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Abstract: In this work, we report a highly deformable covalent adaptable-liquid crystal elastomer (CA-LCE) comprising
dynamic thiourea bonds that enable macromolecular network rearrangement at elevated temperatures. The exchange of
chain network is verified through stress-relaxation analyses and follows Arrhenius-type behavior. The unique capability of
rearranging the chain network in the CA-LCE provides useful properties, such as welding, melt reprocessing, and shape
reprogramming, that cannot be achieved by the conventional LCE comprising permanent crosslinks. Reversible actuation
is further demonstrated by reprogramming the polydomain CA-LCE into a monodomain via mechanical stretching at ele-

vated temperatures.
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Experimental
1. A2 L Al

1,4-Bis-[4-(6-acyloyloxyhexyloxy)benzoyloxy]-2-methylbenzene
(RM82) ¥H3-4 944 % - Wilshire Technologieso]| ] T+
3L T} Poly(ether-thiourea) 7} A= 7|2 B E = o]
o3 GAstATE” A AGH THE AR} §THEL &
7449l BATA glo] W AR AHgstact.

2. CA-LCE &4

CA-LCEx= RMS829] diacrylate®} poly(ether-thiourea)2]
diamineA}©] 9] aza-Michael addition ¥H-2-2 E3}| one-poto.2
A=t TAM O 20 mL vho|ete] RMS2 (274.1 mg,
0.407 mmol)?} poly(ether-thiourea) (189.1 mg, 0.203 mmol)
2:1 28l &2 FU% ¥ DMF (4 mL)Z Yo #9493 &84S
Azt doid &S Bl ZE FEo /2" E H 50°C
9] StET 0| EofA 2447t B2t 7HE st S E SEAI-
SO ZHkg-o] dojut=E sk}t vkg & dojl =4
Z 100°Co| A 742 Az 9 G7ta s FEstgen, o
£ 59 FF5Her Eryed +29 CA-LCE Z5& ¢
At

BN 2y

w

I

Attenuated total-reflectance Fourier transform infrared spectro-
scopy (ATR-FT-IR) 2 JascoAl2] FTIR-4600 £347]5 AHESH
o] A0S 64 L 650-4000 cm™! B Qo) A A3} T). Differ-
ential scanning calorimetry + TAA}] Discovery DSC 255 A}
&5to] —50-180°Co] 2=H fjoflA 10°C/ming] & X Pzt
EE2 A7) stolA ST $8-HPE AP Dr
TECH A}e] DR-100 YWts A& AJ@7|(universal testing
machine, UTM)& AFESFo] 50 mm/min®] HAIEE 2 AR29f
A =2A3F T AerA] (viscoelastic property) X -2 ¢+3)
(stress relaxation) A3 TAALY] FZF7|AEA7](DMA
Q850) ol 83 13 SU= BEG|H ZHotolch AEA 2
A& £7%=HQl CA-LCE ZE& [7.0 mm (L) x 5.0 mm (W)
x 0.2 mm (T)[& 0]-83) —50-180°C2] L% €Jof A 3°C/min
o $eEER | Hz 04 5ol Z4siect. Segsiy
£ 120-150°C] L= oI N ZHelAow], 7 LRG| =
HolaA} sk ABE SEEST A A7 F 5%l Uge
Al&stof| A7t g YA A TS A4S A &

A1) wjgk 9 AbAo]= NikonAle] Nikon Eclipse LV100N
POL #H3FAu| & o]-&3f S5kt

4. X-ray Al2t 2
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CA-LCE9] Fx 4 ufigko] gt J=E &7] ¢Jsf 237}
£:7] 9 F 4 (Pohang Accelerator Laboratory, PAL)2] 9A U-
SAXS Qlg}elof| A FZH(wide-angle) L AZF(small-angle) X
A Ak 248 AASHE T 2D HZE 7] (Rayonix MX170-HS)
£ 53l ol 4bgt S S5kl o, o] & F3lf A
e (g [= () sin@2)])el T3t 1D ARkE 2HE T
Sk of u, o= Agzels 4 (= L119 Az XA19] g gt
ot AW FE7] Apole] Azl SAXSS] AL 205 m,
WAXS9| 749 022 m AZol|A AT AlHE ufgFd
A E(Sy= WAXS H|o]E]Z o]-&, Hermans-Stein B SFEE 3+
22 23 ofe] Aoz Ashart.
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Results and Discussion
1. Preparation and characterization of CA-LCE

At gto]| 7Hg3t A T Al= RM829] diacrylate L&
1} poly(ether-thiourea) L2 diamine AFe] 2] aza-Michael
addition ¥F-g-o]] 9]} g4 =] A th(Figure 1a). ©]E $]3] RMS82
9} poly(ether-thiourea)& DMF S| 0] I3t 4013 7|
2% 5, AT AT 5] 50 oA 24A|17HE3E WA A
2 BT FAEE AARAA = wiFe] fle EYE
| 2l (polydomain) e = FoFom, F2oA EFBST &
4& UEH Atk (Figure 1a). FT-IRZA| 23} acrylateo] 3%
3= 812 em™! T 37} ARl AL 3Hlg o, thiourea 12
4] MR $LET 123060 ey BAE AL F
o hmskSol elg CA-LCE 7} Anbdo2 S AL o
o154 th(Figure 1b). 3+, CA-LCEQ] 2 BE&2 90%= ¥+
Q15/9ic}. B4 CA-LCE ©f 94wt ujaf 2212 913 7]
AR diez A= HEE ME s &4 L B4 X A
AFH(SAXS E WAXS)S £735}31t. o] off 2D £Z}SAXS ¢
o[¥] 4o thAAQ 2 FEje}t ID =2t A4 AWA 5=
(primary peak) &} A 3 F(second order peak) A}o] H]E&
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Figure 1. (a) Reaction scheme of CA-LCE by aza-Michael addition-based thermal crosslinking and the photograph of polydomain CA-
LCE after synthesis. (b) FT-IR spectrum of RM82, poly(ether-thiourea), and CA-LCE. (c) 1D-SAXS profile and 2D SAXS pattern (inset)
of uniaxially stretched CA-LCE. (d) 1D azimuthal scan profile at ¢ = 1.46 A" and 2D-WAXS pattern of CA-LCE.

1225 E] smectic A 4= FATS FAsH3It Smectic
layer®] =7 (dyre ¢ % 0.09 A'REE d = 2w/q 4] o
23] AAsE 23} 7.1 nmZ Q1= et $HH, WAXS glo] g
F2HE CA-LCEZF 4= A8 = o 0369 wig AA=
£ zt= AL Felstgth(Figure 1c and 1d).

2. Thermal, mechanical and viscoelastic properties

292 CA-LCE 9 AHAo] 225 XA} Y3 DSC
2492 5 A 2 Aol LE(T e 14°C, 123 95 o] 4}
ZA] = clearing &= (T, )2 131°Co| A &2l = it (Figure 2a).
£3), o4 Aol LEE polydomain BEL 7Y
130°C F-ZolA HFo] 543 F3iA= el Hgan]
A BAolH 2238l o3t 4 texturer} AR E S B
HA = F712 elst = lch(Figure 2b). E3F, CA-LCE 2
Hd 24E ¢l DMAE o] &sto] =0 T& & &
tan § HH 9] HILE FAS}t} Tan § WA= 22°Co| A &
= 9loH, o] CA-LCEQ T, 3t& 9u]dtc}. T3 135°C
oA A% B8 ABY 7|&717F Hat AL 538 o]
LEFTON AAro] AR RS & 4 Ik LES T
7N A A A EC] A ATA FAHAY St
5t S7Fste 17 B (rubbery plateau)F Ho] TEH A=

ol Bshit-g-of &gttt & o]Roj A & 5
(Figure 2¢). ©] & CA-LCEQ] 7|AZEAL UTME 9|
Se-aeE T4 AN Ba) RSk Aol A
ELA & (tensile modulus)= 4.5 MPa, Q14-2-2] (tensile stress)
8.2 MPa 18| 11 utA| 3 E(strain)S 411%= 1= Qich
(Figure 2d). 53], polydomain A|2E °]-&3 S4<& 51371
ojZell, 100-200%2] HEFE 7oA B4 SgA A =
w1 5-9] AfulSF(reorientation)o]] 2]3t soft-elastic plateau”}
387 $2%5Ic). DSC, DMA % UTM 42748 et
o2, FE CA-LCE: =2t 32 T, 3= 7HAH, &
204 2 HPER A4lo] 7hsdt AFA HAAY &
A& hepa B ofjaf, o Tg2) AbHo] g el A
2 srshart.

3. Welding, reprocessing and stress-relaxation

Qo4 AT CALCES 474 F42e] €19 3
Ayt oy e Alehs 22 F4512% < thiourea 2
x3st= A o] EAo|t). 3], CA-LCES] thiourea
J 2ol oA sE|7t E 4 e o]F &
st Fof| 23t &3 (welding), A 71 (reprocessing)°] 7155t
t}. Figure 3a0)|A] XH= ule} Zro), 479 2218 CA-LCE
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Figure 2. (a) DSC second heating curve of CA-LCE. (b) Photographs (top) and POM images (bottom) of polydomain CA-LCE upon
heating. (c) Viscoelastic property of polydomain CA-LCE. (d) Stress-strain curve of polydomain CA-LCE.
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Figure 3. (a) Photographs of the welding (top) and melt reprocessing (bottom) of CA-LCE obtained by compression molding. (b)
Normalized stress relaxation curves of CA-LCE over time at different temperatures. The dashed line indicates E/E,= €. (c) Corresponding
Arrhenius plots derived from the relaxation times (i.e., the black dashed line in Figure 3b).
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52 N2 WAt HIG H QLI LS ol g3 120°Co
A IAZE B 45 S HW mAE HEo] A2 §AE

shube] TEAS & 4 ek FAP CA-LCE 382
258 Ana A Fa) 140°CA 1412 5 & o
2 A7hgo] s dtet. olg e o ¢

38 W AEHE 712 DA oy SRS
TR ojele BHORN FATHATL W CA-
go|m, CA-LCEZ Hz T4 o w2

WG ALEY 5 918 njsit

CA-LCES] $AZ4 2Tl J3 44 54
A% AL B A EHL 5 Yok YukHQ A
AL 4 7PIE Amgsel g8l LS 2ol A
shel7] Hge] £ SAANATES BAS) oA 1
it BATRAYo] G DEA YEYAL B4 Lxo|
Aol AT B3 W olo] w2 Afujgo] FFs st uet
A =S 2B AE S BT 4 YTk CA-LCES] §4
T4 AT SUASATS 23] 9 120-150°C
LEFZA 5°C A0z 2EE F71A17]8 CA-LCE 9
SEUBBIAT S 2ASITE. Figure 3o 4 218 4 gLzl
L27t Z7hete] wet o whE SEw gYgslt AaE gl
i1, 53] 135°C ool AE 45k o BE Seo] gsfule

o rjg
ot
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AE G ANt B3, 229 SEH AT (ERH o= A
T3}e 22 (normalized stress)©] 1/eo]] =E8 ] A= A]

7to 2 o)) Alo] o] AFHBAE Arrhenius 5L THE-S 8
158}z, o]= CA-LCEY] 3-8 &3} 7} thioureaZ 39| s &

B AN UEYZ Aol 711 ofn| gtk (Figure
3c). o] o}, Arrhenius plot2] 7] &7]= A3} of 1 A (activation
energy)S 2Ju]sly o] ZF2 127.5 kl/molo 2 FQlE Qitt.

4. Shape Reprogramming and Reversible Actuation

& £ 4 2aHYst= A E
£ So} ¥4 polydomain CA-LCE BEe| gznyn}
170°C (isotropic temperature) 2 7}FE3st A2 1022 G4
3, O] ALOR SRS WR) HU SRS sl BB
o isotropic AB|2 LA o] Q%7 s} W 4 9)
(Figure 4a). T3} polydomain CA-LCEE DMA ¢1# E3 =
£ Bl 120°Col| A QAT F 1AZF 5 A A 3
H}eE o 22 A =83FE monodomain CA-LCE 2 Z7]AHE|
ANz2 YAl 4= ch(Figure 4b, left). Monodomain
o= H3En 4 (POM) 242 3l 44 &g =+ 3
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fu
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— —i’—x 100% =~ 20%
0

Figure 4. (a) Demonstration of shape reprogramming. (b) Reprogramming of a polydomain into a monodomain CA-LCE, and
corresponding POM images of monodomain film. (c) Reversible thermal actuation with 20% actuation strain.
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th(Figure 4b, rlght) o) 21 3FE monodomain CA-LCE 2 T,
oo 2 exE 23 AL Ao AlgtR 1}t FA]o vljdF
WFo 2 pFo] dojum], T 202 RLEE W& H¢
Aol B AEHA L] dol= Fote = 7HHH el
Fojlo]ld EAS Ul e FAHFES oF 20%= &2l
= A

Conclusions

w Agto] 7H53t thiourea 23S g
42 3% 489 99 BAICALCDE 4F402 4

C XA BX4L 3| smectic AZ
2°c9} 135°C°1]/\1 2}"13"*

oA =28 MPa o] 49| Q&S et it 53], 130
T o]Ate] 120 A thiourea 23] e 2 X E 7]213t CA-
LCE Y EH=9 AuiEE T3 Foll o &4, A7 2 =
7184 AZ=2 a8 o] 7H=3l9th E3F monodomain® 2
A2 TR A Y FHOLE B L ool E
2 7ssiich. Tk, ®A) Al 2wol Al olzolol4l o]
A HEYS] SHASE HHF Lold 4 Yonz, A
ool eHEA e HdlA= AFollold =9 S 43}
AR E S 7S gt Hels Zo] asith FHYE
A= 719 A A oA = 7€ A S A =7}
TR A7HE, AR R A A EA 0] 7HsdtE R A
&7Fs3 32K, A0E dFojolg Bl AZE 259 7|

ol 383t 277 € A= 7diHd.
Acknowledgements

JEZ
TS

Attt 712

A LA 2R)el S5t

Ol &E: AREL ool f5S AAFYTh

References

1. K. M. Herbert, H. E. Fowler, J. M. McCracken, K. R.
Schlafmann, J. A. Koch, and T. J. White, “Synthesis and
alignment of liquid crystalline elastomers”, Nat. Rev. Mater.,
7,23 (2022).

2. S. Choi, J.-H. Lee, and S.-K. Ahn, “7}H & HA A AE:
A, Wi eF 2 287, Information Display, 22, 34 (2021).

3. T. J. White and D. J. Broer, “Programmable and adaptive
mechanics with liquid crystal polymer networks and elasto-
mers”, Nat. Mat., 14, 1087 (2015).

4.

10.

11.

12.

13.

14.

15.

16.

17.

J. M. McCracken, B. R. Donovan, and T. J. White, “Materials
as machines”, Adv. Mater., 32, 1906564 (2020).

. Y.-Y. Xiao, Z.-C. Jiang, and Y. Zhao, “Liquid crystal poly-

mer-based soft robots”, Adv. Intell. Syst., 2, 2000148 (2020).

. J. Bae, K. Kim, S. Choi, and S.-K. Ahn, “Liquid Crystal Elas-

tomer-Based Soft Actuators”
News, 24, 19 (2021).

, Korean Industrial Chemistry

. R. S. Kularatne, H. Kim, J. M. Boothby, and T. H. Ware,

“Liquid crystal elastomer actuators: Synthesis, alignment,
and applications”, J. Polym. Sci., Part B: Polym. Phys., 55,
395 (2017).

. C. P. Ambulo, S. Tasmim, S. Wang, M. K. Abdelrahman, P.

E. Zimmern, and T. H. Ware, “Processing advances in liquid
crystal elastomers provide a path to biomedical applications”,
J. Appl. Phys., 128, 140901 (2020).

. C. P. Ambulo, J. J. Burroughs, J. M. Boothby, H. Kim, M. R.

Shankar, and T. H. Ware, “Four-dimensional printing of lig-
uid crystal elastomers”, ACS Appl. Mater. Interfaces, 9,
37332 (2017).

B. A. Kowalski, T. C. Guin, A. D. Auguste, N. P. Godman,
and T. J. White, “Pixelated polymers: Directed self-assembly
of liquid crystalline polymer networks”, ACS Macro Lett., 6,
436 (2017).

K. Kim, Y. Guo, J. Bae, S. Choi, H. Y. Song, S. Park, K.
Hyun, and S.-K. Ahn, “4D Printing of Hygroscopic Liquid
Crystal Elastomer Actuators”, Small, 17, 2100910 (2021).

J. Lee, Y. Guo, Y.-J. Choi, S. Jung, D. Seol, S. Choi, J.-H.
Kim, Y. Kim, K.-U. Jeong, and S.-k. Ahn, “Mechanically
programmed 2D and 3D liquid crystal elastomers at macro-
and microscale via two-step photocrosslinking”, Soft Mater,
16, 2695 (2020).

Z. Pei, Y. Yang, Q. Chen, E. M. Terentjev, Y. Wei, and Y. Ji,
“Mouldable liquid-crystalline elastomer actuators with
exchangeable covalent bonds”, Nat. Mater., 13, 36 (2014).
M. K. McBride, A. M. Martinez, L. Cox, M. Alim, K. Chil-
dress, M. Beiswinger, M. Podgorski, B. T. Worrell, J. Kill-
gore, and C. N. Bowman, “A readily programmable, fully
reversible shape-switching material”, Sci. Adv., 4, eaat4634
(2018).

Z. Wang, and S. Cai, “Recent progress in dynamic covalent
chemistries for liquid crystal elastomers”, J. Mater. Chem. B.,
8, 6610 (2020).

M. O. Saed, A. Gablier, and E. M. Terentjev, “Exchangeable
liquid crystalline elastomers and their applications”, Chem.
Rev., 122, 4927 (2022).

J.-H. Lee, J. Bae, J. H. Hwang, M.-Y. Choi, Y. S. Kim, S.
Park, J.-H. Na, D.-G. Kim, and S.-k. Ahn, “Robust and repro-
cessable artificial muscles based on liquid crystal elastomers
Mater., 32,

with dynamic thiourea bonds”, Adv. Funct.



Covalent Adaptable Liquid Crystal Elastomers Comprising Thiourea Bonds: Reprocessing, Reprogramming and Actuation 61

18.

2110360 (2022).

D. S. Lee, Y.-S. Choi, J. H. Hwang, J.-H. Lee, W. Lee, S.-k.
Ahn, S. Park, J.-H. Lee, Y. S. Kim, and D.-G. Kim, “Weldable
and reprocessable biomimetic polymer networks based on a
hydrogen bonding and dynamic covalent thiourea motif”,
ACS Appl. Polym. Mater., 3, 3714 (2021).

19. D. Montarnal, M. Capelot, F. Tournilhac, and L. Leibler, “Sil-
ica-like malleable materials from permanent organic net-
works”, Science, 334, 965 (2011).

ETA SXALE: S=uRese ANE =8 9 71# 249
DU T BASk] FPS HFY



