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Abstract: Cholesteric liquid crystal (CLC) microdroplets, as three-dimensional

photonic crystals, exhibit high spatial symmetry. In these microdroplets, LC molecules 4

are aligned parallel to the surface of the spherical geometry, while the helical axes are ;’"’ *
radially oriented. This symmetrical helical superstructure arrangement forms a Bragg-
onion structure within the CLC microdroplets, resulting in selective reflection of a specific
wavelength in all directions. Due to their unique angle-independent photonic bandgap Cholesteric liquid crystal microdroplets
(reflection wavelength), CLC microdroplets have emerged as promising optical i A
materials for applications such as omnidirectional lasers, reflective displays, and
microsensors. Recently, there has been growing interest in capillary microfluidic
technologies, which allow the fabrication of monodisperse and complex CLC SiosuasoroW
microdroplets with regular molecular alignment in a continuous, controllable, and high-

throughput manner. This review primarily focuses on CLC microdroplets fabricated using capillary microfluidic
technologies. Firstly, the characteristics of capillary microfluidic technology are outlined, along with three important
parameters for fabricating CLC microdroplets: inertial, viscous, and interfacial forces. Capillary microfluidic devices typically
consist of hydrophilic or hydrophobic tapered capillaries inserted into a square capillary. The principle of immiscible liquids
is utilized to select suitable solution systems. By designing the device structures and choosing appropriate solution
systems, single, double, triple, and even multiple CLC microdroplets can be fabricated. Secondly, the optical properties of
CLCs confined in spherical geometries are discussed. CLC self-organizes into ordered helical superstructures while
maintaining fluidity, leading to symmetrical pitch lengths in CLC microdroplets that respond to stimuli. The mechanisms
and strategies for tuning the structural colors of CLC microdroplets under varying temperatures, solvents, and light
conditions are demonstrated. Additionally, the unique photonic cross-communication between closely packed,
monodisperse CLC microdroplets is explained in the context of single, double, or opposite-handedness helical
superstructures in CLCs. Furthermore, the review reports on the current and prospective applications of CLC microdroplets
in omnidirectional lasers, reflective displays, and microsensors. Various methods for inducing lasing in CLC microdroplets
are presented, including distributed feedback resonators, Bragg reflection resonators, and whispering gallery modes.
Flexible reflection labels and security labels are generated by incorporating different materials in each layer of the
microdroplets or by leveraging the unclonable photonic cross-communication micropatterns observed in hexagonally close-
packed CLC microdroplets. The responsive pitch lengths and molecular alignments of CLC microdroplets also make them
suitable candidates for colorimetric reporters and optical biosensors. Finally, the review briefly discusses the existing
challenges and opportunities in the field of CLC microdroplets, offering a forecast for future developments.

Capillary microfluidic device ‘1."

&
5
&

gimﬂs\?

Key Words: Cholesteric liquid crystal; Structural color; Microfluidics; Microdroplets Optical device

Received: May 8, 2023; Revised: June 28, 2023; Accepted: June 29, 2023; Published online: July 7, 2023.
“Corresponding author. Email: qinlang@fudan.edu.cn
The project was supported by the National Natural Science Foundation of China (52173110), Natural Science Foundation of Shanghai (21ZR1405900), and
Shanghai Rising-Star Program (22QA1401200).
[ 5% AR 2 5642 (52173110), _L3E T [ ARBHSE3E 4 (2 1 ZR 1405900) RT3 11 75 4E R HH 3 B 2 1181 (22QA 1401200) ¥ B35 H
© Editorial office of Acta Physico-Chimica Sinica



Y BRAL 222248 Acta Phys. -Chim. Sin. 2024, 40 (X), 2305018 (2 of 21)

AR R RO T 2 B Bh A R 3 & H N A

XIRIEY, ZEEAY,
I EEAFMHBFR, BAYHr TIEEXRELLRE, LiE 200433
EERFNEHRR, #TIL X5 322000

A o e
AT aHe 12

TAEL: JIH AR TR 2 1) 45 K0 o X AR ) = 4l 7 i A, RE A6 47 i Mt e 5 0 S S R S K I T i AR D', A A
FEARRNE B0 1481, M08 —FlOHT M B 2D RHE 4 ROt % SO 3R 7= AR A Ja g 58 AT 8 B0 b 7 ol ) 2 T 5%
AR, BANE MIRIEBOR IR A EOES: . AT (s B ] 46 254 52 2% HL 20 1 0 I 17 £ 80 BS54 o ol ik
S TSR JT ISR o ARSI T O TE A B A AR B A ] o B ARV SRR K A DG 7T AR, E S T B
Tl 42 2 ELAE B ORI o VEAE R, 1 1 3 LR 2R A 356 15 V0 7 B I 1) 1) 9 2R DS 3 57 A0 S 0 Al sk RS
RIS BEJS, MO ESARBOR ABR e 2R METIN A 7RI R EE o VA R0 D 5 A S R e 2 R e 45 4 1 L 5 e Jo L

AN SN A ARER Z 8 AT (1“0 72 SGER” LR e

b 2 R R W PO b A

REE: JHEH S St o
HEKS: 0648

ERs T A

1 5%

19874, John 'AllYablonovitch 243 Al 42 H T %
T AR RS HH 7 M B 22 B A S SR (A L
O & S 0B E I HE S TR S5 . Btz
JG, ARG R AL K R IFIE 8 2 4 . #r
S 22 VR AR A A R I B R A R R 7 AR D T AR
(Photonic bandgap), F PR fill 15 & P A 6 1 1% #5 IF
WG o145 5T WG IL RS, SO
BT N R R, 5 VAN BE v L B T HAS
R RN R AR

JE & #H 3% /i (Cholesteric liquid crystals, CLCs)
e — FhURE R B B O T AR, G R ) A
TIERAE S S h B R T 1. TN
THHES T, Wb 1 B AR AT B A 1)
J2 IR W8 g 45 1) B W 1 — € J7 14T HE
Hl), FHARJZE Z (B4 T 1 Jie i — 5 A FE (B 1a).
BT WA T B & R A, DRI S
FEVR s B W e &6 4 77 AR D 1 48y, AT DA e
S5 H S 8T 7 1m) A [E) ) ] e PR O6. BRER
(Pitch, p)~ #2 i€ /7 7] (Handedness) 12 i fl (Helical
axis) A& I B AV i JE S S5 A IR IE 2 . 1REE N
J= B 43 I 4R 0] R Al 7 360° 1 = TRT B, i
FRY Al (V2 4 7 Tea) ) RIDJIEL 55 AR 4 1) Rl 41 170 O
SRR e Sl e e (1) 77 1ea) D JEL SR R o PR R 7 I R
SE T RS RARYE . JH S AR SR — R
i By F IR AR RAF B VR, REmEAE IR FE L ¥
TR 48 A0 SRR 228 43 1 B 3 HE A1 T7 X
Vi R R AR TR 7 7], S 4t DA SRR 5 D AR 12

ST U BORE ES ARV SR A 98 LR B T TR R R T %A

S T AR A o BEAE, AR ST RL SR T )
— G, S AR VR R E T R T R e 45 A Y T I
TREE VAR A E, e E B L4 54057
CRAT BB E M EEAAR . —BE, EERAE
TV A 5 o B LSS ARV o — 4D T ek, AR
JRRETT A L RO TAR A, B LUK B A
FEMAGNE o [RI PR, 3o B AE e £ BB A0S Hh A B S A
W TR, R A I R Al T R 2
F MRS o 8 3 A BRI 45 4 v 1) B ES AH VL o =
Y1 ik, fEBATT [ B EA G TR, Bl
RO K TG M FE K Bt 1% (Angle-independent
reflection) 68,

FRECT — 4R 40 7 S A4, JIE &S AR VR ok
R0 T BRSOt VAR KD, e
) OO 2% SO PR TR L A5 B WA R A A
S BAT T BRI RO 50 ] A S AR S
BRI A% ¢ 77 3 7 M) P WU 3 5 1L E55 AH VAR o5t 7 B
1E5 Z EAMHEIE R KB, KEER K I
TER AATE 2 Ak 18 SR, ) 2% 07 1
5 IE S AR ek 7 7 B AL 3R PP RSFEL
K% B2 B AL T FAE . T AR
VA VI T 200N A1) e JIEL SRR VR Gl R L 2 R
Ir TAERER A BRSO 4FE B S AT H O #e
) A BCPL ROk AT A2 B B v B R A T A
BOR(E 1) 2. FERME MRS E T, HEAH
VAR e BT D) 24 R B P R . BRI A
F B4 R BOR AT DLESE | AT 4% ey i & b )
B G5 K 2 25% HL 70— FL DUV ) 07 AL S AR



Y BRAL 22224 Acta Phys. -Chim. Sin. 2024, 40 (X), 2305018 (3 of 21)

(a)

e Z
=T

— = + — Self-organization ) 4”/—,//
—— = > 2,
— 1///, e, W/l\\ '\\\\\\\v-\\
W
Nematic Chiral Cholesteric
liquid crystals molecules liquid crystals (CLCs)
(b) Capillary microfluidic device

Square capillary

Cylindrical exit capillary

Cylindrical input capillary

(c) CLC microdroplets as 3D photonic crystals

Stimuli

Applications

Omnidirectional microlasers Reflective displays Microsensors

W

B (a)fE SRR B &5 (b) BB
FKERTERE: (o SHBSMER=400T Rk
T YR e 5 4 e L L PR 4B i s AR IR
Fig. 1 (a) The method for preparing cholesteric liquid
crystals (CLCs), (b) schematic illustration to show the
capillary microfluidic devices and (c) tunable helical
superstructures and applications of the CLC
microdroplets as 3D photonic crystals.
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Table 1 Different microfluidic devices for fabricating various CLC microdroplets.

Emulsion Flow rates
templates Systems O W2 (67} W2 (WLh) Ref.
Single O/W® CLC PVA®© - - 60-100/1000-5000 31-34
CLC PVA and SDS - - 18-24/1200-5000 35
Double o'W CLC and TDI/ IPDI SDS/PVA - - 120/2400-9600 36,37
O/W/O CLC PEGDA ABIL EM 90 in - 28-30/30-36/ 38,39
mineral oil 300-360
CLC sodium alginate and ABIL EM 90 in - 40
Ca-EDTA mineral oil
W/O/W - PVA and CLC PVA and 150-300/200-300/ 41,42,
glycerol/PVA glycerol/PVA 2000—4000 43-52
- PVA CLC SDS and tween 80 3400/300/18000 53
Triple O/W/O/W CLC PVA and CLC PVA 120, 150/160, 54,55
glycerol/PVA 600/170, 900/3100,
3500
1-bromohexadecane PVA and glycerol CLC PVA and glycerol 1300/100/200/6000 56
CLC PVA and glycerol silicone precursor PVA and glycerol 100, 120/250, 57,58
200/250, 300/2500,
3200
Multiple Oo/W CLC, PG and THF PVA - - 200/5000 59
Janus o'W CLC, fluorocarbon PVA - - - 60
oil, and CH,Cl,
CLC, silicone oil, PVA - - 300/2000 61
and CH2Cl2

2 For all W and W,, the solvent is deionized water. ® O/W: oil-in-water single-emulsion droplets, O/W/O: oil-in-water-in-oil double-emulsion droplets,

W/O/W: water-in-oil-in-water double-emulsion droplets, O/W/O/W: oil-in-water-in-oil-in-water triple-emulsion droplets.

¢ PVA represents polyvinyl alcohol, SDS represents sodium dodecyl sulfate, TDI represents 2,4-tolylene dilsocyanate, IPDI represents isophorone

diisocyanate, PEGDA represents poly(ethylene glycol) diacrylate, Ca-EDTA represents calcium-ethylenediaminetetraacetic acid, PG represents

propylene glycol, which is used as hydrophilic solvent. THF represents tetrahydrofuran, which is used as co-solvent for PG and CLC.
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(a) Microfluidic device for fabricating single CLC microdroplets

(b) Microfluidic device for fabricating double CLC microdroplets

(c) Microfluidic device for fabricating triple CLC microdroplets

B2 FABHEMRZEESE@B. (b)XM
(O=FLVE S B RS E
Fig.2 Schematic illustration for glass-capillary
microfluidic devices for fabricating (a) single-,

(b) double-, and (c) triple-CLC microdroplets.
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Fig. 3 Schematic illustration to show the capillary
microfluidic device with double channels for fabricating
CLC microdroplets with different structural colours.
The red and blue CLC mixtures were respectively
injected in the device at various flow rates to tune the
concentration of the chiral dopant %,
Adapted with permission from Ref. 36, Copyright 2018

American Chemical Society.
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Fig. 4 Schematic illustrations to show mechanisms of
temperature-responsive CLCs. (a) Sm-Ch transition,
(b) temperature-responsive helical twisting power (5) %.
(¢) Tuning reflection wavelengths of the cholesteric
microdroplets by combining the handedness of incident
circularly polarized light and temperature. QWP, LP and
CPL represent quarter-wave plate, linear polarizer, and
circularly polarized light respectively .
(c) Adapted with permission from Ref. 54,

Copyright 2017 John Wiley and Sons.
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Fig.5 (a) Schematic illustration to show the tunable
reflection wavelengths in the cholesteric microdroplets
based on swelling; (b) The diameters and reflection
wavelengths of the CLC microdroplets in pyridine/water
mixture change with the water content, where
pyridine and water are good and poor solvents !,
Adapted with permission from Ref. 41, Copyright 2017
Royal Society of Chemistry.
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Fig. 6 (a) Chemical structure of the light-driven chiral

molecular switch; (b) A flower patter composed with eight
monodisperse photoresponsive CLC microdroplets, and the
color of each petal changes with different exposure times 31;
(¢) Chemical structures of light-driven chiral molecular
switch Azo4 and photoinsensitive chiral dopant R5011, and
the mechanism of light-driven handedness inversion;
(d) POM images to show optical textures in the CLC
microdroplets change with different exposure times 32,
(b) Adapted with permission from Ref. 31, Copyright 2015 John
Wiley and Sons; (¢, d) Adapted with permission from Ref. 32,
Copyright 2017 Royal Society of Chemistry.
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Fig. 7 (a) Schematic illustration to show the photonic-communication between CLC microdroplets, where i, ii, and

iii represent the normal reflection, double reflection and triple reflection, respectively; (b) POM images to show the

photonic-communication in single- and double-emulsion CLC microdroplets, the insets to show the area of internal

reflection occurred at 45°; (¢) Schematic illustration and POM images to show photonic-communication between
double-emulsion CLC microdroplets with different reflection wavelengths *3; (d) POM image of annular pattern in a
double-emulsion CLC microdroplet, of which the shell is very thin at the top and thick at the bottom. The inset shows the
reflection behavior #; (e) Schematic illustration and POM images of reflection behaviours in different microbowls 4.

(d) Adapted with permission from Ref. 44, Copyright 2018 John Wiley and Sons; (¢) Adapted with permission from Ref. 46,
Copyright 2020 John Wiley and Sons.
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Fig. 8 (a) Schematic illustration to show the Bragg

onion optical microcavity; (b) SEM image to
show the cholesteric microdroplets with parallel

surface anchoring; (c) Lasing and reflection
spectra of the single cholesteric microdroplets 3.
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Fig. 9 (a) Schematic illustration to show the triple-

emulsion CLC microdroplets with different laser modes;

The schematic illustration of the pumping laser with

different diameters irradiated on the CLC microdroplets
(b), and the corresponding emission spectra (c) 5.

Adapted with permission from Ref. 55, Copyright 2019
Royal Society of Chemistry.
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Fig. 10 (a) Schematic illustration and POM images to
show the fabrication of the CLC microdroplets with
five layers by liquid-liquid phase separation; (b) Schematic
illustration to show the lasing at two different wavelengths
from the outermost and inner shells of the CLC
microdroplets; (c) Emission and reflection spectra of the
CLC microdroplets .
Adapted with permission from Ref. 59, Copyright 2020
John Wiley and Sons.
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Fig. 11 Emission and reflection spectra of the CLC
microdroplets change with temperature in the range of
18 to 21.5 °C (a), and range of 22 to 34 °C (b);
(c) OM images of the CLC microdroplet lasers
confined in the different polygonal holes 7.
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Fig. 12 (a) Chemical structure of the light-driven chiral
molecular switch, which is used to tune the reflection
wavelengths of the CLC microdroplet lasers;

(b) Variation of laser emission in the photoresponsive
CLC microdroplet lasers after pumping different times 5.
Adapted with permission from Ref. 51, Copyright 2014
John Wiley and Sons.
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Fig. 13 (a) Schematic illustration to show the structure of the triple emulsion encapsulated by silicone rubber, and the
photograph of the flexible photonic film fabricated by the triple emulsions 5; (b) Schematic illustration to show positioning
cholesteric microshells by a magnetic pen and POM images of the microshells arranged into English letters 5;
(c) POM images of the “KRICT” illuminated by non-, left- and right-handed circularly-polarized light 3;

(d) Schematic illustration to show cholesteric microdroplets with structural color under white light and fluorescent color
upon UV irradiation, and photographs to show the geminate label with reflective “Christmas tree” and fluorescent
QR code created by the microdroplets 34; (¢) Schematic illustration and POM images to show the magnetic
field-induced reorientation of a single Janus droplets. Right photographs to show the Janus droplets for data encryption,
which exhibits “8” at initial state and switches to “5” when the magnetic field is applied. M in the
schemes denotes the magnetic field-responsive Janus droplets .

(a) Adapted with permission from Ref. 58, Copyright 2015 John Wiley and Sons; (c) Adapted with permission from Ref. 33,

Copyright 2017 Royal Society of Chemistry; (e) Adapted with permission from Ref. 60, Copyright 2022 John Wiley and Sons.
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(a)  Cholesteryl oleyl carbonate (COC) HsC,
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Fig. 14 (a) Chemical structures of the CLC composed of
three cholesterol-based mesogens; (b) OM images to
show structural colors of the CLC microdroplets
change with temperatures 4,
Adapted with permission from Ref. 40, Copyright 2022
John Wiley and Sons.
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Fig. 15 (a) Schematic illustration to show the
configuration transition in the CLC microdroplets from
homeotropic to planar, which is triggered by bile acid;
(b) POM images in reflection mode to show the
transition in CLC microdroplets after adding acid .
Adapted with permission from Ref. 35, Copyright 2021

Royal Society of Chemistry.
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