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EFFECTS OF I O D I N A T I O N  ON THE ELECTRICAL CONDUCTIVITY 
OF HYDROGEN BIS(PHTHALOCYANINAT0) NEODYMIUM( 1 1 1 )  

LEONARD W. ter  HAAR and WILLIAM E.  HATFIELD 
Department  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  North 
C a r o l i n a ,  Chapel  H i l l ,  N. C. 27514. 

M. TSUTSUI 
Department  of  C h e m i s t r y ,  Texas AbM, 
C o l l e g e  S t a t i o n ,  TX 77843 .  

* 

A b s t r a c t  P a r t i a l  o x i d a t i o n  of  hydrogen 
b i s ( p h t h a l o c y a n i n a t 0 )  neodymium(II1)  by m o l e c u l a r  
i o d i n e  d r a m a t i c a l l y  i n c r e a s e s  e l e c t r i c a l  
c o n d u c t i v i t y .  The r e s u l t s  are  d i s c u s s e d  i n  terms of  
s t r u c t u r a l  models .  

1NTRODUCTION 

I o d i n a t i o n  of  m e t a l l o m a c r o c y c l e s  h a s  been  shown t o  be an 

e f f e c t i v e  s y n t h e t i c  approach  t o  low-dimensional  c o n d u c t i n g  

m a t e r i a l s  c o n s i s t i n g  of  p a r t i a l l y  o x i d i z e d  m o l e c u l a r  

s t a c k s . '  The weakness of t h i s  approach  i s  t h a t  t h e r e  i s  

l i t t l e  s y n t h e t i c  c o n t r o l  over  t h e  t h e  smal l  d i f f e r e n c e s  i n  

m o l e c u l a r  and l a t t i c e  f o r c e s  which c o n t r o l  t h e  f o r m a t i o n  o f  

s t a c k s .  An improvement t o  t h i s  approach  was p r o v i d e d  by 

t h e  " f a c e - t o - f a c e "  o r i e n t a t i o n  of  m a c r o c y c l e s  found in t h e  

[ M ( P c ) 0 l n  m a t e r i a l s . 2  I n  t h i s  paper  we show t h a t  a s i m i l a r  

o r i e n t a t i o n a l  e f f e c t  e x i s t s  i n  t h e  l i n e a r  c h a i n  compound 

* 
d e c e a s e d  
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182 L. W. ter HAAR, W. E. HATFIELD AND M. TSUTSUI 

composed o f  s t a c k e d  hydrogen b i s ( p h t h a 1 o c y a n i n a t o )  

neodymium( 1 1 1 )  [ b i s ( P c  ) N d ( I I I ) ]  sandwich  m o l e c u l e s .  

EXPERIMENTAL 

B i s ( P c ) N d ( I I I )  was p r e p a r e d  and p u r i f i e d  u s i n g  p r e v i o u s l y  

d e s c r i b e d   method^.^ P a r t i a l  o x i d a t i o n  o f  b i s ( P c ) N d ( I I I )  

was c a r r i e d  o u t  w i t h  m o l e c u l a r  i o d i n e  t o  o b t a i n  m o l e c u l a r  

c o m p o s i t i o n s  of  b i s ( P c ) N d ( I I I ) I g  w i t h  X = 1.3 and 1.8. 

mater ia ls  were a i r  s t a b l e  d u r i n g  t h e  p e r i o d  of  t h e  

measurements .  

t h e  mater ia l s  i n t o  p e l l e t s  5 mm i n  d i a m e t e r  and t y p i c a l l y  

0.5 - 1.0 mm t h i c k .  The van  d e r  Pauw t e c h n i q u e 4  u t i l i z i n g  

four -probe  c o n d u c t i v i t y  measurements  w a s  u s e d .  The p r o b e s  

were a t t a c h e d  t o  t h e  p e l l e t s  u s i n g  s i l v e r  p a s t e  c o n t a c t s .  

Room-temperature r e s i s t i v i t y  v a l u e s  were measured f o r  

s e v e r a l  days  t o  check  f o r  any c h e m i c a l  r e a c t i o n  a t  t h e  

e l e c t r o d e s ;  none was o b s e r v e d .  A f t e r  h i g h  t e m p e r a t u r e  

measurements  (>300 K), room t e m p e r a t u r e  r e s i s t i v i t y  was 

checked  a g a i n  t o  a s c e r t a i n  whether  d e c o m p o s i t i o n  had 

o c c u r r e d ;  none was o b s e r v e d .  S e v e r a l  r u n s  were made on 

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

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

four -probe  ne twork  were examined a t  h i g h  and low 

t e m p e r a t u r e s  t o  a s s u r e  l e g i t i m a t e  u s e  o f  t h e  van  d e r  Pauw 

theorem. A t y p i c a l  D. C .  c u r r e n t  o f  10 amps was used  f o r  

v a r i a b l e - t e m p e r a t u r e  d a t a  s e t s .  Ohmic b e h a v i o r  was 

o b s e r v e d  f o r  a l l  samples .  

A l l  

A p r e s s u r e  o f  l o 7  Pa was used  t o  compress  

-5 

RESULTS 

V a r i a b l e - t e m p e r a t u r e  r e s i s t i v i t y  d a t a  shown i n  F i g u r e  1 
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I1 

8 

0 2 4 0 8 10 
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F i g u r e  1 .  E l e c t r i c a l  r e s i s t i v i t y  d a t a  f o r  t h e  se r ies  

b i s ( P c ) N d ( I I I ) ( I j ) x ,  w i t h  b e s t - f i t  l i n e s .  

i n d i c a t e  t h e  p o l y c r y s t a l l i n e  samples  t o  be  t h e r m a l l y  

a c t i v a t e d  s e m i c o n d u c t o r s .  The d a t a  were f i t  by l eas t -  

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

model 

G- = eoexp(- / \ /kT)  

where o- i s  t h e  i n f i n i t e - t e m p e r a t u r e  c o n d u c t i v i t y  and A 
i s  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y .  The p a r a m e t e r s  which 

d e s c r i b e  e a c h  o f  t h e  samples  a r e  s e t  o u t  i n  T a b l e  I. The 

d a t a  f o r  b i s ( P c ) N d ( I I I )  a r e  i n  agreement  w i t h  p r e v i o u s l y  

d e t e r m i n e d  d a t a 5  ( i n  ambient  hydrogen and i n  a i r )  which had 

r e v e a l e d  t h a t  a b s o r b e d  oxygen d e c r e a s e d  t h e  r e s i s t i v i t y  

v a l u e s  and t h e  a c t i v a t i o n  e n e r g i e s .  Exposure  o f  t h e  

i o d i n a t e d  complexes t o  oxygen was n o t  e x p e c t e d  t o  a l t e r  t h e  
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184 L. W. ter HAAR, W.  E. HATFIELD AND M. TSUTSUI 

TABLE I E l e c t r i c a l  c o n d u c t i v i t y  parameters  f o r  

t h e  s e r i e s  b i s  (Pc )Nd( 111 )Ix .  

O.O(air)  0.24 4.5 0.103 

1 .3  0.21 6.4 x lo-' 0.030 

1 .8  1.95 0.8 x 10-1 0.023 

c o n d u c t i v i t y  d a t a  s i n c e  f u r t h e r  o x i d a t i o n  was u n l i k e l y .  

P a r t i a l  o x i d a t i o n  of b i s ( P c ) N d ( I I I )  by i o d i n e  d r a m a t i c a l l y  

reduces  t h e  r e s i s t i v i t y  and a c t i v a t i o n  ene rgy ,  a s  has  been 

observed  i n  t h e  c a s e  of o t h e r  meta l lomacrocycles .  

DISCUSS I O N  

The molecular  s t r u c t u r e  of b i s ( P c ) N d ( I I I )  has been d e t e r -  

mined t o  be  t h a t  of a sandwich compound: as opposed t o  t h e  

p l a n a r  M(Pc) u n i t s  found f o r  f i r s t - r o w  t r a n s i t i o n  me ta l  

compounds. The neodymium ion  occup ies  an e igh t - coord ina te  

c e n t r a l  p o s i t i o n  between two p a r a l l e l  bu t  s t agge red  (45")  

ph tha locyanine  molecules  (F igu re  2 ) .  The e i g h t  neodymium- 

n i t r o g e n  bonds range  from 2 . 3 9  t o  2.49 A .  These molecular  

u n i t s  pack i n t o  t h e  c r y s t a l  as a c h a i n  whish h a s  a 

h e r r i n g  bone m o t i f .  Loca t ion  of t h e  a c i d i c  hydrogen i n  

t h e  complex has  been ve ry  e l u s i v e  i n  te rms  of expe r imen ta l  

v e r i f i c a t i o n .  Nicholsen ,  e t .  a l .  ,' proposed t h a t  t h e  

p ro ton  was f i r m l y  bound t o  on ly  one of t h e  phtha locyanine  

r i n g s .  To account f o r  s p e c t r o s c o p i c  p r o p e r t i e s ,  Moskalev, 
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ELECTRICAL CONDUCTIVITY OF Bis(Pc)Nd(III)(I,), 185 

F i g u r e  2.  Sandwich s t r u c t u r e  of  b i s ( P c ) N d ( I I I ) .  

e t .  a1.8 

u n i t s  i n  s o l u t i o n  t o  form p-H d i m e r s ,  t r imers,  e t c . .  

E l e c t r o c h e m i c a l  s t u d i e s 9  o f  s o l u t i o n s  have shown t h a t  

l a n t h a n i d e  sandwich compounds of  t h e  t y p e  d i s c u s s e d  h e r e  

show e l e c t r o c h r o m i c  p r o p e r t i e s  which c a n  be r e l a t e d  t o  t h e  

o x i d a t i o n  s t a t e  o f  t h e  p h t h a l o c y a n i n e  r i n g s .  Hence, t h e  

p r e s e n c e  o f  t h e  a c i d i c  p r o t o n  i s  o f  c o n s i d e r a b l e  impor tance  

i n  t h e  r e d o x  p r o p e r t i e s  of t h e s e  s y s t e m s .  X-ray 

p h o t o e l e c t r o n  s p e c t r a 6  have  shown t h a t  t h e  e i g h t  n i t r o g e n s  

a r e  c h e m i c a l l y  e q u i v a l e n t .  

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

t h e  b i s ( P c ) N d ( I I I )  u n i t s  i n  t h e  s o l i d  s t a t e .  S i n c e  t h e  

p a c k i n g  of  t h e  m o l e c u l a r  u n i t s  i s  s imi la r  t o  t h a t  of the  p 

form of CuPc, t h i s  r e s u l t s  i n  a "hydrogen  banding"  b r i d g e d  

c h a i n  ( F i g u r e  3 )  q u a l i t a t i v e l y  s imi la r  t o  t h e  0x0-br idged  

M(Pc)O polymers. 

s u g g e s t e d  t h a t  t h e  p r o t o n  b r i d g e s  b i s ( P c ) N d ( I I I )  

These documented e x p e r i m e n t s  

I n  hydrogen  a t m o s p h e r e ,  b i s ( P c ) N d ( I I I )  e x h i b i t s  an 

a c t i v a t i o n  e n e r g y  t h a t  i s  25% of  t h a t  of  CuPc and a room 

t e m p e r a t u r e  r e s i s t i v i t y  t h a t  i s  f o u r  o r d e r s  o f  magni tude  

s m a l l e r  t h a n  t h a t  o f  CuPc. Measurements on b i s ( P c ) N d ( I I I )  
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186 L. W.  ter HAAR, W.  E. HATFIELD AND M .  TSUTSUI 

F i g u r e  3. Hydrogen-bonded m o l e c u l e s  i n  b i s ( P c ) N d ( I I I )  

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

exposed  t o  ambient  a i r  r e v e a l  d e c r e a s e d  r e s i s t i v i t y  and 

a c t i v a t i o n  e n e r g y  r e l a t i v e  t o  t h e  same sample k e p t  i n  a 

hydrogen a t m o s p h e r e ,  p resumably  b e c a u s e  o f  a b s o r b e d  oxygen. 

The e l e c t r i c a l  c o n d u c t i v i t y  v a l u e s  and a c t i v a t i o n  e n e r g i e s  

f o r  b i s ( P c ) N d ( I I I )  are  comparable  t o  t h o s e  o f  t h e  S i ( P c ) O  

p o l y m e r , 2  and b i s ( P c ) N d ( I I I )  i s  a s i g n i f i c a n t l y  b e t t e r  

c o n d u c t o r  t h a n  o t h e r  M(Pc) s y s t e m s .  T h i s  c a n  be u n d e r s t o o d  

i n  terms of  t h e  i n t e r m o l e c u l a r  hydrogen  bond which promotes  

c h a r g e  c a r r i e r  t r a n s f e r  i n  a manner s i m i l a r  t o  t h a t  of  t h e  

oxygen i n  t h e  S i ( P c ) O  polymer.  The p r e s e n c e  o f  t h e  a c i d i c  

p r o t o n  s e r v e s  t o  b i n d  t h e  b i s ( P c ) N d ( I I I )  u n i t s  more t i g h t l y  

t o g e t h e r ,  r e s u l t i n g  i n  s h o r t e r  i n t e r m o l e c u l a r  c o n t a c t s  t h a n  
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t h o s e  u s u a l l y  o b s e r v e d  i n  M(Pc) s y s t e m s .  Hence, t h e  

i n c r e a s e d  c o n d u c t i v i t y  and lowered a c t i v a t i o n  e n e r g y  c a n  be 

u n d e r s t o o d  i n  terms o f  t h e  d e c r e a s e d  d i s t a n c e  between 

m o l e c u l e s  and t h e  c o n s e q u e n t i a l  enhanced mot ion  o f  t h e  

c h a r g e  c a r r i e r s .  

The c h a r g e  c a r r i e r s  i n  b i s ( P c ) N d ( I I I )  a r e  m o b i l e  

w i t h i n  t h e  m o l e c u l a r  u n i t s ,  and so  we  c o n c l u d e  t h a t  t h e  

c o n d u c t i v i t y  o f  t h e  sys tem c a n  be improved i f  t h e  

sandwiches  are  b r o u g h t  c l o s e r  t o g e t h e r .  The e f f e c t  of  

a b s o r b e d  oxygen i n d i c a t e s  t h a t  p a r t i a l  o x i d a t i o n  o f  t h e  

s t a c k s  i n c r e a s e s  t h e  c o n d u c t i v i t y .  C o n t r o l l e d  o x i d a t i o n  o f  

b i s ( P c ) N d ( I I I )  by  i o d i n e  v e r i f i e s  t h a t  t h i s  model i s  

p l a u s i b l e .  F u r t h e r m o r e ,  on  a s i m p l e  e l e c t r o s t a t i c  b a s i s ,  

i t  n a y  be s e e n  t h a t  t h e  m o l e c u l a r  sandwich u n i t s  r e p e l  e a c h  

o t h e r  less when t h e y  have been p a r t i a l l y  o x i d i z e d .  A s  a 

c o n s e q u e n c e ,  t h e  d i s t a n c e  between sandwich u n i t s  d e c r e a s e s ,  

t h e  i n t e r a c t i o n  between them i n c r e a s e s ,  and a d e c r e a s e d  

a c t i v a t i o n  e n e r g y  and improved c h a r g e  c a r r i e r  t r a n s p o r t  

r e s u l t s .  

t e m p e r a t u r e  c o n d u c t i v i t y  as t h e  u n o x i d i z e d  m a t e r i a l ,  b u t  

o n l y  a s l i g h t l y  l a r g e r  a c t i v a t i o n  e n e r g y  t h a n  t h e  x = 1.8 

mater ia l .  The x = 1.8 m a t e r i a l  h a s  t h e  smallest  a c t i v a t i o n  

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

t h a n  i n  t h e  o t h e r  two samples .  These r e s u l t s  i n d i c a t e  t h a t  

t h e  f i r s t  o x i d a t i o n  l e v e l  (x = .3) d e c r e a s e s  t h e  

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

t h i s  s t r u c t u r e ,  w h i l e  o x i d a t i o n  t o  t h e  x = 1.8 l e v e l  o n l y  

a f f e c t s  t h e  number and t h e  c h a r a c t e r i s t i c s  of  t h e  c h a r g e  

c a r r i e r s .  

B i s ( P c ) N d ( I I I ) 1 1 . 3  h a s  n e a r l y  t h e  same i n f i n i t e  

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

l o w  d i m e n s i o n a l  mater ia ls  a r e  u s u a l l y  two t o  t h r e e  o r d e r s  
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o f  magni tude  l a r g e r  i n  t h e  m o l e c u l a r  s t a c k i n g  d i r e c t i o n  

t h a n  i n  t h e  p r e s s e d  p e l l e t s  o f  t h e  same mater ia l .  T h i s  i s  

s i m p l y  a consequence  o f  t h e  a v e r a g i n g  of  t h e  

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

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

d i r e c t i o n  c a n  be masked i n  t h e  powder d a t a , d u e  t o  t h e  

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

d i r e c t i o n .  One s h o u l d  compare b i s ( P c ) N d ( I I I ) I  powder d a t a  

t o  t h a t  o f  a p r e s s e d  p e l l e t  o f  t h e  m o l e c u l a r  metal  

N i ( P c ) I l S 0 ,  RT 
eV. However, s i n g l e  c r y s t a l  room t e m p e r a t u r e  

c o n d u c t i v i t i e s  a l o n g  t h e  s t a c k i n g  d i r e c t i o n  o f  N i ( P c ) I  

a r e  on t h e  o r d e r  o f  6 x 10 f) cm and are  m e t a l l i c  

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

t h e  c o n d u c t i v i t y  o f  t h e  b i s ( P c ) N d ( I I I ) I  m a t e r i a l s  may v e r y  

w e l l  be  m e t a l l i c  i n  t h e  c h a i n  d i r e c t i o n ,  t h u s  s t i m u l a t i n g  

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

was s u p p o r t e d  i n  p a r t  by t h e  O f f i c e  o f  Naval Research .  

Y 

lo which h a s  0- = 7xlO-I f1-lcm-l and = 0.04 

1.0 2 -1 -1 
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