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Development of superprotonic conductivity in plastic crystals

Mori, Hatsumi
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Proton conducting materials that can work without humidification and in the
medium temperature range of 100-300 have been highly desired for future fuel cells, and thus the
materials design towards high-performance anhydrous organic proton conductors based upon conduction
mechanism and the development of novel anhydrous proton conductors are pivotal issues. In this
study, we have investigated structure and property relationship by synthesizing single crystals of
anhydrous organic proton conductors, successfully proposed materials design strategy, and developed
novel anhydrous proton conductors focused upon construction of the hydrogen-bond network and
utilizing molecular dynamics of constituent molecules on the proton conductivity.



100-300°C

102 S/em
102S/cm
(M
(i)
(iii)
(1) () ©) [
1(a)] 35°C
Rigaku Mercury CCD MoKa T =
23-103°C Netzsch DSC 200 F3-T21
Maia 20—~300°C 5°C/ 1—3 20—~110°C 2°C/
AC Solartron SI 1260
Solartron 1296 0.1V 1Hz-1 MHz 10 mHz~10 kHz
2
2 3 2HNMR JEOL ECA-300 2H
45.282 MHz 2 3 lo§
2H
(900)X_T_(900)y_f_ta;q [900
T twg 25 20us 20ms 2 30 (a)
20us 20ms 3 ] 2H
H-N"N-H )OL j’\
Fortran \—/ HO” X~ O
Imidazolium X = C,H,: Succinate (1)
X = C;Hg: Glutarate (2)
X = C,H,: Fumarate (3)
(€D)
(b) intra-network B
inter-network / \;[ .
1-3
/
2
[ 1(0)]
1Hz
c 1
1b) A B AB

o[l 115°C  o(intraA)= 4.9x107



-1 H —
Scm ; ] o(intraB)= (a) (b) T¢C)
1.3x10"Scm™] D N 133 115 97 84 72 59 44
[1 115°C DR Y S B N ]
o(inter)= 3.6x10° S cm] sz: H1 i . ;“e"“"” )
20 - -
1 L m 3 o
A c B D3 D2 I ]
16 -
o A — exp. c [ ]
cal. / e Q‘YE F m m 4
90 °C 12 —
P B = a
,V\_“'A/,'," S ad L i
- M sl . ]
© B 23°C // I " ]
== | | S 8
150 100 50 0 24 26 2.8 3.0 3.2
Frequency (kHz) 1000/ T(K")
2@ () -ds 2
()2 23and90°C 2H NMR
- (b) 1( ) 2( ) 3( )
- Oiib
(&}
1
pKa
1 2 3 2 o 1 o
105°C 3 1 1 59x10°Scm?! 3 22x10%°Scm?
2 1 2-3
[1 103°C 3.4x10°Scm? 2 94°C  2.4x10°Scm?]
pPK a1 42 43 3.0 PKaH 7.0
pKa ApKa 28(1) 27(2 4.0(3 ApKa
c c-ApKa
ApKa
@
1 3 o 115 2 1 49x 107Scm?! 3 1.0x 10°Scm? 3
1
1 2H NMR
1 2 3 2HNMR
1 X 1 80° C —
103° C
80° C 1 103° C
103>
T>80° C 10 mHz~10 kHz
80°C A o 80°C
1 2 3
2 3
2H NMR 2 2 3 2HNMR
2 2
Kiib 50° C 100 109 Hz 3 26° C ki, = 104
Hz 2 50° C
59° C 3
3 2 0 b

0 b 2>1>3 o 06lb



@)

ST

[l £
Pe- -N 4
@ HO '\ O 4 N* HN™ ~NH
1) OH é \> or \—/
(HoPO,) (DMDABCO)?* (MImH)*
.3 HoPO4~
DMDABCO?%, MImH*
MH2PO4 (M =K, Rb, Cs)
H.PO iy g
! (a) : 0X1205 35?£.61 K
e 367.80K |
20 378.72K _|
s 389.82 K
Z 5 40066 K —
N
-1.0 0
05 8@@@” -
0.0 '
4 5x10°
b
( ) 10° T T T T
MImH DMDABCO
10° - —B- C axis € axis —
- & badis T b axis
10 ol a axis : baxis |
(DMDABCO)(H2POy); (4) J
DMDATCO(  3) 1/‘
24 26 28 30 32 34
O-H---0 1000/T (K™
bc 2 4 @1
Cole—cole (b)
4
(3@ Cole-Cole
4(b) b
c CsH2PO4 (MImH)(H2PO4) (5)
300K 4 (b,c ) ~107°
Scm™? CsHzPO4 (~108Scm™)
CsH2PO4 4
(1000/T = 2.4-2.5 KY) 4
c b 5
c
O-H--0
b CsH2PO,
b c
1 — C-H-O
CsH,PO4
@ (MImH)(H2PO,) (5)
MIH( 3) 5 4
4 2
(bc ) c b
4 2
MImH* DMDABCO,* N-H 5
(N-H---0)
[ 4b)] (1000/T = 2.8-3.4 K1) 4



(1000/T =2.5-2.8K™?) ~10*Scm 395K

2 (<107 Scm? 1(~10°Scm?)
(b c )
a IR
MImH+
(1627 cm™) (~3cm™)
5 MImH* MImH
N-H:--O
X
1
MImH* 5 DMDABCO2* 4
2 (DMDABCO)(H2PO4)2 (4), (MImH)(H2PO4) (5)
5 360-395 K ~10* Scm?

MImH



21 21 1 4

Toshiki Higashino, Akira Ueda and Hatsumi Mori 43

Di- and tetramethoxy benzothienobenzothiophenes: substitution position effects on the 2019

intermolecular interactions, crystal packing and transistor properties

New Journal of Chemistry 884-892
DOl

10.1039/C8NJ04251A

K. Miyagawa, T. Sato, H. Hashimoto, M. Kodama, K. Ohnoh, A. Ueda, H. Mori and K. Kanoda 88

Charge Order and Poor Glass-forming Ability of an Anisotropic Triangular-lattice System, 6 - 2019

(BEDT-TTF)2TICo(SCN)4, Investigated by NMR

J. Phys. Soc. Jpn. 34705(1-5)
DOl

10.7566/JPSJ.88.034705

A. Ueda, K. Kishimoto, Y. Sunairi, J. Yoshida, H. Yamakawa, T. Miyamoto, T. Terashige, H. 88

Okamoto and H. Mori

Hysteretic Current-Voltage Characteristics in the Deuterium-Dynamics- Triggered Charge-Ordered 2019

Phase of k -D3(Cat-EDT-TTF)2

J. Phys. Soc. Jpn. 34710(1-6)
DOl

10.7566/JPSJ.88.034710

T. Sato, K. Kitai, K. Miyagawa, M. Tamura, A. Ueda, H. Mori and K. Kanoda 18

Strange metal from a frustration-driven charge order instability 2019

Nature Mater. 229-233

DOl
10.1038/s41563-019-0284-9




K. Takahashi, K. Yamamoto, T. Yamamoto, Y. Einaga, Y. Shiota, K. Yoshizawa and H. Mori 9
High-Temperature Cooperative Spin Crossover Transitions and Single-Crystal Reflection Spectra 2019
of [Felll(gsal)2](CH30S03) and Related Compounds
Crystals 81(1-22)
DOl
10.3390/cryst9020081
D. Inokuchi, Y. Hirao, K. Takahashi, K. Matsumoto, H. Mori, and T Kubo 123
Dynamics of Water Molecules in a 3-Fold Interpenetrated Hydrogen-Bonded Organic Framework Based 2019
on Tetrakis(4-pyridyl)methane
J. Phys. Chem. C 6599-6606
DOl
10.1021/acs. jpcc.8b12421
74
s - 2019
82-92
DOl
Y. Sunairi, A. Ueda, J. Yoshida, K. Suzuki and H. Mori 122
Anisotropic Proton Conductivity Arising from Hydrogen-Bond Patterns in Anhydrous Organic Single 2018

Crystals, Imidazolium Carboxylates

J. Phys. Chem. C

11623-11632

DOl
http://dx.doi.org/10.1021/acs. jpcc.8b00814




Yamashita Satoshi Nakazawa Yasuhiro Ueda Akira Mori Hatsumi

95

Thermodynamics of the quantum spin liquid state of the single-component dimer Mott system Kk -
H3(Cat-EDT-TTF)2

2017

Physical Review B

184425(1-5)

DOl
10.1103/PhysRevB.95.184425

Sotome M. Kida N. Kinoshita Y. Yamakawa H. Miyamoto T. Mori H. Okamoto H.

95

Visualization of a nonlinear conducting path in an organic molecular ferroelectric by using
emission of terahertz radiation

2017

Physical Review B

241102(1-5)

DOl
10.1103/PhysRevB.95.241102

Takahashi Kazuyuki Sakurai Takahiro Zhang Wei-Min Okubo Susumu Ohta Hitoshi Yamamoto 5

Takashi Einaga Yasuaki Mori Hatsumi

Spin-Singlet Transition in the Magnetic Hybrid Compound from a Spin-Crossover Fe(lll) Cation 2017

and 1t -Radical Anion

Inorganics 54(1-14)
DOl

10.3390/inorganics5030054

Sasaki S. Hashimoto K. Kobayashi R. Itoh K. [Iguchi S. Nishio Y. lkemoto Y. Moriwaki T. 357

Yoneyama N. Watanabe M. Ueda A. Mori H. Kobayashi K. Kumai R. Murakami Y. Muller J.

Sasaki T.

Crystallization and vitrification of electrons in a glass-forming charge liquid 2017

Science 1381 1385
DOl

10.1126/science.aal3120




A. Ueda 90

Development of Novel Functional Organic Crystals by Utilizing Proton- and 1t -Electron- 2017

Donating/Accepting Abilities

Bull. Chem. Soc. Jpn 1181-1188
DOl

10.1246/bcsj .20170239

Shimozawa M. Hashimoto K. Ueda A. Suzuki Y. Sugii K. Yamada S. Imai Y. Kobayashi R. 8

Itoh K. lguchi S. Naka M. Ishihara S. Mori H. Sasaki T. Yamashita M.

Quantum-disordered state of magnetic and electric dipoles in an organic Mott system 2017

Nature Communications 1821(1-6)
DOl

10.1038/s41467-017-01849-x

Saito Yohei Fukuoka Shuhei Kobayashi Takuya Kawamoto Atsushi Mori Hatsumi 87

Antiferromagnetic Ordering in Organic Conductor A -(BEDT-TTF)2GaCl4 Probed by 13C NMR 2018

Journal of the Physical Society of Japan

013707(1-4)

DOl
10.7566/JPSJ.87.013707

Kiyota Yasuhiro Kawamoto Tadashi Mori Hatsumi Mori Takehiko 6

The thermoelectric power of band-filling controlled organic conductors, 3 ' -(BEDT- 2018
TTF)3(CoCl4)2-x(GaCl4)x

Journal of Materials Chemistry A 2004 2010

DOl
10.1039/C7TA06987A




Kato Hiroyuki S. Yoshimoto Shinya Ueda Akira Yamamoto Susumu Kanematsu Yusuke Tachikawa 34

Masanori Mori Hatsumi Yoshinobu Jun Matsuda Iwao

Strong Hydrogen Bonds at the Interface between Proton-Donating and -Accepting Self-Assembled 2018

Monolayers on Au(111)

Langmuir 2189 2197
DOl

10.1021/acs. langmuir.7b03451

Ueda Akira Mori Hatsumi 2

A phenol-fused tetrathiafulvalene: modulation of hydrogen-bond patterns and electrical 2018

conductivity in the charge-transfer salt

Materials Chemistry Frontiers 566 572
DOl

10.1039/C7QM00574A

Oike H. Suda M. Kamitani M. Ueda A. Mori H. Tokura Y. Yamamoto H. M. Kagawa F. 97

Size effects on supercooling phenomena in strongly correlated electron systems: IrTe2 and 6 - 2018

(BEDT-TTF)2RbZn(SCN)4

Physical Review B

085102(1-7)

DOl
10.1103/PhysRevB.97.085102

Yamamoto Kaichi Kanematsu Yusuke Nagashima Umpei Ueda Akira Mori Hatsumi Tachikawa 674
Masanor i

Multicomponent DFT study of geometrical H/D isotope effect on hydrogen-bonded organic 2017
conductor, Kk -H3(Cat-EDT-ST)2

Chemical Physics Letters 168 172

DOl
10.1016/j .cplett.2017.02.073




75

2017

1045 1054

DOl
10.5059/yukigoseikyokaishi .75.1045

46 13 14

H. Mori

Recent Advances in Molecular Conductors: Materials Development

International conference for coordination chemistry 2018

2018

H. Mori

Novel Molecular Functional Materials Using Dynamic H-bond and Polarization

The 2018 Gordon Research Conference on Conductivity and Magnetism in Molecular Materials Emergent Materials and Phenomena as
Foundation for Future Molecule-Based Devices

2018

H. Mori

Proton-dynamics Coupled Quantum Spin Liquid State and Magnetic Switching in Organic Mott System

Topological Phases and Functionality of Correlated Electron Systems 2019

2019




H. Mori

Quantum liquid of magnetic and electric dipoles in a proton-electron coupled molecular crystal

99 (2019)
2019
68
2018
- 11
2018
2018
T Cat-TTF
2018

2018




2018

2018

-TTF

12

2018

12

2018

TTF

12

2018




D. Zhang, S. Yokomoril, A. Uedal, 0. Goto and H. Mori

A Strategy for Developing Isotropic Charge Transport Mobility in Anthracene Derivatives with Multi-functions

The 8th TOYOTA RIKEN International Workshop “ Organic Semiconductors, Conductors, and Electronics”

2018

S. Yokomori, A. Ueda, R. Kumai, Y. Murakami, and H. Mori

Syntheses, Structures and Physical Properties of Novel Metal-dithiolene Complexes with Hydrogen bonds

The 8th TOYOTA RIKEN International Workshop “ Organic Semiconductors, Conductors, and Electronics”

2018

Y. Sunairi A. Ueda, J. Yoshida, K. Suzuki, H. Mori

Anhydrous Proton Conductivity in Imidazolium Hydrogen Carboxylates: Effects of Hydrogen Bonds and Molecular Motions

The 8th TOYOTA RIKEN International Workshop “ Organic Semiconductors, Conductors, and Electronics”

2018

2018




2018
74

2019
74

2019

T Cat-TTF
74

2019




99

2019

99

2019

2017

2017




K -X3(Cat-EDT-TTF)2 [X = H, D]

11

2017

11

2017

11

2017

TTF

11

2017




2017

i K -X3(Cat-EDT-TTF)2 [X = H, D]

2017

A. Ueda, H. Mori

Development of a New Class of Molecular Conductors with Hydrogen-Bond Dynamics: Chemical Modification of Catechol-Fused TTF
System

The 12th International Symposium on Crystalline Organic Metals, Superconductors and Magnets (I1SCOM2017)

2017

T. Higashino, A. Ueda, H. Mori

Methoxy-substituted BTBT derivatives: Synthesis and substitution position effect on the solid-state structures and
transistor properties

The 12th International Symposium on Crystalline Organic Metals, Superconductors and Magnets (1SCOM2017)

2017




Y. Sunairi, A. Ueda, J. Yoshida, H. Mori

Proton Conductivity and Hydrogen-Bond Network of Anhydrous Organic Crystals, Imidazolium Dicarboxylate

The 12th International Symposium on Crystalline Organic Metals, Superconductors and Magnets (1SCOM2017)

2017

K. Kishimoto, A. Ueda, Y. Sunairi, J. Yoshida, D. Ueta, H. Yoshizawa, and H. Mori

Nonlinear Conduction in K -X3(Cat-EDT-TTF)2 [X=H, D]

The 12th International Symposium on Crystalline Organic Metals, Superconductors and Magnets (1SCOM2017)

2017

S. Yokomori, A. Ueda, T. Higashino, and H. Mori

Development of Metal-dithiolene Complexes Having Hydrogen-bonding Ability

The 12th International Symposium on Crystalline Organic Metals, Superconductors and Magnets (I1SCOM2017)

2017

R. Doi, A. Ueda, R. Kumai, Y. Murakami, and H. Mori

Synthesis, Structures, and Physical Properties of Novel Hydrogen-bonded Charge-transfer Complexes based on Catechol-fused
TTF

The 12th International Symposium on Crystalline Organic Metals, Superconductors and Magnets (1SCOM2017)

2017




Hatsumi Mori

Hydrogen-related Functional Molecular Materials

New Frontier of Molecular Materials (NFMM)

2017

H. Mori

Self-doped purely organic conductors by deprotonation and oxidation of proton/electron donors, catechol-fused TTF family

Materials Research Society (MRS) fall meeting (EMO1 Organic conductors - Surface, Interface, Bulk Doping and Charge
Transport

2017

2017

Hatsumi Mori

Development of pai-electron functional materials utilizing molecular degrees of freedom

98

2017




TTF

98
2017

98
2017

98
2018

TTF
98

2018




TTF-0-

98
2018
73
2018
T Cat-TTF
73
2018

https://hmori.issp.u-tokyo.ac.jp/publications.html
HP
http://hmori.issp.u-tokyo.ac.jp/







