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Abstract

Micro-particles with an internal helical liquid crystalline (LC) molecular order serve
as efficient and highly compact circularly polarized luminescence (CPL) emitters. However,
the coupling between CPL emission and the interior LC molecular order remains poorly
understood at the single particle level. Here, we synthesized microspheres from a LC monomer
RM23 together with a fluorescent dye and a chiral additive (R/S-BPy) and investigated their
CPL properties. Polarized optical microscopy and angle-dependent CPL observations at a
single-particle level revealed randomly distributed one-handed helical domains.in each sphere,
leading to CPL emission with an average dissymmetry factor value |gium| of 0.05 regardless the
observation angle. The color of the CPL emission is tunable in the range of 450 to 700 nm by

varying the fluorescent dyes doped in the spheres.

1. Introduction

Circularly polarized luminescence (CPL) has drawn increasing attention for its
potential applications in 3D displays, telecommunications, encryption, and other related
fields.[1-4] Authentic CPL-active materials include chiral organic molecules, lanthanide metal
complexes, and polymers.[5-7] Liquid crystalline (LC) materials are another class of
CPL-active martials, forming helical molecular organization.[8-11] The handedness of these
molecular helices can be biased by adding small portion of chiral molecules, resulting in
one-handed helices that scatter preferentially either right- or left-handed CPL, and thereby
serve as an efficient CPL material with high luminescence dissymmetry factors (gim).[12-15]
Solid spherical particles with LC molecular order are particularly attractive candidates for the
CPL micro-emitter due to their unique advantages.[16-18] Unlike pure LC droplets, solid
particles are robust, easy to handle and readily integrated in optoelectronic devices. The
spherical surface does not significantly affect the angular isotropies of the radiation intensities

and gum Vvalues, which is in clear contrast with the conventional flat LC films that perturbate
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the intensities and polarization through reflection and refraction. Moreover, the spherical
morphology of these particles sometimes competes with helical molecular architecture and
spontaneously form topological defects that emit extraordinary radiation toward a specific
direction. Thus, the angle dependency of the CPL radiation of spherical solid particles is of
fundamental interest. For instance, our group reported polymeric microspheres featuring a
twisted bipolar molecular arrangement that radiates angularly anisotropic CPL.[19, 20] Zhao’s
group realized high-performance circularly polarized lasers from  single chiral
microcrystals.[21-23] Nevertheless, studies on CPL radiation at single-particle level remain far
less explored compared to macroscopic counterparts.

In this study, solid LC microspheres were  successfully synthesized by
photo-polymerization method (Figure 1).
4-Cyanophenyl-4-((6-(acryloyloxy)hexyl)oxy)benzoate (RM23),
(R)/(S)-3,3'-di(1-pyrene)-[1,1'-binaphthalene]-[1,2,1,2-def][1,3]dioxepine  (R/S-BPy), and
Darocur 1173 are chosen as reactive LC, chiral dopants, and photo-initiator, respectively. The
glycerol dispersion of the particles displayed CPL signals with dissymmetry factor |gy,m| = 0.04.
The color of the CPL emission is tunable within the 450 to 700 nm range by incorporating
various fluorescent dyes such as perylene (Pe), 9,10-Bis(phenylethynyl)anthracene (BPEA),
and 2,3,7,8,12,13,17,18-Octaethylporphyrin (H,OEP) (Figure 1). We investigated the
angle-dependent CPL radiation from a single particle and revealed angularly isotropic CPL
with a [gum| value of 0.05. The chiral solid microspheres with LC molecular order radiating
isotropic CPL represent promising candidates for the miniaturization of CPL-based optical

devices.

2. Results and Discussion
2.1 Preparation and characterization of solid microspheres with LC mesogens.

The chiral solid microspheres consisting of LC mesogens were synthesized according
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to a previous literature, [24] and the synthetic procedures are schematically shown in Figure 1.
In this work, RM23 and Darocur 1173 were used as the reactive LC mesogen and
photo-initiator, respectively. To develop the one-handed helical structure, 3% R- or S-BPy was
doped into the microspheres. Hereafter, the resultant microspheres doped with R- and S-BPy
are denoted as LCM®®™ and LCM®>®™, respectively.

Optical and scanning electron microscopies (OM and SEM) images of the air-dried
precipitates reveal discrete microspheres with a smooth surface (LCM~"Y “Figure 2a and b)
with an average diameter (da,) of 12.3 um (Figure S1). Polarized optical microscopic (POM)
images of LCM®®" display multiple LC domains (Figure 2c). The brightness and contrast of
the LCM~®? under the cross-polarized condition are independent on the in-plane rotation of
the sample, indicating the circular birefringence of the microsphere (Figure S2).

The electronic absorption spectrum of LCM~®™ in glycerol dispersion shows
absorption bands centered at 212, 240, and 340 nm (Figure 2d). The photoluminescence (PL)
spectrum showed an emission band at 400 nm, which is consistent with its solution-state
emission.[25] The large gap between the absorption and emission bands were attributed to the
attenuation of the band at 340 nm from R-BPy due to the intense absorption bands at 240 nm
from the liquid crystal polymer. As shown in Figure 2e, the glycerol suspension of LCM~®"Y
shows a remarkable positive CPL band in the 390 - 420 nm range with a maximum gy, value
of +0.038 (Figure. S3, Aex = 350 nm). In contrast, LCM®®"Y displays a mirror image CPL
profile with a minimum gy,m value of —0.022 confirming the enantiomeric nature of the
microspheres. The profiles of gunm did not change significantly when changing the
concentration of the chiral dopant (Figure S4), which is plausibly because the randomly

oriented helical domains scatter the light with less wavelength dependency.

2.2 CPL radiation from individual LCM~/SB™,

Red-, green-, and blue-color CPL radiation from LCM®SBPY \were achieved by
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introducing Pe, BPEA, and H,OEP, into LCMRSB™ which are hereafter termed as
LCMPeREY | CMPBPEARBRY  and  LCMM2OFP-REPY - regpectively. The  fluorescence
microscopic images of these microspheres show light-blue, green and red fluorescence,
respectively, indicating Pe, BPEA and H,OEP are successfully doped into LCM™®? (Figure
3a-c). Optical micrographs reveal that the microspherical morphology of LCMT®™ is
preserved even after doped by the fluorescent dyes (Figure S5), meanwhile their surface is
slightly colored by the dyes. POM images confirm that the LC domains as well as circular
birefringence are also preserved (Figures S6-S8).

To investigate the CPL properties at the single-particle level, we performed
microscopic CPL (u-CPL) measurements using a homemade spectroscopy setup (Figure S9). A
single microsphere was excited by a depolarized CW laser (Aex = 405 nm). Figures 3d—f and
S10 display left-handed (I, blue) and right-handed CPL (Ig, red) profiles. LCMPE-RBPY
displays a slightly stronger left-handed CPL than the right-handed CPL with the gym value of
+0.05 at 495 nm. Similarly, LCMP"EA-RE and | CMHZO=P-RBPY (isplay stronger left-handed
CPL with a gum value of +0.05 at 525 and 625 nm, respectively. Conversely, LCMP®->8P,
LCMBPEASBRY and LCM™2CFP-SBPY emit right-handed CPL with gum value of —0.05 at 495,
525 and 625 nm, respectively. To ensure reproducibility, u-CPL measurements of more than 30
particles were conducted, confirming that LCMYS-RBPY and LCM®¥*-SBPY  (display
mirror-image guum Spectra as shown in Table S1 and Figure S11. It is worth noting that the |gium|
value is not dependent on the diameter of microspheres (Figure S12). The standard deviations
of LCMPe-BPY | CMBPEA-BY and LCMM29EP-BPY are 0.0124, 0.0171 and 0.0195, respectively
(Figure S13). While the signs of the g,,m values of the glycerol suspension coincide with those
obtained from p-CPL (Figure 3g-i), supporting the validity of the u-CPL spectra, the absolute
|gium| values detected with the u-CPL system are higher than those observed in the glycerol
suspension. This indicates that the suspension contains microparticles with less ordered helical

molecular arrangement.



2.3 Isotropic or anisotropic microspheres

To investigate the helical molecular orientation within the microspheres, we picked up
a single microsphere with a sharp tungsten needle and observed its angel-dependent POM
textures upon rotating along in- and out-of-plane directions (Figures 4a, S14-S16). The
multidomain texture of LCM™-RB" remained virtually unchanged upon in-plane and
out-of-plane rotation. Similarly, LCM"™->B"Y displays analogous textures for all observed
angles (Figures S17 and S18) .

We conducted angle dependent p-CPL measurements following our previous
reports.[19, 20] As shown in Figure 4b, gium value of LCM"*""® ranged from +0.04 to +0.08
at 495 nm upon in-plane rotation with the average gum value of +0.057 with a standard
deviation of 0.012. Likewise, LCM™*->®" exhibited a mirror image gim profile with an average
Oum Value of —0.047 the standard deviation of 0.012, respectively. Additionally, the
angular-dependent p-CPL profiles upon out-of-plane rotation were measured (Figure S19). The
average gum Vvalues of +0.054 and —0.046 were obtained for LCMP®-RB" and LCMPe->B
with the standard deviations of 0.0142 and 0.0115, respectively. Altogether, we confirmed that
the |gium| values of individual microspheres are angularly isotropic. In theory, the |gium| value is
highly dependent on the angle between the helical axis and the excitation light.[19, 26] The
angular isotropic properties obtained both from POM images and from p-CPL measurements
for LCM™-RB™ and LCMP->8" indicate that the helices are not aligned uniaxially but

oriented randomly in the microspheres.

2.4 Formation process of the isotropic chiral microsphere.
To investigate the influence of R- and S-BPy on the helical structure, we synthesized
microspheres without chiral dopants, R- or S-BPy, incorporating only Pe, denoted as

LCMP-RM2 (Figure S20a). These microspheres exhibited light-blue fluorescence, and clear
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birefringence (Figure S20b and c). The birefringence texture of LCM™*-"M23 were completely
different from that of LCM®®", indicating that the chiral dopants influence the molecular
arrangement.[27, 28] The CPL spectrum of LCM™-R"MZ in glycerol dispersion does not
display any detectable signal (Figure S21). Also, the single-particle of LCM™*-fM2 displays no
CPL activity at 495 nm, showing nearly identical profiles for the polarizer oriented at + 45° or
—-45°. (Figure 4c). Angular-dependent p-CPL measurements does not detect the distinguishable
|gum| value (Figure 4b). Altogether, we revealed that the chiral source plays a key role in the
formation of the helical molecular orders and for generating CPL activity.

To gain insight into the formation process of the helical molecular orders in LCM~®",
we performed variable-temperature CPL (VT-CPL) spectroscopy, optical microscopy and POM
imaging. VT-CPL spectra of LCM®®" were recorded as the temperature was increased from
20 to 100°C with 10°C intervals (Figures 5a and S22). The gum values decreased slightly at
30°C and remained constant between 40 to 70°C, and finally dropped to zero at 90°C (Figure
5a). The gum values of LCM™®™ and LCM3®™ with different luminophore also vanished at
90°C (Figure S23), indicating the destruction of the helical order in the microspheres.
Consistently, variable-temperature optical micrographs POM images also presented clear
temperature dependent changes (Figure S24). The surface darkened at 40°C and the size of the
microspheres increased with temperature. The birefringence textures remained up to 70°C and
finally disappeared at 90°C.

Differential scanning calorimetry (DSC) profiles revealed that the melting point (Tp,)
of RM23 is 76°C (Figure 5b), while T,, of LCMX®™ is slightly lower (67°C). In the variable
temperature X-ray diffraction (VT-XRD) patterns, diffraction peaks at around 26 = 23° for
LCMRB? \was more intense and wider compared to that of LCM™™? (Figure S25). A
well-defined diffraction corresponding to the d-spacing of 3.86 A is ascribed to m—m*
stacking,[29,30] confirming well-ordered molecular alignment of LCM®®". The intensity at

around 26 = 23° was dependent on temperature and the peak became more intense between
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45°C to 65°C. Such evolution of the diffraction intensity for LCM~®™ may originate from the
better molecular alignment with increasing temperature, due to the molecular motion of LC
mesogens.

Based on the above analysis, the formation process of the isotropic chiral microsphere
Is proposed as shown in Figure 5c. In glycerol, the reactive LC, chiral source, and
photo-initiator are mixed together and form microspheres due to surface tension.[31, 32]
Photopolymerization proceeds under UV light at 80°C to interconnect the randomly dispersed
molecules. Subsequent slow cooling gradually solidifies the molecular organization and locks
the LC domains in the spheres. Simultaneously, randomly oriented multi-domain molecular

helices develop with the help of the chiral source, ultimately defining their CPL properties.

3. Conclusions

The solid microspheres with helical molecular order containing RM23 and R- or
S-BPy as reactive LC and chiral source were synthesized. The random orientation of the helical
axis results in angularly isotropic CPL radiation. Doping of fluorescent molecules with blue to
red fluorescent colors are successfully achieved, generating RGB CPL with |giym| value of 0.04.
This work demonstrates the CPL properties of individual microspheres with LC molecular
order and achieves RGB CPL emitting on micrometer scale, providing a promising platform

for miniaturized CPL emitter in various applications.

4. Experimental Section

Preparation of chiral solid microspheres

The chiral solid microspheres were fabricated according to reported procedures.[16] First, the
mixture of RM23 (100 mg), chiral dopants (3 mg), and photoinitiator (Darocur 1173, 12 mg)

was heated to 80°C to reach a liquid phase and agitated for 1 min to mix evenly. A few drops of
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the LC monomer mixture were added in a 20 mL vial with 5 mL of heated glycerol (80°C). The
mixture was then exposed to UV light for 30 min at 80°C. Finally, the chiral solid microspheres

were obtained by cooling the mixture to 25 °C.

Preparation of chiral microspheres with achiral fluorescent molecules

The chiral solid microspheres with blue, green, and red fluorescence were prepared as the
above process. For example, the mixture of RM23 (100 mg), chiral dopants (3 mg), BPy (1 mg)
and Darocur 1173 (12 mg) was heated to 80°C to reach to liquid phase and agitated for 1 min
to mix evenly. A few drops of the LC monomer mixture were then added in 20 ml vial with 5
mL of hot 80°C glycerol. The mixture was exposed to UV light (Hamamatsu Model:
C11924-121) for 30 min at 80°C. Finally, the chiral solid microspheres with blue fluorescence

was obtained by cooling the mixture to 25 °C.

Preparation of Individual Microspheres

The microspheres were washed by Milli-Q water for 10 times to remove glycerol. Then, the
microspheres were cast onto a glass plate. Their size and morphology were observed with
optical microscope. In the meantime, the microsphere was moved to another glass plate by
using a sharp tungsten needle that was controlled numerically by a micromanipulator

(MicroSupport Model, Quick Pro) for CPL measurements.

Supporting Information

Supporting Information is available online from the authors.
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Figure Captions
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Figure 1. Molecular structure of RM23, R/S-BPy, and Darcocur 1173, which can form chiral
solid microspheres after exposing UV light. Pe, BPEA and H,OEP were selected as achiral
fluorescent molecules, and RGB CPL can be observed by doping them into chiral solid

microspheres.
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Figure 2. (a—c) SEM micrograph (a), optical micrograph (b), and POM micrograph (c) of
LCM®B?_(d) Electronic absorption (black line) and PL (red line) spectra of of R-BPy in
CH,Cl, (solid line, Aex = 285 nm) and in LCM®®? dispersion in glycerol (dot line, Aex = 350
nm). Inset shows the fluorescence microscopy image of LCM®®" (scale bar: 10 um). (e) CPL

spectra (Aex = 350 nm) of LCMR B (blue) and LCM>® (red) dispersed in glycerol.
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Figure 3. (a—c) Fluorescence microscopic images of LCM™-R8% (q), LCMPBPEA-RE™ (1) and
LCMHZOEPREBPY (6) (d—f) u-CPL spectra of a single LCMP-REPY (d), LCMBPEA-RBRY (g) and
LCMHM29EPREPY (£) with the direction of the polarizer at +45° (blue, 1,) and —45° (red, Ig). A
single microsphere was excited by a depolarized CW laser (Aex = 405 nm). (g—i) Qum Spectra of
LCM™REBY (g) (Aex = 390 nm), LCMBPEARSBRY () (3, = 425 nm), and LCM"20FP-RIS-BPY

(i) (Aex = 405 nm) suspended in glycerol.
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Figure 4. (a) Micrographs of angle-dependent POM textures of a single LCM™*-R"8" gperated
at in-plane rotation (top) and out-of-plane rotations (bottom). (b) Plots of gy, value at 495 nm
as a function of @ for LCM"*-RBP (blue solid circles), LCMP-"M?3 (plack hollow circles), and
LCMPe-SBPY (red solid circules), respectively. (c) p-CPL spectra of a single LCMP-RM2 with
the direction of the polarizer at +45° (blue, 1) and —45° (red, Ig). A single microsphere was

excited by adepolarized CW laser (Aex = 405 nm).
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formation process of solid microspheres with LC molecular order. (i) Liquid droplets of
monomer in glycerol, (ii) liquid droplets of polymerized monomers in glycerol, (iii) solid

microspheres with a helical molecular order, and (iv) solid microspheres doped with a dye.
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Statement of Novelty

We have developed robust solid microspheres with liquid crystalline molecular order

showing angle-independent circular polarized luminescence with tunable color.
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Materials and Methods

All chemicals and reagents were purchased from Sigma-Aldrich, TCI, BLD Pharmatech Ltd., and Fujifilm
Wako Chemicals and Biosolve B.V. Unless otherwise noted, all reagents and solvents were used as received.
Electronic absorption and fluorescence spectra were measured on a UVVvisible spectrometer (JASCO model
UV-570) and a fluorescent spectrometer (JASCO model FP6200), respectively. Scanning electron
microscopy (SEM) was performed on a Hitachi Model S3700N SEM operating at 15 kV. Optical
microscopy (OM), fluorescence microscopy (FM) and polarized optical microscopy (POM) observations
were carried out using an Olympus model BX53 upright microscope. Circularly polarized luminescence
(CPL) spectra of suspensions of microspheres were obtained using JASCO CPL-300 spectrophotometer.
The gum Spectra were transferred from CPL spectra using the SpectraManager software of JASCO. Variable
temperature CPL (VT-CPL) spectra directly used variable temperature accessories, and the CPL spectra
were measured in situ with the change of temperature. CPL measurements of a single microsphere were

carried out with home-built p-PL setup according to our previous report.
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Synthesis of R/S-BPy

R- and S-BPy were synthesized according to our earlier report™™ and fully characterized by *H

NMR.

OO o CHzl OO . TMEDA, n-Buli
¢ O GHaCN, 80 °C 1) o> Is

R/S-BINOL

(R)-[1,1'-binaphthalene]-[1,2,1,2-def] (R-1): Compound R-BINOL(2.86 g, 10 mmol), CHlx(1 mL, 12
mmol), anhydrous K,CO3(4.14 g, 30 mmol), were dissolved in acetonitrile (60 mL). The reaction mixture
was stirred at 80 °C for 8 h. Then, the mixture was cooled down to room temperature, subsequently
extracted with CH,Cl, (60 mL), washed with water (3 x 10 mL) and dried over Na,SO,. The precipitate was
removed by filtration, and filtrate was evaporated under reduced pressure. The residue was purified by silica
gel column chromatography (petroleum ether / ethyl acetate = 30/1, v/v) to afford R-1 as a white solid (83%
yield). '*H NMR (400 MHz, CDCl3) & (ppm): 8.00 - 7.92 (m, 4H), 7.53 - 7.42 (m, 6H), 7.32-7.28 (m, 2H),
5.69 (s, 2H). (R)-3,3'-Diiodo-[1,1'-binaphthalene]-[1,2,1,2-def] (R-2): Under an argon atmosphere, a 100
mL

Schlenk tube  was charged  with intermediate R-1(2 g9, 6.7 mmol),N,N,N’,N'-

tetramethylethylenediamine (TMEDA) (4 mL, 26.81 mmol), and anhydrous diethyl ether (60 mL), the
mixture was cooled to -78 °C, and the solution of n-BuLi (16 mL, 2.5 M in n-hexane) was added to the
mixture dropwise for 30 minutes. After the mixture reacts at room temperature for 2 h, the mixture was
cooled to -78 °C again, iodine (6.81 g, 26.81 mmol) was added to the mixture. Then, the reaction mixture
was warmed to room temperature and stirred for overnight. 1 M sodium thiosulfate solution (30 mL) was
added to the mixture. The organic layer was washed with water (3 x 10 mL) and dried over anhydrous
Na,SO,. The precipitate was removed by filtration, and filtrate was evaporated under reduced pressure. The
residue was purified by silica gel column chromatography (petroleum ether / ethyl acetate = 30/1, v/v) to
afford R-2 as a white solid (42% yield). *"H NMR (400 MHz, CDCls) & (ppm): 8.51 (s, 2H), 7.84 - 7.81 (d, J
=12 Hz, 2H), 7.48-7.41 (m, 4H), 7.32 - 7.28 (m, 2H), 5.68 (s, 2H).

(R)-3,3'-di(1-pyrene)-[1,1'-binaphthalene]-[1,2,1,2-def][1,3]dioxepine  (R-BPy): Under an argon
atmosphere, a 50 mL Schlenk tube was charged with intermediate R-2 (0.3 g, 0.55 mmol), 1-pyrenylboronic
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acid (0.41 g, 1.64 mmol), Pd(PPh3), (0.023 g, 0.02 mmol), anhydrous K,COs; (0.23 g, 1.64 mmol),
1,4-dioxane (18 mL), and distilled water (2 mL). The reaction mixture was stirred at 90 °C for 24 h. Then,
the mixture was cooled down to room temperature, subsequently extracted with CH,Cl, (60 mL), washed
with water (3 x 10 mL) and dried over Na,SO,4. The precipitate was removed by filtration, and filtrate was
evaporated under reduced pressure. The residue was purified by silica gel column chromatography
(petroleum ether / ethyl acetate = 30/1, v/v) to afford R-BPy as a white solid (52% vyield). *"H NMR (400
MHz, Chloroform-d) 6 8.24 -

7.77 (M, 24H), 7.63 - 7.44 (m, 4H), 4.82 (s, 2H).
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Figure S1. Histograms of d of each microsphere.

Count

Figure S2. Angle-dependent POM textures of single LCMR~ 8" operated with in-plane rotation.
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Figure S3. The gm value spectra (1ex = 350nm) of a glycerol suspension of LCM¥ ™. (3wt% RBPy, blue
curve) and LCM>®™ (3wt% S-BPy, red curve).
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Figure S4. The gum value spectra (lex = 350 nm) of a glycerol suspension of LCM~®™ (3wt% RBPy, blue
curve) and LCM™ B (1wt% R-BPy red curve).
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Figure S5. Optical micrographs and POM image of LCM™-R®" (a and b), LCM®PFA-RBY (¢ and d) and
LCMHZOEP_R-BPy (e and f)

Figure S6. Micrographs of angle-dependent POM textures of a LCM"*-R®" gperated at in-plane rotation.
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Figure S7. Micrographs of angle-dependent POM textures of a LCMP"®A-RB" gperated at inplane

rotation.

Figure S8. Micrographs of angle-dependent POM textures of a LCM™9%"-RE gperated at inplane

rotation.
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Figure S9. Schematic representations of the experimental setup of CPL measurement from a single




microsphere. A single microsphere was excited by a depolarized CW laser (I, = 405 nm). PL from a single
microsphere passes through a quarter wave plate (working range: 465—610 nm), a polarizer (working range:

400—700 nm), and a long-pass filter (working range: >450 nm) in a straight-line pass.
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Figure S10. p-CPL spectra of a single LCM™*-58%Y (), LCMB"EA-SBYY (1) and LCM™FP-SBPY () with
the direction of the polarizer at +45° (blue, I.) and —45° (red, Ir). A single microsphere was excited by a
depolarized CW laser (Aex = 405 nm).
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Figure S11. gium spectra of LCMpe_R/s-BPy (a), LCMBPEA_R/s-BPy (b) and LCMH20EP_R/S-BPy (C)
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M Pe_R/S-BPy

Figure S12. Scatter plot of diameter versus |gim| value. Sky blue dot: LC , green dot:

LCMBPEA R/sS-BPy, red dot: LCMH20EP_R/S-BPy.
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Figure S13. Histogram of the average |gim| values for LCM™®-87Y LCMPPEA-B?Y and LCM™29FP-BPY Error

bars represent standard deviation.

a b In-Plane Rotation c Out-of-plane Rotation

White light White light
source source

Figure S14. The optical microscope images of a single LCM"*-""®" picked up by a sharp tungsten needle
(a). Schematic representations of angle-dependent POM analysis of LCM™-R® for (b) inplane (6) rotation
and (c) out-of-plane (@) rotation. Inset image show the position of polarizer (P) and analyzer (A) from top
view. For in-plane rotation, we keep the microsphere stationary and rotate P and Z at the same time. For

out-of-plane rotation, we keep P and Z stationary and rotate needle to rotate the microsphere.
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Figure S15. Micrographs of angle-dependent POM textures of a LCM™*-"B" operated at out-ofplane
rotation.
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Figure S17. Micrographs of angle-dependent POM textures of a LCM™*->® operated at out-ofplane

rotation.

Figure S18. Micrographs of angle-dependent POM textures of a LCM™-" operated at in-plane rotation.
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Figure S19. A plot of gy, value at 495 nm as a function of @.
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Figure S20. Optical micrographs (a), fluorescence microscopy (b) and POM (c) images of LCMpPe_RM23.
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Figure S21. CPL spectrum (Aex = 390 nm) of glycerol suspension of LCMP-RM23
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Figure S23. Temperature-dependent gy, for LCM™-R8P (a, blue, Aex = 390 nm), LCM™*-*8% (a, red, Aex =
390 nm), LCMPPEARBPY (b blue, Ao = 425 nm), LCMPPEASB™Y (b red, Ao = 425 nm), and
LCM™2OEPRBPY (¢ blue, Aex = 405 nm), LCMM2CEP-SBRY (¢ red, Ao, = 405 nm).
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Figure S24. Variable-temperature optical micrographs and POM images of LCM
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Figure $25. XRD of LCM®? and variable-temperature XRD spectra of LCM~E™.
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Table S1. Summary of gjum from Various Microspheres

Dye DChriaI Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Avg.
opants (d/pm) (d/pm) (d/pm) (d/pm) (d/pm) (d/jpm)
be R-BPy (1.9) (139) (195) (15.9) (139) (104 0.053
e | g ey | em | am | R | A% | e
BPEA R8Py 5 (108) (107 (122) (122) 6 0.045
o S-BPy 9 (125 119 (182 (158 (185) 0055
e | B W | m e e
e S-BPy (138 (12 128) (159) 51 (140 -0.058
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