


Molecular Conductor — Summarized History
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TTF*TCNQ - The First Organic Metal
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Increasing the Dimensionality

Increment of side-by-side H3C Se Se_-CH3
intermolecular interaction | |
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TMTSF Superconductors
TMTSF (Super)conductors

(), »

ReQs
10°-
E
v
3
s WS PFs 7
=
=
=
1074 B
19| €10 i
1 1
1 10 100
iz E (K)

Compound TdK) Pressure IIIIII'}
PRs™ 09 10-12
Cl0g™ 12 none
ReQy~ 13-15 12
FSOs™ 15 >6




BEDT-TTF Superconductors
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Ambient Pressure Superconductors

Tc
11.8K

11.2 K
11.1 K
105K
104 K
10.2 K
9.2K
85K
8.1K
52K
5.0K
5.0K
4.9 K
48 K
45 K
4.1 K
40K
3.8K
38K
36 K
36K
2.7K
26 K
2.1K
1.5K
0.8K
03K

BEDT-TTF(ET).
(Planar Anion Layers)
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3-dimensional Superconductors

.l Alkali metals are in the

51 - - = - ]
-l interstitial sites among Cg,'s.

139 “aico conganta gy 7 Max T. =33 K (RbCs,Cyq)




Summarized History

1954 Organic Semiconductor
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BEDO-TTF (BO) EDO-TTF

2D Superconductors
max. Tc = 12.3 K (AP)

Increment of Dimensionality

1980s: Organic Superconductors

3 H,;C Se_CHj;

Se
T <]
HsC Se Se CH,

Q1D Superconductors
max. Tc = 1.4 K (AP)

OO

o

1990s: 3D Molecular Superconductors

max. Tc = 33 K (AP)




BEDO-TTF(BO) Salt
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Partial Suppression of Self-assembling Nature of BO

Flat Side Surface
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At 2001 (when we started): Synthesis of donor
EDO'TTF Complexes A few kinds of complexes: No description of composition
Conductivity: No description or £ 2 x 104 Scm™

s -
.O«-_S s..H [ + TCNQ deriv. — No Metal
HC G \C=C' G No Self-assembling
H2C O C\S SlC\H < A. Ota, et al., Mol. Cryst. Lig. Cryst., 376, 177-182 (2002)
EDO-TTF . + Inorg. Anions —»  Variety of Structure

& Properties

2:1 ReO,, GaCl,
ort = 130, 54 Scm-?
Activated behaviors < 250 K
Different typed columns
A. Ota et al., J. Low Temp. Phys., 142(3/4), 425 (2006)

5:3 BF,
orr = 1 Scm-t (Ea = 62 meV)
4:0.85:4(H,0) Sb,F,,
ort = 2 Scm! (Ea = 55 meV)
Multimer & monomer

A. Ota et al., in “Multifunctional Conducting
Molecular Materials”, eds. G. Saito et al., RSC
Publishing, Cambridge, UK. (2007), pp. 115-118. % % -11 -



EDO-TTF — Preparation of PF;, Complex

Electrooxidation (Electrocrystallization)
EDO-TTF +(Bu,N)PF,/ EtOH —> (EDO-TTF),PF4
11.6 mg 68.1mg 18 mL 0.5 pA black
12 days elongated plates

TriclinicP 1

a= 7.197(0.9) A
b= 7.343(0.6)

c = 11.948(1)
93.454(7)°
75.158(6)
97.405(7)
605.0(1) A3

TN
nonog o

o=

.6 %

L _/ Head-to-Tail Stacking along b-axis. "
~ ~ Disordered Ethylene. < X X
EDO-TTF was added to (+) Isotropic Rotation of PF4. M

side only, while ca. half C
amount of (Bu,N)PFs was Almost Uniform 1D Intermolecular Overlap Integrals.

added to each chamber. A. Ota et al., J. Mater. Chem., 12, 2600 (2002) 17




Thermally Induced MI Transition of (EDO-TTF),PF,
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How Metal-Insulator Transitions Occur
itinerant electrons
W New periodicity by
g e /“/ /“/ /“/ Charge & Lattice
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from
Overlap Bond PFg4
Integral Length Rotation

Uniform 0.5+ Isotropic

s 0T O U

y Alternate 1+/0 yniaxial

Y 0 &

Peierls Charge Order-
Ordering Disorder

Molecular Deformation is regarded as the
Origin to Mix Metal-Insulator Transition

X i @zeox Mechanisms (Multi-instability).
(Overlap Integral x 103) 15



(EDO-TTF),PF, — Other Properties —

Raman Spectra: 4.2 K —» Coexistence of 0.9+, 0.1+ Donors

'0' O. Drozdova et al., Synthetic Metals, 133-134, 277-279 (2003).
’ Accurate Structure Analysis with MEM method.:
> 285 K —» +0.6(1)

260 K > F: +0.8(1), B: +0.2(1)
S. Aoyagi et al., Angew. Chem. Int. Ed., 43(28), 3670-3673 (2004) .

Reflection Spectra: Significant Temperature Dependence
O. Drozdova et al., Phys. Rev., B70(7), 075107-1-8 (2004) .

Calorimetry: Transition Entropy

— Unharmonicity of PF4; Rotation in RT Phase
K. Saito et al., Chem. Phys. Lett., 401(1-3), 76-79 (2005).

Uni-axial Strain: along c* - T,,T (> 60 K/4 kbar)
M. Sakata et al., Synthetic Metals, 153(1-3), 393-396 (2005).

Photo-induced Phase Transition:

Ultra-fast Highly Efficient, ~ 0.1 ps, 50 - 500 donors/photon
M. Chollet et al., Science, 307, 86-89 (2005).

-16 -
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Photo-induced Phase Transition (PIPT)
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M. Chollet et al., Science, 307, 86-89 (2005) .17-



PIPT — Comparison with other systems

HIHIE .

— .

= || M

Our system RbTCNQ (Ins. - Metal)
50 - 500 molecules < 10 molecules, ca. 0.1 ps
within ca. 0.1 ps TTF-Chloranil (Neutral - lonic)

280-2,800 molecules, ~1 ns

Ultra-fast & Highly Efficient PIPT
Controllable Initialization
Development of Phase Transition

— Dynamics of Non-equilibrium State
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Conductivity Spectra
K. Onda, s. Ogihara, K. Yonemitsu, N. Maeshima, T. Ishikawa, Y. Okimoto, X.F. Shao, Y. Nakano, H.
Yamochi, G. Saito, S. Koshihara, Phys. Rev. Lett., 101(6), 067403-1-4 (2008)
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After (EDO-TTF),PF, — Isotope Effect

Electron-Phonon (Electron-
Molecular Vibration) Coupling

]

Isotope substitution
— Lattice (Molecular) Vibrations

Insulator
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After (EDO-TTF),PF; — Anion Size Effect

Isostructural (EDO-TTF),XF, (X = P, As Sb)
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Molecular Design Based on EDO-TTF

Distinct Molecular Deformation
Multi-instability of Itinerant Electrons

P hear
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e ’ To Find Further Peculiar Systems

Similar r-electron system
Similar Molecular Size
Lower Symmetry

J

& ) §

EDO-TTF having Small Sized Substituent

O__S S 1)BuLi/THF -78°C OL_-s S-CHs
(I =]1 - (=T
oS ST 2)CHsl oS S

EDO-TTF MeEDO-TTF
(43 % yield)

cf. 17 % yield: A. Miyazaki et al., (2001)
=22 .



[OIS s._CHj

=T

o ~s s Complexes
MeEDO-TTF

Anion D:A o, (Scm?)
Compressed Pellets

BF, 2:1 26 (Metal)
ClO, 2.1 24 (Metal)
PF, 2:1 3 (Semi.) NC._CN
Ask 2:1 15 (Ml at 240 K) NC(?];%CN
SbF 2:1 6 (Mlat 250 IJ NC CN
HCTMM 4:1 6 (Semi.)
X.F. Shao et al., J. Mater. Chem., 18, 2131-2140 (2008)
2:1 PF4 o, (Scmt)
Black powder 3 (Semi.)

Dark green plates 29 (Ml at 200 K) /

Black plates 0.07 & 4 (Semi.-Semi. at 303 K) 3.




Crystal Structure of (MeEDO-TTF),X (X

For X = BF, Orthorhombic
0 : . . s Cmcm
(MeEDO)_BF, ~ a=28.752(2) A
-~ b=12.369(1)
Tt e o= 9e9(1) &
¥ / IV =2478.4(4) A3}
- ’/P2 e Z=4 Lo
. .~ R=5.7%
: Mgtal 'dOV\_In t? lQ K s (1, > 25(1))
0 100 T/K 200 300 GooF = 1.044
K, .“ L b QHHECHD

Z
i

)
P

5 Y o
] — c-axis projection
2D Fermi Surface a-axis projection |
with weak intermol. £t = 11.7, p = 8.4, Donor: Head-to-Head

) _ (parallel)
Interactions s=-5.1 x103 Anion: Disordered



(MeEDO-TTF),PF,: Semiconductor-Semiconductor

) Nearly Localized W
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Black Plate H-phase V/t
isostructural with Stable BF, CIO, } PF4 Semi-

metallic BF, & CIO, metal 86.19 86.41)88.07 conductor .
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