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The donors TTA and TSA were prepared starting 

from 1.5-dichloro-9.10-anthracenedione which 

was converted into 1.5.9.10-tetrachloroan- 

thracene (TCA) by two alternating chlorina- 

tion and elimination steps. TCA was reacted 

under a dry argon atmosphere with suspensions 

of Na S and Na Se to yield TTA and TSA, re- 

spectively. Action of elemental iodine gives 
2 2  2 2  

highly conductive polyiodides of both donors. 

Single crystals of TSA-I actually behave 

metallic between 220 and 300 K. The X-ray 

structure of TSA and TSA'I allows a compa- 

rison of intermolecular distances in the neu- 

tral and the partially oxidized, ionic stacks 

1.2 

1.2 

of the donor. 

+ 
This work was supported by Stiftung Volkswagenwerk 
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1 124 18521 H. ENDRES et crt. 

I N T R O D U C T I O N  

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

s o l i d  s t a t e  p r o p e r t i e s  o f  c h a r g e - t r a n s f e r  comple-  

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

a s  The f i e l d  c o u l d  b e  s t r u c t u r e d  by 

d i s c e r n i n g  two g r o u p s  o f  d o n o r s :  

(i) t h o s e  w i t h  " e x o c y c l i c ' '  h e t e r o a t o m s  bonded 

d i r e c t l y  t o  e a c h  o t h e r ;  

( i i )  h e t e r o c y c l e s  w i t h  " i s o l a t e d "  S and  Se  a toms  

b u i l t  i n t o  m a i n l y  c a r b o c y c l i c  r i n g s .  

T y p i c a l  e x a m p l e s  f o r  ( i )  a r e  t e t r a t h i a -  o r  t e t r a -  

s e l e n a t e t r a c e n e  (i) and t e t r a t h i a -  o r  t e t r a s e l e -  

n a p e r y l e n e  (2). D e r i v a t i v e s  of  t e t r a t h i a -  o r  t e -  

t r a s e l e n a f u l v a l e n e  ( 3 )  - a s  w e l l  a s A - 4 , 4 ' - d i t h i a -  

orb-4,4'-diselenadiFyranes ( 2 )  a r e  t y p i c a l  r e p r e -  

s e n t a t i v e s  o f  g r o u p  ( i i )  d o n o r s .  

X-% 

x-x 

x-% 
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THE PREPARATION OF NEW METALLIC.. . [ 1853]/113 

A t  a f i r s t  g l a n c e  g r o u p  ( i )  m a t e r i a l s  p r o m i s e  

m o r e  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  ( s h o r t  i n t e r m o l e -  

c u l a r  X - - - - . X  c o n t a c t s )  i n  t h e  s o l i d  s t a t e .  T h e s e  

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  c o u l d  i n f l u e n c e  t h e  

s o l i d  s t a t e  p r o p e r t i e s  o f  m e t a l s  made u p  o f  t h e s e  

d o n o r s :  t h r e e - d i m e n s i o n a l  i n t e r a c t i o n s  m i g h t  wipe 

o u t  t h e  i n s t a b i l i t i e s  w h i c h  a r e  common €or  " o n e -  

d i m e n s i o n a l "  c o n d u c t o r s  a n d  w h i c h  d e s t r o y  t h e  m e -  

t a l l i c  s t a t e  a t  l o w e r  t e m p e r a t u r e s .  ( F o r  s u m m a r i -  

z i n g  r e v i e w s  o n  t h e s e  t o p i c s  s e e  r e f .  1 - 6 ) .  

I n  t h e  a i m  t o  f i n d  new h i g h l y  c o n d u c t i n g  

" t h r e e - d i m e n s i o n a l l y "  c o r r e l a t e d  s a l t s  w e  u s e d  t h e  

g r o u p  ( i )  d o n o r s  (2) a n d  (G) a n d  i n v e s t i g a t e d  

t h e i r  c h a r g e  t r a n s f e r  c h e m i s t r y 7 .  B u t  t h e  v e r y  l o w  

s o l u b i l i t y  e s p e c i a l l y  o f  (z) i n  all common o r g a -  

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

m i s t r y  ( e s p e c i a l l y  e l e c t r o c h e m i s t r y  a n d  r e d o x  r e -  

a c t i o n s ) .  A d d i t i o n a l l y  i n  s p i t e  o f  much e f f o r t s  

t h e  c h a r g e  t r a n s f e r  c o m p l e x e s  o f  (5) a n d  (&) 

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

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

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

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

h a v e  b e e n  i n d e p e n d e n t l y  i n v e s t i g a t e d  a t  t h e  same 

t i m e  b y  a n o t h e r  g r o u p 8 .  We t u r n e d  t o  t h e  s y n t h e s i s  

o f  o t h e r  g r o u p  ( i )  d o n o r s ,  t h e r e f o r e ,  a n d  p r e p a r e d  

t e t r a t h i a -  (TTA, 5 a )  a n d  t e t r a s e l e n a a n t h r a c e n e  - 

(TSA, c). X-X 

x-% 
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114/[1854] H. ENDRES et 01. 

It turned out that 5b and a partially oxi- 
dized iodide of crystallize both in stacks with 

short interstack contacts. Single crystal conduc- 

tivity measurements on the latter compound showed 

a metallic regime between room temperature and 

220 X. The preparation of these new conducting SO- 

lids and of some interesting related materials is 

reported here. 

EXPERIMENTAL 

Preparation of 1.5.9.10-tetrachloroanthracene 

1.5-Dichloro-9.10-anthracenedione ( 6 1  - (purchased 

from E G A )  was reduced using metallic zinc in a 

concentrated ammonia solution to 1.5-dichloroan- 

thracene (z) corresponding to reference’. Chlori- 

nation of the above reaction product yielded 1 . 5 -  

9.10-tetrachloro-9.10-dihydroanthracene ( 8 ) .  (8) 
was converted to 1.5.9-trichloroanthracene ( 9 )  by 
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THE PREPARATION OF NEW METALLIC.. . [1855]/115 

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

p r o d u c t  a g a i n  c h l o r i n a t e d l o  t o  y i e l d  ( lo) .  An a d -  

d i t i o n a l  e l i m i n a t i o n  o f  C1- b y  KOH y i e l d s  

1.5.9.10-tetrachloroanthracene (11) w i t h  a m e l t i n g  

p o i n t  o f  1 9 6 - 1 9 7  C (mp o f  r e f .  10 = 1 9 5  C ) .  
0 0 

S y n t h e s i s  o f  TSA 

A l l  u s e d  m a t e r i a l s  h a v e  t o  b e  f r e e  of  m o i s t u r e .  

A l l  o p e r a t i o n s  h a v e  b e e n  c a r r i e d  o u t  u n d e r  a d r y  

a r g o n  a t m o s p h e r e . 8 8 2  mg m e t a l l i c  s o d i u m  ( 3 8 . 4  

m m o l e )  we re  r e a c t e d  w i t h  3 . 0 3 3  m g  s e l e n i u m  ( 3 8 . 4  

m m o l e )  i n  a 2 5 0  m l  r o u n d  b o t t o m  f l a s k  w i t h  t w o  

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

a b o u t  2 0 - 3 0  m l  d i m e t h y l f o r m a a i d e  (DMF). A s u s p e n -  

s i o n  o f  r e d - b r o w n  N a  S e  i n  DMF i s  o b t a i n e d  b y  

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

3 0 0 0  m g  ( 9 . 6  m m o l e )  o f  (11) i n  1 5 0  m l  DMF was a d -  

ded a t  o n c e .  T h e  c o l o r  o f  t h e  m i x t u r e  i m m e d i a t e l y  

t u r n s  g r e e n  a n d  r e d - b r o w n  a f t e r w a r d s .  T h e  m i x t u r e  

was r e f l u x e d  f o r  t h r e e  h o u r s ,  a n d  c o o l e d  t o  - 1 5  C 

t h e r e a f t e r .  T h e n  t h e  p r e c i p i t a t e  was f i l t e r e d  a n d  

w a s h e d  w i t h  e t h a n o l  u n t i l  t h e  f i l t r a t e  w a s  o n l y  

s l i g h t l y  y e l l o w .  T h e  a d h e r e n t  e t h a n o l  was r e m o v e d  

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

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

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

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

o d o r  of  t h e  m a t e r i a l .  T h i s  mass was b o i l e d  s e v e r a l  

t i m e s  w i t h  500  m l  t o l u e n e  a n d  t h e  p r e c i p i t a t e  f i l -  

t e r e d  o f f  a f t e r w a r d s .  T h i s  k i n d  of  e x t r a c t i o n  w i t h  

2 2  

0 
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1 164 18561 H. ENDRES el a/. 

t o l u e n e  ( S o x h l e t  e x t r a c t i o n s  n e e d  much more t i m e  

d u r i n g  w h i c h  t h e  compound m i g h t  be  d e c o m p o s e d )  i s  

c o m p l e t e d  a f t e r  a b o u t  3 t o  4 l i t e r s  of  t o l u e n e  o r  

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

c o l o r .  C o o l i n g  t h e  c o m b i n e d  f i l t r a t e s  y i e l d s  TSA 

i n  b l a c k  n e e d l e s .  ( D e c o m p o s i t i o n  t e m p . :  3 1 0 - 3 1 5  C). 

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

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

a d d i t i o n a l  r e c r y s t a l l i z a t i o n  i n  t o l u e n e .  

E l e m e n t a l  a n a l y s i s :  f o r m u l a  

y i e l d :  47 % m o l a r  m a s s :  4 9 0 . 0 4  

C a l c .  : % C  3 4 . 2 9  %H 1 . 2 2  % S e  6 4 . 4 9  

F o u n d :  8 C  3 4 . 4 6  %H 1 . 3 2  % S e  6 3 . 9  

0 

‘1 q H g S e 4  

P r e p a r a t i o n  o f  TTA 

T h e  s y n t h e s i s  s t a r t i n g  f r o m  (11) a n d  N a 2 S 2  f o l l o w s  

v e r y  s i m i l a r  l i n e s .  

E l e m e n t a l  a n a l y s i s :  f o r m u l a  

y i e l d :  41 % m o l a r  mass :  3 0 2 . 4 4  
‘1 4 H 6 S 4  

C a l c .  : % C  5 5 . 6 2  %H 1 . 9 9  % s  4 2 - 3 8  

F o u n d :  8 C  5 5 . 8 8  %H 1 - 8 3  % S  4 2 . 6 3  

S y n t h e s i s  o f  d o n o r - a c c e p t o r  ( D A )  c o m p o u n d s  of  TSA 

M i x i n g  a n h y d r o u s  s o l u t i o n s  o f  TSA i n  n i t r o b e n z e n e  

o r  1 . 2 . 4 - t r i c h l o r o b e n z e n e  w i t h  e q u i m o l a r  a m o u n t s  

o f  t h e  a c c e p t o r s  b r o m i n e  ( e l e m e n t a l  o r  Bu N I  ) 

c h l o r i n e  ( i n  f o r m  o f  F e C 1 3 ) ,  TCNCF4 a n d  t e t r a c y a -  

n o e t h y l e n e  (TCNE) r e s u l t s  i n  a n  immedia te  c o l o r  

c h a n g e  f r o m  l i g h t  r e d  t o  a n  i n t e n s e  d a r k  r e d  

( g r e e n  i n  t h e  r e a c t i o n  w i t h  F e C 1 3 ) .  A f t e r  a f e w  

4 3  
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THE PREPARATION OF NEW METALLIC.. . [1857]/117 

m i n u t e s  o f  r e f l u x i n g  a n d  c o o l i n g  t o  room tempera-  

t u r e  t h e  v i o l e t  t o  b l a c k  p r o d u c t s  w e r e  f i l t e r e d ,  

w a s h e d  w i t h  C H 2 C 1 2 '  a c e t o n e  o r  m e t h a n o l  a n d  d r i e d  

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

r a c t e r i z e d  a n a l y t i c a l l y :  T S A ' I x ,  ( e l e m e n t a l  a n a l y -  

s i s :  % C  2 4 . 1 9 ;  %H 0 . 9 4 ;  % S e  4 4 . 3 ;  % I  3 0 . 4 ;  x = 1 . 7 ) ,  

T S A ' C 1 ' H 2 0 ,  TSA-TCNQF4 a n d  TSA-TCNE. TSA- B r  

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

6-10-l ( n - l - c m - l )  ( T S A ' I x )  a n d  2.9-10-2 ( f i - l -  

c m  ) ( T S A ' B r 2 - 3 ) .  

2 . 3 '  

- 1  

P r e p a r a t i o n  o f  s i n g l e  c r y s t a l s  

S i n g l e  c r y s t a l s  were p r e p a r e d  b y  a d i f f u s i o n  m e -  

t h o d  i n  a H - s h a p e d  c e l l " ,  w h i c h  w o r k s  e s p e c i a l l y  

w e l l  u s i n g  TSA a n d  Bu N 1 3 .  E q u i m o l a r  a m o u n t s  o f  

TSA a n d  Bu4NI w e r e  p l a c e d  i n  e i t h e r  s i d e  o f  t h e  

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

t r o b e n z e n e ,  Bu N I J  i n  a c e t o n i t r i l e .  B o t h  c o m p a r t -  

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

n e c t i n g  t u b e .  A f t e r  2-3 d a y s  g o l d e n  l u s t r e o u s  n e e -  

d l e s  u p  t o  10 mm l e n g t h  were o b t a i n e d .  D a y l i g h t  

seems n o t  t o  i n f l u e n c e  t h e  c r y s t a l l i z a t i o n  a n d  w a s  

4 

3 

4 

n o t  e x c l u d e d .  T h e s e  c r y s t a l s  o f  T S A ' I  w e r e  u s e d  

f o r  e l e c t r i c a l  c o n d u c t i v i t y  a n d  X - r a y  i n v e s t i g a -  

t i o n s .  T h e  l a t t e r  m e t h o d  i n d i c a t e s  t h e  s t o i c h i o m e -  

t r y  T S A ' I  

1 . 2  

f o r  t h e s e  c r y s t a l s .  1 . 2  

C o n d u c t i v i t y  m e a s u r e m e n t s  

B e c a u s e  t h e  c r o s s  s e c t i o n s  o f  t h e  T S A ' I  c r y s -  
2 

1 . 2  - 6  t a l s  w e r e  v e r y  s m a l l  ( b e t w e e n  10 a n d  2 - 1 0 - 6 c m  ) , 
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1 18/[ 18581 H. ENDRES et ul. 

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

few c r y s t a l s .  The m e a s u r e m e n t s  were c a r r i e d  o u t  

by t h e  s t a n d a r d  f o u r  p r o b e  me thod .  The samples  

were mounted on g o l d  w i re s  i n  a t e f l o n  b l o c k  and  

m e a s u r e d  w i t h  t h e  same a p p a r a t u s  a s  d e s c r i b e d  r e -  

c e n t l y 1 2 .  I n  a d d i t i o n  t h e  u s u a l  low f r e q u e n c y  me- 

t h o d  ( 1 - 1 0  Hz) was a p p l i e d  ( L o c k - I n  A m p l i f i e r :  

I t h a c o  D y n a t r a c  3 9 3 )  wh ich  g a v e  t h e  same r e s u l t s .  

The rooii! t e m p e r a t u r e  c o n d u c t i v i t y  a l o n g  t h e  

n e e d l e  a x i s  d ( 3 0 0 )  v a r i e d  b e t w e e n  2 0 0  a n d  4 0 0  

( f i c m ) - l ,  w h i l e  t h e  c o n d u c t i v i t y  p e r p e n d i c u l a r  t o  

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

v e r y  sma l l  c r o s s  s e c t i o n s  o f  t h e  c r y s t a l s .  

The 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  n o r m a l i z e d  

d c - c o n d u c t i v i t y  o f  a t y p i c a l  T S A ' I l S 2  c r y s t a l  

[d (300)=210  ( . A c m ) - ' ]  i s  shown i n  f i g u r e  1 .  Below 

1 0 0  K t h e  c r y s t a l s  b r o k e  d u r i n g  t h e  m e a s u r e m e n t ,  

whereby i t  was n o t  c l e a r  i f  t h a t  d i d  happen  due  t o  

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

o r  due  t o  a p h a s e  t r a n s i t i o n .  Between 3 0 0  and 2 3 0 ~  

t h e  d c - c o n d u c t i v i t y  i n c r e a s e s  s l i g h t l y  by l o w e r i n g  

t h e  t e m p e r a t u r e ,  w h i l e  below 2 3 0  K t h e  c o n d u c t i v i -  

t y  d e c r e a s e s .  

R E S U L T S  A N D  D I S C U S S I O N  

The two new p o t e n t  d o n o r s  TTA a n d  TSA c a n  b e  p r e -  

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

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

h e t e r o c y c l i c  compounds w i t h  a c c e p t o r s  l i k e  

h a l o g e n s ,  TCNE and  T C N Q F 4  wh ich  h a v e  b e e n  i s o l a t e d  
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1.2 

f 1.1: - a l T l  
U[3001 

l. 0- 

Oa9: 0.8 

0.1 - 
- 

0.6 

[ 1859]/119 

,x-w-,, 
x\ 

/* 

X 
\ 

x\ 
X/x 

- i  
x / TSA.  11.2 

d300l: 210S2'h1" - I  

V v I  v 1 v l v , l m  1 .  mi I -  I 

100 150 200 250 300 

a s  s o l i d s  and c h a r a c t e r i z e d  a n a l y t i c a l l y  a n d  s p e c -  

t r o s c o p i c a l l y  p r o v e  t h a t  TTA and TSA h a v e  r emark -  

a b l e  d o n o r  c a p a b i l i t i e s .  Most i n t e r e s t i n g  a r e  t h e  

s t r u c t u r a l  r e l a t i o n s h i p s  b e t w e e n  t h e  n e u t r a l  TSA 

and i t s  p a r t i a l l y  o x i d i z e d  i o d i d e ,  

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

l a t t e r  compound. F i g .  2 shows a p r o j e c t i o n  o f  t h e  

TSA s t a c k s  o n t o  t h e  a c - p l a n e  . The c l o s e s t  i n t e r -  

s t a c k  ( 3 - d i m e n s i o n a l ! )  S e - V - S e  a p p r o a c h e s  a r e  be -  

T S A - I l m 2 , t o q e -  

+ 

-t 
D e t a i l s  of t h e  s t r u c t u r e  d e t e r m i n a t i o n  and  t h e  

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

e l s e w h e r e .  
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1204 18601 H. ENDRES er ul. 

F i g u r e  2 :  P r o j e c t i o n  o f  t h e  TSA s t r u c t u r e  o n t o  t h e  

a c - p l a n e .  P o s s i b l e  s h o r t  i n t e r s t a c k  

S e - S - S e  c o n t a c t s  a r e  s h o w n  i n  o n e  p a r t  

o f  t h e  p r o j e c t i o n  a n d  g i v e n  i n  8 .  T h i k -  

k e r  l i n e s  i n d i c a t e  m o l e c u l e s  w i t h  t h e i r  

c e n t e r s  1/2b a b o v e  t h o s e  d r a w n  w i t h  

t h i n n e r  l i n e s .  

l o w  3 . 5  8 .  T h e  a r r a n g e m e n t  of t h e  d o n o r s  i n  t h e  

p o l y i o d i d e  ( f i g .  3 )  i s  q u i t e  s i m i l a r .  The c l o s e s t  

i n t e r s t a c k  c o n t a c t s  a r e  n e v e r t h e l e s s  s o m e w h a t  l a r -  

g e r .  

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

( I n  t h e  o r d e r  o f  3 . 7  8 ) .  T h e  o x i d a t i o n  d o e s  
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THE PREPARATION OF NEW METALLIC.. . [ 1861]/121 

F i g u r e  3 :  P r o j e c t i o n  o f  t h e  T S A * I l s 2  s t r u c t u r e  

o n t o  t h e  a c - p l a n e .  S h o r t  i n t e r s t a c k  

S e . - . S e  c o n t a c t s  a r e  i n d i c a t e d  i n  8 .  
T h i c k e r  l i n e s  i n d i c a t e  m o l e c u l e s  w i t h  

t h e i r  c e n t e r s  1 / 2 b  above t h o s e  m o l e c u -  

l e s  d r a w n  w i t h  t h i n n e r  l i n e s .  
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