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A b s t r a c t  X-ray s t u d i e s ,  M o s s b a u e r ,  and magne- 
t i s m  show FeOHp t o  b e  an  a n t i f e r r o m a g n e t i c a  l y  
c o u p l e d  a l t e r n a t i n g  c h a i n  w i t h  J = -133 c m  , 
g = 2 .3  a n d  a n  a I t e r n a t i o n  p a r a m e t e r  of 0.4 .  

-1 

INTRODUCTION 

T h e r e  h a s  b e e n  g r e a t  i n t e r e s t  i n  t h e  p o l y m e r i c  p - ~ -  

p h t h a l o c y a n i n a t o  c o m p l e x e s  o f  s i l i c o n  and ge rman ium,  s i n c e  

a f t e r  b e i n g  doped  w i t h  i o d i n e ,  t h e  mater ia ls  e x h i b i t  h i g h  

e l e c t r i c a l  c o n d u c t i v i t i e s .  C o r r e s p o n d i n g  c o m p l e x e s  w i t h  

t i t a n i u m  and v a n a d i u m  a re  monomers w i t h  t e r m i n a l  oxo- 

1 i g a n d s  . 2  Tetraphenylporphinatoiron f o r m s  p-0x0-br i d g e d  

d i m e r i c  c o m p l e x e s  (TPPFe)  0.3 We r e p o r t  (FeOHp) ( w h e r e  

H Hp = h e m i p o r p h y r a z i n e )  t o  b e  t h e  f i r s t  p o l y m e r i c  p-oxo- 

b r i d g e d  complex  of  i r o n .  On t h e  b a s i s  of c h e m i c a l  and 
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152 W. HILLER er al. 

I, 

F i g u r e  1. Ant 

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

p a r a l l e l  p a c k i n g  o f  FeOHp c h a i n s .  

we a s s i g n  t h e  i r o n  an o x i d a t i o n  s t a t e  

o f  I V  and a s p i n  s t a t e  S = 1. 

EXPERIMENTAL 

p-0x0-hemiporphyrazinatoiron (FeOHp) i s  p r e p a r e d  by 

t r e a t i n g  h e m i p o r p h y r a z i n e  ( H  Hp) w i t h  i r o n ( I 1 )  a c e t a t e  i n  2 
b o i l i n g  n i t r o b e n z e n e  over  a p e r i o d  o f  30 m i n u t e s .  

Mossbauer e f f e c t  s p e c t r a  were r e c o r d e d  w i t h  a c o n s t a n t  

a c c e l e r a t i o n  s p e c t r o m e t e r  equipped  w i t h  a f u r n a c e  and a 

l i q u i d  h e l i u m  c r y o s t a t ,  and t h e  measured s p e c t r a  were f i t  

t o  a sum o f  L o r e n t z i a n  l i n e s .  Magnet ic  s u s c e p t i b i l i t y  d a t a  

were c o l l e c t e d  w i t h  a v i b r a t i n g  sample  magnetometer  over  

t h e  t e m p e r a t u r e  r a n g e  3.35 t o  294.8 K ,  and w i t h  a Gouy 

Balance  over  t h e  t e m p e r a t u r e  r a n g e  113 .2  t o  423 K .  The d a t a  

se t s  were i n  good agreement .  At tempts  t o  r e c o r d  a n  EPR 

s p e c t r u m  ( 7 0  K t o  300 K) were u n s u c c e s s f u l .  

RESULTS 

The FeOHp m o i e t i e s  are  s t a c k e d  up a l o n g  t h e  

1 )  and a r e  l i n k e d  t o g e t h e r  w i t h  a x i a l l y - b o u n d  oxygen 

a x i s  ( F i g u r e  
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F i g u r e  2. Mossbauer s p e c t r u m  of FeOHp a t  298 K. 

b r i d g e s  t o  form a l i n e a r  c h a i n . 4  

d i s t o r t i o n  of t h e  FeHp u n i t s  such  t h a t  t h e  i s o i n d o l e  u n i t s  

a r e  t w i s t e d  a t  a n g l e s  of  a b o u t  30" above t h e  mean p l a n e ,  

and t h e  p y r i d i n e  r i n g s  a r e  t w i s t e d  a b o u t  t h e  same amount 

be low t h a t  p l a n e  The b r i d g i n g  oxygen atom i s  d i s o r d e r e d  

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

p o s i t i o n s  due t o  t h e  C symmetry) .  The Fe-0 and Fe-Ob 

bond d i s t a n c e s  r a n g e  from 1 .973  t o  2.030 A. The Fe-0-Fe 

bond a n g l e s  are  158.2' and 170.5' f o r  t h e  two oxygen b r i d g e  

t y p e s .  

T h e r e  i s  a s t r o n g  

2 a 

The Mossbauer s p e c t r u m  o f  FeOHp a t  room t e m p e r a t u r e  i s  

shown i n  F i g u r e  2. The i d e n t i f i c a t i o n  o f  two d i s t i n c t  i r o n  

s i t e s  was unexpec ted  i n  v i e w  o f  t h e  X-ray s t r u c t u r e  r e s u l t s ,  

which show t h e  i r o n  i o n s  as t r a n s l a t i o n a l l y  e q u i v a l e n t .  

Mossbauer s p e c t r a  were a l so  c o l l e c t e d  a t  420 K and a t  

4 . 2  K ,  b u t  o n l y  s l i g h t  v a r i a t i o n s  i n  t h e  isomer s h i f t  and 

q u a d r u p o l e  s p l i t t i n g  were o b s e r v e d .  Above 420 K t h e  sample 

decomposes. 

The m a g n e t i c  s u s c e p t i b i l i t y  ( F i g u r e  3 )  of  FeOHp 
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F i g u r e  3 .  Magnet ic  s u s c e p t i b i l i t y  d a t a  f o r  FeOHp. 

d e c r e a s e s  from 1 . 2 4  X a t  423 K towards  6 X a t  

110 K .  Below a minimum i n  t h e  m a g n e t i c  s u s c e p t i b i l i t y  n e a r  

65  K ,  t h e  m a g n e t i c  s u s c e p t i b i l i t y  i n c r e a s e s  w i t h  a f u r t h e r  

d e c r e a s e  i n  t e m p e r a t u r e .  The l o w  t e m p e r a t u r e  d a t a  a r e  

t h o u g h t  t o  a r i s e  l a r g e l y  from a s m a l l  amount o f  

p a r a m a g n e t i c  s p e c i e s  which may be  a c o m b i n a t i o n  o f  d e f e c t s ,  

end e f f e c t s  from f i n i t e  c h a i n s ,  and i m p u r i t i e s  ( o n  t h e  

o r d e r  of  0 . 4 % ) .  

I t  was a n t i c i p a t e d  t h a t  t h e  m a g n e t i c  s u s c e p t i b i l i t y  

d a t a  above 65 K c o u l d  be  a c c o u n t e d  f o r  i n  t e r m s  o f  

H e i s e n b e r g  exchange o f  S = 1 i o n s  w i t h i n  a l i n e a r  c h a i n ,  

a c c o r d i n g  t o  t h e  H a m i l t o n i a n  H = -25 c g i * $  
t h e r e  are  no c l o s e d  form s o l u t i o n s  f o r  t h e  m a g n e t i c  

s u s c e p t i b i l i t y  o f  a n t i f e r r o m a g n e t i c a l l y  c o u p l e d  S = 1 

c h a i n s ,  Weng' h a s  e x t e n d e d  t h e  work of  Bonner and F i s h e r  

Although 
j '  

6 

and F i s h e r , '  and h a s  g i v e n  n u m e r i c a l  r e s u l t s  f o r  exchange 

c o u p l e d  c h a i n s  o f  S = 1,  312 ,  2 ,  5 1 2 ,  and 3 i o n s .  Fol lowing  
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ALTERNATING CHAIN MAGNETISM IN 0x0-BRIDGED FeOHp 

t h e  l e a d  p r o v i d e d  by Hal l8  f o r  H e i s e n b e r g  exchange i n  

S = 1 / 2  i o n s ,  and by Kahn and co-workers' f o r  S = 1 i o n s ,  

we  have f i t 4  t h e  f u n c t i o n  i n  E q u a t i o n  1 

155 

( 1 )  
2 2  2 3 -1 x, = (Ng pB /kT)[A + Bx ] [ 1  + Cx + Dx ] 

where x = I J l / k T ,  t o  Weng's n u m e r i c a l  r e s u l t s  and have 

g e n e r a t e d  t h e  c o e f f i c i e n t s  f o r  c h a i n s  w i t h  s p i n s  S = 1 / 2 ,  

1 ,  2 ,  312,  5 / 2 ,  and 3. The m a g n e t i c  d a t a  above 110 K c a n  

n o t  be f i t  w i t h  any of  t h e  l i n e a r  c h a i n  e q u a t i o n s  f o r  any 

s p i n  v a l u e  w i t h  r e a s o n a b l e  J o r  g v a l u e s .  

s u s c e p t i b i l i t y  d a t a  above 110 K c a n  n o t  be  f i t  

s a t  i s  f a c  t o r i  1 y w i t h  t h e o r y  f o r  a n t  i f  erromagne t i c  a 11 y 

exchange  c o u p l e d  p a i r s  of  any s p i n  v a l u e .  

The m a g n e t i c  

The a b s e n c e  of  an EPR r e s o n a n c e  c o u l d  s i g n a l  a l a r g e  

z e r o - f i e l d  s p l i t t i n g ,  a n d ,  i n  such  c a s e s ,  a n i s o t r o p i c  

exchange  is  common. At tempts  t o  f i t  s c a l e d  v e r s i o n s  o f  

= - 2 J C b  S , t o  t h e  m a g n e t i c  1 0  I s i n g  exchange ,  i .e .  Hex 

s u s c e p t i b i l i t y  d a t a  a l s o  f a i l e d .  

^ Z ^ Z  

i j  

S i n c e  t h e  b r i d g i n g  oxygens a r e  randomly d i s t r i b u t e d  i n  

f o u r  p o s s i b l e  p o s i t i o n s ,  i t  seemed l i k e l y  t h a t  t h e o r y  f o r  

random exchange" might  be  s u c c e s s f u l  i n  a c c o u n t i n g  f o r  t h e  

m a g n e t i c  s u s c e p t i b i l i t y .  These e x p r e s s i o n s  a l s o  f a i l  t o  

f i t  t h e  e x p e r i m e n t a l  d a t a  w i t h  any r e a s o n a b l e  v a l u e s  of J ,  

g ,  and a J - v a l u e  d i s t r i b u t i o n .  

The d a t a  c a n  be f i t  w i t h  a s c a l e d  e x p r e s s i o n  f o r  

exchange  c o u p l i n g  i n  an a l t e r n a t i n g  c h a i n  o f  S = 1 i o n s  

w i t h  J = - 33 cm , g = 2.30,  and an a l t e r n a t i o n  p a r a m e t e r  

o f  a = 0.4 The d a t a  a r e  shown down t o  100 K s i n c e  below 

k T / J  = 0.5 t h e  t h e o r e t i c a l  r e s u l t s  are n o t  r e l i a b l e .  The 

p a r a m e t e r s  are  d e f i n e d  by t h e  H a m i l t o n i a n  

-1 

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 



156 W. HILLER et al. 

where J i s  t h e  exchange  i n t e g r a l  between a s p i n  and i t s  

r i g h t  n e i g h b o r  and ctJ i s  t h e  exchange i n t e g r a l  between a 

s p i n  and i t s  l e f t  n e i g h b o r .  The u s e  o f  a n  a l t e r n a t i n g  c h a i n  

was s u g g e s t e d  by t h e  d i s o r d e r  i n  t h e  oxygen p o s i t i o n  which 

y i e l d s  two d i f f e r e n t  Fe-0-Fe b r i d g i n g  ne tworks  i n  t h e  

c h a i n .  T h e r e f o r e ,  t h e r e  are  o n l y  two v a l u e s  f o r  t h e  

exchange c o u p l i n g  c o n s t a n t ,  and n o t  a d i s t r i b u t i o n  o f  J 

v a l u e s  as would b e  i m p l i e d  by  a random exchange  model. 

DISCUSS I O N  

The Mossbauer d a t a  f o r  h i g h  s p i n  ( S  = 2 )  i r o n ( I 1 )  d i f f e r  

r e m a r k a b l y  from t h o s e  o f  FeOHp, and s i n c e  t h e  compound i s  

p a r a m a g n e t i c  w i t h  a m a g n e t i c  moment o f  2.05 1.1 

t h i s  o x i d a t i o n  s t a t e  c a n  be  e l i m i n a t e d .  The Mossbauer d a t a  

f o r  h i g h  s p i n  (S = 5 / 2 1  iron(II1) are  s u b s t a n t i a l l y  

d i f f e r e n t  from t h o s e  o f  FeOHp and t h i s  s p i n  and o x i d a t i o n  

s t a t e  c a n  be e l i m i n a t e d  a s  a p o s s i b i l i t y .  The most 

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

( S  = 1 / 2 1  i r o n ( I I 1 )  a s  a p o s s i b i l i t y  i s  p r o v i d e d  by t h e  

m a g n e t i c  moment of  2.05 pB ( a n d  r i s i n g )  which i s  t o o  l a r g e  

f o r  a s t r o n g l y  exchange c o u p l e d  S = 112 sys tem.  The weak 

t e m p e r a t u r e  dependence o f  t h e  Mossbauer / \ E  

s p i n  H a m i l t o n i a n  f o r m a l i s m  u s i n g  S = 1 f o r  a n  i r o n ( I V )  

sys tem.  l 2  

w i t h  t a b u l a t e d  d a t a  f o r  o t h e r  i r o n ( I V )  s y s t e m s ,  

c o n f i r m i n g  our  s e l e c t i o n  o f  o x i d a t i o n  s t a t e  + I V  and s p i n  

s t a t e  S = 1 f o r  FeOHp. 

a t  4 2 3  K ,  B 

s u p p o r t s  a - Q  

The Mossbauer p a r a m e t e r s  are  a l s o  i n  agreement  
13-15 

The a p p l i c a b i l i t y  o f  t h e  a l t e r n a t i n g  c h a i n  model may 
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I 

Type I +(! 
Y 

Type = a ' l  t 
I 

I 

I 

157 

F i g u r e  4. D i s o r d e r  i n  t h e  oxygen s i t e s  of  FeOHp. 

b e  u n d e r s t o o d  i n  terms of  t h e  d i s o r d e r  i n  t h e  oxygen 

p o s i t i o n s .  As shown s c h e m a t i c a l l y  i n  F i g u r e  4 ,  a l l  FeHp 

moiet ies  are  t r a n s l a t i o n a l l y  e q u i v a l e n t ,  however t h e  

d e t a i l s  of  t h e  i r o n  s i t e  a r e  d i c t a t e d  by t h e  occupancy o f  

t h e  oxygen s i t e s ,  which a r e  l a b e l l e d  2,  a', a, and - b ' .  A 

Type J i r o n  s i t e  h a s  oxygen n e i g h b o r s  a r r a n g e d  i n  a 

f a s h i o n ,  w h i l e  a Type 11 i r o n  s i t e  h a s  oxygen n e i g h b o r s  

a r r a n g e d  i n  a n  f a s h i o n .  A Type s i t e  c a n  a r i s e  from 

a d j a c e n t  oxygen occupancy i n  s i t e s  (a,?), (b,b), and (a,b), 
w h i l e  a Type s i t e  a r i ses  from a d j a c e n t  oxygen occupancy 

i n  s i t e s  ( a , ~ ' ) ,  (b,b') ,  o r  (b,?'). S i n c e  t h e  Mijssbauer 

s p e c t r a  p r o v i d e  e v i d e n c e  f o r  o n l y  t w o  i r o n  s i t e s ,  we 

c o n c l u d e  t h a t  t h e  e x p e r i m e n t  i s  n o t  s e n s i t i v e  enough t o  t h e  

t h r e e  k i n d s  o f  Type I and Type I1 s i t e s  t o  r e f l e c t  t h e i r  

p r e s e n c e  i n  t h e  spec t rum.  

It h a s  been  w e l l  e s t a b l i s h e d  t h a t  s u b t l e  changes  i n  

t h e  superexchange  pathway may have l a r g e  e f f e c t s  on t h e  
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exchange c o u p l i n g  c o n s t a n t  ,16 and t h a t  t h e  exchange 

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

f e a t u r e s  of  t h e  b r i d g e ,  s p e c i f i c a l l y  w i t h  t h e  q u o t i e n t  d / r  
where 6 i s  t h e  a n g l e  a t  t h e  b r i d g e  and r i s  t h e  bond 

d i s t a n c e .  S i n c e  t h e  d / r  v a l u e s  f o r  t h e  two b r i d g e s  a r e  

78.1 and 85.4,  i t  may be e x p e c t e d  t h a t  p a i r w i s e  exchange i n  

Fe-0 -Fe d i f f e r s  f rom t h a t  i n  Fe-0 -Fe (where t h e  

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

t h a t  b o t h  are e x p e c t e d  t o  have  r e l a t i v e l y  l a r g e  

a n t i f e r r o m a g n e t i c  exchange c o u p l i n g  c o n s t a n t s .  The 

a l t e r n a t i o n  p a r a m e t e r  o f  0.4 which r e s u l t e d  from t h e  

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

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

0 

0 

b 

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

s p e c t r a ,  and t h e  X-ray s t r u c t u r a l  r e s u l t s  are  c o n s i s t e n t  

w i t h  a c h a i n  s t r u c t u r e  f o r  FeOHp i n  which t h e  b r i d g i n g  

oxygens are  randomly d i s t r i b u t e d  among f o u r  p o s i t i o n s .  

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

exchange  b r i d g i n g  ne tworks  f o r  s u p e r e x c h a n g e  i n t e r a c t i o n s ,  

and two d i f f e r e n t  t y p e s  o f  i r o n  s i t e s .  E x t e n s i v e  

m a g n e t i z a t i o n  s t u d i e s  and h e a t  c a p a c i t y  s t u d i e s  a t  low 

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

low t e m p e r a t u r e  b e h a v i o r .  

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  Deutsche  

F o r s c h u n g s g e m e i n s c h a f t ,  t h e  S t i f t u n g  Volkswagenwerk, t h e  

Fonds d e r  Chemischen I n d u s t r i e ,  t h e  O f f i c e  of  Naval 

Research  and t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n .  
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