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OF BEDT-TTF COEIPOUNDS 

HAYAO KOBAYASHI 
Department of Chemistry, Faculty of Science, 
Toho University, Funabashi, Chiba 2 7 4 ,  Japan 

REIZO KATO, TAKEHIKO MORI, AKIKO KOBAYASHI, and 
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GUNZI SAITO, TOSHIAKI ENOKI, and HIROO INOKUCHI 
Institute for Molecular Science, Okazaki 4 4 4 ,  Japan 

Abstract The crystal structure and the  electrical 
resistivities of BEDT-TTF compounds are reported. 
The most prominent feature of t he  crystal structure is 
the side-by-side array of BEDT-TTF molecules. The 
steric effects of the ethylene groups prevent the 
infinite stacking of the molecules. The electrical 
properties and the change in the X-ray diffraction 
patterns of B-(BEDT-TTF)zPFb suggest that 
D-(BEDT-TTF)zPFs is a one-dimensional conductor along 
the transverse direction. A simple band calculation 
indicates that (BEDT-TTF)2ClO4(C2H3C13)~.5 is a two- 
dimensional semimetal. 
metal-insulator transition at 1 7 0  K, which is consis- 
tent with the one-dimensional band structure of this 
compound. 

(BEDT-TTF) 3 ( C 1 0 4 )  2 shows a 

INTRODUCTION 

Since the superconductivitv of BEDT-TTF compounds has been 

reported, the BEDT-TTF salts have become one of the better 

studied organic conductors .I) In other molecular conductors, 
planar donor and/or acceptor molecules are stacked face-to- 
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34 H .  KOBAYASHI er al. 

face to form columns. The molecular stacking is essential 

to the formation of a one-dimensional (1-D) band, because 

the highest occupied molecular orbital (HOMO) is composed of 

n-electrons, which are distributed along the stacking 

direction. For the formation of the conduction band, the 

intermolecular spacing must be small. If the molecules are 

not planar, it may be impossible to stack the molecules 

face-to-face. Then the band width becomes narrow and 

electrons will be localized. Therefore, it is quite natural 

that the stacking of the planar molecules has been always 

found in the crystals of the molecular conductors. 

However, the electronic properties and the crystal 

structures of BEDT-TTF compounds show that such a stacking 

structure is not an indispensable condition for high 

conductivity. 

CRYSTAL AND MOLECULAR STRUCTURE 

We have made crystal structure analyses and conduction 

measurements of BEDT-TTF compounds and the compounds of 

analogous molecules, which are listed in Table I. 

(BEDT-TTF) C104(TCE) is 2-D (semi)metal. 2 - 4 )  The 
-1 2 0.5 

room-temperature conductivity is 25 S cm . The solvent 

molecule TCE( trichloroethane) is included in the crystal. 

Solvent inclusion is frequently observed in BEDT-TTF 

compounds. (BEDT-TTF) ( C 1 O  ) shows a metal-insulator (M-I) 

transition at 170 K . 5 )  (BEDT-TTF) Re0 is the first 

organic sulfur donor superconductor. 

a 1-D conductor along the transverse direction. 6, 

the crystals of the monocationic salts, the BEDT-TTF ions 

form a strongly distorted dimeric chain, which is 

consistent with the semiconductive properties of the 

4 2  

2 4  
8- (BEDT-TTF) *PF6 is 

Among 
+ D
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STRUCTURE AND CONDUCTIVITY OF BEDT-TTF COMPOUNDS 35 

s a l t s . 7 )  

s i m i l a r  d o n o r s  BPDT-TTF a n d  BIIDT-TTF. 

The l a s t  two compounds a re  p r e p a r e d  f r o m  t h e  

TABLE I S t o i c h i o m e t r i e s  a n d  e l e c t r i c a l  c o n d u c t i v i t i e s  
o f  t h e  compound o f  BEDT-TTF a n d  t h e  r e l a t e d  m o l e c u l e s .  

Compound S t o i c h i o m e t r y  -___ R.T. C o n d u c t i v i t y ( S c m - 3  

1) BEDT-TTF 

2 )  ( B E D T - T T F ) ~ C ~ O ~ ( T C E ) ~ .  4 : 2 : 1  

3 )  (BEDT-TTF) (C104) 3 :2  

4 )  ( BEDT-TTF) 2 ~ 1 ~ 4  ( c ~ H ~ o ~ )  2 : 1 : 1 

5)7b(BEDT-TTF)2Re04 2:l 

8) a- (BEDT-TTF) 2 ~ F 6  2:l 

9 )  B - ( B E D T - T T F ) ~ P F ~  2 : l  

6 )  (BEDT-TTF)Re04(THF)o. 2:2:1 

7)  (BEDT-TTF) 104 (THF) 0 .  2 : 2 : 1 

1 0 )  (BPDT-TTF) (PF6) 3 : 2  

11) (BMDT-TTF) 3 ~ ~ 6  (DCE)  3 : l : l  

25 (2-D s e m i m e t a l )  

50 (1-D metal ? (>170K)) 

10 (2-D s e m i c o n d u c t o r )  

200 ( s u p e r c o n d u c t o r  (>4Kb) 

10  ( s e m i c o n d u c t o r )  

10  ( s e m i c o n d u c t o r )  

1 ( s e m i c o n d u c t o r )  

10 (1-D m e t a 1 ( > 2 9 7  K)) 

1 ( s e m i c o n d u c t o r ( ? ) )  

10  (2-D c o n d u c t o r ( ? ) )  

-2 

-2 

-5 

9~ P a r k i n ,  E n g l e r ,  Schumaker ,  L a g i e r ,  L e e ,  S c o t t ,  & G r e e n e ,  
Phys.  Rev. L e t t . ,  3, 270 ( 1 9 8 3 ) .  

BEDT-TTF BPDT-TTF BMDT- TTF 

TCE : T r i c h l o r o e  t h a n e  DCE: D i c h l o r o e t h a n e  

THF: T e t r a h y d r o f u r a n  
- -_ ~ ~ . - . 

The l a t t i c e  c o n s t a n t s  a re  g i v e n  i n  T a b l e  11. The 

c r y s t a l  symmetry d i f f e r s  f r o m  compound t o  compound. T h i s  

i s  a marked c o n t r a s t  t o  t h e  i s o m o r p h i s m  o f  t h e  wel l -known 

s u p e r c o n d u c t i n g  s a l t s  (TMTSF)2X (X=C104 , PF6-, . . .) . 8 )  The 

m o s t  p r o m i n e n t  f e a t u r e  of  t h e  c r y s t a l  s t r u c t u r e s  o f  t h e  

BEDT-TTF compounds i s  t h e  s i d e - b y - s i d e  a r r a y  o f  t h e  

m o l e c u l e s  ( s e e  F i g .  l), w h i c h  h a s  b e e n  f o u n d  i n  t h e  2:l 

- 
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36 H. KOBAYASHI et al. 

(BEDT-TTF:X) and a l s o  i n  t h e  3:2 compounds. The s u l f u r  

atoms i n  t h e  six-membered r i n g s  p l a y  a n  i m p o r t a n t  r o l e  i n  

forming  t h i s  t r a n s v e r s e  a r r a y  of BEDT-TTFs. The c r y s t a l s  

of  t h e  n e u t r a l  m o l e c u l e s 9 )  and t h e  1:1 compounds'') a re  

composed of  d i m e r i c  u n i t s  of BEDT-TTF 

TABLE I1 L a t t i c e  c o n s t a n t s .  

Compound Symmetry a ( i )  b C a ( " )  B Y 

MbP21/c 6.614 13.985 16.646 109 .55  

2) T p i  12.966 18.602 7.740 79.32 104.80 110 .85  

3)  T p i  1 6 . 4 6 3  9.498 7 . 6 1 3  9 5 . 9 1  87.17 90.84 

4 )  M P 2 / c  8 .242 6.677 32.998 92 .71  

5 )  T P i  7 .78 1 2 . 5 9  16 .97  7 3 . 0 1  79.89 89.06 

6)  M P 2 / c  1 2 . 6 7 9  8.037 19.292 97.69 

7 )  M P 2 / c  12.692 8.036 19 .285  97.66 

8 )  T p i  14 .711  8.597 6.462 95 .71  97.64 98.87 

9 )  0 Pnna 14 .960  32.643 6.664 

10) M C 2 / m  13.156 12.802 16.865 93.94 

11) T P i  16 .841  9 .998  7.776 113 .64  99.79 100.03 

a T h e n u m b e r l ) - l l )  c o r r e w o n d s t o  t h e  c o m p o u n d l i s t e d i n  

b M: m o n o c l i n i c ,  T :  t r i c l i n i c ,  0:  or thorhombic .  
T a b l e  I .  

( s e e  F i g .  2 ) .  Because of  t h e  s t e r i c  e f f e c t s  of t h e  

e t h y l e n e  group,  t h e  n o n p l a n a r  BEDT-TTFs do n o t  form f a c e -  

t o - f a c e  i n f i n i t e  s t a c k s .  I n  some c a s e s ,  BEDT-TTFs t a k e  

" t w i s t - t y p e ' '  o v e r l a p p i n g  t o  a v o i d  t h e  s t e r i c  r e p u l s i o n  

( s e e  F i g .  3 ) .  6 , 10)  

The bond l e n g t h s  of BEDT-TTF are g i v e n  i n  T a b l e  111. 

The C-S bond l e n g t h s ,  b and c become s h o r t e r  and t h e  C=C 

bonds ,  a and d become l o n g e r  w i t h  i n c r e a s i n g  f o r m a l  c h a r g e  

of  BEDT-TTF (BEDT-TTF"). T h i s  i s  c o n s i s t e n t  w i t h  t h e  
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STRUCTURE AND CONDUCTIVITY OF BEDT-TTF COMPOUNDS 37 

... 

( a )  ( B E D T - T T F ) C ~ O ~ ( T C E ) ~ .  (b)  B-(BEDT-TTF),PF6 

FIGURE 1. T r a n s v e r s e  a r r a y  o f  BEDT-TTF. 

FIGURE 2.  D i m e r i c  a r r a n g e m e n t  
o f  BEDT-TTF f o u n d  i n  t h e  
c r y s t a l  o f  BEDT-TTF m o l e c u l e .  

FIGURE 3 . " T w i s t - t y p e  
o v e r l a p p i n g "  f o u n d  i n  t h e  
c r y s t a l  o f  ( B E D T - T T F ) ~ C ~ O ~  
(C4H802). 

r e s u l t s  of  a n  e x t e n d e d  Hcckel  m o l e c u l a r  o r h i  t a l  c a l c u l a t i o v :  

t h e  HOMO h a s  n o d a l  p l a n e s  on e v e r y  C-S bond. S i n c e  t h e  

HOMO h a s  pn c h a r a c t e r ,  t h e  c o n d u c t i o n  band o f  BEDT-TTF 

compound i s  c o n s i d e r e d  t o  b e  composed o f  T e l e c t r o n s .  

ELECTRICAL CONDUCTION AND BAND STRUCTURE 

T h e  c r y s t a l  s t r u c t u r e  of  (BEDT-TTF) C 1 0  (TCE) i s  shown 

i n  F i g .  4 .  The  mode o f  t h e  m o l e c u l a r  a r r a n g e m e n t  o f  BEDT- 

TTF shows t h a t  t h e r e  i s  n o  i n t e r m o l e c u l a r  s h o r t  c o n t a c t  

2 4  0.5 
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38 H. KOBAYASHI er al. 

+P TABLE I11 Bond l e n g t h s  of BEDT-TTF 
The bond l e n g t h s  are  a v e r a g e d  by assuming D Z h  symmetry. 

Formal charge  (p) Bond l e n g t h  ( A ) "  

p (compound) a b c d 

0 n e u t r a l  molecule  1 . 3 1  1 . 7 5 7  1 .754  1 .332  

1 / 2  u-(BEDT-TTF)~PF~ 1 . 3 6 5  1 . 7 4 0  1 . 7 5 0  1 . 3 4 5  

2 / 3  (BEDT-TTF) 3 ( ~ i ~ 4 ) 2  1 . 3 6 6  1 . 7 3 1  1 . 7 4 3  1 . 3 4 5  

1 (BEDT-TTF)Re04(THF)o.5 1 . 3 8  1 . 7 2  1 . 7 3  1 . 3 7  

A The bond l e n g t h s  i n  t h e  six-membered r i n g s  are  less 
a c c u r a t e  b e c a u s e  o f  t h e  l a r g e  t h e r m a l  motion o f  t h e  
e t h y l e n e  groups .  They are n o t  i n c l u d e d  i n  t h i s  T a b l e .  

a l o n g  [102], t h e  d i r e c t i o n  of b e s t  o v e r l a p  ( s e e  F i g .  5 ) .  

Much c l o s e r  c o n t a c t s  a l o n g  t h e  - a a x i s ( [ 1 0 0 ] )  e s t a b l i s h  t h e  

s ide-by-s ide  a r r a y  of BEDT-TTF ( F i g .  1). Some s h o r t  S - - - S  

c o n t a c t s  a r e  a l s o  found a l o n g  [ i 0 2 ] .  The e l e c t r i c a l  

r e s i s t i v i t y  and i t s  a n i s o t r o p y  i n d i c a t e  t h a t  t h e  2-D 

m e t a l l i c  s t a t e  of  t h i s  s y s t e m  i s  s t a b l e  down t o  l o w  temper- 

a t u r e .  S i n c e  t h e  energy  l e v e l  of  t h e  HOMO i s  f a r  from t h e  

o t h e r  energy  l e v e l s ,  t h e  approximate  band s t r u c t u r e  can  b e  

d e r i v e d  from t h e  i n t e r m o l e c u l a r  o v e r l a p  i n t e g r a l s  of t h e  

HOHO. ') The i n t e r m o l e c u l a r  o v e r l a p  i n t e g r a l  a l o n g  [ 1001 

(S[lOO]) i s  smaller t h a n  S[iO2] (S[iO2]/S[l00]+4). T h i s  i s  

due t o  t h e   TI c h a r a c t e r  of  HOllO. S i n c e  t h e  magni tudes  of 

t h e  o v e r l a p  i n t e g r a l s  a re  of  t h e  same o r d e r  i n  two 

d i r e c t i o n s ,  t h e  band s t r u c t u r e  i s  q u i t e  d i f f e r e n t  from t h a t  

of t y p i c a l  1 -D metals  ( s e e  F i g .  6 ) .  The s m a l l  a reas  of  

e l e c t r o n s  and h o l e s  i n  t h e  Fermi s u r f a c e  s u g g e s t  2-D 

s e n i m e t a l l i c  p r o p e r t i e s .  
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STRUCTURE AND CONDUCTIVITY OF BEDT-TTF COMPOUNDS 39 

, 11021 

FIGURE 4 .  Crystal structure FIGURE 5. Molecular arrange- 
of (BEDT-TTF)2C104 (TCE) 4 men t in (BEDT-TTF) 2C10 0.5’ 

02 

01 

- 
2 
1 . 0  
P 

- 
C W 

- 0.1 

:* X 

FIGURE 6. Band structure of (BEDT-TTF)2C104(TCE)o.5. 

The 2-D nature of (REDT-TTF)2C10 (TCE) suggests 4 0 . 5  
that some other compounds may exist,where the transverse 

intermolecular interaction is much larger than the parallel 

interaction. Indeed, in O-(BEDT-TTF)2?F6, the conductivity 

is largest along the transverse direction (2 axis) (Figs. 1 
and 7). The electrical resistivity shows a M-I transition 

at 297 K(Tc) (Fig. 8). Above T the anisotropy of C’ 
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40 H. KOBAYASHI et al. 

FIGURE 7 .  C r y s t a l  
s t r u c t u r e  of  
@ - ( B E D T - T T F ) ~ P F ~ .  

FIGURE 8. E lec t r ica l  
r e s i s t i v i t i e s  o f  
6- (BEDT-TTF) 2PF6 

c o n d u c t i v i t y  i s  c o n s i d e r a b l y  l a r g e , a n d  t h e  t h e r m o e l e c t r i c  

power t e n d s  t o  s a t u r a t e  t o  a v a l u e  of  60 I I V / K ,  which 

i n d i c a t e s  a h i g h l y  c o r r e l a t e d  band. 

p a t t e r n s  show t h a t  t h e  l a t t i c e  c o n s t a n t  c i s  doubled  below 

T c ,  s u g g e s t i n g  t h a t  t h e  s i d e - b y - s i d e  a r r a y  of  BEDT-TTFs i s  

modulated by a 4kF-wave. Thus,  8-  (BEDT-TTF) 2PF6 is  t h e  

f i r s t  example of  a 1 - D  c o n d u c t o r  a l o n g  t h e  t r a n s v e r s e  

d i r e c t i o n .  

X-ray d i f f r a c t i o n  
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STRUCTURE AND CONDUCTIVITY OF BEDT-'ITF COMPOUNDS 41 

I 
I0121 FIGURE 9. The arrangemen 

of BEDT-TTF in (BEDT-TTF 
( C 1 0 4  ) 2. 

t 

') 3 

Z I  

I0211 

Unlike (BEDT-TTF)2C104(TCE)o.5, (BEDT-TTF) ( C104) 

undergoes a sharp M-I transition at 170 K. The molecular 

arrangements in these two compounds are similar (Figs. 5 
and 9). If the simple band picture described before is 

valid, the difference i n  the conduction properties of these 

systems may be explained by an examination of the inter- 

molecular overlap integrals. Two independent overlap 

integrals along [012] are almost equal to each other, and are 

much larger than those along the other directions. Thus, the 

HOMO forms a 1-D band along [012]. Since three BEDT-TTFs 

form a repeating unit along [012], the system can transform 

to an insulating state without any change of the lattice 

periodicity, which is consistent with the result of X-ray 

diffraction experiments: the lattice constants gave no 

evidence of superlattices below the M-I  transition 

temperature. 

A s  mentioned before, the steric effects of the 

ethylene groups of BEDT-TTF prevent the infinite face-to- 

face stacking of the molecules. However, the crystal 

structure analyses of (BPDT-TTF) (PF ) and (BMDT-TTF) PF 3 6 2  3 6  
(DCE) (see Table I) show that the molecular arrangement is 
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42 H. KOBAYASHI, et al. 

n o t  t h e  same as  f o r t h e  BEDT-TTF compounds. I n  t h e  c r y s t a l  

of (BPDT-TTF)3(PF6)2, t h e  BPDT-TTF are  a r r a n g e d  f a c e - t o -  

face t o  form columns,  1 2 )  w h i l e  (BMDT-TTF) 3PF6 (DCE) h a s  a 

2-D ne twork  of S a toms.  13) The m o l e c u l a r  p l a n e s  of t h e  two 

c r y s t a l l o g r a p h i c a l l y  i n d e p e n d e n t  BMDT-TTF m o l e c u l e s  a re  

n e a r l y  p e r p e n d i c u l a r  t o  e a c h  o t h e r  (+loo"). 
I n  summary, t h e  c r y s t a l  s t r u c t u r e  a n a l y s e s  of  t h e  

compounds o f  BEDT-TTF and a n a l o g o u s  m o l e c u l e s  show t h a t  t h e  

m o l e c u l a r  s t a c k i n g  i s  n o t  an  i n d i s p e n s a b l e  c o n d i t i o n  f o r  

h i g h  c o n d u c t i v i t y .  

m e t a l l i c  a l o n g  t h e  t r a n s v e r s e  d i r e c t i o n .  A s i m p l e  band 

p i c t u r e  based  on t h e  c a l c u l a t i o n  of t h e  i n t e r m o l e c u l a r  over- 

l a p  i n t e g r a l s  of  t h e  HOM@ i s  v a l i d  f o r  t h e  i n t e r p r e t a t i o n  

of  t h e  o r g a n i c  m o l e c u l a r  c o n d u c t o r s .  

Moreover ,  m o l e c u l a r  c o n d u c t o r s  can b e  

REFERENCES 

1. S .  S .  P a r k i n ,  E .  M .  E n g l e r ,  R .  R .  Schumaker, R .  L a g i e r ,  
J .  C .  S c o t t ,  and R .  L .  Greene,  Phys.  Rev. L e t t . ,  
50,  270 (1983) .  

2 .  S a i t o ,  T .  Enoki ,  K .  Tor iumi ,  H.  I n o k u c h i ,  S o l i d  S t a t e  
Commun., 41, 557 ( 1 9 8 2 ) .  

3. T .  Mori ,  A .  Kobayashi ,  Y .  S a s a k i ,  H .  Kobayashi ,  G .  S a i t o ,  
and H .  I n o k u c h i ,  Chem. L e t t . ,  1982, 1963;  T.  Mori e t  a l . ,  
B u l l .  Chem, Soc. J a p a n ,  ( i n  p r e s s ) .  

T .  Enoki ,  and H .  I n o k u c h i ,  J .  Am. Chem. Soc . ,  105, 207 
(1983) .  

5 .  H.  Kobayashi ,  R .  Kato,  T .  Mor i ,  A .  Kobayashi ,  Y .  S a s a k i ,  
G .  S a i t o ,  T .  Enoki ,  and H .  Tnokuchi ,  Chem. L e t t . ,  
( i n  p r e s s ) .  

6 .  H .  Kobayashi ,  R .  Kato,  T.  Mori ,  A .  Kobayashi ,  Y .  S a s a k i ,  
G .  S a i t o ,  and H .  I n o k u c h i ,  Chem. L e t t . ,  1983, 581. 

7 .  H. Kobayashi ,  A .  Kobayashi ,  Y .  S a s a k i ,  G .  S a i t o ,  and 
H .  I n o k u c h i ,  Chem. L e t t . ,  ( i n  p r e s s ) .  

8 .  K.  Bechgaard,  Mol. C r y s t .  L i q .  C r y s t . ,  2, 1 (1982) .  
9 .  H.  Kobayashi ,  A .  Kobayashi ,  Y .  S a s a k i ,  G .  S a i t o ,  and 

4 .  H. Kobayashi ,  A. Kobayashi ,  Y .  S a s a k i ,  G .  S a i t o ,  

H .  I n o k u c h i ,  ( t o  b e  p u b l i s h e d ) .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
28

 2
0 

Fe
br

ua
ry

 2
01

3 



STRUCTURE AND CONDUCTIVITY OF BEDT-TTF COMPOUNDS 43 

1 0 . H .  Kobayashi ,  R .  Kato,  T .  Mori ,  A .  Kobayashi ,  Y .  S a s a k i ,  

1 1 . H .  Kobayashi ,  T .  Mori ,  R.Kato, A .  Kobayashi ,  Y .  S a s a k i ,  

12. R .  Kato,  T .  Mor i ,  A .  Kobayashi ,  Y .  S a s a k i ,  and 

13.  R .  Kato,  T .  Mor i ,  A .  Kobayashi ,  Y .  S a s a k i ,  and 

G .  S a i t o ,  and H .  I n o k u c h i ,  Chem. L e t t . ,  1983, 759. 

G .  S a i t o ,  and H.  I n o k u c h i ,  ( t o  be p u b l i s h e d ) .  

H .  Kobayashi ,  ( t o  be p u b l i s h e d ) .  

H .  Kobayashi ,  ( t o  be p u b l i s h e d ) .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
28

 2
0 

Fe
br

ua
ry

 2
01

3 


