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A NEW ANISOTROPIC CONDUCTOR BASED ON I R I D I U M  
COMPLEXES OF TETRACYANOBIIMIDAZOLE 

P.G. RASMUSSEN, O.H. BA,ILEY, J.E. ANDERSON, 
J . B  KOLOWICH, J.C. BAYON 
Dept. Chem., Univ. Mich., Ann Arbor M I ,  U.S.A. 48109 

A b s t r a c t  A new a n i s o t r o p i c a l l y  conduct ive  system is 
repor t ed  based on t h e  p a r t i a l  ox ida t ion  o f  t h e  an ion  
[Ir(C0)2Tcbiim]'. 
are found i n  t h e  n e u t r a l  s t ack .  The structure o f  an 
Ir(I1) p recu r so r  is r e l a t e d  t o  t h e  conduct ive  system. 
(H2Tcbiim = 4,41,5,5'tetracyano-2,21-biimidazole.) 

Both coun te r  c a t i o n  and anion 

I n  t h e  p rev ious  paper '  we desc r ibed  t h e  s o l u t i o n  

e q u i l i b r i a  and charge  t r a n s f e r  s p e c t r a  o f  t h e  p r e c u r s o r s  t o  

t h e  new a n i s o t r o p i c a l l y  conduct ive  system we have r e c e n t l y  

d iscovered .  Here we report t h e  composition and p r o p e r t i e s  

of t h e  conduct ive  s o l i d  and t h e  s t r u c t u r e  o f  a metal-metal 

bonded dimer which is c l o s e l y  r e l a t e d  t o  it. The key 

s t a r t i n g  m a t e r i a l s  a r e  t h e  s a l t s  of gene ra l  formula 
M1[Ir(CO) Tcbiiml i n  which t h e  anion is completely p l ana r .  

These s a l t s  have c o l o r s  i n  t h e  s o l i d  s t a t e ,  which v a r y  wi th  

t h e  c a t i o n ,  e.g. when MI = N(Etl4 , r e d ,  N(Me)4 , green ,  

and C ( N H  ) Na , K + ,  blue-black, i m p l i c a t i n g  a s t a c k  

formation; however i n  d i l u t e  s o l u t i o n s  o f  a c e t o n i t r i l e  a l l  

o f  t h e s e  s a l t s  are yellow.* I f  bromine is added t o  

s o l u t i o n s  of t h e  M"Ir(C0) Tcbiiml s a l t s ,  t h e  expected 
2 

o x i d a t i v e  a d d i t i o n  occurs and s i x  coord ina te  I r ( I I 1 )  

products  r e s u l t .  If t h e s e  p roduc t s  a r e  mixed wi th  

a p p r o p r i a t e  q u a n t i t i e s  o f  t h e  I r ( 1 )  s p e c i e s  in t e rmed ia t e  

o x i d a t i o n  s ta te  compounds do n o t  form. 

2 

+ + 
+ + 

2 3 '  

87 
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88 P. G. RASMUSSEN et al. 

However i f  s o l u t i o n s  of t h e  Ir(1) s a l t s  a r e  

e l e c t r o l y z e d  i n  t h e  presence  of s u p p o r t i n g  e l e c t r o l y t e  

which does  n o t  c o n t a i n  c o o r d i n a t i n g  an ions  such  a s  h a l i d e s ,  

t h e n  a g ray ,  m e t a l l i c  appea r ing ,  m a t e r i a l  forms on t h e  

e l e c t r o d e  which does  n o t  resemble any of t h e  s t a r t i n g  

m a t e r i a l s .  The subs t ance  has  a band edge a b s o r p t i o n  i n  t h e  

I R  and a two probe  p e l l e t  c o n d u c t i v i t y  of approximate ly  

ohm-’cm a t  2,000 p s i  is observed. Although t h e  

e l e c t r o d e  d e p o s i t e d  m a t e r i a l  g i v e s  a powder d i f f r a c t i o n  

p a t t e r n ,  s i n g l e  c r y s t a l s  have n o t  t h u s  f a r  been ob ta ined .  

I n  o r d e r  t o  c h a r a c t e r i z e  t h e  band gap more d e f i n i t i v e l y  on 

t h e  powdered p e l l e t ,  we measured t h e  d i e l e c t r i c  cons t an t  a s  

a f u n c t i o n  o f  t empera tu re  i n  an impedance b r i d g e  o p e r a t i n g  

a t  10,000 Hz. The result : ;  a r e  shown i n  F i g u r e s  1 and 2. 

The low t empera tu re  l i m i t i n g  va lues ,  which change i n  l i n e a r  

f a s h i o n ,  r e p r e s e n t  t h e  thermal  c o e f f i c i e n t s  o f  t h e  

in s t rumen t  and are s u b t r a c t e d  o f f  by e x t r a p o l a t i o n .  The 

r e s u l t i n g  c a p a c i t a n c e  va lues  g i v e  a l og - l inea r  p l o t  1/T. 

From t h e  s l o p e  o f  t h i s  p l o t  t h e  band gap is es t ima ted  as 
0.21 eV i n  good agreement wi th  t h e  va lue  ob ta ined  from t h e  

I R  a b s o r p t i o n  edge. T h i s  r e l a t i v e l y  low va lue  band gap 

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

o rde red  sample would be s u b s t a n t i a l l y  h ighe r .  E f f o r t s  t o  

o b t a i n  such  samples  are con t inu ing ,  however t h e  composition 

o f  t h e  material s u g g e s t s  t h a t  it may be d i f f i c u l t .  

-1 

Analyt ical  d a t a  f o r  all e lements  excep t  oxygen, v e r i f y  

t h e  i n c o r p o r a t i o n  of p e r c h i o r a t e ,  a l lowing  u s  t o  formula te  

t h e  m a t e r i a l  as fo l lows:  

1+2. 
CNEt I [Ir (CO) Tcbiiml C C l O  1 

4 1-x 2 4 Y  
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90 P. G.  RASMUSSEN ef al. 

L e t  z e q u a l  t h e  d e g r e e  of p a r t i a l  o x i d a t i o n  DPO, t h e n  

c h a r g e  c o m p e n s a t i o n  c o u l d  be  by cation d e f i c i e n c y  i.e. y = 
0 and x = z. However y is f i x e d  by  t h e  c h l o r i n e  c o n t e n t .  

The i r i d i u m  c o n t e n t  f i xes  t h e  c a r b o n  and n i t r o g e n  c o n t e n t  

of t h e  s t a c k i n g  a n i o n  and  t h e  r e m a i n d e r  must  be  a s s o c i a t e d  

w i t h  c a t i o n .  The result  o f  t h i s  c a l c u l a t i o n  s u g g e s t s  t h a t  

a n o t h e r  c o n d i t i o n  a p p r o x i m a t e l y  h o l d s ,  namely t h a t  x = y. 

T h i s  c o n d i t i o n  would h o l d  i f  o n l y  one s i t e  were a v a i l a b l e  

for n o n - s t a c k i n g  i o n s  and i f  a r e q u i r e m e n t  for a 

p r e c i p i t a t i o n  were t h a t  t h e  non-s tacking  si tes be  f i l l e d .  

It is n o t e w o r t h y  t h a t  N R  and C 1 0  a re  a p p r o x i m a t e l y  t h e  4 4 
same size when R = E t ,  Me. Thus our b e s t  f i t  from the 

a n a l y t i c a l  d a t a  g i v e s  x = 0.17, y = 0.17, z = 0.33. S i n c e  

z is also t h e  DPO, it c a n  b e  checked a g a i n s t  t h e  t h e  number 

of F a r a d a y s  p a s s e d  t h r o u g h  t h e  ce l l  assuming 100% c u r r e n t  

e f f i c i e n c y .  T h i s  v a l u e  is  i n  agreement  g i v i n g  a v a l u e  z = 
0.33 T h i s  t y p e  of c h a r g e  compensa t ion  is a n o v e l  contrast  
t o  t h e  t e t r a c y a n o p l a t i n a t e  s y s t e m s  where  c a t i o n  d e f i c i e n c y  

or a n i o n  d e f i c i e n c y  both oocur b u t  n o t  t o g e t h e r .  (We follow 

t h e  common u s a g e  i n  t he  l i t e r a t u r e  on t e t r a c y a n o p l a t i n a t e s  

and c a l l  y t h e  a n i o n  d e f i c i e n c y  a l t h o u g h  it would seem more 

r e a s o n a b l e  i n  o u r  s y s t e m  to  c a l l  it t h e  a n i o n  s u r p l u s . )  In 
our p r e c e e d i n g  p a p e r  we d e s c r i b e d  t h e  f o r m a t i o n  i n  s o l u t i o n  

of a mixed v a l e n c e  i o n  CIr (C0)  T c b i i m l  , a b b r e v i a t e d  

[ I r ( 1 . 3 3 ) 1 6  , as t h e  p r e c u r s o r  t o  t h e  s e m i c o n d u c t i v e  

s o l i d .  I n  t h e  p r e s e n c e  of s u p p o r t i n g  e l e c t r o l y t e  t h e  

c o m p o s i t i o n  g i v e n  above  c a n  b e  written as  f o r m i n g  from t h i s  

i o n  by: 

+ - 

4- 
4- 2 6 

+ - 
[Ir(1.33)1:- + 5 N E t  + C 1 0  - “ E t  1 C I r ( 1 . 3 3 ) l  EC1041 

4 4 4 5  6 
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A NEW ANISOTROPIC CONDUCTOR ... 91 

It  is i n t e r e s t i n g  t h a t  t h i s  m a t e r i a l ,  which i n c o r p o r a t e s  

s u p p o r t i n g  e l e c t r o l y t e  a n i o n ,  is much less s o l u b l e  t h a n  t h e  

a n i o n - f r e e  s e m i c o n d u c t o r  d e s c r i b e d  ear l ier .  The role of 

a n i o n  i n  s t a b i l i z i n g  t h e  s o l i d  is u n c l e a r  and it may n o t  be 

o r d e r e d  on t h e  s i t e  which it presumably s h a r e s  w i t h  t h e  

c a t i o n .  Although d i r e c t  s t r u c t u r a l  i n f o r m a t i o n  i s  n o t  

a v a i l a b l e  on t h i s  p o i n t ,  we d o  have  s t ruc tu ra l  d a t a  a b o u t  

t h e  l i k e l y  s t a c k  motif from a c l o s e l y  r e l a t e d  Ir(I1) dimer.  

If t h e  e l e c t r o l y s i s  is c a r r i e d  ou t  i n  t h e  a b s e n c e  of 

s u p p o r t i n g  e l e c t r o l y t e ,  t h e  s o l u t i o n  d a r k e n s  b u t  no 

semiconductor  forms on the  e l e c t r o d e .  I f  c o n t i n u e d  t o  t h e  

p o i n t  o f  o x i d a t i o n  of o n e  e l e c t r o n  p e r  i r i d i u m ,  a p a l e  

g r e e n  s o l i d  p r e c i p i t a t e s .  T h i s  s o l i d  h a s  t h e  composi t ion  

Ir (CO) (Tcbi im)- (CH CN) and was shown v i d e  s u p r a  t o  be 
2 4  2 3 2  

t h e  d i r e c t  p r e c u r s o r  t o  t h e  semiconductor  by an e q u i l i b r i u m  

i n v o l v i n g  t h e  Ir(1) s a l t .  If t r i e t h y l p h o s p h i t e  is added t o  

a s u s p e n s i o n  of t h i s  d imer  i n  a c e t o n i t r i l e ,  a so lu t ion  
forms, from which c r y s t a l s  can  be  grown. The c r y s t a l  

s t r u c t u r e  of Ir (CO)  (CH CN) C P ( O E t )  1 (Tcbi im) w i l l  be 
2 2 3 2 2  3 2  2 

r e p o r t e d  i n  d e t a i l  e l sewhere .2  Here we f o c u s  on t h o s e  

a s p e c t s  which c a n  e l u c i d a t e  t h e  s t a c k i n g  i n  t h e  

semiconductor .  A l a b e l l e d  s t r u c t u r e  is shown i n  F i g u r e  3 
and a view down the metal-metal a x i s  i n  F i g u r e  4. I n  t h e  

p r o c e s s  of o x i d a t i o n ,  one c a r b o n y l  g r o u p  from e a c h  i r i d i u m  

is r e p l a c e d  by one  a c e t o n i t r i l e .  T h i s  change d o e s  not 
o c c u r  i n  t h e  s e m i c o n d u c t o r ,  b u t  i s  i n  a c c o r d  w i t h  t h e  

n e c e s s i t y  for b e t t e r  d o n o r s  a s  t h e  o x i d a t i o n  s t a t e  rises. 
Except  f o r  t h i s  change t h e  s t a c k i n g  u n i t  is i d e n t i c a l  i n  

t h e  two cases. A t  t h i s  time, t h i s  is a u n i q u e  example of 

I r ( I 1 )  d i m e r i z a t i o n  i n  t h e  a b s e n c e  of b r i d g i n g  l i g a n d s .  
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92 P. G. RASMUSSEN et al. 

Figure 4 .  
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A NEW ANISOTROPIC CONDUCTOR .., 93 

0 

The metal-eietal d i s t a n c e  h a s  f a l l e n  from 3.183 A i n  t h e  

u n o x i d i z e d  a s s o c i a t i o n  dimer t o  2.826 1 i n  t h e  Ir(I1) 

d i m e r ,  c o r r e s p o n d i n g  t o  a f u l l  s i n g l e  bond. The bond a x i s  

is n e a r l y  l i n e a r  and t h e  Tcbi im 

a b o u t  t h i s  a x i s ,  compared to  180' o r i e n t a t i o n  a b o u t  an 

i n v e r s i o n  c e n t e r  i n  t h e  a s s o c i a t i o n  dimer. Whether t h i s  

o r i e n t a t i o n  r e s u l t s  from f a v o r a b l e  HOMO-LUMO i n t e r a c t i o n s  

o f  t h e  sort  d e s c r i b e d  by Miller4 i n  t h e  p l a t i n u m  oxalate  
s y s t e m s  is under  f u r t h e r  i n v e s t i g a t i o n  by o u r  group.  T h e r e  

is some e v i d e n c e  of s t r a i n  imposed by t h e  meta l -meta l  bond 

b e c a u s e  t h e  Tcbi im b e s t  p l a n e s  bend away from e a c h  other 

w i t h  a d i h e d r a l  a n g l e  of 9.6'. T h i s  s t r a i n  w i l l  be  less i n  

t h e  semiconductor  s t r u c t u r e  where t h e  metal-metal bond is 

l i k e l y  l o n g e r  b u t  i t  c o u l d  be  accommodated i n  a n y  case by 

t h e  a d o p t i o n  of a h e l i c a l  s t r u c t u r e  for  t h e  s t a c k .  A 

number of i n t e r e s t i n g  q u e s t i o n s  remain unanswered. Does 

p e r i o d i c i t y  of t h e  c o u n t e r  i o n s  match t h e  p e r i o d i c i t y  of 

t h e  s t a c k ?  Can t h e  l o n g  r a n g e  order be  a l t e r e d  by 

v a r i a t i o n  o f  t h e  c o u n t e r  i o n s ?  These and r e l a t e d  q u e s t i o n s  

are u n d e r  f u r t h e r  i n v e s t i g a t i o n .  

2- u n i t s  are r o t a t e d  by 45' 

The u t i l i t y  of t h e  t e t r a c y a n o b i i m i d a z o l e  l i g a n d  for 

p a r t i c i p a t i o n  i n  s t a c k i n g  s t r u c t u r e s  h a s  been d e m o n s t r a t e d .  

The d e l o c a l i z e d  c h a r g e  s t r u c t u r e  which it offers is 

a p p a r e n t l y  c o m p a t i b l e  w i t h  l a y e r e d  c o n d u c t o r s .  T h i s  is one  

o f  t h e  few c a s e s  of d e l i b e r a t e  l i g a n d  d e s i g n  which h a s  been 

s u c c e s s f u l  i n  t h i s  f i e l d .  On t h e  o t h e r  hand n a t u r e  c a n  

a lways  p r o v i d e  s u r p r i s e s .  Although we a r e  a b l e  t o  

s y n t h e s i z e  t h e  i s o e l e c t r o n i c  P t ( I 1 )  a n a l o g  t o  o u r  Ir(1) 

monomer, [ P t ( C N )  Tcbi iml  , it h a s  n o t  proven p o s s i b l e  t o  

p r e p a r e  a n a l o g s  t o  t h e  t e t r a c y a n o p l a t i n a t e   conductor^.^ 
2- 
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