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Field-Induced Structural Transitions in Liquid

Crystal Microemulsions
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and Seung Hee Lee*

Liquid crystal (LC) droplets have fascinating properties, such as anisotropic
propetrties, in response to external stimuli. As LC droplet size may determine
the proper application of soft composites, various results from numerical
simulations and experimental observations of LC droplets are reported. Here,
detailed topological responses of individual bipolar droplets to electric fields,
are shown. The integration of each response influences the entire electro-optic
behavior. Monodispersed LC bipolar droplets are fabricated in a polyvinyl
alcohol-dissolved aqueous solution via a membrane-emulsification method.
The planar anchoring, provided by the polyvinyl alcohol surface, and surface
elasticity, guide the entire LC director configuration, associated with topo-
logical defects, in the droplets. By simply blade-coating the solution, bipolar
axes of the droplets can be randomly placed on a flat substrate. Two different
subsequential stages are found when applying voltages: 1) director reorien-
tation, which is threshold-less and 2) topological defect movement, which
exhibits a threshold-like behavior. Various initial directions of the bipolar axes
with respect to the field direction provide the transition voltage between these
two stages. It is believed that this study can provide important clues to handle
several fundamental issues in electro-optics of encapsulated LCs, such as the
determination of response times, threshold, and operating voltages.

applications in sensors, photonic devices,
and displays.l” It is a well-known physical
phenomenon that when a medium is sur-
rounded by another immiscible medium,
surface tension drives the spherical
formation of dispersed phase to reduce the
free energy of the system. The anisotropic
nature of nematic LCs results in elasticity
in such systems. The shape and size of LC
droplets can be controlled from nano to
microscale by adjusting the balance among
the interfacial tension, surface anchoring,
and elastic energy. This is achieved by
appointing each medium in a system,
for example, LC and another isotropic
soft matter.3¥ Regardless of the shape
of LC droplets or emulsions, when the
boundary condition of LC droplets or bulk
LC alignment changes by external stimuli,
these structural responses can be utilized
as novel functional devices.>*¢111315] [n
such LC droplets, depending on the inter-
facial energy, surface anchoring (boundary

1. Introduction

The formation and structural transition of liquid crystal (LC)
droplets is of great interest because of their feasibility for
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condition), and elastic energy (bulk LC

alignment), various configurations of LC
droplets can be formed, and topological defects inevitably occur
in the system. For example, homeotropic anchoring results in
the formation of a point defect at the center of a droplet, called
a radial droplet (hedgehog configuration). Tangential anchoring
leads to the formation of a pair of point defects (boojums) on
the surface (bipolar configuration).*1%167] For example, poly-
vinyl alcohol (PVA) provides hydrophilic tangential anchoring
to nematic LCs in emulsions. In a bipolar configuration with
two boojums, where each boojum has a +1 topological charge,
elastic deformations occur. Splay deformation occurs in the
vicinity of boojums, and slight bend deformation occurs
between the splay deformations. Thus, the bipolar configura-
tion possesses a twofold cylindrical symmetry along the bipolar
axis and an average nematic director through the two boojums.
In contrast, the radial droplet forms a single hedgehog at the
center of the droplets and possesses a spherical symmetry.
Consequently, various types of LC configurations, such as
twisted bipolar, toroidal, escaped radial, and twisted radial drop-
lets, are generated because of the difference in the anchoring
strength and elastic energy.®%" Alteration of external stimuli
and surface anchoring allows these configurations to be inter-
changeable. The size of LC droplets also determines their con-
figuration because the ratio of the elastic constant to the surface
anchoring strength correlates with the droplet size, which
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determines the critical radius responsible for different droplet
configurations. Although direct observation of submicron-sized
droplets under a polarized optical microscope is a difficult task,
we can observe microscale LC droplets with a variety of droplet
configurations.*1%1677] The microscale results may help us
indirectly understand nanoscale droplets.

Polymer-dispersed liquid crystals (PDLCs) are widely used
in smart windows when the LC droplet size exceeds the visible
wavelength. Microscale LC droplets can be fabricated by poly-
merization-induced phase separation, and upon the application
of an electric field, the optical status switches between opaque
and transparent modes. In this case, the difference in the
refractive indices of the LC and polymer is a crucial factor to
enhance the contrast ratio between the two switching modes,
and the analysis of the field-induced LC alignment transition in
PDLC droplets becomes important. For example, such PDLCs
are in the normally scattering mode owing to the random
distribution of LC droplets. This is bad from the viewpoint of
energy saving because power is required to maintain the nor-
mally transparent mode as a normal glass window. By studying
how LC formation and transition occur and applying the result
to the system, we can develop a system that can maintain the
transparent state without voltage application.

However, the droplet size of PDLC is random, and each drop
size can result in different threshold voltages, thus leading
to undetermined Fréedericksz transition in the system and
hysteresis in the electro-optic responses.'® In a monodispersed,
uniformly aligned system, we can extend its application range
owing to its controllable and predictable nature. For example,
monodispersed objects can be spatially integrated in an array
system for optical and photonic applications or for more pre-
cise control of the electro-optic modulation of the system.[1-22]

When the droplet size is below the visible wavelength and
the refractive index of the polymer matrix is similar to that of
the LC, the system is optically isotropic and transparent because
scattering occurs weakly at the LC—polymer interface.[?324 This
normally transparent system switches its optical state between
isotropic and anisotropic. In this switching mechanism, the
polarization state of light is maintained when the light experi-
ences an isotropic state upon geometrical deformation. Thus,
the application can be extended to flexible-optical, photonic,
and display devices with induced birefringence in the use of
polarized light,>192>-32] including the fabrication of elongated
ellipsoidal droplets,’**34 sliding surface droplets,**! elongated
chiral LC,B% low-anchoring polymer surfaces,*’-3% and slippery
interfaces.***l However, the electro-optic behavior of such
systems is not well understood and mostly appears as an
electro-optic hysteresis. Thus, the analysis of the structural
transition in LC droplets becomes important to determine
whether the droplet size is larger or smaller than the visible
wavelength. The observation of these microscale droplets via
an optical microscope can provide a useful road map to predict
the behavior of nematic director fields in micro or nanosized
droplets, as well as the entire system.[2-610]

In this work, we focus on the field-induced reorientation
mechanism of individual nematic bipolar droplets in terms of
director reorientation and transition of bipolar axes (relocation of
topological defects) under lateral electric fields. To facilitate the
observations, we fabricate nematic LC microdroplets dispersed
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in a PVA-dissolved aqueous solution, at which the monodisper-
sity and in-plane distribution of bipolar axes are achieved by
the Shirasu Porous Glass (SPG) membrane emulsifier. In this
system, surfactants prevent the aggregation of droplets, and
PVA provides tangential anchoring to the nematic LC, in which
microemulsions based on stable bipolar droplets are produced.
Lateral electric fields are applied to the bipolar droplets, where
the bipolar axes are placed in the plane but randomly in the azi-
muthal direction. In this way, we explore a detailed reorienta-
tion and relaxation mechanism of individual droplets depending
on their initial configuration and the direction of the applied
electric fields. The structural transition occurs such that the
director field continuously changes without a threshold before
being fully aligned to the electric field direction, and topological
defects relocate to minimize the free energy of the system. The
electro-optic effect of each droplet is different owing to different
directions of their defect-guided bipolar axes, even though their
sizes are similar. We believe that this result can provide guid-
ance for gaining insights into the structural design of droplets
in such systems to achieve better electro-optic properties.

2. Theory

We consider a system that contains monodispersed bipolar drop-
lets (radius R), the easy axis n, of which is mainly aligned with
the bipolar axes, which are randomly distributed in the azimuthal
angle. The free energy of the system can be roughly described by
the elastic, surface, and dielectric free energy densities:

» KN 2
=——(nn,) -——(nn,
47rR( ) ZﬂRZ( )

B eoAgN(n.E)2 (1
2

where K is the Frank elastic constant with one elastic constant
approximation and W is the anchoring coefficient, which rep-
resents the strength of the interaction between the LC and
the surface for director rotation. The N, R, &), and Ag are the
number density of the droplets, radius of the droplets, vacuum
permittivity, and dielectric anisotropy, respectively. The first and
second terms describe the elastic free energy density and the
surface anchoring, respectively, in which the nematic director
n deviates from ny, and the third term describes the dielectric
free energy density, where n interacts with E. The required
electric field strength can then be described as

o |t (K_i) 2)
eoAER\2r ~©R

where R >> K/W; we can neglect the free energy term of the
anchoring strength at the droplet surface because of the strong
anchoring that causes elastic deformation at the surface. Where
R << K/W, however, the anchoring strength is important for
the threshold electric field.

The torque exerted on the local director in the droplet can
also be evaluated. Under an electric field, the dielectric energy
can be described as

£(®)

&

=g, sin’ gF* + ¢, cos® PE’ (3)

then the torque is
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Figure 1. POM images of the microemulsions observed with a) a single polarizer, b) crossed polarizers, and c) a quarter-wave plate placed by 45°
in between crossed polarizers. d) Size distribution of LC droplets. ) White-dotted arrows indicate the nematic director ny of each bipolar droplet on

average. P and A indicate polarizers.
9E(E)
99

where ¢ is the angle between n and E. The torque is strongest
when ¢ = 7/4 and the weakest when ¢ =0 or 7/2.

|T| = = Agg, sin 20E’

3. Results and Discussion

Monodispersed spherical LC droplets on the microscale were
obtained by using an SPG porous membrane with a pore size of
1.5 pm at 50 °C, as shown in Figure 1. The obtained microemul-
sions were stable with no coalescence, as shown in Figure la—c.
The PVA shell provides planar anchoring of LC emulsions and
forms bipolar droplets with the nematic director nq aligned
between two-point defects along the bipolar axis on average.
Figure 1a shows an optical microscope image under a single
polarizer that exhibits the spatial position of point defects,
as indicated by the red arrows in the inset, by slight light
scattering due to abrupt changes in the refractive index near
the point defects. The polarizing optical microscope (POM)
images with crossed polarizers in Figure 1b show typical bire-
fringence patterns of bipolar droplets. In Figure 1c, the POM
images are taken with crossed polarizers and a quarter-wave
plate (QWP) inserted at 45° to the polarizers. The QWP con-
tributes to bluish and yellowish colors that provide information
on the anisotropic alignment direction of the nematic directors
in droplets. The optical textural evolution of the rotated sample
is shown in Figure S2, Supportting Information. The average
size is measured as 5.7 + 0.5 um in Figure 1d. The full width at
half maximum of the Gaussian fit curve is 1.3 um. To measure
the PVA shell thickness, we fabricated another cell in which
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excess PVA in the continuous aqueous phase was additionally
polymerized after blade coating. The PVA shell, surrounded by
an excess polymer matrix, is thus sufficiently strong to stand
after the removal of LCs by n-hexane solvent and remains
observable. The droplet size in Figure S3, Supporting Informa-
tion is different from that in our work, and the aspect ratio of
the shells can be higher (owing to the removal of LCs). How-
ever, a field emission scanning microscope (FESEM) image of
the polymer matrix (Figure S3, Supporting Information) shows
a PVA shell thickness of less than 100 nm. From the FESEM
observation, we also found that the LC droplets were not fully
spherical but spheroidal. After blade coating, the droplets
become oblate, that is, the shape anisotropy makes the drop-
lets bipolar with a high possibility. Among the droplets in the
image, we focused on five bipolar droplets, as indicated by the
white squares in Figure la—c. The detailed director configura-
tion of the bipolar droplets is shown in Figure S4, Supporting
Information. The POM images of each droplet in Figure le
show the possible variation in the azimuthal direction of the
droplets.

We investigated the electric-field-dependent structural transi-
tion of bipolar droplets under lateral electric fields, as shown in
Figure 2. We focused on three droplets with spatial positions
between the electrodes to observe the field-induced reorienta-
tions. These droplets are marked with dotted white squares.
The ny completely differed in each droplet to study their
responses to the electric fields. A POM image with a single
polarizer shows the LC alignment and boojums in a droplet
in the top-first column. Without a field, ngq has no preferential
azimuthal direction. Under an applied electric field, the LCs are
aligned along the field direction, thereby resulting in a lateral
distortion in the director profile.
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Figure 2. Topological transitions of bipolar droplets under lateral electric fields. The white-dotted squares indicate observed droplets. The red and blue

arrows indicate polarizers and an electric field, respectively.

We closely observed individual droplets to investigate
the topological transitions, as shown in Figure 3. The three
different orientations of the bipolar droplets possess different
azimuthal angles § (the angle between ngq and E) at 44°, 62°,
and 2°, as shown in Figure 3a—c, respectively. As the electric
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Figure 3. Structural evolution of bipolar droplets with various ngq with respect to electric field E where the angle 6 between ny and E is = a) 44°,
b) 62°, and c) 2°. d) Director fields corresponding to the POM images of the droplet in (a). e-g) Optical intensity and electric field-dependent 6 of the

droplets in (a—c).

Adv. Optical Mater. 2022, 10, 2200563 2200563 (4 of 8)

© 2022 Wiley-VCH GmbH

85U8017 SUOWILIOD BAER.D 8|qedl(dde 8Ly Aq pausenob a8 S9ppe YO ‘SN JO S3INJ o ArIg1T 8UIUO A1 LD (SUORIPUOD-PUR-SWUBH 0D A8 | 1M A1 1[I |UO//SANY) SUORIPUCD PUe SWe 18U} 89S *[£202/50/ST] U0 Arigi]auliuo A1 Aisieaun ruoieN weubunyd Aq £95002202 LWOPe/Z00T OT/I0p/Woo" A3 1M AReq 1|pul|uoy/sdny woly pepeojumod ‘6T ‘220z ‘TZ0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

droplet configurations shown in Figure 3d. Here, the difference
between each of the three cases is how the LC local reorien-
tation occurs before & begins to change. The POM images
and the LC director field obtained based on the optical polari-
zation analysis show that LC reorientation first arises in the
center regions. Next, as the field strength is increased, the
entire droplet, including the area near the boojums, turns into
a nearly uniform alignment, showing a bright state under the
crossed polarizers.

In Figure 3e-g, we plot the optical intensity measured in
the area over the distance half of the diameter from the center
of the droplet and & with respect to E for the three different
cases of Figure 3a—c. When the initial 6 = 44°, the optical
intensity gradually and continuously increases and reaches
the saturation value (at =2.5 V um™) in Figure 3e. Near this
electric field strength, 6 begins to decrease and almost reaches
0° (at 5.4 V um™). When the electric potential is increased,
once the LC reorientation reaches the point where the mole-
cules are almost aligned along the electric field direction, the
LC directors around the boojums begin to reorient along the
electric field direction. In this stage, the LC directors around
the boojums try to maintain their orientation perpendicular to
the defect point to maintain the +1 charge and the elastic free
energy minimum. This gives rise to the two boojums moving
to the edge of the droplets along the field direction so that &
changes to near zero. As the electric field strength is decreased,
the LC directors relax back to the original configuration, as
shown in Figure S5, Supporting Information.

This mechanism works similarly in other cases where the
initial & is 62° and 2°, as shown in Figure 3f,g. However, in
Figure 3f, where J = 62°, the optical intensity first decreases
and then increases as the LC molecules follow the electric
field direction around the center region of the droplets. Here,
the local LC reorientation stage covers a larger voltage range
(bluish in Figure 3e,f), and the change in 6 covers a smaller
voltage range (reddish in Figure 3e,f) than when the initial
0 = 44°, as shown in Figure 3e,f. This is because the LC mole-
cules have a greater degree of rotation until they are almost
aligned to the electric field. When the initial 6 = 2°, the LC
molecules are already aligned along the electric field direction
so that there is a minor change in both the optical inten-
sity and &, as shown in Figure 3g. To understand the results
further, we discuss the local LC directors by considering the
torque exerted on the LC local director. Based on Equation (4),
the dielectric torque is the maximum where ¢ = 7/4. The
torque is the strongest when & = 44°, intermediate when 62°,
and the weakest when 2° among the three cases, as some esti-
mated values are plotted in Figure S6, Supporting Information.
Considering d = 44°, 62°, and 2°, the main orientations of the
local LC directors also follow & because the two boojums in
the droplets are a hedgehog configuration and the directors are
almost aligned along the direction between boojums.

From Figure 3e-g, the measured result shows that the local
LC reorientation behavior does not appear to be a specific
threshold electric field. The threshold electric field can be
estimated as a function of W (assuming R = 3 um) and R
(assuming W = 10* N m™) from Equation (2), assuming
K=10 pN and Ae = 30, as shown in Figure 4a. The plot shows
that, when R > 0.2 um and W = 10* N m™, as the anchoring
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coefficient of the PVA surface measured in a previous study,*? Fy,
does not exceed 0.3 V um™., being consistent with the behavior
of non-specific threshold electric field. When R < 0.2 um,
the initial LC droplet configuration changes because the
critical length K/W > 2R. Similarly, when R = 3 um and
10~ < W< 107> N m™, Ey, also does not exceed 0.5 V um™.

Further, the time-dependent response of the LC droplets
with variation in the initial J should be explored. We verify that
the LC droplets return to the original configuration after the
field-induced structural transitions upon removal of the electric
field. We applied E = 5.4 V um™ to the LC droplets with the
initial & = 50°, 23°, and 12°, as shown in Figure 4b—d, respec-
tively. Although the initial 6 in this observation is different
from that in the electric-field-dependent transmittance meas-
urement result, we observe a similar tendency. The measured
time-dependent transmittance curves show 7, (7,5 = 0.8 (1.0)
at the initial 6= 50° (Figure 4b), 7,, (%) = 0.7 (0.9) at the initial
6= 23° (Figure 4c), and 7, (7,g) = 0.7 (0.8) at the initial 6= 12°
(Figure 4d), as summarized in Table 1. Basically, 7, is shorter
than 7,4 because, when switching off, the relaxation is only gov-
erned by the elastic energy and the anchoring strength, whereas
the electric energy is additionally involved in shortening the
response time when switching on. As the initial J decreases,
the response times become quicker because the degree of the
reorientation for returning back to the original configuration
takes a shorter time. When an electric field (5.4 V um™) is
applied, as shown in each POM image of the second column in
Figure 4b—d, the LC molecules reorient entirely and simultane-
ously in the droplet because simultaneous elastic deformation
occurs over the entire area. This causes different LC responses
when the field strength is swept. Upon removal of the elec-
tric field, relaxation first occurs in the area where the local LC
directors are strongly deformed, and then relaxation occurs
sequentially in the rest of the area. When the voltage is on, the
optical intensity (local reorientation) first increases, and then
6 changes. Similarly, when the voltage is off, the optical inten-
sity (local reorientation) first decreases, and then 6 changes, as
shown in the POM images of each droplet in Figure 4b—d.

We also compared our result with another previous report
on a flat PVA surface.”) The switching-off time therein
is =30 min to rotate an angle of /4 after the removal of
5 V um™, which is significantly slower than the switching-
off time of the LC emulsion in our work. We believe this is
because of the elastic confinement effect and contribution
of polar anchoring in the droplet; the reason for the polar
anchoring involvement can be understood by the curved sur-
face of the droplets. The initial LC directors are not aligned
uniformly in a single direction before coupling n(r) x E occurs
on the local points of the spherical soft surface of the droplets.
Each single molecule experiences a different torque (but
probably in a continuous variation) in the electric field direc-
tion when considering it in 3D. In contrast, the movement
of topological defects and changes in ¢ can be explained by
the addition of energetic competition between the topological
defects and elastic deformation that degenerates the defects
under electric fields. The boojums can be anchored by the sur-
face and elastic energies, where the system can be considered
with the elastic, surface anchoring (including the geometric
effect of PVA shells), dielectric, and defect terms.
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Figure 4. a) Estimation of the threshold electric field Ey, as a function of the anchoring coefficient W and radius of cavities R. The droplet configura-
tion and response times 7 of the LC droplets upon the application of the electric field E = 5.4 V um™' when the initial §=b) 50°, ¢) 23°, and d) 12°.

The scale bar is 10 um.

Based on the results of our observations and measurements,
we can deduce that in a system with many bipolar droplets with
random orientations, the electro-optic properties, including
threshold, operation voltages, and response times, can be the
integration of individual electro-optic responses of each bipolar
droplet. Upon collection of the electro-optic responses of all
droplets, the field-strength-dependent transmittance curve
becomes rather intricate and does not exhibit a clear single
behavior. We strongly believe that such complex electro-optic
behaviors of the droplets should be considered in the entire
system by integrating the behavior of each droplet.

4, Conclusion

In this work, we study the reorientation and configuration tran-
sition mechanisms of nematic bipolar droplets under lateral
electric fields. Monodispersed LC microemulsions were well
produced in a PVA-dissolved aqueous solution, and bipolar LC
droplets were softly blade-coated on a substrate to observe their
behavior when their bipolar axes were parallel to the plane of
the substrate. By applying lateral electric fields, these bipolar
droplets could be continuously reoriented. At the point where
the electric potential exceeded the surface anchoring strength to
align the LC molecules, topological defects moved to both ends
of the droplets along the electric field direction to minimize the
defect energy with respect to the aligned director field. As the
initial direction of the defect-guided bipolar axis with respect
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to the electric field direction differed, the transition-electric
field strength between the continuous reorientation of the LC
molecules and the topological defect movements changed.A
larger deviation angle between the bipolar axis and the electric
field direction resulted in a higher operation electric field. We
also verified the dynamics of the LC droplets upon the applica-
tion and removal of electric fields close to the operating electric
field strength. The results clearly show that the bipolar drop-
lets are fully reversible. Unlike the field-strength-dependent
transmittance behavior, the time-dependent response shows
different LC reorientation behaviors. When switching on,
simultaneous LC reorientation occurs over the entire area,
but when switching off, the deformed LC directors relax back
locally owing to the lack of electric fields. We believe that these
findings contribute to solving the long-standing, fundamental
issue of hysteresis in electro-optic responses in systems with
integrated droplets, which possess a wide range of potential
applications in flexible and transparent displays and photonic
devices.

Table 1. Response times of LC droplets under E=5.4V um™".

Initial 4[] Ton [S] Tof [S]
50 0.8 1.0
23 0.7 0.9
12 0.7 0.8
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5. Experimental Section

Materials: An aqueous medium that consists of polyvinyl alcohol
(5 wt%, PVA, density = 1.19-1.31 g cm™2, melting point = 200 °C, and
refractive index = 1.477 at 632 nm) and deionized water (95 wt%) was
prepared. Nematic LC microemulsions were fabricated by mixing
nematic LC (50 wt%, nematic to isotropic transition Ty, = 68 °C,
ne = 1.6442, n, = 1.4950, An = 0.1492 at 589 nm, Ae = 30.1 at 20 °C and
1 kHz, rotational viscosity % = 279 mPa-s, MAT-07-1251, Merck Advanced
Technology, Korea) with the prepared aqueous medium via a porous
membrane emulsification technique (Shirasu porous glass [SPC]
emulsifier, IMK-40, MCTech. Co.), as shown in Figure Sla, Supporting
Information.

Emulsification: In the emulsifying process, the dispersed phase was
pushed under pressure, applied by N, gas, into a continuous phase
through a hydrophilic porous membrane flow at a constant flow
rate. The structure of the membrane used in this study is shown in
Figure S1b, Supporting Information. LC droplets formed on the other
side of the membrane, depending on the continuous phase flow
velocity and the membrane pore size. The shear force of the continuous
phase partially dragged dispersed LC into water, which determined the
droplet size. By controlling the emulsification parameters, such as the
flow rate of the continuous phase, rotational speed of the cylinder, and
pressure applied on the dispersed phase, monodispersed spherical
LC microemulsions were obtained through the porous membrane
(Figure S1, Supporting Information).>*1 The membrane (pore size,
1.5 wm) was used at a stirring speed (200 rpm) and a sample
temperature (50 °C), where N, gas was pressured (45 kPa). The size of
the produced emulsion was measured (5.7 £ 0.5 um). These parameters
were optimized by fabricating several test samples according to
previously reported methods.[>4°]

Cell Fabrication and Characterization: Several techniques were used
to study the field-induced topological transition of the LC droplets, to
characterize the obtained microemulsions. The emulsion solution was
brush-coated onto a glass substrate before the optical textures of the
LC droplets were observed. The director profile of the LC droplets was
analyzed by observing the relevant optical textures using a polarizing
optical microscope (POM, Eclipse E600 POL, Nikon) with a CCD camera
(DXM 1200, Nikon). The lateral electric field was formed by interdigitated
patterned indium-tin oxide electrodes with the electrode width w =4 um
and the distance between the electrodes | = 11 um. A sinusoidal wave
with a frequency of 1 kHz was applied by using a function generator
(AFG3101C, Tektronix) and a voltage amplifier (A400, FLC Electronics).
The electro-optic effect of each droplet was measured via post-image
processing using open-source software (Imagej, NIH). The PVA shells
with a polymer matrix were observed by FESEM (SUPRA40VP, Carl
Zeiss) installed in the Center for University-wide Research Facilities
(CURF) at the Jeonbuk National University.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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