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Liquid crystals are important components of Stabilized BPI Stabilized BPII
optical technologies. Cuboidal crystals consisting of chiral : :
liquid crystals—the so-called blue phases (BPs), are of particular
interest due to their crystalline structures and fast response
times, but it is critical that control be gained over their phase
behavior as well as the underlying dislocationsand grain
boundaries that arise in such systems.Blue phases exhibit : Des2.2um L a
cubic crystalline symmetries with lattice parameters in the 100 S8 D=56.1um
nm range and a network of disclination lines that can be ' i
polymerized to widen the range of temperatures over which
they occur. Here, we introduce the concept of strain-controlled
polymerization of BPs under confinement, which enables
formation of strain-correlated stabilized morphologies that, under some circumstances, can adopt perfect single-crystal
monodomain structures and undergo reversible crystal-to-crystal transformations, even if their disclination lines are
polymerized. We have used super-resolution laser confocal microscopy to reveal the periodic structure and the lattice planes of
the strain and polymerization stabilized BPs in 3D real space. Our experimental observations are supported and interpreted by
relying on theory and computational simulations in terms of a free energy functional for a tensorial order parameter.
Simulations are used to determine the orientation of the lattice planes unambiguously. The findings presented here offer
opportunities for engineering optical devices based on single-crystal, polymer-stabilized BPs whose inherent liquid nature, fast
dynamics, and long-range crystalline order can be fully exploited.
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BPs are high chirality liquid crystals that exhibit cubic-
crystalline symmetries, with submicron lattice parameters and
Bragg refraction of visible light. The hybrid liquid-order
properties of BP soft crystals make them ideal candidates for
photonics and biosensing applications under conditions where
traditional atomic solid crystals cannot be employed.*™"* BPs
share many similarities with atomic crystals, including long-
range molecular order and the ability to undergo crystal—
exhibit distinct droplet-size correlated behavior and undergo crystal transformations.” ® BP molecules are locally organized
reversible transformations between different structures, which into double-twisted cylinders (DTCs), wherein the local
can be triggered by either physical or chemical means.

Precise control of crystal growth and crystal transformations is
central to science and engineering.l_3 Here, we present a
strategy to produce stabilized soft, macroscopic single crystals
consisting of polymerized versions of the so-called blue phase
(BP) liquid crystals. We polymer stabilize BPs within
spherical confinement. The resulting stabilized BP crystals

Confinement is shown to have a marked effect on the May 18, 2021
transition temperatures of the polymer-stabilized material, September 22, 2021
where micron-scale variations of the radius lead to temperature October 1, 2021

changes of several degrees. This high sensitivity offers

opportunities for the design of stimuli responsive soft photonic
crystals.
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molecular alignment, which is represented by a vector
commonly referred as the local nematic director (n), radially
rotates with respect to the cylindrical axis. DTCs may assemble
into a body-centered cubic (bcc) symmetry to produce the BPI
or a simple-cubic (sc) symmetry to form the BPIL The
crystalline assembly of DTCs is interspersed by distinct
disclination (defects) lines. It is generally more convenient
to visualize BPs by showing the characteristic array of
topological line defects (Figure la) that percolates their
structure.

BPI (T=39.4°C)

BPII (T=40.3°C)
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Figure 1. Transition temperatures of blue phases in the pure
systems (in film and in droplet) and in the presence of reactive
mesogens. (a) Schematic presentation of cubic unit cells and
disclination lines in BPI and BPIL (b) Cross-polarized micro-
graphs of BPI and BPII in a 12 gm thick film and a 20 gm droplet.
(c) Reactive mixture components. (d) Chol-BPI transition
temperature as a function of droplets size (um) for the pure
BPLC sample and reactive mixture.

Experimentally, BPs are generated by mixing a nematic
liquid crystal (LC) with a chiral dopant. At room temperature,
the resulting mixtures exhibit a chiral nematic phase, which is
also known as the cholesteric phase (Chol), whose local
director rotates along its perpendicular axis leading to a helical
twisting structure. The cholesteric phase can be described by
the pitch, p, which corresponds to the distance required for the
director to complete a full 27 rotation.'” At high levels of
chirality, p < 500 nm, BPs appear in a narrow temperature
range between the cholesteric and the isotropic phases (0.5—
1.0 K). They typically form polycrystalline specimens,
hindering their potential usefulness for applications. In order
to widen the temperature range where BPs can form, past
efforts have sought to incorporate additional components,
namely polymers or nanoparticles, into the LC material.”'*~**
These guest components tend to accumulate in the disclination
lines of the host LC phase. This process lowers the free energy

costs associated with the defects, thereby stabilizing the BP
structure.””” Polymer stabilization in bulk LCs has emerged as
an effective means of expanding the stability range of chiral
structures and BPs.”'>'>"7'?% The polymer network acts as a
template for the BPs with the director field fixed at the LC—
polymer interface due to surface effects. The thermal stability
of the templated BPs depends on numerous parameters,
including polymer chain solubility, stiffness, composition, and
cross-link density.'>'*'>1%*3 ‘While several studies have
examined polymerization of low chiral liquid crystals within
microscale droplets, very little is known about BP stabilization
in curved geometries.l"“_28 Confining pure BPs in micro-
droplets has recently been shown to slightly increase their
stability temperature range.””~*> Additional theoretical reports
indicate that severe confinement in different geometries leads
to the emergence of rich and complex BP-like configurations,
including an array of line disclinations of double-helix shape,
two orthogonal sets of parallel winding disclinations, and a
regular array of ring defect.**™>°

A key motivation behind this work has been to create a
system in which we can generate crystal—crystal trans-
formations in a material whose liquid-like nature makes it
extremely responsive to physical and chemical stimuli. To do
so, we combine the effect that confinement and polymerization
have on the structure and stability of BPs. The rationale is that
confinement in droplets, on the one hand, facilitates the
formation of large BP monodomains.>® On the other hand,
polymerization significantly enhances thermal stability. By
combining these two effects, we can produce BP droplets that
exhibit a wide range of thermal stability and whose behavior
can be controlled by manipulating the size.

Furthermore, since the BPs are polymerized, their optical
response can be further controlled by strain. Importantly, the
polymerization of the disclination lines does not produce a stiff
polymer template, thereby allowing for reversible BP crystal—
crystal transformations. We anticipate that the proposed
system will find applications in photonics and metamaterials
design.

RESULTS AND DISCUSSION

Polydisperse high chirality liquid crystal droplets, ranging from
5 to 60 um, were prepared by vortex mixing followed by
sonication. The phase transitions of the BPs were first
examined for the pure LC sample (without containing reactive
mesogens) using a polarized optical microscope in the
reflection mode. Our results show that confining the BPs in
spherical droplets can lower the BP transition temperatures
(cholesteric-BPI, BPI-BPII, BPIl-isotropic) relative to the same
material in a 12 ym thick film (Figures 1b and S1). The phase
transition temperatures of a 12 ym thick film were measured to
be 39.8 and 40.9 °C for BPI and BPIJ, respectively (Figure 1b).
The BPI and BPII phase transition temperatures in droplets
were observed to be 39.4 and 40.3 °C, respectively (Figure 1b
(inset)). Although the transition temperatures were slightly
shifted, the BPs stability range remained unaffected (Figure
S1). This slight reduction in the transition temperatures of BP
microdroplets has been previously observed by Bukusoglu and
co-workers and was attributed to the hydrolysis of the
components.32

In the absence of UV light irradiation, we subsequently
measured the phase-transition temperatures of droplets
containing reactive mesogens. Incorporating the UV-reactive
mesogens led to marked thermodynamic differences, including
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Figure 2. Droplet size effect on the phase transition of polymer-stabilized BP droplets. (a) Emerging stabilized mesophases as a function of
droplet diameters. (b) Reflectance peaks of the droplets with BPI and BPII structures. (c) Evolution of the reflectance spectra as a function
of temperature. (d) Transition temperatures and thermal stability region of the stabilized blue phases as a function of droplet size. (e)
Theoretical prediction for nonpolymerized case. Chol-BPI transition temperature (left axis) and density of free energy difference (right axis)
as a function of droplet diameter. The transition temperature increases asymptotically with the droplet size, converging to its value in bulk

(~40 °C).

a drop of the cholesteric-BPI transition temperature of the
mixture (Figure 1d). Moreover, the reactive liquid crystal
mixture did not show the BPI-BPII phase transition during
heating or cooling processes. To stabilize the structure of BPI
in droplets, the reactive high chirality liquid crystal mixture was
irradiated with UV light (wavelength of 365 nm and intensity
of 33 mW/ cmz) for 45 min at a temperature where BPI is
observed (Figure S2).

Surprisingly, polymerizing the reactive high chirality LC
under spherical confinement resulted in optical features and
phase behaviors that were size-correlated; e.g, different BP

15974

structures were observed in droplets having different diameters
(Figure 2). This intriguing feature should be contrasted with
reports on polymerized BPs in films.”'"'*' In our own
experiments, for example, over the course of photopolymeriza-
tion of BPIin a 12 um thick sample cell, the BPI structure with
multidomain texture was stabilized for a temperature range of
25—-50 °C, which was confirmed by polarized optical
microscopy in the reflection mode (Figure S3). Upon
additional temperature increase, BPII was not observed, and

the sample instead transitioned into the isotropic phase. This

https://doi.org/10.1021/acsnano.1c04231
ACS Nano 2021, 15, 15972—-15981


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04231/suppl_file/nn1c04231_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04231/suppl_file/nn1c04231_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04231?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04231?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

behavior is consistent with literature results on polymer
templating." ">

To validate our observations and identify the lattice
structure of the stabilized BPs in individual droplets, we used
polarized optical microscopy combined with microspectro-
scopy. The reflection spectra of the stabilized mesophases were
measured at room temperature (Figure 2b). After photo-
polymerization, the majority of the droplets having a diameter
below 10 ym were found to be in the isotropic phase and did
not exhibit any optical reflection. Droplets with diameters
between 11 and 16 um showed a distinct reflectance peak at
approximately 450 nm, corresponding to the reflected color
observed in the polarized image, which can be attributed to the
Bragg diffraction from the [100] plane in BPIL Droplets larger
than 17 um in diameter, on the other hand, showed a strong
reflectance peak of around 540 nm, which is consistent with
the reflection spectra of the [110] plane in BPL The broader
reflectance peak in BPI can be attributed to the polycrystalline
nature and nonuniform orientation of lattice planes in the
droplets (Figure 2b). The size-dependent behavior, however,
was altered by changing the polymerization time. With longer
UV exposures, the centers of the droplet-size distributions in
the isotropic, BPII, and BPI phases at room temperature were
slightly shifted to larger diameters (Figure S4).

We further investigated the stabilized structures in the BP
droplets. The changes with the temperature of the reflectance
spectra of the stabilized BP droplets reveal that the
polymerized scaffold is flexible and can undergo significant
transformations. Specifically, we find that the polymerized BP
structures can undergo a reversible transformation from BPI to
BPII and vice versa. According to our spectroscopy measure-
ments, larger droplets with the stabilized BPI structure exhibit
reflectance peaks in the range of 520—540 nm. As the
temperature is raised close to the BPI-BPII transition, the peak
drops to the range of 480—510 nm. After the transition, there
is a steep drop in the reflectance to about 430—450 nm (Figure
2c). The sharp drop in the reflectance results is indicative of a
phase transition. This intriguing dynamic feature of the
polymer-stabilized BPI droplets should be contrasted with
the frozen polymer-templated behavior that occurs in bulk. In
films or bulk, BPs grow into a polycrystalline sample, and the
subsequent polymerization takes place in a variety of small and
randomly oriented grains (Figure S3). Moreover, polymerized
line defects in polycrystalline samples stabilize a given BP and
hinder subsequent lattice transformations into another BP
symmetry. In contrast, confinement into droplets facilitates
uniform BP monodomain formation, and flexible polymerized
networks are produced by the process proposed here. The
transformation between polymer-stabilized BPs is then possible
under spherical confinement. In this context, it is of interest to
refer to the work of Li and Jin et al, who identified the
martensitic nature of the lattice transformation between BPs.*°
Using simulations, they could visualize how the disclination
lines change from one BP symmetry into the other. The results
presented here show that such a transformation is also possible
when having the flexible and uniform networks provided by the
polymerized disclination lines.

For the range of droplet diameters considered here, the
transition temperatures of the BPs in both the pure and the
reactive mixture are size-independent. The transition temper-
atures of the stabilized droplets are, however, strongly size-
dependent; the larger the size of the droplets, the higher the

transition temperature. The transition temperature increases

asymptotically with the droplet size and levels off for large
droplets (Figure 2d). It has been recently found that confining
pure BPs in droplets can result in deformation of the cubic BP
lattices, which can lead to a size-dependent phase behavior in
LCs.”**** Note that while previous reports found the effect of
droplet size on phase behavior for pure BPs to be small, past
observations also suggest that a substantial temperature drop
may take place as the droplet size decreases below 1 pum.
Overall, a comparison of the confinement effects on the
transition temperature of the stabilized BPs (Figure 2d) with
that reported for the pure sample (Figure lc in ref 32),
indicates that incorporating the polymerizing substance into
the disclination regions and stabilizing the BPs can shift the
size dependency of the phase behavior to larger droplets and
lower temperatures. In addition, comparing the transition
temperatures of the BPs before (Figures 1b and S1) and after
polymerization (Figure 2d), one can conclude that by
stabilizing BPs within a spherical geometry, the stability
window of BPI and BPII enhances to approximately 20 and 5
°C, respectively. While the transition temperatures of the
stabilized droplets show a strong size-dependency, their
stability range is independent of the droplet size (Figure 2d).

The effect of confinement and droplets size have also been
reported for low chirality liquid crystals. Krakhalev et al. have
shown the formation of double-helix structures with linear
defects in a low chirality liquid crystal microdroplets with
homeotropic surface anchoring, where decreasing the droplet
size aligns the bipolar axis at a smaller angle to the aspect
direction.”” Using free energy minimization and topological
theory, Sec et al. have demonstrated the formation of knotted
and linked disclination loops in chiral liquid crystal droplets
with homeotropic surface anchoring in which the variation in
the pitch to the confinement ratio alters defects from knotted
structures to a chiral state.”® By confining chiral liquid crystals
in shells with homeotropic anchoring, Tran et al. have shown
the emergence of stripes engulfing perpendicular substripes
and a focal conic domain (FCD). They have shown that while
thin shells favor the bent structure, chiral structures in thick
shells adopt a focal conic domain state.*” Recently, Durey et al.
have reported the formation of topological skyrmions and
cholesteric fingers in Janus chiral liquid crystal shells. Upon
reducing the shell thickness, they have observed transition
from cholesteric fingers to skyrmion structures.*’

To explain the effect of confinement on the formation of the
BPs, we turn to a Landau de Gennes (LdG) theory for the
director. We have recently shown that geometrical confine-
ment increases the BP free energy and triggers a phase
transition.”® Under confinement, the transition temperatures of
a BP droplet (Ty, = Tppy = Tgpr = Tenor) are different from
those of the bulk. Considering that the equilibrium nematic
order parameter S depends on T, and taking into account the
strain induced by the confinement, if we take the unconfined
(bulk) system as a reference, the temperature shift can be
estimated from

4

AT —
3a(SE — Sp)

1
(/- 1a(s3 - 5D
4
9 4 4 )
- —C(Sp - S
2 st - s o
where Af is the LdG free energy density difference and Sz and

Sp are the equilibrium nematic order parameters in the bulk
and droplet, respectively. The material parameters are a = 4 X
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10°Jm2 K™, B=-4X10°]Jm™>K 7}, and C = 426 X 10°]
m~* K™'; for BPI, we take Sy = 0.616, and Sp, changes slightly
as a function of the droplet’s diameter. The temperature shift
for different droplet sizes is estimated using Af and Sp
obtained from simulations (Sp ~ 0.635). Our results clearly
show that confinement reduces the bulk transition temperature
(see Figure 2e). Our calculations are in agreement with
previous reports, where a temperature shift of ~2°C was
observed for pure, 2 um diameter BP droplets.”* Moreover, it
should be noted that our theoretical results predict a significant
temperature shift for diameters <2 um, so the possibility of
observing BPI or even BPII at room temperature for small
enough drops cannot be ruled out.

Adding monomer increases the range of stability of the BPs,
which can significantly lower the transition temperature and
produce a similar but more notorious phenomenon than the
one shown in Figure 2e; this is confirmed by the experimental
data (Figure 2d). To explain this finding, we rely on Fukuda’s
work.”® When a volume fraction, ¢, of monomers agglomerate
at the disclination lines of a BPI, they form cylindrical regions
of volume € (Figure S5). Their resulting free energy is given

by

= [ afe) + Qudh, + 09

tot

@)

where f(r) is the profile of the free energy density of the BP],
Qr, is the total volume, and fy; is the free energy density
contribution of the monomer, which is assumed to be position
independent. The last term of eq 2 accounts for the effect of
the interfacial energy that depends on the anchoring energy, o,
and the area per unit volume, s, of the cylindrical regions
formed by the monomer aggregation at the disclination lines
(Figure SS). In turn, the free energy of the cholesteric phase
with monomers is given by

Fenat” = Qrol (1 = Ny + #y] 3)

where fcp, is the density free energy of the pure cholesteric
phase. From eqs 2 and 3, we have

R =R = [ dnf() + 9
[=(1 = )y + 0] 4)

which shows that the stability of the BPI increases with
monomer concentration. For chiral droplets, we have the
combined effect of confinement and polymerization on the
stability of BPs. According to Fukuda, an ideal, undistorted BPI
unit cell of lattice parameter agp; contains straight disclination
lines that can be seen as four diagonals of length /3 agp.
Therefore, in each BP-unit cell, the monomer aggregation
produces cylindrical regions of volume 43 aBPIn'r2 which also
corresponds to ¢hajp;, whereby the area of the interface per unit
volume can be given as
(= 8\/§ZBPIﬂr _ i(\/gﬂqb)l/z

agpy Aagpr (%)

The free energy gap between the monomer-laden BPI and

cholesteric phase depends on the monomer volume fraction as
(see Supporting Information)

o = Fohol =
F Q 4o 3 /2
FBPI — Ionot t $270 (fChol _fiso)d) + —( 37[¢)

agpr

(6)

with Fgpy and Fy, representing the free energy of the pure BPI
and the cholesteric phase. The integral in eq 4 is extended to
the total volume by considering the monomer-rich disclination
lines as locally isotropic regions. Since the isotropic phase has a
larger free energy density than the cholesteric one, adding a
monomer can stabilize BPI over the cholesteric phase.
Confinement in droplets, on the other hand, distorts the BP
unit cells. The disclination lines can bend close to the curved
interface, expanding the BP unit cells.”3%32 Larger disclination
lines per unit cell in curved confinement results in a larger

. . * 4 12 .
interface area per unit volume s~ & ——(~/3 7¢) / , with afp
agpr

being the average lattice parameter of the distorted BPI, which
depends on the droplet size. Since afp; > agpy, a larger stability
range is expected to be achieved for BPI under confinement
(eq 6). For 1.5 um diameter droplets, a lattice expansion of
~6% has been reported, which reduces with increasing droplet
size.’’ Therefore, the Chol-BPI transition temperature in
droplets appears to be size-dependent, which is in quantitative
agreement with our experimental results.

We have discussed how monomer aggregation at the
disclination lines changes the Chol-BPI transition temperature.
But how can a polymerized network undergo a reversible
change to a network with a different topology? To answer this
question, we refer to the martensitic nature of the BP crystals
transformation. In the course of the BPI-BPII transition,
DTCs, the building units of the BP crystals, exhibit a
diffusionless behavior. Our large-scale simulations have
recently shown that the disclination lines of BPI can bend
and connect at specific locations to create the characteristic
defect network of BPIL" Such a process can also be considered
for flexible polymerized disclination lines.

We used conoscopy and super-resolution confocal laser
scanning microscopy (super-resolution CLSM) to further
explore the structural details of the stabilized BP droplets
(Figures 3 and 4). The conoscopy technique to determine the
Kossel diagrams is widely used to unveil periodic lattice planes
and differentiate between BPI and BPII structures.”*' ~** This
characterization method is based on the diffraction patterns,
which form on the back focal plane of the objective from
monochromatic incident light. We used monochromatic light
with a wavelength of 405 nm and an objective lens with a high
numerical aperture (50X, NA = 0.7) to ensure that the sample
is illuminated with a highly convergent light beam. However,
to employ this method, we were limited by the size of the
droplets; only droplets larger than S0 ym in diameter were
large enough to produce visible diffraction patterns in the
Kossel diagrams. Therefore, we were only able to exploit this
technique on the large droplets having a BPI structure (Figure
3b). In addition, the optical effects associated with the
geometrical curvature of the spherical droplets hindered the
formation of distinct diffraction patterns. Nevertheless,
comparing the Kossel diagram patterns in the representative
droplet with the reference table reported by Hauser et al*®
confirms the formation of a BPI structure with a multidomain
nature and raises the possibility of the existence of planes with
orientations of [110], [111], [211], and [200] (Figure 3b).
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Experiments

Figure 3. Lattice planes and periodic structure in a polymer-
stabilized BPI droplet. (a) Polarized optical microscopy of the
stabilized BPI in the reflection mode taken at room temperature.
(b) Kossel diagram patterns of 52 ym BPI droplet. (c) Confocal
laser scanning microscopy of a representative stabilized BPI
droplet (the CLSM images correspond to a different droplet from
the one shown in Figure 3a. (d) Magnified images of the four
selected platelets in Figure 3c and the corresponding FFT images.
(e—h) Simulation of the DTC arrangement of a BPI droplet; each
row corresponds to the [hkI] lattice orientation indicated at the
left, followed by a zoom-in of the director field and the FFT image
of the corresponding BPI symmetry.

Since the reflection behavior of all droplets follows the same
patterns but at different temperatures, we can reliably expect
the same to be true for the Kossel diagrams. These results were
further confirmed by super-resolution CLSM and our
computational simulation analysis.

Super-resolution CLSM allowed us to visualize the arrange-
ment and periodic lattice structure of the double-twisted
cylinders in the polymer-stabilized BP droplets in 3D real
space. Although the periodic nature of the BP structures has
been demonstrated before,>** only a limited number of studies
have succeeded in revealing the BP lattice structures in real
space utilizing transmission electron microscopy (TEM)*~*
and atomic force microscopy (AEM).*® Such results, however,
have been limited to the in-plane characterization and have
been influenced by the fracture-induced topography modu-
lation. Super-resolution CLSM, on the other hand, is an
advanced and noninvasive technique to achieve three-dimen-
sional structural images of the DTCs of the BPs in the original
state and without undergoing any destructive processes. To the

Experiments

Figure 4. Lattice plane and periodic structure within a polymer-
stabilized BPII droplet. (a) Polarized optical microscopy of the
stabilized BPII in the reflection mode. (b) Confocal laser scanning
microscopy of a stabilized BPII droplet. (c) Magnified image of the
selected region in (b) and the corresponding FFT image. (d)
Simulation of the DTC arrangement of a BPII droplet with a
[100]-lattice orientation, followed by a zoom-in of the director
field and the FFT-image of the BPII (100) symmetry. (e—h)
Simulation results of a BPII droplet showing the [100]-lattice
orientation: (e) micrograph, (f) disclination lines, (g) surface 17/
point defects, and (h), director field and defects of a slice at the
droplet’s equator.

best of our knowledge, only one study has employed CLSM to
observe BP structures in a polymerized liquid crystal film, and
that 5rleport focused solely on a structural analysis of a stabilized
BPL

To observe the periodic lattice structures, the CLSM was
operated in the reflection mode with a narrow pinhole. In fact,
the periodic lattice structure of BPs, which matches the
wavelength of the Bragg diffractions, leads to a strong
reflection pattern, which was detected by a photomultiplier
tube. For stabilized BP droplets, imaging was conducted at
room temperature, and for pure BP droplets, the samples were
heated to the BPI and BPII phase transition temperatures. The
strongest reflection pattern of the internal structures was
achieved at the wavelengths of 543 nm (He—Ne laser) and 458
(Argon laser) for BPI and BPII droplets, respectively, which
agrees with the spectroscopy measurements. The CLSM image
at the equator of a stabilized BPI droplet exhibits a platelet
texture with clear periodic patterns of DTCs that span several
hundred nanometers (Figure 3c). Each platelet contains a
uniform periodic pattern of DTCs separated from the
neighboring domains by distinct grain boundaries. The
arrangement of the DTCs in platelets reflects the cubic lattice
symmetry of the BPI phase, and their orientation is associated
with the bec lattice planes and the polycrystalline structure of
BPL. The lattice plane orientations were analyzed within several
platelets. Four selected domains in Figure 3¢ are magnified in
Figure 3d for better visualization. From the CLSM images, a
lattice constant of a = 260 + 7 nm was measured for the bcc
structure of BPI, and from the Fast Fourier Transform (FFT)
analysis the lattice planes [111], [110], [200], and [211] were
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proposed to describe the periodic arrangement of DTCs in
domains 1, 2, 3, and 4, respectively. The presence of these
lattice directions was qualitatively confirmed with the Kossel
diagram patterns (Figure 3b). We also performed detailed
computational studies on the arrangement of DTCs in BPs
with different in-plane lattice orientations over an interface
with planar anchoring. In agreement with Higashiguchi et al.,>'
our simulations indicate that CLSM images show the BP bulk
structure, and the observed symmetries depend on the in-focus
depth; they are not mirror reflections at the interface. Figures
3e—h show the simulation results, where each row is associated
with a specific lattice orientation and is composed by a top
view of the DTCs arrangement followed by a zoom-in of the
director field of a bulk slice and the corresponding FFT image
of the DTCs. We can observe from Figure 3d and e—h the
correspondence between the CLSM images and the director
field in the bulk of the droplet for each of the obtained BPI
lattice orientations. From simulations, we can also extract a
perspective about how the director field and the disclination
lines behave in the proximity of a planar interface (Figure S6).
Our simulations indicate that the [111] and [211] lattice
orientations are accompanied by more distortions of the
disclination lines, which is expected since, thermodynamically,
BPI(;9) and BPI(5y) are more favored to form at planar
interfaces.”>

The super-resolution CLSM image for a single slice of a
polymer stabilized BPII droplet displays a uniform periodic
simple cubic arrangement of DTCs (Figure 4b). According to
the FFT analysis, the periodic structure is aligned along the
[100] plane and spans over the entire area (Figure 4c). For this
arrangement, a lattice constant of a = 150 + 9 nm was
measured from the CLSM images. The direction of the lattice
plane can also be determined from the measured lattice

constant and the selective reflection of the BPII droplet at a
2na

I+ + P
refractive index, a is the lattice unit cell constant, and h, k, [ are
Miller indices.

The small size of the droplets in the stabilized BPII
prevented Kossel diagram measurements. Simulation results of
a BPII(yq in the proximity of a planar interface, where the
director field exhibits a simple cubic array of double-twisted
cylinders, are in quantitative agreement with the experimental
observations (Figure 4d). While the disclination lines (and
consequently the BPII cells) deform at the interface, the
internal structure remains unchanged (Figure 4f).

Comparing CLSM images of the stabilized BPI and BPII
droplets (Figure 3c and Figure 4b) reveals distinct differences
in the formation of perfectly aligned and monodomain BP
structures. While stabilized BPI droplets exhibit a multidomain
texture with distinct grain boundaries, the BPII droplet adopts
a perfect, single-crystal internal structure. Imaging the
stabilized BPII droplets in the axial direction confirms that
the uniform alignment and single-crystalline structure are
preserved throughout the volume and extend throughout the
entire droplet. Movies of the internal structure of the droplets
can be found in the Supporting Information (Supplementary
Movies S1 and S2, z-stacks, step size = 80 nm). We have
explained in previous work that for BPs in contact with
degenerate planar anchoring surfaces, there is a favorable out-
of-plane lattice orientation.”>” Thus, starting from the
isotropic phase, when lowering the temperature the BPII
nucleates and grows with the [111]-plane parallel to the

wavelength of 450 nm using 1 = , where n is the

substrate. In contrast, the BPI follows the [110] lattice
orientation—the [200] is the second favorable Iattice
orientation. Confinement in droplets having planar anchoring
conditions assists the uniform nucleation and growth of BPII,
which in addition to the simple cubic symmetry of this phase,
favors the formation of a single-crystalline structure (see Figure
4a,b). Interestingly, the BPII droplet has a macroscopic single
crystal inside, with no evidence of lattice distortions in the
droplet’s bulk (Figure 4b). Our simulations give us additional
insights into what is happening in this case. Parts e—h of Figure
4 show the simulation micrographs and the characteristic
disclination lines of a BPII droplet viewed from the [100]
lattice orientation. The disclination lines deform in the vicinity
of the droplet interface, which results in a noncrystalline array
of topological defects at the surface of the droplet (Figure 4g).
Inside the droplet, however, a well-ordered BPII structure
forms, which is confirmed by our experiments (Figure 4h,
Figure 4b and Supplementary Movie S2).

For BPI, the droplet interface theoretically favors the
BPI(;,). However, given the BPI lattice symmetry, there are
different possibilities for the in-plane lattice orientation;’ in the
absence of precisely patterned substrates, there is no control
over the nucleation and growth, and therefore, other grains
with different out-plane lattice orientations appear. As we have
mentioned before, the BPII-BPI crystal transformation has
been proven to be martensitic in nature; since the polymerized
disclination lines are not stiff, this lattice transformation in the
stabilized droplets is plausible.*® Our experimental results
confirm the reversibility and dynamic feature of the stabilized
BPs confined in the spherical droplets when the temperature
varies from the BPII to the BPI regime and vice versa.

CONCLUSION

We have studied the structure and phase behavior of polymer-
stabilized BPs confined into spherical droplets. We have shown
that photopolymerizing a mixture of reactive mesogens and a
high chirality LC within droplets at a temperature at which BPI
is observed stabilizes different BP structures. At room
temperature, large droplets contain stabilized-BPI, while
small droplets favor BPII and isotropic phases. The
polymerized scaffold in the confined BPs can undergo
reversible transformations, with BP structures that transition
from the simple cubic symmetry in BPII to the body-centered
cubic symmetry in BPI and vice versa as temperature varies.
There is no precedent in the literature for the reversible
dynamic in stabilized BPs observed here under spherical
confinement. Our observations are in contrast to the “frozen-
in” polymer-templated behavior that has been reported for the
bulk. We have also found a pronounced size-dependence of the
transition temperature in the stabilized BP droplets, which we
have explained by relying on a Landau de Gennes description
of the free energy of the system. The stability range of
stabilized BPs is increased considerably by polymerization, but
the range itself is independent of size. We achieve ranges of
approximately 20 and 5 °C for BPI and BPII, respectively.
Importantly, we have found that the stabilized BPII droplets
adopt a perfect, single-crystal internal structure. In contrast, the
stabilized BPI droplets exhibit a polydomain texture with
distinct grain boundaries. Taken together, the results presented
in this work serve to demonstrate that polymer stabilization of
BP structures in droplets offers a promising platform for
creation of single-crystal blue phases that can be rearranged
reversibly and that are stable over a wide range of
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temperatures, thereby offering opportunities for applications in
optical technologies.

METHODS

Experiments. For this study, the nematic liquid crystal MLC 2142
and chiral dopant (4-(1-methylheptyloxycarbonyl)phenyl-4-hexylox-
ybenzoate (S-811)) were purchased from EMD Performance
Materials Corp. To achieve a chiral liquid crystal capable of forming
BPs (Figure lab), the nematic liquid crystal (MLC 2142) was mixed
with 35 wt % of the chiral dopant (S-811) using toluene as a solvent.
Toluene was then evaporated from the mixture using a rotary
evaporator. The UV reactive precursor was composed of 5.17 wt %
trimethylol propane triacrylate (TMPTA, Aldrich), 7.49 wt % 4-(3-
Acryloyloxypropyloxy)benzoesure 2-methyl-1,4-phenylester
(RM257), 0.75 wt % DMPA (IRG6S, Aldrich) as a photoinitiator,
and 86.59 wt % of the high chirality liquid crystal (Figure 1c). In the
absence of UV light irradiation, the mixture was heated beyond
isotropic temperature for 1 h and stored overnight at room
temperature to ensure complete dissolution and homogeneity of the
components.

Droplets were formed by dispersing 10 uL of reactive BP mixture in
500 uL mQ-water. Poly(vinyl alcohol) (PVA, average molecular
weight, M,, = 35—50k, 87—89% hydrolyzed) was then added to the
mixture to stabilize the droplets in the aqueous solution and to induce
planar surface anchoring. The droplet size of the LC emulsion ranged
from S to 60 ym. The emulsion was dispersed in a circular well made
out of polydimethylsiloxane, PDMS, film with a thickness of 100 ym,
which was plasma bonded on a glass slide (Figure S2). To
photopolymerize, the reactive emulsion was exposed to UV light
irradiation (365 nm) at 0.5 °C above the temperature at which the
reactive high chirality liquid crystal in the droplets shows BPI optical
appearance (34.5 °C) (Figure 1d). The temperature of the emulsion
was controlled by a hot stage (Linkam T120) to maintain the
emulsion in BPI during the photopolymerization.

Polarizing microscopy images were obtained using the Olympus
BX51-P. Reflection spectra were acquired using the FLAME-S-VIS-
NIR-ES spectrometer. Leica SPS AOBS TCS tandem scanner spectral
confocal microscopy (super-resolution confocal laser scanning
microscopy (CLSM)) with 100X oil objective lens was used to
image the periodic structure of the BPs confined in the spherical
droplets. For imaging, the label-free polymer-stabilized BP droplets
were dispersed in 3% PVA aqueous solution. We added 1 wt % Borax
to the aqueous solution to cross-link the PVA and prevent movement
of the polymerized droplets during the confocal imaging process. The
sample cell was covered with a cover glass (no. 1) and illuminated
with He—Ne laser at the wavelengths of 543 and 633 nm as well as an
argon laser at the wavelengths of 458, 488, and 514 nm. To observe
the periodic lattice structures, the CLSM was operated in the
reflection mode with a narrow pinhole. When the periodic lattice
structure of BPs matches the wavelength of the laser beams, it leads to
a strong Bragg reflection pattern, which was detected by a
photomultiplier tube.

Continuum Simulations. A Landau—de Gennes mean-field
theoretical approach was successfully used to model confined LCs.
Under this framework, the free energy, F, of the system is a function
of the symmetric and traceless tensor, Q. For uniaxial systems, Q; =
S(n; n—1/3 5,7), where S is the scalar order parameter and #; are the
components of the local director vector (i, j = 1,2,3). F(Q) accounts
for short-range contributions (f;4g), long-range elastic contributions
(fg), and surface contributions (f5). The free energy can be written as

F(Q) = [[dlf(@) + £ @1+ [Fa£(@) )

Stable and metastable configurations were obtained by minimization
of the free energy functional according to the Ginzburg—Landau
method as explained in the Supporting Information.
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