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Research progress in processing methods of
reversible three-dimensional structures of
liquid-crystalline elastomers based on dynamic covalent bonds

ZHANG Yu-bai', JI Yan®"

(1. Research Institute of Petroleum Processing » Beijing 100083, China ;
2. MOE Key Laboratory of Bioorganic Phosphorus Chemistry and Chemical Biology ,
Department of Chemistry , Tsinghua University, Beijing 100084, China)

Abstract: Liquid-crystalline elastomers (LCEs) are a type of smart materials that can produce macro-
scopic reversible deformation under external stimuli (such as heat, light, electricity, magnetism,
etc.). Only LCEs that are aligned can exhibit macroscopic reversible deformation. Dynamic covalent
bonds can be reversibly broken and regenerated under certain conditions, which can change the topolo-
gical structure of traditional covalent cross-linked networks. Introducing dynamic covalent bonds into

LCEs enables a new strategy to align the material. Liquid-crystalline elastomer reversible three-dimen-
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sional structures have certain three-dimensional shapes and can produce reversible deformation under

external stimuli, which can be used in biomedicine, tissue engineering, aerospace, and flexible robots.

In order to obtain liquid-crystalline elastomer reversible three-dimensional structures with more com-

plex shapes and multiple deformation modes, the liquid-crystalline elastomers can be three-dimension-

ally aligned or assembled based on the orientation method of dynamic covalent bonds. This article re-

views the processing methods of the liquid-crystalline elastomer reversible three-dimensional

structures based on dynamic covalent bonds, and analyzes the challenges and opportunities in this

field.

Key words: liquid-crystalline elastomers; dynamic covalent bonds; reversible three-dimensional struc-

tures; alignment; assembly
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Fig.1 Construction of

xLLCEs reversible 3D

structures based on transesterification. (a)
Intrinsic nature of transesterification; (b)
Construction of xILCEs based on transesterifi-
cation; (¢) Thermal response performance of
xLLCEs reversible 3D structures with a convex

shape.
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Fig.2 Light-driven xLCEs reversible 3D structures
made by thermal processing. (a) Infrared
light responsive properties of the helix xLLCEs
reversible 3D structure doped with PDA; (b)
Light responsive properties of the helix
xLLCEs reversible 3D structure based on azo-

benzene derivatives.
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Fig.3 Preparation and exchanging mechanisms of the xLCEs based on siloxane exchangeable bonds. (a)

Mechanisms of xLLCEs preparation; (b) Mechanisms of siloxane exchangeable bonds; (c¢) Schematic

diagram of the deformation mechanism of xLCEs with siloxane exchangeable bonds.
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Fig.4 Catalyst-free xLCEs reversible 3D structure

based on transesterification. (a) Preparation

and thermal responsive properties of a xXLLCEs
reversible 3D structure with curved shape;

(b) Preparation and thermal responsive prop-

erties of a xLCEs reversible 3D structure with

helix shape; (¢) Reprogammability and ther-

mal responsive properties of a xLCEs
reversible 3D structure with flower-like
shape.
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(a) Preparation and thermal responsive prop-
erties of a xLCEs reversible 3D structure with
curved shape; (b) Preparation and thermal
responsive properties of a xLLCEs reversible

3D Cc)H

structure with helix shape;
Preparation and thermal responsive properties
of a xLCEs reversible 3D structure with
convex shape; (d) Reprogammability and
thermal responsive properties of a xLCEs re-

versible 3D structure with flower-like shape.

M%%%&ﬂnﬂ%ﬂ%ﬁ(%? 110 °C) LA fish & 3453 it
W D-A SN I8 B ROk 2 E AT R T
U B AR B, BRI R D-A R TR IR R A

ST 3 D-A SO IR B D-A B R R
xLCEs HE i H B =10 . h T3 5 )5 A= il nk
ﬂ@%ﬂE&ﬂé@ﬁmﬂ%Erl%%iaa‘rﬁ]*ﬁﬁ}iﬂ“#ﬁ%ﬁé
B D-A A M 4%, 5248 10 3h ) 2= 45 xLCEs A7
JE A T B R] 7E 530 T 38 2k AL B ) 8 g o B
BUm Y BT 35 JEOIRUTY . B D-A B E AL WA
FETC RS FITIE B IEIR AT LA 3 4, an &l 6 Ca)
iR, MERIHEE 125 °CHf, B 4 5 0 0 5 5



5% 2 1

TR A T Bl A A 0 YA S AT 5 = A S AN T 7 VR I Y 0 205

()

Retro-DA reaction

; 2 {; 9 -5 iii j{‘,ﬂ 3
£ O gk % Erasure & & ;
\‘ / v ’,‘, (Further heating)\ { P
J N —— '

M= il )

-Cooling

-Room temperature
programming and
self-locking

T<TLC-|so l
i [, ‘Li*‘ ‘*:,‘ 7 u,,'
_ 1N
e ., 020,
—— » 'M.L,«;.{.

|

A BT,

LCDAN actuator

<

K6 HT D-A SN R E R ATt g gl
xLCEs [ i =4t 458, () “ {817 JF 35 (b)
MR B xLCEs Al 3 = 4k 254 (o) 37 & A
xLCEs 1 3 = 2254 5 (d) 1A% e e — FEE JE
FIHUR xLCEs 7l 3 = 4k 45 #4

Fig.6 xLLCEs based on Diels-Alder reaction. (a)
“Self-lockable” mechanisms; (b) xLLCEs re-

versible 3D structure with a convex shape;
(c) xLCEs reversible 3D structure with
folded shape; (d) xLLCEs reversible 3D struc-

ture that can shape-morph like plasticine.
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Fig.7 xLCEs based on disulfide exchange reaction.

(a) Mechanisms of the disulfide exchange re-

action and the living exchange reaction; (b)

Reversible actuation of the xILCEs reversible

3D film using ‘UCSD’ letters.

# T EEAN T xLCEs Al 3 =445 k0%, —
i B B 25 A8 4 S I A — 2R AE I BRSO ISR T RE
2T RUNEN: S T N I b ) /Y3
JOE S R A Sk TE 25 i A B0 BRUS L
ML AR Ik, SR . Cai 25 0F 58 % & B, 78 £ R
SNBSS 4 R A 1T DR SR BN
= FARAE B A L AR 05 5 a2 N A AR
B BB RUR AR A, S BOE M A S
BRI T TR, BT X — KWL LR
TR T —MierE 180 C A ¥ S . vl 76 2 i H.
TC AT 0 45 7 1 AT I 4 48 i T2 69 xLCEs,
IEh 2 T E IR R Bt R 41 AR A “ UCSD” S 4
(LRSS, 72 100 °C BRI K 1) xLCEs ] 3 — 4
25K, a7 () BT 7R o ST T P A TR
DRt LY R G b i B FH 25 T kAl

Shy B T A P A T = A A A iz sl AR X
SRR AR A b 3R T vk B 0 IR A A U AR



206 WS Bos

537 &

). EAT, K2 800 A, BRI 0 A 5 AR
W T, MAFEAE . & B =2 L) s AL RE

TE A A 28 TR 22 ) 6 A7 AT 36 170 4 1 8 4 2
PEVR AT 306 = 4EZ5H . Ry 3G Jg A SR K AT = 4
S5H 2 SR R L BE S AE 2 A R IR (R #E 47 D) 4
SRR LAY, Bowman 250 5% % 18 i % 5N
s 2 XU 114 0 5 20K Jon s 2 O 45 2 ik Y TR i g <€
FRE 51 AR PR R ZR L T & T RB A AE 4
TG AR Z 1R AT AT 33657 8 19 2 25 7T 300 2R S0 I W ot
SRCPE AL B R TR T A 5k S Y 5 B 4 ] 8
Ca) TR o A8 % 7 125 Tl 28 00 Y & 3 P 4K ) B 2L
A T R AR R S g 20 0T A AHD o B 2 R Y
AR AR L33 W R AR S T AR B AR . DR LR A
PE AR B 45 1 7] 14 A - 1) 50 4R 2 A8 L B T A0 3 B
A oy — R e AR R B B[] B AH - A AE B AR R
Tsmo 1X A5 728 I BE 00 A7 46 50 1 4 7
KIS AR IR E T, (A7 TE A5 92 00 h 3o 1k
PR T B AR At ELA ] 36 DU EDR AR IE A2 D g .
ST 00 SR B L W 58 R BT 0 RN B AR T S M R
Wk, A TSR 105 C B R = — 18
CLHMN—18 CHZ Ml 2 105 °C i}, GE#% 52 B
SFTE IE 7 T2 KU T R XU ZE TR IR -SF T8 E T B -

J 5 Bond exchange < ‘

A R T T S
(b)
Deformed at 105 °C Deformed at 65 °C
—_— —_—
Fixed at 65 °C Fixed at 25 °C
S, S, S,

X /- Deformed at 25 °C
; Fixed at -15 °C
Recovered i S
at 25 °C S,
Recovered at 65 °C Recovered at 25 °C x ‘
_— _—
Ly ,

S
Sz,rcc S[ § o

P8 LTk W R I 16 S8 4 S 1 B xLCEs. () &
S PP R TR TR A8 4 B I AL FE 5 () XU 4 I O
ARTT B4 (1 xLCEs 7] 3 = 4E 2544,

Fig.8 xL.CEs based on carbamate exchange. (a)
Mechanisms of carbamate exchange; (b) A
wind-vehicle-shaped xI.CEs reversible 3D
structure with quadruple reversible shape

changes.
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Fig.9 Tublar xL.CEs based on addition
fragmentation chain transfer. (a) Elongation-
contraction heat responsive mode and tiwsted-
untwisted heat responsive mode; (b)
Bending-straight heat responsive mode; (c)
Fetching the ball with temperature changing;

(d) Preparation of the tubular gripper.
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xLLCEs based on addition fragmentation
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Fig. 10
chain transfer. (a) Preparation of xLCEs;
(b) Preparation and thermal responsive
properties of the folded xLLCEs reversible

3D structure.
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bilayer xI.CEs reversible 3D structure based

on the boroxine-boric acid exchange
reaction. (a) Molecular structures of rea-
(b) Mechanisms of the boroxine-

Cc)

Preparation and thermal responsive behavior

gents;

boric acid exchange reaction;
of the helical-shape bilayer xI.CEs reversible
3D structure; (d) Preparation and thermal
responsive behavior of the flower-shape bi-

layer xI.CEs reversible 3D structure.
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Fig.13 xL.CEs based on diselenide bonds. (a) Struc-
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x Heating

tures of the reagents and the mechanism of
the diselenide bonds; (b) Preparation and
thermal responsive properties of the helix
bilayer xLCEs reversible 3D structure; (c)
Preparation  and  thermal  responsive
properties of the flower-shaped bilayer

xLCEs reversible 3D structure.
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Fig.14 Different cross-shaped grippers based on
xLCEs reversible 3D structures that can
produce unfolding-bending reversible deformat-
ion when the temperature is switched between
room temperature and 120 ‘C, which is made
by multiple-time welding. (a) One-time cross
welding; (b) Reverse welding of the two
shapes obtained in (a); (c¢) Two-time graft
welding of the shape obtained in (a); (d)
Three-time graft welding of the shape obtained
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Fig.15 Schematic diagram of the preparation
method of human-like xILCEs reversible 3D

structure and demonstration of its thermal

response performance
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Fig.16 Photocontrolled wheels and spring-like “mo-

tors” in azobenzene x[.CEs. (a) Schematic of
the photocontrolled wheels rolling; (b) Pho-
tograph of the photocontrolled wheels
rolling; (c) Schematic of the spring-like
“motors” rolling; (d) Photograph of the

spring-like “motors” rolling.
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Fig.17 Construction of the xLCEs reversible 3D
structure with precisely controled stepwise
reversible deformation. (a) Preparation of
the xILCEs and the mechanism of the ex-
change reaction; (b) Preparation and
thermal responsive properties of the temper-
ature-controllable stepwise spiral composite
xLCEs reversible 3D structure made by
welding; (c¢) Preparation and photo respon-
sive properties of the photo-controllable
stepwise spiral composite xILCEs reversible

3D structure made by welding.
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