droplet (to promote filling) and
a charged (cationic) outer surface to promote the dispersal of
the capsules in water. We establish that the partial filling of the
capsules by E7 is also observed with amphiphilic capsules and
that it arises largely from the swelling of the capsules upon
transfer into water from the bulk LC phase after filling of the
capsules with LC. Second, because the capsules are partially
filled by LC (the remainder of the internal volume of the
capsule is an aqueous solution), we explore changes in the
shapes of the caged LC droplets that are driven by surfactant-
induced changes in the wetting of the LC on the inner surfaces
of the capsules. As detailed below, we observed the addition of
surfactants to aqueous solutions of caged LC droplets to
promote wetting and ordering transitions of a complexity not
observed in free LC droplets, which may permit new designs of
stimuli-responsive LC-droplet-based systems.

B EXPERIMENTAL SECTION

Fabrication and Functionalization of Polymer Multilayers
on Silica Microparticles and Creation of Hollow Capsules. The
fabrication of hollow polymer microcapsules was performed according
to a previously published procedure for the layer- by layer (LbL)
formation of covalently assembled polymeric capsules.'”” On the basis
of a past report,® we used monodisperse silica microspheres with a
diameter of 4.99 + 022 um as a template for the polymer
microcapsules to produce LC droplets of a size that is sensitive to
amphiphilic adsorbates. Solutions of PEI and PVDMA (or PVDMAg,
labeled with 6-aminofluorescein to facilitate fluorescence-based
imaging) (Figure 1A) were prepared in acetone (20 mM with respect
to the molecular weight of the polymer repeat unit). SiO,
microparticles (100 yL in plastic microcentrifuge tubes) were rinsed
with 1 mL of acetone and centrlfu%ed prior to the addition of polymer.
In brief (see SI and past reports'®>'” for details), an initial layer of PEI
was adsorbed onto the silica microparticles through electrostatic
interactions, and subsequent layers of PVDMA (or PVDMAy, ) and
PEI were sequentially added, layer-by-layer, to build up a covalently
cross-linked multilayer film. Between the addition of each polymer
layer, particles were rinsed three times by centrifugation (2 min at
1500 rpm) and resuspension in acetone.

Films fabricated using this method have been shown previously to
contain residual azlactone groups, providing a reactive handle for
postfabrication functionalization with other chemical functionalities.
We selected two different structural motifs, shown in Figure 1B;
further discussion is included below. After the fabrication of two PEI/
PVDMA bilayers, the coated microparticles were rinsed with
tetrahydrofuran (THF) and functionalized by adding 1 mL of
decylamine (DA, Figure 1B) in THF (20 mM) for 1 h to install the
hydrophobic functionality. These DA-functionalized coated micro-
particles were then rinsed with THF three times and dispersed in
acetone prior to resuming the fabrication of an additional 2.5 bilayers
of PEI and PVDMA. Finally, to functionalize these outer 2.5 bilayers
with protonatable hydrophilic functional groups, the microparticles
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Figure 1. (A) Chemical structure of branched PEI and PVDMA used
for the covalent layer-by-layer assembly of multilayer films. (B)
Schematic showing the steps in film fabrication. Chemical functional
groups: decylamine (denoted R, or DA) was used to functionalize the
first two bilayers, and dimethylaminopropylamine (denoted R, or
DM) was used to functionalize the outer 2.5 bilayers (see text).

were washed with THF three times and then dispersed in 1 mL of 3-
(dimethylamino)propylamine (DM) in THF (20 mM) for 1 h.

Polymer-coated silica microparticles were rinsed with THF three
times by centrifugation and then suspended in a small volume of water
(~100 L) in preparation for aqueous etching. The silica core was
removed from the polymer membrane by treatment with a
commercially available buffered oxide etching (BOE, 10:1) solution
containing hydrofluoric acid (HF); see Materials section in SL
(Warning! Extreme care should be taken when handling HF. HF solutions
and vapors are extremely poisonous and corrosive and may cause extreme
burns that are not immediately painful. Handle with extreme caution in a
chemical fume hood, and use appropriate protective equipment (gloves,
face/eye protection, laboratory coat, etc.), and neutralize waste
appropriately.) The samples were incubated with 800 uL of BOE at
room temperature for 5—10 min. The resulting hollow capsules were
centrifuged (4500 rpm for S min) and rinsed five times in 1 mL of
water.

dx.doi.org/10.1021/1a501596b | Langmuir 2014, 30, 14944—14953
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Figure 2. The top row shows a cartoon of the sample composition, the middle row consists of bright-field images, and the bottom row contains the
corresponding fluorescence microscopy images of (A) bare silica microparticles in water, (B) DADM-coated silica microparticles in water, (C)
empty DADM capsules in water (after HF treatment and rinsing), (D) empty DADM capsules in a solution of ~90% acetone and ~10% water, (E)
DADM capsules in nematic E7, and (F) DADM capsules partially filled with E7 in water. The average capsule size is noted below the fluorescence
microscopy image, and the LC droplet size is also denoted below (F). Bright-field and fluorescence microscopy images are not shown for all states,
e.g., where the sample was not in focus or not fluorescent. Scale bars are S ym.

Filling of Polymeric Capsules with LC. After the silica template
was removed to obtain hollow polymeric microcapsules, the
microcapsules were filled with LC following a previously reported
protocol.>®'® In brief, the capsules were rinsed with ethanol twice,
centrifuged to remove as much of the supernatant ethanol as possible,
and suspended in a mixture of 5% ethanol and 95% E7. This mixture
of ethanol and E7 forms an isotropic phase that can infiltrate the
polymeric capsules. The ethanol was slowly evaporated from the
sample by leaving the tube containing the sample uncapped on a
shaker plate for 24 h, resulting in a nematic phase containing the
capsules. The capsules were then extracted into an aqueous phase by
removing excess E7 by centrifugation, contacting the sample with
water, and shaking gently. This procedure resulted in the spontaneous
transfer of capsules containing LC droplets to the aqueous phase.

Characterization of LC Droplets and Polymer Capsules by
Microscopy. Dispersions of either bare or coated microparticles,
hollow capsules, and LC-containing capsules were placed on a
coverslip and optically imaged in bright-field polarized light (crossed
polarizers) using fluorescence modes with an Olympus IX-71 inverted
microscope (Center Valley, PA) with a 100X oil-immersion objective
(with or without an additional 1.6X optical zoom) and equipped with
a 100 W mercury lamp. For fluorescence-based imaging of capsules
fabricated using PVDMAg;, an Olympus U-MNB?2 fluorescence filter
cube was used with a 470—490 nm excitation filter and a 520 nm
emission filter. A monochrome Hamamatsu 1394 ORCA-ER CCD
camera (Bridgewater, NJ) was controlled with SimplePCI software
(Compix, Inc., Cranberry Twp., NJ). Images were later analyzed using
Image] software (NIH, Bethesda, MD). For each sample, the bulk
solution was imaged using polarized light microscopy to determine the
ordering of LC droplets in capsules that were freely diffusing.
However, since the diffusion quickly moved the capsules out of the
plane of focus or the field of view, capsules could be imaged in all three
imaging modes (bright field, crossed polarizers, and fluorescence) only
after sedimentation onto the coverslip surface. In our experiments, we
did not observe any orienting effect on the LC resulting from contact
with the coverslip, as reported in a past study.'®

14946

B RESULTS

Partial Filling of Multilayer Capsules with LC. In
contrast to prior studies described in the Introduction, the
capsules used in this current investigation were prepared to
have walls with hydrophobic functionality facing the interior of
the capsule and hydrophilic functionality on the outer surface.
This was accomplished by functionalizing the interior with
decylamine (DA) and the exterior with dimethylaminopropyl-
amine (DM) such that the hydrophobic interior contacted the
LC and the hydrophilic exterior surface contacted the bulk
aqueous phase. (See Figure 1 and the Experimental Section for
details.) In the remainder of this article, we refer to these
capsules as having an amphiphilic structure and by using the
acronym DADM to identify the DA and DM motifs decorating
the interior and exterior walls of the capsules. In the interest of
brevity, the confirmation of the successful synthesis of these
DADM capsules is detailed in the Supporting Information (SI).
Specifically, we present evidence of the incorporation of the DA
and DM into the capsule walls (Figure S1) and show scanning
electron micrographs of polymer-coated microparticles and
hollow capsules (Figure S2). Measurements made using the
scanning electron micrographs reveal the size of the dried,
polymer-coated microparticles to be 4.9 + 0.2 ym.

After treatment with LC using methods that lead to the
complete filling of PEM-based capsules in past studies, we
observed the DADM-functionalized PEI/PVDMA capsules
used here to be only partially filled with LC (see Figure 2F,
middle row). Specifically, we measured the average diameters of
the DADM capsules and the LC droplets to be 6.7 & 0.3 and
4.9 + 0.5 um, respectively; that is, the LC filled approximately
40% of the internal volume of the capsules. To provide insight
into the reasons underlying partial filling, we imaged the film-
coated microparticle precursors and the hollow capsules in each
step of the synthesis (Figure 2). The images in the middle row
of Figure 2 are bright-field micrographs, and images in the
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bottom row are fluorescence micrographs of fluorescein-labeled
capsules that clearly define the sizes and shapes of the capsules.
An inspection of Figure 2 reveals several key points. First, the
DADM:-coated silica microparticles in water were measured to
have a diameter of 5.3 + 0.3 ym (Figure 2B), a value that is
indistinguishable from the diameter measured for the bare silica
microparticles in water (5.2 + 0.3 ym as in Figure 2A). Second,
after etching of the silica templates, we measured the diameter
of the resulting hollow capsules to vary significantly depending
upon the solvent in which they were suspended (Figure 2C—
E). Specifically, we measured capsule diameters to be 6.7 + 0.3
um in water, 5.6 + 0.3 gm in 90% acetone/10% water, and 4.7
+ 02 pm in nematic E7. Third, upon extraction of LC-
containing DADM capsules into an aqueous phase, the capsule
diameter was again measured to be 6.7 + 0.3 um (Figure 2F), a
value that is indistinguishable from that of empty capsules in
water. Overall, these observations reveal that the volume of the
LC encapsulated within the polymeric shell is determined by
the size of the capsule when it is present in the nematic LC (i.e,,
during filling; compare panels E and F of Figure 2). When LC-
filled capsules are extracted into an aqueous phase, the capsules
swell, thus resulting in capsules that are only partially filled. We
empbhasize that the volume of the LC droplets caged within the
polymer capsules when dispersed in water is roughly equal to
the interior volume of the capsules when they are dispersed in
nematic LC during filling.

Finally, we comment that a fraction of capsules observed in
nematic E7 (approximately one in six capsules prior to
extraction into water) possessed nonspherical crescent shapes,
consistent with a buckling instability in the capsule wall (Figure
3)."” For these nonspherical capsules, we measured the long
axis (i.e., the largest diameter that could be measured) to be 4.5
+ 0.3 pum, corresponding to a diameter similar to that of the
spherical capsules (4.9 = 0.5 um), and the short axis
(perpendicular to the long axis) was measured to be 2.3 +
0.6 pm. This small subpopulation impacted the underfilling of
the capsules with LC and contributed to heterogeneity in the

(A) (B)

Figure 3. Fluorescence micrographs of DADM capsules suspended in
nematic E7. (A, B) Micrographs of the same group of capsules imaged
with different locations of the focal plane such that in (A) the circular
capsule on the right of the image was in focus and in (B) the crescent-
shaped capsule in the center of the group was in focus. (C)
Micrograph of a separate region showing a group of capsules with
more spherical than nonspherical capsules. Scale bars are S ym.

size and shape of the capsules and droplets. We note that the
majority of capsules that we observed to be nonspherical in the
E7 phase returned to a spherical shape when transferred to the
aqueous phase; a very small percentage of capsules (approx-
imately 2%) remained nonspherical in shape.

Ordering of Caged LC Droplets. Figure 4A—C shows
representative caged LC droplets imaged in bright-field and

Brigh

Polarizers

tield Crossed

Figure 4. Bright-field and polarized light micrographs of DADM
capsules in water (left and center columns, crossed polarizers indicated
by white arrows). Corresponding schematic illustrations of the LC
director profiles are shown in the right column. The angle that the axis
of symmetry of the droplet makes with the polarizer is 0° in (A), 14°
in (B), and 43° in (C). (D) Two droplets with asymmetric shapes also
exhibit signature features of bipolar ordering with arrows indicating the
locations of boojum defects.

polarized light modes as well as schematic illustrations of the
ordering of the LC in the droplets. A number of features of the
droplets imaged between crossed polarizers led us to conclude
that the orientational ordering of the LC within these droplets
corresponds to a so-called bipolar configuration. In this
configuration, the LC lies tangential to the LC-—aqueous
interface with two point defects at diametrically opposite poles,
as depicted schematically in the right column of Figure
427520723 I Figure 4A, the key identifying features are the
two dark spots on the left and right sides of the droplet, bright
lobes above and below these spots, and a relatively dark center
of the droplet, indicating that the LC in the center is aligned
with either the polarizer or analyzer. The narrow dark spots
correspond to point defects on the droplet surface known as
boojums that define the poles and, thus, the symmetry axis of
the bipolar nematic droplet. (The angle that this symmetry axis
makes with the polarizer is indicated on the polarized light
images.) Typically, boojum defects can be seen in bright-field
images as dark regions because they possess a local refractive
index environment that is distinct from that of the rest of the
LC droplet and thus scatter light. However, optical distortions
resulting from the polymer capsule prevented us from
identifying the boojums in many of our bright-field images.
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Figure S. Bright-field (top row), polarized light (middle row, crossed polarizers), and fluorescence (bottom row) micrographs of representative
regions showing LC ordering and wetting in partially filled capsules as a function of increasing SDS concentration (indicated below each column).
Labels above each column indicate the internal ordering of the LC at each concentration.

Figure 4B shows a droplet that has its symmetry axis, defined
again by dark spots that correspond to the boojums, at an angle
between the polarizer and analyzer. The rotation of the
symmetry axis away from the polarizer/analyzer results in a
birefringent texture within the droplet that is brighter than that
shown in Figure 4A. This droplet also has curved dark bands
within the bright central region in a baseball-like pattern, a
characteristic that is frequently used to identify bipolar
droplets.”** Figure 4C shows a bipolar LC droplet within a
capsule aligned with its axis of symmetry at an angle of ~43°
from the polarizer and analyzer. In this image, we observed only
one bright region next to each boojum, as the other lobe is
more closely aligned with a polarizer. In summary, the
observations reported above are consistent with a bipolar
configuration of roughly spherical LC droplets within the
capsules.

While the majority of the caged LC droplets appeared to be
spherical, we also observed a subpopulation of nonspherical,
asymmetric droplets (approximately one in four droplets was
asymmetric; see Discussion below for a further analysis of
shape). Figure 4D shows an example of two capsules that
contain nonspherical LC droplets. In these images, it appears
that the LC has partially wet the inner surface of the capsules,
causing the droplets to distort to asymmetric lemonlike shapes.
Droplets that assumed this asymmetric shape, however, still
exhibited birefringent textures that closely resembled those of
the spherical droplets. We conclude that the LC ordering in
these cases is a distorted bipolar configuration (Figure 4D),
with the two boojums located close to the contact line defined
by the LC—polymer interface. Here, we also note that the shape
of the polymeric capsules did not appear to be perturbed by
partial wetting of the inner surface of the capsule by the LC.

Surfactant-Induced Transitions in Caged LC Droplets.
Previous studies have shown that addition of surfactants to
aqueous dispersions of LC droplets can trigger a bipolar-to-
radial ordering transition within the droplets.”® Inspired by

these results, we investigated the response of LC droplets
confined within DADM capsules to model anionic and cationic
surfactants (sodium dodecyl sulfate (SDS) and dodecyl
trimethylammonium bromide (DTAB)). The first section
below describes LC wetting transitions within amphiphilic
capsules induced by SDS and DTAB, and the second section
describes changes in the internal ordering that occur in
response to each of the two surfactants. We note that the
highest concentrations of surfactant used in the experiments
described below were less than the critical micelle concen-
trations to avoid the solubilization of the LC.

Figure 5 shows the appearance of LC droplets within DADM
capsules upon exposure to increasing concentrations of SDS.
An inspection of Figure S reveals that the addition of SDS
caused a continuous decrease in the contact angle (6) of the LC
on the inner surfaces of the capsules (see Figure 6 for the
definition of € and values of @ measured from bright-field

)

180
160

%

Contact Angle (°)

0 0.25 0.5 0.75 1
SDS Concentration (mM)

Figure 6. Plot of contact angles of caged LC droplets on the interiors
of polymeric microcapsules as a function of SDS concentration
(number of droplets measured N > 30 for each data point). The inset
defines the contact angle (6).
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Figure 7. Bright-field (top row), polarized light (middle row, crossed polarizers), and fluorescence (bottom row) micrographs of representative
regions showing LC ordering and wetting within partially filled capsules as a function of increasing DTAB concentration (indicated below each
column). Labels above each column indicate the internal ordering of the LC at each concentration.

micrographs), resulting in a change in the shape of the LC
droplet. Figures S and 6, when combined, first reveal that low
concentrations of SDS (~0.05—-0.25 mM) caused the LC
droplets to adopt a convex lens shape (6 ~ 130 + 10°). At
moderate SDS concentrations (~0.25—1 mM), we observed
hemispherically shaped LC droplets (6 ~ 89 =+ 5°), with
approximately planar (low curvature or a large radius of
curvature (R.), see Discussion below) LC—aqueous interfaces
inside the capsules. We note that the shape (and internal
ordering) of the LC droplets was not homogeneous within a
sample; for example, at 0.25 mM SDS, we observed both lens-
shaped droplets and nearly hemispherical droplets. (See also
Figure S3 for information regarding the distribution of 6 for
samples in water or at different surfactant concentrations.)
Lastly, at higher SDS concentrations (~0.5—10 mM), we
observed a large population of droplets that adopted a concave
LC—aqueous interface within the capsules (6 < 85°; measure-
ments on these samples were difficult because the angle was
occluded by the LC when the interface was concave; see also a
representative video included in the SI). These observations of
a continuous change in the contact angle of the LC droplet on
the inner wall of the polymeric capsule suggest that the
interaction of SDS with the capsule walls triggered this wetting
transition.

In contrast to the above-described influence of SDS on the
wetting of LC on capsule walls, we did not observe a substantial
change in the shape or wetting of LC droplets in the presence
of DTAB (see Figure 7; the average 0 increased from 157 =+
11° in water to 162 = 10° in 10 mM DTAB; see also the SI for
histograms of 6). In contrast to our results using SDS, this
result suggests that DTAB permeates but does not adsorb to
the wall of the capsule to an extent that it leads to measurable
changes in the contact angle, likely because of the positive
charge of the dimethylamine functional groups decorating the
outer walls of the DADM capsules.

Concurrent with the surfactant-induced wetting transitions
on the inner surfaces of the capsules, we observed the ordering
of the LC within the droplets to change with the addition of
SDS and DTAB (middle row of images in Figures 5 and 7). As
discussed above, the encapsulated LC droplets exhibited bipolar
ordering in water (ie, no surfactant, see Figure 4). When
DTAB was added to an aqueous dispersion of encapsulated LC
droplets, we observed very little change in the shapes of the
droplets (Figure 7), and the sequence of internal configura-
tional states that we observed was similar to that of free LC
droplets. The states observed include (i) Saturn-ring
disclination line-containing states (at 2.5 mM DTAB), (ii)
preradial configurations with a single point defect on the
surface (from 2.5 to S mM), and (iii) radial configurations
(from S to 10 mM). We note, in particular, that the appearance
of the radial configuration is consistent with very weak
interactions between the LC droplets and the inner surfaces
of the capsules. Past studies have noted that the contact of LC
droplets with surfaces often pins the configurational state of LC
droplets at high surfactant concentration in the preradial
state.”’

Next, we characterized the ordering states of the LC within
the lens- and hemispherical-shaped LC droplets (0 ~ 85—127°)
that formed in the presence of SDS. Figure 8A—D shows
selected LC droplets in the presence of 0.25 mM SDS (0 =~
90°). We interpret the optical appearance of these droplets to
indicate that they possess ordering consistent with an axial or
Saturn-ring configuration in which the axis of symmetry of the
LC ordering follows the axis of symmetry of the droplet shape.
(See the Discussion below for further analysis of the proposed
ordering.) We note that this optical texture is observed for lens-
shaped droplets in the presence of 0.05 mM SDS (Figure $),
and it is also observed in samples at higher concentrations of
SDS (up to 1.0 mM). As seen from a side view (Figure 8C,D),
this director profile exhibits a disclination line near the planar
interface such that the profile resembles that of a Saturn-ring
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Figure 8. Schematic director profiles (left column) with corresponding
bright-field (middle column) and polarized light (right column,
crossed polarizers indicated by white arrows) micrographs of (A) top,
(B) tilted, and (C, D) side views (at different angles with respect to
the polarizer/analyzer) of hemispherical LC droplets contained within
DADM capsules in 0.25 mM SDS. (E, F) Side views at different angles
of hemispherical LC droplets in 1 mM SDS. (G, H) Schematics show
possible director configurations for inhomogeneous boundary
conditions.

configuration. (See Figure S4 for images of bare E7 droplets
with Saturn-ring and radial configurations.)

Additionally, the top view (Figure 8A) of the hemispherical
droplets has four white lobes surrounding a dark cross,
consistent with the axial symmetry'>*" indicated in Figure 8.
As the SDS concentration was increased, the LC droplets
transitioned to an internal configuration that resembled a
deformed radial droplet (Figure 8E,F, 1 mM SDS, see also the
video in the SI) with a point defect clearly visible in the bright-
field and polarized light micrographs. We note that another
possible director configuration that is consistent with the
micrographs is shown in Figure 8G, as further discussed below.

B DISCUSSION

The key results of the study reported in this article relate to the
response of caged LC droplets to surfactants. In contrast to free
LC droplets, where SDS and DTAB trigger qualitatively similar
configurational transitions and cause a minimal change in
shape, we observed DADM-caged LC droplets to undergo
wetting transitions in the presence of SDS but not DTAB. The
change in droplet shape that accompanied the wetting
transition resulted in differential effects of the two surfactants
on the internal configurations of the LC within the droplets.
We empbhasize that this situation also differs from past reports

that examined the anchoring of LCs confined to capillaries
(diameter ~ 10—200 nm),>*~ %8 microgrooves,” silica pores,*
polymer-dispersed cavities,”' ~>**'7>* and so forth because the
internal volumes of those structures were completely filled with
LC. (Thus, changes in shape were not observed; see ref 34 for
one exception.) Below, we discuss in more detail the coupled
wetting transitions and ordering transitions described in this
article.

To provide insight into the wetting transitions, we calculated
the shapes of the caged droplets by solving the Laplace
equation under the assumption that gravity and the elasticity of
the LC have a negligible influence on shape. The neglect of
gravity is justified by an evaluation of the Bond number,
calculated as Bo = ApgL?/y, where Ap is the difference in
densities of the fluid phases, g is the acceleration due to gravity,
L is the characteristic length (for which we use the droplet
radius), and 7 is the interfacial tension. For our experimental
system, we estimate Bo to be ~107%. As noted above, we also
neglect the effect of the elasticity of the LC on the shape of the
LC droplets since the ratio of the elastic energy to the surface
energy, given as K/yV'/3 (where K is either the splay or bend
elastic constant and K =~ 107'' N), is ~10™* for our
experimental system.>>*® Overall, these two approximations
lead us to conclude that the LC—aqueous interface will have
constant curvature within the caged LC droplets, as predicted
by the Laplace equation under the above-stated conditions.

The results of our calculations are shown in Figure 9. Figure
9A shows the shapes of LC droplets on (i) planar surfaces and
(ii) the curved interior surfaces of the microcapsules, both
calculated as a function of € [and by assuming that the capsules
are rigid (see experimental observations above) and of constant
size]. For these calculations, we used a volume of LC that
corresponded to ~40% of the interior of the capsule volume
(also consistent with the experiments reported in this article).
To enable comparisons of the LC droplet behavior on a flat
substrate and in a spherical cavity, Figure 9B shows a plot of the
interfacial area between the LC and polymer (i.e., the wall of
the capsule or the surface of the flat substrate) and between the
LC and aqueous phase, both as a function of . Finally, Figure
9C shows the radii of curvature of the LC—aqueous interfaces,
plotted as a function of @ for the two geometries.

From Figure 9A—C we make two key points. First, an
inspection of Figure 9B reveals that, within a spherical cavity
defined by the polymer capsule, there exists a crossover at
which the interfacial area between the LC and polymer capsule
exceeds the interfacial area of the LC—aqueous interface. For
the LC volume and capsule size used in our calculations, this
occurs at @ &~ 130°. In contrast, on a planar surface, the
interfacial area between the droplet and supporting substrate is
always less than the aqueous interface. We also note that, on a
planar substrate, the areas of the two interfaces of the LC
droplets approach each other only in the limit of § — 0°. In this
limit, a thin film of infinite area is predicted. In contrast,
however, in a spherical cavity, a thin film of finite thickness
(~0.5 pm thick, as shown in Figure 9A) is formed on the
interior surface of the capsule wall in the limit of @ — 0°. From
this result, we conclude that the caging of droplets within
capsules provides, in general, the basis of a versatile method for
control of the relative interfacial areas of liquids that is not
possible on flat surfaces.

The second set of observations that we make from Figure 9
relates to the radius of curvature (R.) of the LC interface.
Specifically, an examination of Figure 9C reveals that the caging
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Figure 9. (A) Calculated shapes for LC droplets of constant volume
(using the average experimental volume) with varying contact angle
for two geometries: (i) on a flat surface and (ii) within a spherical
cavity equal in size to the DADM capsules in water. Black lines
represent the flat surface or spherical cavity, and blue lines represent
the LC—aqueous interface. Axes are square, with the grid on the x axis
marking 10 ym (each droplet is plotted with centers 10 ym apart), and
contact angles are used to label the x axis. (B) Graph of interfacial
areas; interfaces are indicated within the legend. (C) Graph of the
radius of curvature (R.) of the LC—aqueous interface for each
geometry. (D) Shapes plotted for a constant contact angle of 90° for
varying volumes of LC, denoted on the plot relative to V, the average
volume measured experimentally. The R, of the LC—aqueous interface
is also indicated next to the corresponding droplet.

of LC droplets within capsules leads to radii of curvature of the
LC interfaces that are strikingly different from those on planar
substrates. In particular, as the contact angle of the LC with the
capsule wall approaches ~84°, we calculate R. of the LC—
aqueous interface to diverge to positive or negative infinity.
(See also experimental observations in Figure S.) In contrast,
the R, of LC on a planar interface diverges only in the limit of
— 0° This fundamental difference in the behavior of R. is
significant, as R_ dictates the Laplace pressure difference, Ap =
P, — P, = 2y/R, across the interface of the droplet. Thus, R,
also affects the chemical potential of the LC inside a droplet,
which is given by p,(R.) = p;(00) + 2yV,/R,, where pi,(00) is the
chemical potential of species i with a flat interface and V; is the
molar volume of species i.>’” In particular, we note that for all
contact angles (Figure 9C), the R, of the LC—aqueous interface
for LC contained within a spherical cavity is either negative (at
0 < 84°) or larger (84° < 0 < 180°) than that of the LC on a flat
surface. This observation, when combined with the influence of
the Laplace pressure on the chemical potential of the LC, leads
us to conclude that the chemical potential of caged LC is lower
than that of an LC droplet on a flat surface. If two such droplets
were present in a system, then we would predict that Ostwald
ripening would cause the growth of the encapsulated droplet at
the expense of decreasing the size (and R.) of the droplet of the
same volume on a flat surface. The effects of changes in droplet
volume for caged LC droplets and LC droplets supported on
flat surfaces are shown in Figure 9D (for constant 6 = 90°). For
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caged droplets, an increase in volume leads to an increase in R,
before turning negative. Significantly, the chemical potential of
the LC in the caged droplet decreases more rapidly with
increasing volume as compared to droplets on flat surfaces.
This observation leads us to predict that capsules containing
droplets with R < 0 will be stable with respect to both uncaged
droplets as well as bulk LC.

A second key result reported in this article is that the wetting
transitions described above are coupled to changes in the
internal ordering and topological defects of the LC. In order to
discuss this coupling, two key concepts need to be introduced,
namely, the topological char%e of defects and the Euler
characteristic of closed surfaces.”***~*' The topological charge
(N) of a defect is related to the number of times the LC
director rotates through all possible angles encountered on a
surface that encompasses the defect. For example, in the case of
a bipolar droplet, a topological charge of N = +1/2 is assigned
to each of the boojum defects by placing a hemispherical
surface around the boojum and evaluating the director
orientations. For the case of a radial droplet with a central
point defect,** the defect can be surrounded by a spherical
surface that encounters all possible angles of the director, and it
therefore has a topological charge of N = +1. For droplets in
transition states that connect the bipolar and radial
configurations of spherical LC droplets and possess uniform
boundary conditions (the tilt angle with respect to the surface
normal is the same everywhere on the droplet surface), Gauss’s
theorem requires the conservation of topological charge. For
example, the transition state that comprises a Saturn-ring
disclination line located slightly inside the surface of the droplet
must have a topological charge of +1 (it can be encompassed by
a spherical surface that encounters all orientations of the LC
director). Another commonly encountered transition state that
lies between the bipolar and radial configurations is the
preradial configuration with a topological charge of N = +1.

The above-described discussion addresses the well-studied
case of configurational transitions in spherical droplets whereas
the experiments reported in this article address the more
complicated situation where changes in the shapes of the LC
droplets accompany internal configurational transitions. To
address this situation, we consider the Euler characteristic of a
closed surface. The Euler characteristic of a sphere, and any
surface that can smoothly be transformed into a sphere (e.g., a
football and a bowl are both topologically equivalent to a
sphere), is two.>*~*! This result is useful because, for uniform
boundary conditions, the sum of the topological charges (IN)
must be half of the Euler characteristic of a closed surface.*
This leads us to conclude that the Euler characteristic of the
caged LC droplet shapes observed in our experiments is
unaltered as compared to that of spherical droplets because all
shapes observed for the caged LC droplets can be smoothly
transformed into a sphere. Thus, the wetting transitions
reported in this article do not change the conservation of
topological charge discussed in the context of past studies of
free (spherical) droplets.”* Specifically, for LC droplets
exposed to SDS (Figures S and 8), the wetting transition
results in multiple shapes (lenses, hemispheres, and concave
hemispheres), all of which are smooth deformations of a
spherical surface. Thus, if the boundary conditions are uniform
at all surfaces of the LC, then the internal configurations of the
LC in the presence of SDS will be topologically equivalent to
bipolar, axial/Saturn-ring, and radial configurations (schematics
in Figures 4 and 8A—F).
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Whether the anchoring of the LC at all surfaces of the caged
droplets is uniform, however, remains to be established. It is
possible that the caged LC droplets possess inhomogeneous
anchoring, for example, due to differential adsorption of SDS
between the LC—aqueous interface or the LC—polymer
interface (Figure 8GH). In this scenario, due to inhomoge-
neous anchoring, the relationship of the topological charge and
the Euler characteristic is changed from that discussed above.
The topological charges, however, will still satisfy Gauss’s
theorem and will be determined by the specific profile of the
director at the surfaces of the LC droplets. In Figure 8G,H, we
present two possible director configurations in the caged LC
droplets that are consistent with the nonuniform anchoring of
the LC at its surfaces. In each case, there is a boojum on either
the LC—aqueous interface or LC—polymer interface, providing
a net topological charge of +1/2 (see above). As noted in the
Results section, the LC anchoring shown schematically in
Figure 8G is consistent with the experimental observations
shown in the micrographs in Figure 8E,F. However, we do not
observe birefringent textures that are consistent with the
configuration in Figure 8H.

We end by noting that in the limit of & — 0 the complete
wetting of LC on the inner surface of the capsule would lead to
the formation of a shell of LC. This transition, although not yet
observed in our experiments, leads to the creation of a new
surface and thus the shell possesses an Euler characteristic of +4
(and thus a topological charge of +2). For additional discussion
of this geometry, we refer the reader to studies of LC shells
created from double emulsions."***

B CONCLUSIONS

In summary, the key advances reported in this article are two-
fold. First, we provide insight into the physical processes that
underlie the formation of caged LC droplets contained within
cross-linked polymer multilayer capsules. We demonstrate that
DADM capsules swell reversibly and that the extent of swelling
correlates with the dielectric constant of the solvent. This result
suggests principles by which the extent of filling of the capsules
can be systematically varied in future studies. We emphasize
that the partial filling of the capsules reported here underlies
our observations of the LC wetting transitions. The second key
advance involves surfactant-induced changes in both the
wetting and ordering of caged LC droplets. Whereas the
effects of DTAB and SDS on the internal ordering of free LC
droplets are similar, we reveal that the two surfactants trigger
strikingly different wetting and configurational transitions when
the LC droplets are caged within the polymeric capsules.
Specifically, the addition of anionic SDS resulted in a
progression of complex droplet shapes as the contact angle of
the LC on the inner surfaces of the capsules decreased; in
contrast, no significant change in droplet shape was observed
upon addition of cationic surfactant DTAB. Although addi-
tional measurements are needed to quantify the orientation of
the LC at the surfaces of the complex shapes formed by the
caged LC in the presence of the SDS, under the assumption of
uniform anchoring the various internal states of the droplets are
topologically equivalent to axial and radial configurations (ie.,
consistent with the conservation of topological charge).
Although topologically equivalent to free droplets, the
contributions that surface anchoring, LC elasticity, and
topological defects make to the free energy of caged LC
droplets will differ from those of free droplets. As a result, caged
LC droplets offer the promise of new and versatile sources for

the design of LC-droplet-based responsive soft matter that
cannot be realized in dispersions of free droplets. We also note
that the physics of caged LC droplets is conceptually similar to
that of liquid-crystalline DNA toroids confined in viral
capsids.*® As such, caged LC droplets may offer the basis of a
model system for understanding some aspects of DNA packing
in viruses.
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