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Fig. 1 Schematic illustration of the self-assembly of rod-shaped
mesogenic molecules containing diethylhexylphosphate (POEt)
and dimethylhexylphosphate moiety (POMe) moieties, along
with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),
forming a smectic A liquid-crystalline phase. This structure
exhibits nanosegregated, layered pathways that enable lithium-ion
conduction through phosphate-lithium-ion dipolar interactions.
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Fig. 2

A, SmB: smectic B, and Cr: crystalline phases.
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(a) Temperature dependence of ionic conductivities for the
equimolar mixture of POEt and LiTFSI (POEt/LiTFSI(50))
with both vertical alignment and random orientation in the
SmA and SmB phases. Conductivities along the direction

Fig. 3

parallel to the smectic layers were measured using comb-
shaped gold electrodes deposited on a glass substrate. A
measurement cell with a pair of ITO electrodes was used to
assess conductivities along the direction perpendicular to the
smectic layer. The conductivities of the sample with randomly
oriented domains were also measured using ITO cells.
(b) Room-temperature ionic conductivities of POEt/LiTFSI
mixtures as a function of LITFSI mole % in the mixtures.
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Fig. 4 Illustration of the cross-sectional views of nematic liquid
crystal/polymer composite films with microphase segregated
structures: (a) bicontinuous liquid crystal (BCLC) and polymer
domain structures and (b) polymer-dispersed liquid crystal
(PDLC) structures featuring liquid crystal droplets immobilized

within a polymer matrix.
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Fig. 5

(a) Components of the ion-conductive liquid crystal/polymer composite. The liquid-crystalline electrolyte was extracted by immersing the
composite film in ethanol to form a porous polymer membrane. (b) Photograph of the POEt/LiTFSI(50)/polymer composite membrane, along
with a polarized optical microscopic image showing an SmA phase. (c) Photographs of the composite films featuring fire retardants during
exposure to fire, and the recovered film after mechanical stretching of the resulting shrunken film. (d) Scanning electron microscopic images
of the resulting porous polymer membrane after extraction of the liquid crystal electrolyte from the composite. (e) Photograph illustrating
dead-end filtration of water through the porous polymer membrane.
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Fig. 6 (a) Snapshots of a bending actuator consisting of POEt/LiTFSI(50)/polymer composite electrolyte sandwiched between PEDOT : PSS
electrodes, under the application of an AC voltage of =2V at 0.1Hz. (b) Schematic illustration of the actuator bending toward the positive
electrode, induced by the accumulation of lithium-ions at the negative electrode and the simultaneous reduction of PEDOT. (c¢) Frequency
response of the peak-to-peak displacement for the POEt/LiTFSI(50)/polymer composite-based actuator with PEDOT : PSS electrodes.
(d) Cycle stability of the bending actuator under an AC voltage of + 2V at 1 Hz, with the initial displacement defined as 100%.
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YA S (POEY/LITFSI, POMe/LiTFSI) /47 2 ~
ATy MEEHFHIKEBBNSRDT 7 F 2L —7 2L
it A VRIS RT3 R Yy MEIZIEE
REME T 7 F 22— X0 BEMAE55D IR
TTAZLEDbholz. TORKEIE NV FILAF
VCIRIEEROMEEILE TRl TE b o722 L %
RELTWS., SHOBEE LT, T7F2x2—5 0%
WZRATT A & R B O R E EmAICEHIIT 2 2
EDFEITFONS.

WIZ, DX L EFIREIEAP T 7 F 2T — % OIGH
LLTC, BRI N AN EE 27 [FEBICY
W Cwa X9 R 2B T 2BE,OFTKE
T I TNVME TN R oL, EET I as
r—a v, BEEoERL VE-TMBHLwo7e, X
DADES LR T WHKROFEIUCANT THEH ST 5.
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Photographs of a ring-shaped haptic interface utilizing
POMe/LiTFSI(50)/polymer composite-based actuators with
PEDOT : PSS electrodes. (a) The actuators bent outward when
—2V was applied to the copper electrode on the inner side of
the ring. (b) Conversely, the application of +2V on the inner
side of the ring induces the bending of the actuators inward
toward the center of the ring.

RO EIZIE, 30Hz LT ORI WEHRE) (5 um P E O HRE)
) &R IEARE) (F9200Hz, 0.1 um Z A LI L) % 13
TOWMZBRRDD B, Ferld, BEDIEAPT 7 F 21—
y MBI ST Ny A T ORI EIREF A RE
L7 (Fig. 7). oMW OEBIZ+2V AT 5 &
T F 2= BRI ER L CTIREMLALZ EAT
X5 EHELLAKNE RE -7 EOREMEIEIE
ZDALHREZMLCT 7 F 2T —FICADL, filtEioR
1) 2 EEHBLTY A, EEKER 2w % He i
T AHIEAPT 7 F 2T — ¥ PEHTIUE, L LR ME
T4 =Ny 7AMRELE 2 ), THIZK) Z—HF—DEA
B EDLFLOWRBRZRIETE L EZ TS, 2o
Moy, MEr@EL-aar—Ya v OEzhL
S, SFEFSFELRGSHTOIHINEINS.

5. b WIS

KETIE, BA A MRESERTY) YBT AT VIR
)y AR, A4 Uik E Yk buay ZEEEE L
72t BLUECZVEGTLOREICE > TR I 7
TR EERE S 2 T L 7 S a v R Yy MR
it NS EIGH LB R iEAP 7 7 F 2 T — ¥ OfEE
LB IRTR 78 ANOIS I BT 5 5 ORI 9E;
BEZWA L. 2VORBIEAIMCX Y, 44 BH)&E
YRS T OWALRICIS L) £ 4 » O BRI A % HE) X
¥2IET, MWL OEBREBRREII L 85T 7 4
VA OIEEER 2 FEBLT 5 LIRS L. W EmaT
aYARY v MEOKER, M ESVESTOMAED
FIZX DT WRETH D, FFITA & VRS2 DR R
ST Ay M7 — Z ORI, A A ARENER T
AR LS9 A CTHETHL. T/, BEMEO®RE
R AT I VRY y MEEEBRE ORMBEED, T
JF 2T — MR RET AEELERLEEZONS.

WHEETTEDOTL Y FR, it/ v—HERD
HEFICL-T, TFSE LWL 20 "2
YRT Y MEASEREICIIZE SN TS, KA lZE0—B
ELT, A4 e E G L maFa vR
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Ty MEEZEFTL, FREMEIRRT 7 F 2z —5L LT
OF7-ZICHERZEILoOH 5. ZOHMIE, KEko
HEII 2= —va YHEOFERICT - EE L KT
b, Gtk ZOSHOMERBIERMCANLELI L E
WfFL T 5.

W, Aif7EE 2o T Mz dbiEE KRR A b
B o 18 L fR #2224 T & 5 Liu Chengyang (BAE NIMS K A
F2HiZEE & L COUIIgEsC R ISy 5. F72, K
WF7ei, FHeAuFse R B sk, ERLOEZER IS AN - A
BT E ST - N AMEIIE Y —Tad oy
I, ESIRESE B 3 2 RE 2 A e A A e ek 119 B S5 AT S e 4
HEFHE S ENT CGRKARD, A2 At A B B
PRI, 22 B B A B AA AR - 0B R o B &
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Z £ X ®

1) K. Asaka and H. Okuzaki, Soft Actuator; Materials, Modeling, Ap-
plications, and Future Perspectives, Springer Singapore, 2019.

2) G. M. Whitesides, Angew. Chem. Int. Ed., 57, 4258 (2018).

3) S. M. Mirvakili and I. W. Hunter, Adv. Mater., 30, 1704407 (2018).

4) . Shintake, V. Cacucciolo, D. Floreano and H. Shea, Adv. Mater.,
30, 1707035 (2018).

5) P. Martins, D. M. Correia, V. Correia and S. Lanceros-Mendez,
Phys. Chem. Chem. Phys., 22, 15163 (2020).

6) L. Chang, D. Wang, A. Jiang and Y. Hu, ChemPlusChem, 87,
€202100437 (2022).

7) T.Ube and T. Ikeda, Angew. Chem. Int. Ed., 53, 10290 (2014).

8) J. Biggs, K. Danielmeier, J. Hitzbleck, J. Krause, T. Kridl, S.
Nowak, E. Orselli, X. Quan, D. Schapeler, W. Sutherland and J.
Wagner, Angew. Chem. Int. Ed., 52, 9409 (2013).

9) A.J. Duncan, D. J. Leo and T. E. Long, Macromolecules, 41, 7765
(2008).

10) Y. Dong, K.-W. Yeung, C.-Y. Tang, W.-C. Law, G. C.-P. Tsui and X.
Xie, Nanotechnol. Rev., 10, 99 (2021).

11) R. Neuhaus, N. Zahiri, J. Petrs, Y. Tahouni, J. Siegert, I. Kolaric, H.
Dahy and T. Bauernhansl, Front. Built Environ., 6, 95 (2020).

12) M. Kotal, J. Kim, R. Tabassian, S. Roy, V. H. Nguyen, N. Koratkar
and I.-K. Oh, Adv. Funct. Mater., 28, 1802464 (2018).

13) J. Kim, J. -H. Jeon, J.-H. Kim, H. Lim and I.-K. Oh, ACS Nano, 8,
2986 (2014).

14) Y.-X. Shi, Y. Wu, S.-Q. Wang, Y.-Y. Zhao, T. Li, X.-Q. Yang and T.
Zhang, J. Am. Chem. Soc., 143, 4017 (2021).

15) T. Fukushima, K. Asaka, A. Kosaka and T. Aida, Angew. Chem. Int.
Ed., 44, 2410 (2005).

16) S. Imaizumi, Y. Kato, H. Kokubo and M. Watanabe, J. Phys. Chem.
B, 116, 5080 (2012).

17) S. Ishii, H. Kokubo, K. Hashimoto, S. Imaizumi and M. Watanabe,
Macromolecules, 50, 2906 (2017).

18) S. Imaizumi, H. Kokubo and M. Watanabe, Macromolecules, 45,
401 (2012).

19) R. Gao, D. Wang, J. R. Heflin and T. E. Long, J. Mater. Chem., 22,
13473 (2012).

20) O.Kim, T. J. Shin and M. J. Park, Nat. Commun., 4, 2208 (2013).

21)
22)
23)
24)

25)

26)
27)

28)

29)

30)

31)

32)

33)

34)

35)

36)
37)

38)

39)

40)
41)

42)

43)

44)
45)

0. Kim, H. Kim, U. H. Choi and M. J. Park, Nat. Commun., 7,
13576 (2016).

F. Yu, J.-H. Ciou, S. Chen, W. C. Poh, J. Chen, J. Chen, K. Haru-
ethai, J. Lv, D. Gao and P. S. Lee, Nat. Commun., 13, 390 (2022).
C.-H. Wu, W. Meng and M. Yoshio, ACS Mater. Lett., 4, 153 (2022).
S. Cao, C. Liu and M. Yoshio, Mater. Chem. Front., 7, 2828 (2023).
C.-H. Wu, W. Meng, K. Iakoubovskii and M. Yoshio, ACS Appl.
Mater. Interfaces, 15, 4495 (2023).

C.-H. Wu and M. Yoshio, J. Mater. Chem. C, 11, 10154 (2023).

M. Yoshio, C.-H. Wu and C. Liu, Adv. Funct. Mater., 34, 2314087
(2024).

S. Cao, J. Aimi and M. Yoshio, ACS Appl. Mater. Interfaces, 14,
43701 (2022).

C. Liu, S. Cao and M. Yoshio, Adv. Funct. Mater., 33, 2300538
(2023).

C. Liu and M. Yoshio, ACS Appl. Mater. Interfaces, 16, 27750
(2024).

J. Sakuda, E. Hosono, M. Yoshio, T. Ichikawa, T. Matsumoto, H.
Ohno, H. Zhou and T. Kato, Adv. Funct. Mater., 25, 1206 (2015).

T. Onuma, E. Hosono, M. Takenouchi, J. Sakuda, S. Kajiyama, M.
Yoshio and T. Kato, ACS Omega, 3, 159 (2018).

Y. Mizumura, D. Hogberg, K. Arai, J. Sakuda, B. Soberats, M. Yo-
shio and T. Kato, Bull. Chem. Soc. Jpn., 92, 1226 (2019).

T. Kajiyama, Y. Nagata, E. Maemura and M. Takayanagi, Chem.
Lett., 8, 679 (1979).

T. Kajiyama, Y. Nagata, S. Washizu and M. Takayanagi, J. Membr.
Sci., 11, 39 (1982).

H.-K. Jeong, H. Kikuchi and T. Kajiyama, Polym. J., 29, 165 (1997).
J. W. Doane, N. A. Vaz, B.-G. Wu and S. Zumer, Appl. Phys. Lett.,
48, 269 (1986).

H. Kikuchi, M. Yokota, Y. Hisakado, H. Yang and T. Kajiyama,
Nat. Mater., 1, 64 (2002).

H. Kakiuchida, A. Matsuyama and A. Ogiwara, ACS Appl. Mater.
Interfaces, 11, 19404 (2019).

T. Yamamoto and M. Yoshida, Langmuir, 28, 8463 (2012).

M. Koike, M. Aizawa, H. Minamikawa, A. Shishido and T. Yama-
moto, ACS Appl. Mater. Interfaces, 13, 39949 (2021).

K. Hisano, S. Kimura, K. Ku, T. Shigeyama, N. Akamatsu, A.
Shishido and O. Tsutsumi, Adv. Funct. Mater., 31, 2104702 (2021).
T. Y. K. Ankit, A. Ho, M. R. Nirmal, D. Kulkarni, Accoto and N.
Mathews, Adv. Intell. Syst., 4, 2100061 (2022).

E. Leroy, R. Hinchet and H. Shea, Adv. Mater., 32, 2002564 (2020).
W. Qiu, Z. Li, G. Wang, Y. Peng, M. Zhang, X. Wang, J. Zhong and
L. Lin, ACS Appl. Mater. Interfaces, 14, 31257 (2022).

ZH 1 2024.11.21

Masafumi YosHIO

AT FE B T AR - AORHIFZE b8 o 00 F -
NAF MBI S — - FAAPRZ T A
TN—=T TN —=T)—=F— TS X
T-Bl1-2-1 (F305-0047) /i RFRFBE #&
GALFIE - % BEIZ HERHF R - B2l
BUEIFZER: HHE Y AT 2RI v & — -

B
E-mail: YOSHIO.Masafumi@nims.go.jp
B TR, Y - Ty FaT— S ET

62

29% 15 2025

sk


https://doi.org/10.1002/anie.201800907
https://doi.org/10.1002/adma.201704407
https://doi.org/10.1002/adma.201707035
https://doi.org/10.1002/adma.201707035
https://doi.org/10.1039/D0CP02436H
https://doi.org/10.1039/D0CP02436H
https://doi.org/10.1002/cplu.202100437
https://doi.org/10.1002/cplu.202100437
https://doi.org/10.1002/anie.201400513
https://doi.org/10.1002/anie.201301918
https://doi.org/10.1002/anie.201301918
https://doi.org/10.1002/anie.201301918
https://doi.org/10.1021/ma800956v
https://doi.org/10.1021/ma800956v
https://doi.org/10.1515/ntrev-2021-0009
https://doi.org/10.1515/ntrev-2021-0009
https://doi.org/10.3389/fbuil.2020.00095
https://doi.org/10.3389/fbuil.2020.00095
https://doi.org/10.1002/adfm.201802464
https://doi.org/10.1002/adfm.201802464
https://doi.org/10.1021/nn500283q
https://doi.org/10.1021/nn500283q
https://doi.org/10.1021/jacs.1c00666
https://doi.org/10.1021/jacs.1c00666
https://doi.org/10.1002/anie.200462318
https://doi.org/10.1002/anie.200462318
https://doi.org/10.1021/jp301501c
https://doi.org/10.1021/jp301501c
https://doi.org/10.1021/acs.macromol.6b02750
https://doi.org/10.1021/acs.macromol.6b02750
https://doi.org/10.1021/ma2022138
https://doi.org/10.1021/ma2022138
https://doi.org/10.1039/c2jm16117f
https://doi.org/10.1039/c2jm16117f
https://doi.org/10.1038/ncomms3208
https://doi.org/10.1038/ncomms13576
https://doi.org/10.1038/ncomms13576
https://doi.org/10.1038/s41467-022-28023-2
https://doi.org/10.1038/s41467-022-28023-2
https://doi.org/10.1021/acsmaterialslett.1c00565
https://doi.org/10.1039/D3QM00192J
https://doi.org/10.1021/acsami.2c19382
https://doi.org/10.1021/acsami.2c19382
https://doi.org/10.1039/D3TC01441J
https://doi.org/10.1002/adfm.202314087
https://doi.org/10.1002/adfm.202314087
https://doi.org/10.1021/acsami.2c11029
https://doi.org/10.1021/acsami.2c11029
https://doi.org/10.1002/adfm.202300538
https://doi.org/10.1002/adfm.202300538
https://doi.org/10.1021/acsami.4c03821
https://doi.org/10.1021/acsami.4c03821
https://doi.org/10.1002/adfm.201402509
https://doi.org/10.1002/adfm.201402509
https://doi.org/10.1021/acsomega.7b01503
https://doi.org/10.1021/acsomega.7b01503
https://doi.org/10.1246/bcsj.20190076
https://doi.org/10.1246/bcsj.20190076
https://doi.org/10.1246/cl.1979.679
https://doi.org/10.1246/cl.1979.679
https://doi.org/10.1016/S0376-7388(00)81241-7
https://doi.org/10.1016/S0376-7388(00)81241-7
https://doi.org/10.1295/polymj.29.165
https://doi.org/10.1063/1.96577
https://doi.org/10.1063/1.96577
https://doi.org/10.1038/nmat712
https://doi.org/10.1038/nmat712
https://doi.org/10.1021/acsami.9b01280
https://doi.org/10.1021/acsami.9b01280
https://doi.org/10.1021/la3001784
https://doi.org/10.1021/acsami.1c11634
https://doi.org/10.1021/acsami.1c11634
https://doi.org/10.1002/adfm.202104702
https://doi.org/10.1002/adfm.202104702
https://doi.org/10.1002/aisy.202100061
https://doi.org/10.1002/aisy.202100061
https://doi.org/10.1002/adma.202002564
https://doi.org/10.1021/acsami.2c06209
https://doi.org/10.1021/acsami.2c06209

