. hEASEER
Eh: PEMNSRKELSHENKSDERRE
ESCI/Scopus s BEAAMNEEARGERAT

6P 32 2 @ &) T PEYBELERS S
o FEEEREFHUBEERSS
T8, NER

HBOER BRI RIS
R, ER(E,

FIUHASE:

X, T 5T R VLR . SCEOE AR MR RH K43 )). -5 o, 2022, 37(2): 217-240.

LIU Jun-chao,WANG Jing—xia,JIANG Lei. Photoinduced deformation of azobenzene liquid crystal actuator[J]. Chinese Journal of
Liquid Crystals and Displays, 2022, 37(2): 217-240.

TELL AL View online: https://doi.org/10.37188/CJLCD.2021-0312

LT ARG H A SCEE

Articles you may be interested in

bur il LK% NIRRT TR [T N Ei0E S i
Some progresses of photoalignment technique applied in liquid crystal nondisplay field
WAH5 R, 2017, 32(6): 411-423  https:/doi.org/10.3788/YJYXS20173206.0411

KB EORIRR TSR ] 25 2O Rt 2
Preparation and photoisomerization process of dinaphthalene azobenzene cyclic chiral dopant

Wi 5 . 2019, 34(5): 465-471  https://doi.org/10.3788/YJYXS20193405.0465
LT A Y VR S AN K BE R

Near—infrared light—-responsive intelligent liquid crystal nanocomposites

T 5 . 2020, 35(7): 631-644  https://doi.org/10.37188/YTYXS20203507.0631
B LR AR FA S R L

Electro—optic modes of ferroelectric liquid crystals and their applications

W5 7. 2020, 35(7): 675-684  https://doi.org/10.37188/YJYXS20203507.0675
AR I8 H 35O e IR sh s i 25 R e Ak s

Optimized design of high efficient voice coil actuator in deformable mirror

T 5 iR, 2020, 35(11): 1110-1119  https:/doi.org/10.37188/YJYXS20203511.1110


http://www.yjyxs.com
http://www.yjyxs.com
http://www.yjyxs.com
http://www.yjyxs.com/CN/10.37188/CJLCD.2021-0312
http://www.yjyxs.com/CN/10.3788/YJYXS20173206.0411
http://www.yjyxs.com/CN/10.3788/YJYXS20193405.0465
http://www.yjyxs.com/CN/10.37188/YJYXS20203507.0631
http://www.yjyxs.com/CN/10.37188/YJYXS20203507.0675
http://www.yjyxs.com/CN/10.37188/YJYXS20203511.1110

§ 37 % 2 RSN Vol.37 No.2
2022 4E 2 A Chinese Journal of Liquid Crystals and Displays Feb. 2022

XEH/HS:1007-2780(2022)02-0217-24
HBETBRARBEIEINE

ANER, TRE L F
(PEHER BARATRR HAMHSREAFERLRE LT 100190)

FEE UK Zh A% UL B A MR8 R) I 9 R FH A 5 ZERALAS N VN LR A GRS 2 T 1 32 B I 58 %8R 3l 5 4 1 AR
S3F I AR IR Bl d5 A4k, I T AR 3 1 T RO BUR A A B R LA S BT Al A B o AR BE A 1 016 i ) 3K B
. Gt ZAE R R A RUR R R IR A8 AR DT BT I S 0 1 R R SRR 2K R TR TR TR 2 4 B S 19 Bl AN TR AE A I 4%
A KSR R R i — 2 AR T IR EIE R 2R R BB AL . 18 R IR B 1 9K 30 1 2D T B Y S i L AR iE LR
T 20l S AR 64 B ik BRPLE Y R RS B AT . AR SCRAE RV IR T R R UK Bl A R D R T N
A E AR TE Y [R]85, d i TR BB T R 7 B IR I 48 SR 10 1o P TR

X 8B W ABBE; BEAKRML; EIHE; RIRER; FRMH

RESES:0753" .2 XERARIRED : A doi:10.37188/CJL.CD.2021-0312

Photoinduced deformation of azobenzene liquid crystal actuator
LIU Jun-chao, WANG Jing-xia” , JIANG Lei

(Key Laboratory of Bio-inspired Materials and Interfaces Sciences ,
Technique Institute of Physics and Chemistry ,
Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Actuator has aroused enormous research avocation due to its excellent performance and
promising applications in the field of soft robots, artificial muscles, etc. By introducing azobenzene
mesogens into the actuation material, a non-contact, precise control, and low energy consumption
photo-responsive actuator can be realized based on the reversible photoisomerization process of azoben-
zene mesogens. After years of development, the materials of azobenzene liquid crystal actuator have
gone through the initial polysiloxanes, polyacrylates, etc., to advanced dynamic transesterification
networks. The development of actuation materials has further promoted the diversification and func-
tionalization of actuation forms. The actuation form of the azobenzene liquid crystal actuator ranges

from simple bending, twisting, and oscillating to more practical light-controlled motors, lifting heavy
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objects, micro liquid transportation and etc. This paper summarizes and reviews the development his-

tory, typical applications, and current problems of the azobenzene liquid crystal actuator. Finally, its

application prospect in the field of energy conversion is prospected.

Key words: photoinduced deformation; azobenzene liquid crystal; actuator; energy conversion;
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Fig.2 Effect of molecular orientation in azobenzene

polymer film on the photo-responsive bending
behavior. (a) Monolayer molecule horizon-
tally oriented azobenzene polymer film
shrinks in plane after UV irradiation; (b)
Multilayer molecule horizontally oriented azo-
benzene polymer film bends toward light
source after UV irradiation; (c¢) Multilayer
molecule  vertically oriented azobenzene
polymer film bends away from light source

after UV irradiation.
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liquid crystal elastomers; (c¢) Deformation of
photo-responsive liquid crystal elastomer

under different UV irradiation time.
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versible bending behavior of film under UV/

Vis irradiation.

2.2.3 A4 IBRAB ORI

N 22 H 2ok i Bk S B AT DA R 4 1 VR
ST T ERE . Tkeda 55 R o il £ T &0 52 B
AR R B A I S B T T ' e N 2 il AT o (]
6)1, TEEA R AL R S T A
Uiy 2 M WE 55 AT %) )8 R0 R A A W, B T ik i R A 5
SRRV 15 3 R R R ok S DT ST R A B
(E 6Ca)), A — o TonT AGE 5o &5 09
NI, S A TR A R R R LA 2 A B
JEE— 4, By R DLTE 28 Al al ml UL O AR & AR Al 3
92 #4720 (B 6(b))

Yu &5 NI T — Tl fiy SR Mk I i R0 A A AR

(a) Hydrogen-bond donor

| & N
ot o) L0

Hydrogen-bond acceptors
N~

"o,

g V7
540 nm m
—— —_— ]

6 (o) SR AR AW o T #4545 (b)
S S IV R G IRAE A TR KO BT AT
AT R

Fig.6 (a) Chemical structure of hydrogen bonded

crosslinked liquid crystal polymer network;
(b) Reversible bending behavior of hydrogen
bonded crosslinked liquid crystal polymer film
under light irradiation with different wave-

lengths.



5% 2 1

X .55 OEEOE

14 SRR T IR Bl 221

(VA A W AL e e R R 5 IR s A . A
FEESRDOEIR T S AR . WRREWH
FRE e 3 - S AR AE R IR IS 5 T H R IR
R Y 5] A M;BCOOH A fin e {8 4 44> 1
SR, AN, Y R SR T AR S ) B A
A A5 RS W REAE g — AR AR Pp Rl gk By, o
Y, DI M A 28 B S BT A
Vi) {37 BRSO , & T 6B 3l F 7% 3% 1 s ) RS (]
T,

(b)

@ g

CH.:
-(-H’C_(::-)ﬁH’C_C:-)il-m
Cc=0 (I::O

‘:
o

(0]

A D o i
<IN

N

é s 3s 7s

o]

(
7 Ca) S5 B AR89 20 1 2 (b)) A M-
BCOOH Hfk 2 ] & 8 i 78 B 185 (o e IR

X2 IR AKX E) /Y 1
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Fig.8 (a) Copolymer liquid crystal molecular formula

with different azobenzene concentration and
schematic diagram of film processed by solution
and melting treatment; (b) Reversible bending
behavior of polydomain azobenzene copolymer

film under different polarized light irradiation.
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Fig.9 (a) Schematic diagram of molecular changes

in the process of transesterification; (b)
Plasticity display of samples under high tem-
perature; (c¢) Spiral monodomain azobenzene
polymer film continues to roll forward under

UV irradiation.
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Fig.10  (a) Schematic illustration of the structure of
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TEM image of the lamellar structure of
film; (d) Two-dimensional wide-angle X-ray
diffraction pattern of film; (e) Schematic il-
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taining azobenzene group;
bending behavior of polydomain azobenzene
polymer film under different polarized light

irradiation.
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polymer film under light irradiation.
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UV irradiation
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(a) Crawling of azobenzene composite film

Fig.18
on serrated substrate under UV irradiation;
(b) Swimming of azobenzene composite
film on ethanol/water surface under UV ir-

radiation.
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the corresponding physical photos in the

photo deformable tubular micro actuator (b)
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(a) Soft robotic device is of centimeter size

Fig.20
(spanning 2 cm across) and weighs 20 mg;
(b) Schematic depiction of the device, dem-
onstrating the two different photo responsive
azobenzene mesogens (depicted in yellow
and red) used to separately address the legs
(yellow) and arms (red) of the cargo han-
dler; (c¢) Snapshots of the untethered trans-

portation and cargo release.

2.3.9 2 EREAMBWFIES

e BE RN /i A s X TR B DR AP R
TERAATEEE L., Guo FNH KB T —Fl
JFH T 20 45 R0 22 00 8 147 209t S A 3%
(LSTHEOS AN NP W b T E =3 2 /NS N T (!
T SEE . A i 1) ) 4 07 35 el 2o A R SR AR
TR o AL =05 5L L0 SR 2% S W) R A
AATEY SRS BRI R 25 b o T IX PR
BT A W e AR R B8RO TR R AR e Al e D g

] i P T L A 3 B 3 T B A i
/IR Sy ST U e L1 D2 NG S N (1
filh L=, B [5) fef T 36 1 06 20 R A9 4k 90 EHRA
6o AR = 4R IR I AT LS B 2 R 22 G
WA a2 Jon s S e mT E R 2 A L SR R G ) A
w(E 2D,

RS ey —
= 3855 G -

= <
N . N
W, Y N, 2
450 nm -~ excitation
Blank LCE Encryption Decryption | Decryption []
k¢ -
365 nm uv A
Writing excitation
Blank LCE Encryption Decryption | becwption II
450 nmI Erasing Erasingl 450 nm
= |
A UV 365mm
A excitatiouL ] Writing

Blank LCE

Decryption [] Decryption | Encryption

21 JH T 2 GO 22 B A7 A R ik S ) O L o
SR A S TSR PRTRRE O ) L 2 R

Fig.21 Schematic diagram and corresponding real

photos of fluorescent liquid crystal elastomer
for multistage and multidimensional data

storage and decryption
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Fig.22 (a) Molecular formula of fluorinated azoben-

zene and corresponding  polymerization

process; (b) All optical control for shape
distortion and shape recovery of square ori-

gami.
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benzene composite fil
composite film has good actuation repeat-

ability under periodic light irradiation.
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Fig.24 (a) Molecular formula of materials used in

(b) Physical photos of

rapid movement of film along the flat sub-

the experiment;

strate direction.
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Fig.25 (a) Combination of triplet up-conversion
fluorescence system and azobenzene polymer
film to achieve infrared response; (b) Com-
posite film actuated by infrared light through
pork.
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Fig.26  (a) Humidity-responsive principle of azo-
benzene polymer film and corresponding
physical display; (b) Logic circuit con-
structed by photo and humidity-responsive
polymer film; (c¢) Multi stimulus res-
ponsive behavior of azobenzene polymer

film under different humidity conditions.
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Fig.28 (a) Molecular formula of materials used in
the experiment; (b) Photos of light-driven
contraction up to 81% of the liquid crystal

fiber under 470 nm light irradiation.
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Fig.29  Schematic illustration for the fabrication

process of Janus azobenzene photonic

crystal polymer film
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tonic crystal; (b)) Bandgap shift of

azobenzene polymer photonic crystal under

UV irradiation.
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writing board; (a’) Photos of a character

with different observing angles; (b, b")

Schematic illustration of the smart window.
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UV irradiation; (b) Photos and corresponding
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Fig.37 Schematic illustration of distinct bending
modes of azobenzene polymer photonic
crystal film under UV/Vis irradiation; (a)
Actuation mechanism of polymer side under
alternating UV/Vis irradiation; ( b )

Actuation mechanism of PC side under in-

termittent UV irradiation.
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(a) Schematic illustration of the polymer

Fig.39
network relaxed by the thermal effect and
then swelled by solvent; (b) Change of
modulus in different solvents; (¢) Enhanced
photo-responsive actuation of azobenzene

polymer film in acetonitrile.

TE A AR G BER SR B AE W) (U6 B 2R E
i 5 ML BCAE B R IR L DT S BB Bl A 7 #
AR A W 10 2 B L O D A TR AT L i A\ T3
PRt TH AR R . BT 5 K S A% B0 0 R A
RE. 40 JE/R T AE L (30 °C) I HB 5 A0l BRI

&40 Ca) o 2R 5 W 0 W) I I R 56 A0 Ol B A T ¢
LEVR ZH R R 1 7R B (a') 5 (b) 6T i
PR 53] B A 5% S S IR T 45 252 TR Bl R
BRI (b 5 (o) 5 A6 IR I TR 3R X BB A2

7R SRS J R
Fig.40 Photograph series showing continuous UV
light driven forward rolling at the bottom of
ethanol (30 °C) of film (polymer up) (a) or
film (photonic crystal up) (b) and the cor-
responding schematic illustration (a', b').
(¢) Principle of the driving force from asym-

metric deformation upon UV irradiation.

LR FT R SN, 9K S R B AR S AL
SRR TR O i A 00 0 3R 5 0 144 K 8 T 1) AR T
FECTINIL L, FR1E TR S 0 9K S 1ok [ A
JEIRAF SR A AR FRIE AL . RE WA L)
53 250 o O U — TR A ol A<D L RIS AR O IR
SIS B R, AR XA AR X AR IE A2
PR T ED R AR T AT — A T A R Bl [
AR i DR TRIR S . WS As R RO P iz
2y, Ay I 6 38 1 24 W R B A4 T R A A



236 WS Bos 37 %
H A5, N I BRI BT N =1 e e U B2 R O [ N
R ) 1l R o = T P A £ T [ < 7 N 9
3 % 2 ATEAR

F TG R AT T Sl N A5 R AR RE AR S
R SCEW S & — 2 MR ELE TR 2%z
F9 T AT 5 2% RO G R il SRR R R O T
ST PR A O B R Al L S A ' 5 K Bl A%
(B RE bR} o i A A R 1 B (R O R 2R
RO+ mT LA 0L 1 737 IS 9 e A e A Ol o
WL ER 3 JE 1 25 pt A 2 o i S K O BE B 5 S BIL B
AE o S TR I B0 & AR R Y 2R B R
e e IRTN I TR TR 26 A Jie Oy O Y B AT LA
it 2 B A 1 3 2 M S e 28 L R R R T AR
BRI S e 1k — A0 e b T 3K S I iy 2 A 4K
el . i iy i 5 il LR G A R O R S PR
SCHY B3k R Gz B S5 R 2L T A5 e 4l UK
T80 Bl A5 A9 BB L 58 3 L I A T T R (R
RSP AR O 15 s 2 AT JE AR B OK P RE L 20 B
Wi JO7 25 9K Bl g o Bk A 50 G b RE M 5F T BOR
AT € 35 i R IR BK Bl 2 1 Ak RE AR L LG
TEN T WUA BB & N 55 40 3800 ok 42 3 1Y
IVAIE

{2 H AT RT3 AR B A — 3 HLE B T B
SN A R WA K Bl A o A BRI P R
TR REAT BR . R ok S JiE AT S Ak Y A SR
ity K Sl A AT R AT AR 1Y g 0 o [R] of l 2E OG
TELLR JLASTT I -

() J JRoB BB RE BB BRI B . 2R
ek AU e S L SR T M TR T 24 A 504 YA ot 9K 0 5 1
o BT WA R DRI R A T AR SR R Y
FEAR R BR T — 4 1w A/ ROsE . 3l A 1R 58 46 )

Z * X #f:

(2) TRA UK 3l & 75 Tl 8 0K 2y U A4 107 . 3t
LT A A 98t T 8l 8 R B S T AR MEAE
RS YR B BIAT B LT FATT AT LA 37 Kk,
Ji FLAE R R G Sy A5 14 9L T AR e/ =S ]
T L) I fih G 4 G DI L 45 4 BIK 8 4 52 B —
BN 7 v M LA 2 BL A D RE . i B2 7 U 1M
(ERR

(3 1 8% A U2 YL ot SR 30 v 22 TR0 ) 192 E )
8 SR Iy T2 e MR e AR, H R R JE
R v 7 3R s i 2 S B 22 D e AL AN E AL K Sl Y
FEAMF. ATLAE B L R RS I R )
G [ ST € F s LR S VIR
T80 IR B 2 19 22 3R ) % g

(4) 2 B A G2 T8 b 9K 20 4 72 3 7 9K 5l 4
SRR . SRSl AR EL AT RS O I PR 5 Y fiE
[l bsf G o) 5 A LT [T e | AT A 00 3 A AR 0 A
R FE o IR B ' 0 7 114 11 G0 4 YR o K 3 i L R
FIE AR PHRE . AT UAR G A SRR 3K 3l 4 72
AR e s e s e R AR S K BH RE R O S
2y, [7) s AT 0% i s 000 K 40 O 7 1 T 7 i 45
i H R i

ORRIE A BRI N . B Tk —2 4
JE R Bh #7 B UK SE S0 2 A Ak, FAT AT DA T AR
S AT L o A A8 B 5 IS A B A
SFARAG AR 25 A0 RO T R AR IR R R L
Pt I R SRR L e 3G N )
I 225 9 JIEL S8 R A 23 1 et R O B 6
R o 2 — 20 R R LA 22 T RE DI 27 % 1 S0
I A B A By O 2

[1] IONOV L. Biomimetic hydrogel-based actuating systems [J].Adv. Funct. Mater., 2013, 23(36): 4555-4570.
[2] SHANG Y Y, WANG J X, IKEDA T, et al. Bio-inspired liquid crystal actuator materials [ J]. J. Mater. Chem.

C, 2019, 7(12): 3413-3428.

[3] PALAGIS, MARK A G, REIGH SY, et al. Structured light enables biomimetic swimming and versatile locomo-
tion of photoresponsive soft microrobots [J]. Nat. Mater., 2016, 15(6): 647-653.
[4] HUW Q, LUM G Z, MASTRANGELI M, et al. Small-scale soft-bodied robot with multimodal locomotion [J].

Nature, 2018, 554(7690): 81-85.

(5] #3E.Hak,24h, F ALt RS AR REA BT ] & & 5 B 77 ,2020,35(7) :631-644,
YANG M Y, YANG X, FENG W, et al. Near-infrared light-responsive intelligent liquid crystal nanocomposites



E pURCE ISP o 2 P S L i Eird 237

[6]

[7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[J]. Chin. J. Liq. Cryst. Disp., 2020, 35(7): 631-644. (in Chinese).
LIU L, LIU M H. DENG L L, et al. Near-infrared chromophore functionalized soft actuator with ultrafast photo-
responsive speed and superior mechanical property [J]. J. Am. Chem. Soc., 2017, 139(33): 11333-11336.
YU Q. YANG X J, CHEN Y, et al. Fabrication of light-triggered soft artificial muscles via a mixed-matrix mem-
brane strategy [J 1. Angew. Chem. Int. Ed., 2018, 57(32): 10192-10196.
LU X L, GUO SW, TONG X, et al. Tunable photocontrolled motions using stored strain energy in malleable azo-
benzene liquid crystalline polymer actuators [J]. Adv. Mater., 2017, 29(28): 1606467.
LU X L, ZHANG H, FEI G X, et al. Liquid-crystalline dynamic networks doped with gold nanorods showing en-
hanced photocontrol of actuation [J]. Adv. Mater., 2018, 30(14): 1706597,
YANG X, CHENG M J, ZHANG L N, et al. Electricity generation through light-responsive diving-surfacing lo-
comotion of a functionally cooperating smart device [J]. Adv. Mater., 2018, 30(36);: 1803125.
MA M M. GUO L. ANDERSON D G, et al. Bio-inspired polymer composite actuator and generator driven by
water gradients [ J . Science, 2013, 339(6116): 186-189.
IKEDA T, SASAKI T,ICHIMURA K. Photochemical switching of polarization in ferroelectric liquid-crystal films
[J]. Nature, 1993, 361(6411): 428-430.
YU Y L, NAKANO M, IKEDA T. Directed bending of a polymer film by light [J]. Nature, 2003, 425
(6954) : 145.
CAO J, ZHOU C L, SU G H, et al. Arbitrarily 3D configurable hygroscopic robots with a covalent-noncovalent
interpenetrating network and self-healing ability [J]. Adv. Mater., 2019, 31(18): 1900042,
ZHANG D J. LIU J, CHEN B, et al. A hydrophilic/hydrophobic Janus inverse-opal actuator via gradient infiltra-
tion [J]. ACS Nano, 2018, 12(12): 12149-12158.
GUO W W, LU C H, ORBACH R, et al. pH-stimulated DNA hydrogels exhibiting shape-memory properties
[J]. Adv. Mater., 2015, 27(1): 73-78.
GOUJON A, LANG T, MARIANI G, et al. Bistable [ ¢2]daisy chain rotaxanes as reversible muscle-like
actuators in mechanically active gels [J]. J. Am. Chem. Soc., 2017, 139(42): 14825-14828.
GUPTA P, KAROTHU D P, AHMED E, et al. Thermally twistable. photobendable, elastically deformable,
and self-healable soft crystals [J]. Angew. Chem. Int. Ed., 2018, 57 8498-8502.
GE FJ. LU X L, XIANG J. et al. An optical actuator based on gold-nanoparticle-containing temperature-memory
semicrystalline polymers [J]. Angew. Chem. Int. Ed., 2017, 56(22): 6126-6130.
LU C., YANG Y. WANG J. et al. High-performance graphdiyne-based electrochemical actuators [J]. Nat. Com-
mun., 2018, 9(1): 752.
WU G, WU X J, XU Y J, er al. High-performance hierarchical black-phosphorous-based soft electrochemical ac-
tuators in bioinspired applications [J]. Adwv. Mater., 2019, 31(25): 1806492,
MU J K, WANG G, YAN H P, et al. Molecular-channel driven actuator with considerations for multiple configu-
rations and color switching [J]. Nat. Commun., 2018, 9(1): 590.
YANG R, ZHAO Y. Non-uniform optical inscription of actuation domains in a liquid crystal polymer of uniaxial
orientation: an approach to complex and programmable shape changes [J]. Angew. Chem. Int. Ed., 2017, 56
(45): 14202-14206.
WANI O M, VERPAALEN R, ZENG H. et al. An artificial nocturnal flower via humidity-gated photoactuation
in liquid crystal networks [J]. Adv. Mater., 2019, 31(2): 1805985.
ZUO B, WANG M, LIN B P, et al. Visible and infrared three-wavelength modulated multi-directional actuators
[J]. Nat. Commun., 2019, 10(1); 4539.
OKAWA D, PASTINE S J, ZETTL A, et al. Surface tension mediated conversion of light to work [J]. J. Am.
Chem. Soc., 2009, 131(15): 5396-5398.
WU ZG, SIT Y, GAO W, et al. Superfast near-infrared light-driven polymer multilayer rockets [J]. Small,
2016, 12(5): 577-582.
SHI Y P, SALTER P S, LI M, et al. Two-photon laser-written photoalignment layers for patterning liquid crys-
talline conjugated polymer orientation [J]. Adv. Funct. Mater., 2021, 31(7): 2007493.
YANG Y, PEI Z Q, LI Z, et al. Making and remaking dynamic 3D structures by shining light on flat liquid crys-



HIERESETYIN o 37 %

238
talline vitrimer films without a mold [J]. J. Am. Chem. Soc., 2016, 138(7): 2118-2121.
[30] UBE T, IKEDA T. Photomobile polymer materials with crosslinked liquid-crystalline structures: molecular
design, fabrication, and functions [J].Angew. Chem. Int. Ed., 2014, 53(39): 10290-10299.

[31] KIM S, SHIOZAWA T, OGATA T, et al. Photo-response properties of inverse opal infiltrated with push-pull
type azobenzene functionalized polymer liquid crystals [J]. Mol. Cryst. Lig. Cryst., 2009, 498(1): 40-48.

[32] PANG XL, LV]JA, ZHUC Y, et al. Photodeformable azobenzene-containing liquid crystal polymers and soft
Actuators [J]. Adv. Mater., 2019, 31(52): 1904224.

[33] UBE T, MINAGAWA K, IKEDA T. Interpenetrating polymer networks of liquid-crystalline azobenzene polymers
and poly(dimethylsiloxane) as photomobile materials [ J1.So ft Matter , 2017, 13(35): 5820-5823.

[34] YU YL, MAEDA T, MAMIYA ] I, er al. Photomechanical effects of ferroelectric liquid-crystalline elastomers
containing azobenzene chromophores [J]. Angew. Chem., 2007, 119(6): 899-901.

[35] KUPFER J. FINKELMANN H. Nematic liquid single crystal elastomers [J]. Makromol. Chem. Rapid Com-
mun., 1991, 12(12). 717-726.

[36] FINKELMANN H, NISHIKAWA E, PEREIRA G G, et al. A new opto-mechanical effect in solids [J]. Phys.
Rev. Lett., 2001, 87(1): 015501.

[37] BROER D]J, FINKELMANN H, KONDO K. In-situ photopolymerization of an oriented liquid-crystalline acrylate
[J]. Makromol. Chem., 1988, 189(1): 185-194.

[38] IKEDA T, NAKANO M. YU Y. et al. Anisotropic bending and unbending behavior of azobenzene liquid-crystal-
line gels by light exposure [J]. Adv. Mater., 2003, 15(3): 201-205.

[39] MAMIYA J I, YOSHITAKE A, KONDO M, et al. Is chemical crosslinking necessary for the photoinduced ben-
ding of polymer films? [J]. J. Mater. Chem., 2008, 18(1): 63-65.

[40] WANG ] C, HUANG S, ZHANG Y H, et al. Hydrogen bond enhances photomechanical swing of liquid-crystal-
line polymer bilayer films [J]. ACS Appl. Mater. Interfaces, 2021, 13(5): 6585-6596.

[41] LIUY Y., WUW, WEIL]J, er al. Visible light responsive liquid crystal polymers containing reactive moieties with
good processability [J]. ACS Appl. Mater. Inter faces, 2017, 9(1): 782-789.

[42] LVJA,LIUYY, WEL]J, et al. Photocontrol of fluid slugs in liquid crystal polymer microactuators [ J]. Nature ,
2016, 537(7619): 179-184.

[43] UBE T, KAWASAKI K, IKEDA T. Photomobile liquid-crystalline elastomers with rearrangeable networks [J].
Adv. Mater., 2016, 28(37) . 8212-8217.

[44] SERAK S. TABIRYAN N, VERGARA R, et al. Liquid crystalline polymer cantilever oscillators fueled by light
[J]. Soft Matter, 2010, 6(4); 779-783.

[45] WANG]J C, SONG T F, ZHANG Y H, et al. Light-driven autonomous self-oscillation of a liquid-crystalline pol-
ymer bimorph actuator [J]. J. Mater. Chem. C, 2021, 9(37): 12573-12580.

[46] YAMADA M, KONDO M, MAMIYA ] I, et al. Photomobile polymer materials: towards light-driven plastic
motors [J]. Angew. Chem. Int. Ed., 2008, 47(27): 4986-4988.

[47] MA SD, LI X, HUANG S, et al. A light-activated polymer composite enables on-demand photocontrolled mo-
tion: transportation at the liquid/air interface [J]. Angew. Chem. Int. Ed., 2019, 58(9): 2655-2659.

[48] DA CUNHAM P, AMBERGEN S, DEBIJE M G, ez al. A soft transporter robot fueled by light [J]. Adv. Sci.,
2020, 7(5): 1902842,

[49] GAO JJ, TIAN M, HE Y R, er al. Multidimensional-encryption in emissive liquid crystal elastomers through
synergistic usage of photorewritable fluorescent patterning and reconfigurable 3D shaping [J]. Adv. Funct.
Mater., 2021, 2107145.

[50] DONOVAN B R, MATAVULJ V M, AHN S K, et al. All-optical control of shape [J]. Adv. Mater., 2019, 31
(2): 1805750.

[51] GELEBART A H, JAN MULDER D, VARGA M, et al. Making waves in a photoactive polymer film [J]. Na-
ture s 2017, 546(7660): 632-636.

[52] JIANG Z, XU M, LIF Y, et al. Red-light-controllable liquid-crystal soft actuators via low-power excited upcon-
version based on triplet-triplet annihilation [J]. J. Am. Chem. Soc., 2013, 135(44): 16446-16453.

[53] LIUY Y, XUB, SUNST, et a/. Humidity- and photo-induced mechanical actuation of cross-linked liquid crystal



E pURCE ISP o 2 P S L i Eird 239

[54]

[55]

[57]

[58]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

polymers [J]. Adv. Mater., 2017, 29(9): 1604792,

LAHIKAINEN M, ZENG H, PRIIMAGI A. Reconfigurable photoactuator through synergistic use of photochem-
ical and photothermal effects [J].Nat. Commun., 2018, 9(1): 4148.

PANG X L, QIN L, XU B, et al. Ultralarge contraction directed by light-driven unlocking of prestored strain en-
ergy in linear liquid crystal polymer fibers [J]. Adv. Funct. Mater., 2020, 30(32): 2002451.

WU P P, WANG ] X, JIANG L. Bio-inspired photonic crystal patterns [J]. Mater. Horiz., 2020, 7(2):
338-365.

LIU J C, WANG Y, WANG ] X, et al. Inkless rewritable photonic crystals paper enabled by a light-driven azo-
benzene mesogen switch [J]. ACS Appl. Mater. Interfaces, 2021, 13(10); 12383-12392.

LIU J C, WANG ] X, IKEDA T, et al. Liquid-phase super photoactuator through the synergetic effects of a Janus
structure and solvent/thermal/photo responses [J]. Adv. Funct. Mater., 2021, 31(48): 2105728.

HONG J C, PARK J H, CHUN C. et al. Photoinduced tuning of optical stop bands in azopolymer based inverse
opal photonic crystals [J]. Adv. Funct. Mater., 2007, 17(14): 2462-2469.

KIM S, ISHIT S, YAGI R, et al. Photo-induced orientation behaviors of azobenzene liquid crystal copolymers for
photonic crystals [J]. RSC Adwv., 2017, 7(82): 51978-51985.

SEKKAT Z, MORICHERE D, DUMONT M, et al. Photoisomerization of azobenzene derivatives in polymeric
thin films [J]. J. Appl. Phys., 1992, 71(3); 1543-1545.

ZHAO J Q. LIU Y Y, YU Y L. Dual-responsive inverse opal films based on a crosslinked liquid crystal polymer
containing azobenzene [J]. J. Mater. Chem. C, 2014, 2(48): 10262-10267.

YANG B W, CAI F, HUANG S, et al. Athermal and soft multi-nanopatterning of azopolymers: phototunable
mechanical properties [J]. Angew. Chem. Int. Ed., 2020, 59(10) : 4035-4042,

QIN L, GU W, WEIJ, et al. Piecewise phototuning of self-organized helical superstructures [ J]. Adv. Mater.,
2018, 30(8): 1704941.

LIU J, SHANG Y, LIU J, et al. A Janus photochemical/photothermal azobenzene inverse opal actuator with
shape self-recovery towards sophisticated motion [J]. ACS Appl. Mater. Interfaces, 2021.

76 3R AD FTED AR SRR AR AR LG N S IR E L S AT [T, 8 R A 5 ,2021,38(10) : 1389-1396.

ZHAI F, FENG W. 4D printed liquid crystal elastomer soft robot and its thermal derived motion behavior []].
Chin. J. Appl. Chem., 2021, 38(10): 1389-1396. (in Chinese).

Wil B AEA L R R LA B EUR YOG BUR AR R AW A AR AR A LT LR R AL, 2021, 38(10)
1371-1381.

LUO SM, SUN H Z, YAN S Q. et al. Cell biocompatibility of photodeformable azobenzene-containing liquid
crystal polymers [J1. Chin. J. Appl. Chem., 2021, 38(10): 1371-1381. (in Chinese).

F WL B T B IR A YR R TR SO AT S BERE LT ] 8 A A ¥ ,2021,38(10) :1226-1237.

JIY F, CAIF, YU H F. Research progress on photoswitchable surface topography of liquid crystalline polymer
[J]. Chin. J. Appl. Chem., 2021, 38(10): 1226-1237. (in Chinese).

EERE T

XMR (1991 —) , H W L HA Ll +
Jai »2021 4 F o [ B} 27 e B8 AL R fF
FE T ARAR I A 2=, 2 NS A R
SRR 5 A RS A LB T A%
4 FIBE == 5 0 K 2 D REOG TR AR M R
BF %%, E-mail: livjunchaol? @ mails.

ucas.edu.cn

EFREE 971, L, T E WAL
T A5, 2004 4F T AR 2 AR
B, BN SR R i D RE
ot L 2SR 5 A% Sk BB AIE ST L O T A iR A
BEBR B 4% /15 AR/ WOG A IS W
G F T A AR A S R/ TOW 45 A R AE /W
A SR 5. E-mail.

jingxiawang(@ mail.ipc.ac.cn



240 WS Bos 37 %

L EA965—) B VLR B M BB 1994 4R T MO R CH AR UG B )
B A R AN RN SR S TN o N N 7 s R B 2 7 A e e i S e ] U e e S P
AR B AN BE L, 32 BT A B R ST AORE S A 2 D T I S < 7 A B R T B RS BT 2 kil
5% L sl 2 IR 1 A 5T A5 AR R R RS B AL S N ARG . E-mail: jianglei@iccas.ac.cn




