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SULFUR HETEROCYCLES FOR ORGANIC CONDUCTORS AND 
SUPERCONDUCTORS 

Keiji KOBAYASHI 
Department of Chemistry, College of Arts and 
Sciences, The University of Tokyo, Komaba, 
Meguroku, Tokyo, Japan 

Abstract Series of new IT-donors and acceptors based 
on sulfur heterocycles have been prepared, and the 
physico-chemical properties of the neutral species 
as well as their charge-transfer complexes and 
radical salts were investigated. These new families 
are an isomeric series of thiophene-fused TCNQ, a 
homologous series of thieno-acenes, and an unsymme- 
trical donor family comprised of dithiadiselenaful- 
valene framework. The unsymmetrical donor dimethyl- 
(ethy1enedithio)dithiadiselenafulvalene (DMET) was 
found to give various kinds of superconducting 
radical salts. 

INTRODUCTION 

One of the exciting and challenging fields that today's 

organic sulfur chemists can explore is the development 
of new organic conductors and superconductors. These 
organic metals, either single crystals o r  polymers, are 

composed of radical ions, which are derived from donors 
and acceptors by the partial transfer of an electron 
from a donor to an acceptor molecule. High conductivity 
is associated with crystal structures in which the 
donor and acceptor molecules form segregated stacks 
with considerable a-electron overlap and delocalization 
along these one-dimensional stacks. 

In organic conductors sulfur plays the following 
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I88 K. KOBAYASHI 

important roles. 
( 1 )  Sulfur atoms, owing to its large size, are exposed 

to intrastack overlap to increase the band width and 
hence bring about high conductivities. 

( 2 )  Sulfur atoms incorporated in the molecular frame- 
work may enhance the interstack interactions to enhance 

the dimensionality, thereby suppress the metal-to- 
insulator transitions and stabilize the metallic state. 

( 3 )  Sulfur is highly polarizable species, thus sulfur 
atoms would tend to increase both intra- and inter- 
stack delocalization of electrons. 

We describe here the characterization of several 
new series o f  the sulfur-containing donor and acceptor 

species and the physico-chemical properties of their 
charge-transfer complexes or radical salts, through 
which we seek to illustrate the molecular design of 

organic conductors. 

THIOPHENE-FUSED TCNQ 

One particular aspect o f  the synthesis o f  new TCNQ-type 
acceptors is the IT-system extension. An increase of the 
conjugated system is thought to be of great importance 

in reducing intramolecular Coulombic repulsion and 
thereby enhancing the conductivities o f  the anion 
radical salts. The earlier example is tetracyano- 
naphthoquinodimethane (TNAP) 1 .  Tetracyanoanthraquino- 
dimethane (TCAQ) 2 is another extended conjugated 
analog of TCNQ. 2 , 3 9 4  The charge-transfer complexes of 

NC CN NC CN 

NC @N @ s:;g;7 
NC CN N CN NC 

1 2 3 
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N L C N  NC-Ch 

NC-CN NC-XN 
4 5 6 7 

TCAQ w i t h  d o n o r s  were f o u n d  t o  b e  i n s u l a t o r s  o w i n g  t o  

t h e  n o n - p l a n a r  s t r u c t u r e  o f  TCAQ r e s u l t i n g  f r o m  t h e  

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

a n d  t h e  p e r i - h y d r o g e n  a t o m s . 5  T h i s  d i s a d v a n t a g e  i s  

o v e r c o m e  b y  t h e  a n n e l a t i o n  o f  h e t e r o c y c l i c  n - s y s t e m s  

b e a r i n g  n o  p e r i - h y d r o g e n  a t o m s .  B i s - 1 , 2 , 5 - t h i a z i a z o l o -  

TCNQ 3 i s  a n  e x a m p l e  o f  s u c h  s t r u c t u r a l  m o d i f i c a t i o n .  

I n  a s e r i e s  o f  t h i o p h e n e - f u s e d  TCNQ 4-7,' t h e  m o d e  

o f  f u s i o n  o f  t h e  t h i o p h e n e  r i n g s  may a f f e c t  t h e  s t e r i c  

a n d  e l e c t r o n i c  p r o p e r t i e s  o f  t h e  a c c e p t o r  m o l e c u l e s ,  

l e a d i n g  t o  b e t t e r  u n d e r s t a n d i n g  o f  t h e  d e s i g n  o f  

o r g a n i c  c o n d u c t o r s .  

6 

T h e  n e w  a c c e p t o r s  4-7 were  s y n t h e s i z e d  v i a  t h e  

T i C 1 4 - m e d i a t e d  c o n d e n s a t i o n  o f  t h e  c o r r e s p o n d i n g  

q u i n o n e s  a n d  m a l o n o n i t r i l e .  T h i s  m e t h o d o l o g y  h a s  b e e n  

f i r s t  d e v e l o p e d  b y  H t ' n i g 3  f o r  t h e  s y n t h e s i s  o f  TCAQ. 

T h e  c y c l i c  v o l t a m m e t r i c  d a t a  o f  4-7 a r e  l i s t e d  i n  

T a b l e  I .  A l l  o f  t h e s e  c o m p o u n d s  e x h i b i t e d  r e v e r s i b l e  

t w o  s i n g l e - e l e c t r o n  w a v e s .  T h e  f i r s t  r e d u c t i o n  

p o t e n t i a l  d e c r e a s e s  i n  t h e  o r d e r  o f  7 > 6 > 5 > 4 :  
C o m p o u n d  4 e x h i b i t s  e x c e l l e n t  r e d u c t i o n  p o t e n t i a l  a s  a n  

e l e c t r o n  a c c e p t o r .  U p o n  o n e - e l e c t r o n  r e d u c t i o n  4 a n d  5 

c a n  g a i n  a r o m a t i c  s t a b i l i z a t i o n  b y  g e n e r a t i n g  a n e w  

a r o m a t i c  T - e l e c t r o n  s y s t e m  o f  b e n z o d i t h i o p h e n e  s u c h  a s  

4'. On t h e  o t h e r  h a n d ,  t h e  r a d i c a l  a n i o n  o f  7 m a y  b e  

r e p r e s e n t e d  b y  a f o r m u l a  7 ' ,  w h i c h  i n v o l v e s  t h e  

t e t r a v a l e n t  s u l f u r  a t o m s .  S u c h  n o n - c l a s s i c a l  c o n d e n s e d  

t h i o p h e n e s  a r e  u n s t a b l e  a s  c o m p a r e d  t o  c l a s s i c a l  
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190 K. KOBAYASHI 

TABLE I Physical properties o f  thiophene-fused TCNQ 

compd. m.p. reduction potentials' electronic IR(CN) 
1 OC E1 E2 A E spectra 2 /cm-' 

4 332 0.03 -0.24 0.27 433, 272, 224 2200 

5 325 0.01 -0.25 0.26 424, 260, 230 2210 

6 307 -0.24 -0.54 0.21 394, 277, 216 2210 

7 320 -0.59 -0.77 0.18 357, 280 2225 

TCNQ 0.17 -0.34 0.51 

1. V vs. SCE, CH3CN solution, 0.1 M EthNC104 
2. nm in CH3CN 

Kekule thiophenes, although a few have been isolated 
including the b e n z o [ 1 , 2 - ~ ; 4 , 5 - ~ ' ] d i t h i o p h e n e  BD ring 
~ y s t e m . ~  A non-classical condensed thiophene unit is 
also involved in one of the resonance contributors for 
6 ,  which leads 6 to a poor electron acceptor. 

The differences between the half-wave potentials 
for the first and second reductions of the isomeric 
series o f  thiophene-fused TCNQ are much smaller than 
that of TCNQ, clearly indicating that intramolecular 
Coulombic repulsion is reduced b y  the annelation of IT- 

system to TCNQ. 
In TCAQ a single-wave, two-electron reduction has 

been observed.' T h i s  i s  ascribable to a highly 
distorted structure of the molecule consisting of two 
independent electron sinks of =C(CN)2. Compound 7 
should be most distorted among the four i s o m e r s ,  

NC CN Y NC CN 
Y qJ3 N 'CN 4 '  a p  NC ' 7 '  

s m  BD 
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SULFUR HETEROCYCLES FOR ORGANIC CONDUCTORS 191 

b e c a u s e  i t  b e a r s  f o u r  p e r i - h y d r o g e n  a t o m s .  
Nevertheless 7 exhibits two single-electron reductions. 

This observation suggests that 4 is not so highly 
distorted as TCAQ. 

Compounds 4, 5 and 6 form the charge-transfer 

complexes with TTF in 1 : l  stoichiometry. However, 7 ,  

probably owing to its poor reduction potential, gives 
no crystalline complexes with TTF. The conductivities 
of the TTF complexes of 4 and 5 are considerably high 
as measured on compressed pellets; 4-TTF, 4 . 8  Scm-l and 
5-TTF, 0.89 Scm-l. The conductivity of 6 ,  however, is 
far below Scm-l. 

The crystal of the 4-TTF complex is composed of 
the donor pairs and the acceptor pairs.9 These pairs 
stack alternately with each other to form the DD-AA-DD- 
stacks (Figure 1). The donor and acceptor molecules 
are arranged side-by-side t o  form a sheet-like network 

as shown in Figure 2 .  Between S atoms o f  TTF and N 

atoms of 4 the short contacts ( 3 . 0 3  x ,  3.08 1) are 
observed. The molecules of 4 in the uncomplexed crystal 
also form a sheet-like network (Figure 3 ) .  

A 
FIGURE 2 
Molecular arrangement o f  
the 4-TTF complex in the 
sheet. 

FIGURE 1 
structure O f  the 

4-TTF complex. Side view 
of the stack. 
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I92 K. KOBAYASHI 

FIGURE 3 
M o l e c u l a r  a r r a n g e m e n t  o f  
t h e  n e u t r a l  4. 

T h e r e  a r e  s i g n i f i c a n t  i n t e r m o l e c u l a r  i n t e r a c t i o n s  

b e t w e e n  t h e  d o n o r  a n d  a c c e p t o r  m o l e c u l e s  i n  t h e  4-TTF 
c o m p l e x ,  j u d g i n g  f r o m  t h e  s h o r t  d i s t a n c e  ( 3 . 3 2  1) 
b e t w e e n  m o l e c u l a r  p l a n e s  o f  TTF a n d  4. T h i s  i s  a l s o  

e x h i b i t e d  b y  t h e  c e n t r a l  C = C  b o n d  l e n g t h  ( 1 . 4 1 3  R )  o f  

T T F  i n  t h e  c o m p l e x ,  w h i c h  i s  c l o s e  t o  t h a t  o f  t h e  

c o m p l e t e l y  i o n i z e d  TTF s p e c i e s  ( 1 . 4 0 4  1) r a t h e r  t h a n  

t h e  n e u t r a l  o n e  ( 1 . 3 4 9  i). 
I n t r a m o l e c u l a r  C o u l o m b i c  r e p u l s i o n  w o u l d  b e  

r e d u c e d  i f  t w o  = C ( C N ) 2  g r o u p s  a r e  f a r  s e p a r a t e d  i n  a n  

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

d i a n i o n  t e n d  t o  l o c a l i z e  o n  t h e s e  = C ( C N ) *  g r o u p s .  As a n  

e x a m p l e  we c a n  c o m p a r e  t h e  d i f f e r e n c e  o f  t h e  f i r s t  a n d  

t h e  s e c o n d  r e d u c t i o n  p o t e n t i a l s  i n  t h e  q u i n o n e s  8 ( A E =  

0.80)  a n d  9 ( A E = 0 . 5 5 ) .  T h e s e  q u i n o n e s  were p r e p a r e d  a s  

p r e c u r s o r s  t o  10 a n d  11, r e ~ p e c t i v e l y . ~  T h e  s y n t h e s e s  

o f  10 a n d  11 h a v e  b e e n  a c c o m p l i s h e d  b y  J a p a n e s e  

w o r k e r s "  on  t h e  b a s i s  o f  a n  u n u s u a l  r e a c t i o n  r e p o r t e d  

b y  G r o n o w i t z .  11 

8 9 10 11 

T h e  d o n o r  c h a r a c t e r  o f  t h i o i p h e n e - f u s e d  t e t r a -  

t h i a f u l v a l e n e  i s  a l s o  d e p e n d e n t  o n  t h e  m o d e  o f  f u s i o n  

o f  t h e  t h i o p h e n e  r i n g s .  I n  s p i t e  o f  t h e  s u b s t i t u t i o n  o f  
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SULFUR HETEROCYCLES FOR ORGANIC CONDUCTORS 193 

electron-donating methylthio groups, dithieno-TTF 1 2 1 L  

( E  = 0 . 8 7 ,  E =1.16 V vs. S C E )  i s  a p o o r  d o n o r  a s  
l3 This 

can be understood again on the basis of the aromatic 
stabilization furnished to 1,3-dithiolium cation upon 
one electron oxidation. 

1 2 
compared to 1 3  ( E 1 = 0 . 4 7 ,  E 2 = 0 . 7 5  V vs. SCE) .  

The 1,3-dithiole ring o f  1 2  is slightly folded as 
revealed by an X-ray a n a 1 y ~ i s . l ~  The highly distorted 
1 , 3 - d i t hiole ring has been found i n  thiophene-fused 
t e t r a t e llurafulvalene 1 4 .  l 5  We have prepared t h e  

single crystals of the radical salt of 14 with C 1 0 4  a s  
a counter anion by using an electrochemical method. The 
c r y s t a l  w a s  s e m i c o n d u c t i n g  ( r o o m  t e m p e r a t u r e  
conductivity 2.6 Scm-l, band gap 0 . 1 4  eV) and in the 
the c r y s t a l  the molecules of 1 4  w e r e  found to take 
planar structure. l6 Thus, ionization by complexation 

can g i v e  rise to the planar s t r u c t u r e ,  w h e r e a s  in 

n e u t r a l  c h a r g e - t r a n s f e r  c o m p l e x e s  t h e  c o m p o n e n t  
molecules has little conformational changes. 

I n  the charge-transfer 2:1 complex of dibenzo- 
thianthrene 1 5  with TCNQ, a novel stacking arrangement 

was observed. l 7  The molecules are arranged in a mixed 
stack composed of the trimolecular D A D  overlap to form 
a D A D - D A D - D A D -  column, a s  shown in Figure 4 .  The TCNQ 
molecules are inserted between the layers made b y  the 
dimeric u n i t s of the donor molecules. T h e  complex 
e x h i b i t s  only poor conductivity below Scm-l a s  
measured on a single crystal. 
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194 K. KOBAYASHI 

15 

FIGURE 4 
Crystal packing of the 
15-TCNQ complex. 

THIENO-ACENE 

In order to enhance the interstack interactions of the 

d o n o r  c o l u m n ,  s u l f u r  a t o m s  a r e  r e q u i r e d  to be 
incorporated on part o f  the molecular periphery. In 
this context, higher homologues of polythieno-acenes 
are interesting compounds; these are expected to show 
strong intermolecular interactions directly through n- 
and IT-orbitals without steric hindrance by the hydrogen 

atoms. 
Thienothiophene 1618 and dithienothiophene 1719 

have been known. We have prepared tetrathieno-acene 18 

and pentathieno-acene 19. *' The synthesis of 18 was 
carried out according to the synthetic route outlined 
below. In an analogous way 19 was prepared. 

16 17 18 19 

@ & @  &-pJ 
phenanthrene chrysene picene 
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1) BuLi PhN ICH0)He 
Br P0Clj 

c B~USWCOZCHI 
21S8  

3) C1CH2CO2H 
4)HeOH. II' 

1) BuLi 
2)CUC12 

i a  

1)BuLi 

19 

I n  U V - v i s i b l e  s p e c t r a  r e d - s h i f t  o f  t h e  l o n g e s t  

w a v e l e n g t h  b a n d  was o b s e r v e d  w h e n  g o i n g  f r o m  16 t o  1 9 .  

T h e s e  s h i f t s  t o  l o n g e r  w a v e l e n g t h s  a r e  s m a l l e r  t h a n  

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

s e r i e s  ( p h e n a n t h r e n e - c h r y s e n e - p i c e n e ) .  T h e  l o n g e s t  

w a v e l e n g t h  e x h i b i t e d  a n  e x c e l l e n t  l i n e a r  c o r r e l a t i o n  

w i t h  t h e  n u m b e r  o f  t h e  t h i o p h e n e  r i n g s  e x c e p t  f o r  

t h i o p h e n e  ( F i g u r e  5 ) .  

T h e  s o l i d  s t a t e  i o n i z a t i o n  p o t e n t i a l s z 1  o f  18 a n d  

19 a r e  S i g n i f i c a n t l y  d e c r e a s e d  a s  c o m p a r e d  t o  t h o s e  

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

a c e n e  c o m p o u n s  2 2  ( e . g .  1 9 ;  4 . 6 4  eV, p e n t a c e n e ;  4 . 8 5  

e V ,  p i c e n e ;  5 . 7  e V )  a n d  a r e  l o w e r  t h a n  t h o s e  o f  

TMTSF( 4 . 8 4  eV23) a n d  BEDT-TTF( 4 . 7 8  e V 2 3 ) .  

T h e  r e s o n a n c e  e n e r g y  p e r  n - e l e c t r o n  ( R E P E )  b a s e d  

o n  A i h a r a ' s  c r i t e r i o n  2 4  h a s  b e e n  c o m p u t e d  € o r  t h e  

t h i e n o a c e n e  s e r i e s  u s i n g  a g e n e r a l  H h c k e l  m o l e c u l a r  

o r b i t a l  p r o g r a m .  T h e  R E P E  f o r  t h e  f i r s t  f i v e  m e m b e r s  
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0 

I I I I I 
5 2s I number of  rlngs 1 2 3 4  

rimer of rlnw 
FIGURE 5 The longest wave- 

length vs. the number of 
the thiophene rings in FIGURE 6 R E P E ( 6  ) vs. 
polythieno-acenes. the number of the rings 

in : polyacenes ( O ) ,  
polythieno-acenes (.), 
the picene series ( 0 ) .  

of the polyacene series, the angular condensed series, 

and the polythieno-acene series is plotted against the 
number of the rings in Figure 6. The results indicate 
that the polythieno-acene series are less stable than 
the linear polyacenes. 

It is instructive to consider the intramolecular 
interactions between the sulfur n-orbitals and the 7 1 -  

orbitals of aromatic systems, because these intra- 
molecular interactions can serve as models f o r  the 
intermolecular interactions of thienoacenes which is 
expected to be o p e r a t i v e  in a g g r e g a t i o n  of t h e s e  
molecules. Thus the intramolecular interactions in 
compound 20 was investigated by means of photoelectron 
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2 5  ( P E )  s p e c t r o s c o p y .  

F i g u r e  7 p r e s e n t s  t h e  PE s p e c t r u m  o f  c o m p o u n d  20 .  

T h e  l o n e  p a i r  s p l i t t i n g  o f  0 . 2 0  eV i s  c l e a r l y  

d i s p l a y e d .  T h e  c o n s i d e r a b l y  i n t e n s e  p e a k  f o r  t h e  

s e c o n d  b a n d  i s  a s c r i b a b l e  t o  t h e  n - o r b i t a l  w h i c h  i s  

s t r o n g l y  l o c a l i z e d  i n  t h e  s u l f u r  a t o m .  On t h e  o t h e r  

h a n d ,  t h e  f i r s t  p e a k  a t  8 . 2 9  eV i s  n o t  s o  i n t e n s e ,  

i n d i c a t i n g  t h a t  t h i s  p e a k  i s  a s s i g n e d  t o  t h e  n - o r b i t a l  

s i g n i f i c a n t l y  m i x e d  w i t h  T I - o r b i t a l s  o n  t h e  b e n z e n e  

r i n g .  

T h e  p e a k  a s s i g n m e n t  i s  v e r i f i e d  b y  t h e  a b  i n i t i o  

c a l c u l a t i o n . 2 5  T h e  e l e c t r o n  d e n s i t y  m a p s  b a s e d  o n  t h e  

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

i n t e r a c t i o n  o f  t h e  n - o r b i t a l s  t h r o u g h  t e t r a k i s -  

h o m o c o n j u g a t i o n  ( F i g u r e  8 ) .  T h e  l o n e  p a i r  s p l i t t i n g  
was a l s o  o b s e r v e d  i n  c o m p o u n d  2 1 .  2 5  

HOMO 

I P / e V  

next HOMO 

FIGURE 7 

T h e  H e ( 1 )  PE s p e c t r u m  
o f  20. 

FIGURE 8 E l e c t r o n  d e n s i t y  
m a p s  f o r  t h e  HOMO a n d  t h e  
n e x t  HOMO o f  20 .  
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I98 K. KOBAYASHI 

UNSYMMETRICAL DONORS 

The introduction of a little disorder in the conducting 
column is considered to suppress. the phase transition. 
Alloying with unsymmetrically substituted TCNQ into 

T C N Q  h a s  b e e n  k n o w n  t o  l o w e r  t h e  t r a n s i t i o n  
temperature. 2 6  Similarly, doping of unsymmetrical 

donors might be effective to stabilize the metallic 
s t a t e ,  if the p e r t u r b a t i o n  o f  t h e i r  b a n d - f o r m i n g  
orbital is quite small. Also unsymmetrical molecules 

are important to fill the gap between the symmetrical 
species. Several works have been directed towards the 
synthesis of unsymmetrical donors involving half of 

TMTSF moietiy. 27 We have prepared some unsymmetrically 
substituted d i t h i a d i s e l e n a f u l v a l e n e s .  

The unsymmetrical donors were prepared by cross- 
coupling of the appropriate 1,3-dithiole-2-one or 2- 
thione with 1,3-diselenole-2-selenone using excess of 
trimethyl phosphite in refluxing toluene. 28929 F o r  
e x a m p l e , d i m e t h y l ( e t h y l e n e d i t h i o ) d i t h i a d i s e l e n a f u l v a l e n e  
(DMET) 22 was prepared from 23 and 2 4 .  2' Separation of 

the desired cross-coupling product from symmetrical co- 

(;I)4sexMe ( ; y = o  - Se Me (MeoI3P 

Se Me S Se Me 

23 24 22 
products was accomplished by a column chromatography 
followed b y  a gel permeation chromatography. 

The oxidation potentials of these new donors (Table 
11)  a r e  h i g h e r  t h a n  t h o s e  of t h e  c o r r e s p o n d i n g  
unsymmetrical TTF donors,30 25, 26, and 27, in spite of 
t h e  lower v a l e n c e  s t a t e  i o n i z a t i o n  p o t e n t i a l  o f  
selenium. This may be attributed t o  the C-Se bond 
length which is longer than the C-S bond and thereby 
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SULFUR HETEROCYCLES FOR ORGANIC CONDUCTORS 199 

gives the smaller resonance integral. Since the HOMO 

of TTF family derivatives has antibonding nature at the 
C-S bonds, the replacement of S w i t h  Se to g i v e  the 
longer bond distance would result in the stabilization 
of the HOMO.  

25 ( x = S )  26 (X=S) 27 (X=S) 

TABLE I1 Oxidation potentials') and room temperature 

conductivities of unsymmetrical donor salts (Donor)2X 

Donor 
conductivity /Scm-'' 

El E2 PF6 C104 

0 . 5 2  

0.48 

0.48 

0.44 

0 . 6 9  

0 . 6 3  

0.74 

0 . 5 9  

0 . 6 9  

0 . 6 6  

0.78 300 

0 . 7 5  41 

0.73 0.087 

0.74 - 

1 . 0 2  4.0 

0 . 9 3  3 . 2  

1 . 0 3  

0 . 9 9  

0 . 9 6  

1 )  

800 160 

1.5X10-3 < 

9 . 9  2 . 5 ~ 1  0-3 

< 10-4 < 10-4 

1 . 5  1 . 6  

44 92 

V vs. SCE, MeCN, 
0 . 9 2  0 . 1  M EtqNC104 
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200 K. KOBAYASHI 

T h e  d i f f e r e n c e s  in t h e  f i r s t  and the s e c o n d  
oxidation potentials are smaller than those of the 
corresponding unsymmetrical TTF donors, 30 indicating 
that the i n t r a m o l e c u l a r  C o u l o m b i c  r e p u l s i o n  i s  
decreased by the incorporation of highly polarizable 
selenium atoms. 

Electrochemical growth of charge-transfer salts 
with inorganic acceptors PF6 and others has led to the 
formation of the radical salts of 2 : l  stoichiometry. 
The room temperature conductivities of these radical 
salts as measured in a single crystal are tabulated in 
Table 11. 2 8 , 3 1 , 3 2  

R a d i c a l  s a l t s  o f  2 9  s h o w e d  a v a r i e t y  o f  
temperature dependences of conductivity (Figure 9). 
The PF6 salt exhibited semiconducting behavior in the 
temperature range studied. In contrast to the PF6 
salt, the I3 salt were metallic down to about 120 K. 
The C 1 0 4  salt is also metallic at room temperature, 
although the temperature dependence of the conductivity 

is very weak. 

1.2 ’ 

29 

FIGURE 9 
Temperature dependence of 
the resistivity ratios 
R/R(300 K) in the radical 
salts of 29.  

100 200 300 
T /  K 
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SUPERCONDUCTING DMET SALT 

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

( e t h y 1 e n e d i t h i o ) d i t h i a d i s e l e n a f u l v a l e n e  ( D M E T )  i s  
o f  p a r t i c u l a r  i n t e r e s t ,  a s  o n e  h a l f  o f  t h i s  m o l e c u l e  i s  

t h e  same a s  t h a t  o f  T M T S F  a n d  t h e  o t h e r  h a l f  o f  t h e  

m o l e c u l e  i s  t h e  same a s  t h a t  o f  BEDT-TTF a n d  b o t h  o f  

T M T S F  a n d  B E D T - T T F  h a v e  b e e n  k n o w n  t o  f o r m  

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

i m p o r t a n t  s e r i e s  o f  o r g a n i c  m e t a l s  k n o w n  t o d a y .  T h u s ,  

i n  a n a i v e  s e n s e ,  DMET s a l t s  a r e  e x p e c t e d  t o  f i l l  t h e  

g a p  b e t w e e n  t h e  t w o  f a m i l i e s .  

TMTSF BEDT-TTF DMET 
DMET f o r m s  c r y s t a l s  w i t h  a n i o n s  i n  a r a t i o  o f  2 : 1 ,  

w h i c h  i s  u s u a l  i n  TMTSF a n d  BEDT-TTF s a l t s .  S o m e  n e w  

a n i o n s ,  w h i c h  a r e  u n f a m i l i a r  t o  m e t a l l i c  T M T S F  a n d  

B E D T - T T F ,  m a k e  m e t a l l i c  c r y s t a l s  f o r  DMET. T h e s e  

c r y s t a l s  a r e  A u ( . C N ) ~ ,  A u B r 2 ,  A u C 1 2 ,  w i t h  a l l  o f  w h i c h  

s u p e r c o n d u c t i v i t y  w a s  f o u n d .  T h e  d i s c o v e r y  o f  

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

s y m m e t r y  o f  d o n o r  i s  n o t  e s s e n t i a l  t o  g e t  

s u p e r c o n d u c t i v i t y .  

T h e  i n v e s t i g a t i o n  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  

t h e  e l e c t r i c a l  p r o p e r t i e s  o f  ( D M E T ) 2 X  ( F i g u r e  1 0 )  

r e v e a l e d  t h a t  DMET s a l t s  c a n  b e  c l a s s i f i e d  i n t o  t h e  

f o l l o w i n g  f i v e  g r o u p s  ( T a b l e  111). 

[ G r o u p  I ]  S e m i c o n d u c t o r s  w i t h  o c t a h e d r a l  a n i o n s  o f  

X = P F 6 ,  A s F ~  

[ G r o u p  111 M e t a l - s e m i c o n d u c t o r  w i t h  t e t r a h e d r a l  
a n i o n s  o f  X = B F 4 ,  C 1 0 4 ,  Re04 
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202 K. KOBAYASHI 

[ G r o u p  1111  Metal and s u perconductors with gold 
dihalide anions and others of X=Au(CN)*, A u 1 2 ,  and 

( D M E T ) 2 A u ( C N ) 2  i s  t h e  s a l t  i n  w h i c h  
33 

AuC12 

superconductivity was first observed in DMET salts. 
The conductivity at room temperature was 230 Scm-l. At 
ambient pressure the resistivity showed an upturn at 

TABLE I11 Properties of Radical Salts (DMET)2X 

group 1 

group 2 

group 3 

group 4 

group 5 

PF6 
A  SF^ 
SbF6 

BF4 
C104 
Re04 

Au(CN) 2 

AuC12 
At112 

I3 
IBr2 
I 2Br 
SCN 

AuBr2 

300 
200 
26 

230 
800 
40 

2500 

(230) 
230 

300 

160 
210 
320 
80 

13 

semicond. 
semicond, 
semicond, 

37 
230 
250 

25 0.8(5kbar) 2.5 

2.8 0.83 0 
20 0.55(5kbar) 5.0 

metall. 0.47 0 
metall. 0.58 0 
metall. 
metall, 

180 l.O(l.5kbar) 1.5 

trans. temp.;to superconductor(Tc);to insulator(TM-I) 
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T / K  
FIGURE 10 T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  r e s i s t i v i t y  

r a t i o s  R / R ( R T )  i n  t h e  (DMET)2X s a l t s .  

25 K ,  w h i c h  d i s a p p e a r e d  u n d e r  5 K b a r .  F i g u r e  11 s h o w s  

t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  e l e c t r i c a l  

r e s i s t i v i t y  o f  (DMET)2Au(CN)2  u n d e r  5 K b a r .  A l a r g e  

d r o p  o f  r e s i s t i v i t y  was o b s e r v e d  b e l o w  1 . 0  K .  When 

m a g n e t i c  f i e l d  w a s  a p p l i e d  t o  t h e  c r y s t a l  t h i s  d r o p  

was s u p p r e s s e d  c o m p l e t e l y .  T h i s  r e s u l t  c o n f i r m e d  t h a t  

t h e  d r o p  i s  d u e  t o  a s u p e r c o n d u c t i n g  t r a n s i t i o n .  T h e  

t r a n s i t i o n  t e m p e r a t u r e  T c  i s  0 .80  K .  
T h e  c r y s t a l  s t r u c t u r e  o f  (DMET)2Au(CN)2  i s  v e r y  

s i m i l a r  t o  t h a t  o f  (DMET),PF6 s a l t ,  f o r m i n g  s e g r e g a t e d  
s t a c k s  w i t h  h e a d - t o - t a i l  m a n n e r  a r r a n g e m e n t  ( F i g u r e  

1 2 ) .  H o w e v e r ,  i n  c o n t r a s t  t o  t h e  P F g  s a l t  i n  w h i c h  

s o m e  d i m e r i z a t i o n  i s  o b s e r v e d ,  3 4  t h e  A u ( C N ) 2  s a l t  
h a s  n o  i n t e r m o l e c u l a r  d i m e r i z a t i o n .  T h e r e  a r e  t w o  

d i f f e r e n t  t y p e s  o f  o v e r l a p  b e t w e e n  t h e  n e i g h b o r i n g  
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o ~ " " " " ' " " ' ' ' ' " ~  t ' . , i  
0 1 2 3 4 5 

T (K) 

FIGURE 12 
Crystal structure of 

FIGURE 11 
The temperature dependence 
o f  the resistivity of 
(DMET)2Au(CN)2 under 5 Kbar. (DMET)~Au(CN)~. 

molecules: one type of overlap has two Se-Se contacts 
shorter than the sum of the van der Waals radii; the 
other has four shorter Se-S contacts. Between the 

columns there exist one Se-Se and two S-S contacts 
shorter than the sum of the van der Waals radii. 

I n  ( D M E T ) 2 A u 1 2 ,  t h e  c o n d u c t i v i t y  at r o o m  
temperature is 300 Scm- . Under a pressure o f  5 Kbar, 
superconductivity with a transition temperature of 0.55 
K appeared. 

1 

I n  ( D M E T ) 2 A u C 1 2  a t  a m b i e n t  p r e s s u r e ,  t h e  
c o n d u c t i v i t y  a t  r o o m  t e m p e r a t u r e  w a s  2 3 0  S c m -  1 . 

superconducting transition. 35 

Metallic behaviour continued in low temperatures and a 
resistance upturn was observed below 3 K ,  followed by a 

[ G r o u p  IV] Metal and superconductors with linear 

halides and others 
The salts o f  13, 12Br, IBr2, and SCN were all 

metallic with room temperature conductivities o f  170, 
320, 210, and 80 Scm-", respectively. (DMET)213 and 
(DMET)21Br2 s h o w e d  s u p e r c o n d u c t i v i t y  a t  a m b i e n t  
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SULFUR HETEROCYCLES FOR ORGANIC CONDUCTORS 205 

pressure with Tc 0 . 4 7  and 0.58 K ,  respectively. 36 On 
the other hand, (DMET)212Br and (DMET)2SCN did not show 

superconductivity. 
[ g r o u p  V] Semiconductor-like, metal and superconductor 
with AuBr2 

(DMET)2AuBr2 e x h i b i t e d  a s e m i c o n d u c t o r - l i k e  
temperature dependence o f  'resistivity between 180 K 
and a t  l e a s t  r o o m  t e m p e r a t u r e .  B e l o w  180 K ,  t h e  
c o n d u c t i v i t y  w a s  m e t a l l i c  d o w n  t o  l i q u i d  h e l i u m  

temperature. At ambient pressure, this crystal showed 
superconductivity at 1.9 K. 

The crystal structure o f  (DMET)2AuBr2 is shown in 
Figure 1 3 .  37 The structure is not columnar in contrast 
to other DMET s a l t s  and consists of sheets o f  DMET 
molecules and of  AuBr2 anions. 

(DMETI2AuBr2 
P= 1.5 kbar 

4 
1 2 3 4 5 

' ' ' ' ' ' ' ' I ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 
T (K) 

O b  

Figure 14 
The temperature dependence o f  
the resistivity o f  (DMET)2AuBr2 
under 1.5 Kbar. 

FIGURE 1 3  
Crystal structure of 
(DMET)2AuBr2. 
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1 4 .  K .  K o b a y a s h i ,  Y .  M a z a k i ,  a n d  F .  I w a s a k i ,  S y n t h .  
M e t a l s ,  i n  p r e s s .  
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1 5 .  K .  L e r s t r u p ,  D .  0 .  C o w a n ,  T .  J .  K i s t e n m a c h e r ,  J. 

1 6 .  Y .  K o i d e ,  K .  K i k u c h i ,  I .  I k e m o t o ,  K .  K o b a y a s h i ,  

1 7 .  K .  K o b a y a s h i ,  M .  T a k a h a s h i ,  H .  K o b a y a s h i ,  J .  C h e m .  

18. V .  P .  L i t v i n o v  a n d  Y .  L .  G o l ' d f a r b ,  A d v .  

1 9 .  F .  d e  J o n g  a n d  M .  J .  J a n s s e n ,  J .  O r g .  C h e m . ,  3 6 ,  

2 0 .  Y .  M a z a k i ,  N .  T a k i g u c h i ,  a n d  K .  K o b a y a s h i ,  

2 1 .  N .  S a t o ,  Y .  M a z a k i ,  N .  T a k i g u c h i ,  a n d  K .  K o b a y a s h i ,  

2 2 .  W .  S c h m i d t ,  J .  C h e m .  P h y s . ,  6 6 ,  8 2 8  ( 1 9 7 7 ) .  
2 3 .  N .  S a t o ,  G .  S a i t o ,  a n d  H .  I n o k u c h i ,  C h e m .  P h y s . ,  

2 4 .  J ,  A i h a r a ,  P u r e  a n d  A p p l .  C h e m . ,  5 4 ,  1115 ( 1 9 8 2 ) .  
2 5 .  K .  K o b a y a s h i ,  K .  O h n o ,  T .  I s h i d a ,  S .  M a s u d a ,  a n d  

Y .  H a r a d a ,  C h e m .  L e t t . ,  1 9 8 7 ,  2 5 7 .  
2 6 .  E .  M .  E n g l e r ,  R .  A .  C r a v e n ,  Y .  T o m k i e w i c z ,  B .  A .  

S c o t t ,  K .  B e c h g a a d ,  a n d  J .  R .  A n d e r s e n ,  C h e m .  
C o m m u n . ,  1 9 7 6 ,  3 3 7 .  

2 7 .  K .  K i k u c h i ,  K .  Y a k u s h i ,  H .  K u r o d a ,  I .  I k e m o t o ,  a n d  
K .  K o b a y a s h i ,  Mol .  C r y s t .  L i q .  C r y s t . ,  1 2 5 ,  3 4 5  
( 1 9 8 5 ) ;  K .  K i k u c h i ,  K .  Y a k u s h i ,  H .  K u r o d a ,  I .  
I k e m o t o ,  K .  K o b a y a s h i ,  M .  H o n d a ,  a n d  C .  K a t a y a m a ,  
C h e m .  L e t t . ,  1 9 8 4 ,  1 8 8 5 ;  J .  M .  F a b r e ,  L .  G i r a l ,  E .  
D u p a r t ,  C .  C o u l o n ,  J .  P .  M a n c e a u ,  a n d  P .  D e l h a s e s ,  
J .  C h e m .  S O C . ,  C h e m .  C o m m u n . ,  1983,  1 4 7 7 ;  L .  G i r a l ,  
J .  M .  F a b r e ,  a n d  A .  G o u a s m i a ,  T e t r a h e d r o n .  L e t t . ,  
2 7 ,  4 3 1 5  ( 1 9 8 6 ) ;  J .  M .  F a v b r e ,  E - M a h n a l ,  a n d  L .  
G i r a l ,  S y n t h .  M e t a l s ,  1 3 ,  339  ( 1 9 8 6 ) .  

I k e m o t o ,  S y n t h .  M e t a l s ,  1 9 ,  555  ( 1 9 8 7 ) ;  K .  K i k u c h i ,  
T .  N a m i k i ,  I .  I k e m o t o ,  a n d  K .  K o b a y a s h i ,  J .  C h e m .  
S o q . ,  C h e m .  C o m m u n . ,  1 9 8 6 ,  1 4 7 2 .  

Z a m b o u n i s ,  K .  K o b a y a s h i ,  a n d  K .  U c h i m o t o ,  C h e m .  
L e t t . ,  1 9 8 7 ,  1 2 7 9 .  

30.  H .  T a t e m i t s u ,  E .  N i s h i k a w a ,  Y .  S a k a t a ,  a n d  S .  
M i s u m i ,  J .  C h e m .  S O C . ,  C h e m .  C o m m u n . ,  1 9 8 5 ,  1 0 6 .  

31.  K .  K i k u c h i ,  H .  Kamio ,  K .  S a i t o ,  S .  Y .  Y i a n n o p o u l o s ,  
G .  C .  P a p a v a s s i l i o u ,  K .  K o b a y a s h i ,  a n d  I .  I k e m o t o ,  
B u l l .  C h e m .  S O C .  J p n . ,  6 1 ,  7 4 1  (1988) .  

M e t a l s ,  1 9 ,  551 ( 1 9 8 7 ) .  

A m .  C h e m .  S O C . ,  106 ,  8303 ( 1 9 8 4 ) .  

t o  b e  p u b l i s h e d .  

S O C . ,  P e r k i n  T r a n s .  11, 1988,  4 2 7 .  

H e t e r o c y c l .  C h e m . ,  1 9 ,  1 2 3  ( 1 9 7 6 ) .  

1998 ( 1 9 7 1 ) .  

t o  b e  p u b l i s h e d .  

t o  b e  p u b l i s h e d .  

7 6 ,  7 9  ( 1 9 8 3 ) .  

2 8 .  K .  K o b a y a s h i ,  K .  K i k u c h i ,  T .  N a m i k i ,  a n d  I .  

2 9 .  G .  C .  P a p a v a s s i l i o u ,  S .  Y .  Y i a n n o p o u l o s ,  J .  S .  

3 2 .  K .  K i k u c h i ,  I .  I k e m o t o ,  a n d  K .  K o b a y a s h i ,  S y n t h .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
4
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



208 K. KOBAYASHI 

33. K .  K i k u c h i ,  M .  K i k u c h i ,  T .  N a m i k i ,  K .  S a i t o ,  I .  
I k e m o t o ,  K .  M u r a t a ,  T .  I s h i g u r o ,  a n d  K .  K o b a y a s h i ,  
U e m .  L e t t . ,  1 9 8 7 ,  9 3 1 .  

3 4 .  K .  K i k u c h i ,  Y .  I s h i k a w a ,  K .  S a i t o ,  I .  I k e m o t o  a n d  
K .  K o b a y a s h i ,  Acta .  C r v s t . .  C 4 4 ,  4 6 0  ( 1 9 8 8 ) .  

35.  K .  K i k u c h i ,  K .  M u r a t a ,  Y .  H o n d a ,  T .  N a m i k i ,  K .  
S a i t o ,  K .  K o b a y a s h i ,  T .  I s h i g u r o ,  a n d  I .  I k e m o t o ,  
J .  P h v s .  S O C .  J p n . ,  5 6 ,  4 2 4 1  ( 1 9 8 7 ) .  

S a i t o ,  K .  K o b a y a s h i ,  T .  I s h i g u r o ,  a n d  I .  I k e m o t o ,  
J .  P h v s .  S O C .  J D  n . ,  5 6 ,  3 4 3 6  ( 1 9 8 7 ) .  

I k e m o t o ,  K .  M u r a t a ,  Y .  A n z a i ,  I .  I s h i g u r o ,  a n d  
K .  K o b a y a s h i ,  S o l i d  S t a t e  Commun.,  6 6 ,  4 0 5 . ( 1 9 8 8 ) .  

3 6 .  K .  K i k u c h i ,  K .  M u r a t a ,  Y .  H o n d a ,  T .  N a m i k i ,  K .  

3 7 .  K .  K i k u c h i ,  Y .  H o n d a ,  Y .  I s h i k a w a ,  K .  S a i t o ,  I .  
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