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Abstract Since our observation that the kinetically stable 1-D 
1 : 1 phase of Fe( C5Me )+( TCNQ)- exhibits metamagnetic behavior 
( T ~  = 2.55'K; H, = 2.5 KOe) we have pursued the synthesis of 
compounds with a ferromagnetic ground state. Several new 1-D 
Fe(C Me )' substances containing radical anions have been 
prep:rea.*Each compound exhibits different magnetic properties, 
and some exhfbit slow paramagnetic relaxation (in zero field) 
suggesting spin on the anions. 

INTRODUCTION 

For the past score of years there has been and continues to be 
considerable scientific and technological attention paid to linear 
chain charge transfer crystals, transition metal based chain 
compounds as well as covalent polymers exhibiting extended 
unsaturated 'TI backbone as such compounds may exhibit unusually high 
electrical conductivity. In addition to these areas we have been 
pursuing the study of charge transfer salts which exhibit 
cooperative magnetic interactions to identify the key structural 
features that might ultimately enable us to synthesize an organic 
ferromagnet. 
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28 J .  S. MILLER et a!. 

8.63A L 

0 - 10 * 84 A- 1 t- 

FIGURE 1 S t ruc tu re  of 1-D Fe( C5Me5)i( TCNQ)- .2 

The reac t ion  of decamethylferrocene, Fe(C5Me5)2, 1, with 

acceptors' such as TCNQ, TCNE, and DDQ l eads  t o  the formation of 

severa l  poorly conducting one-dimensional complexes of 1 : 1 

composition. Each of these  compounds.possesses a similar s t r u c t u r e  

composed of  a l t e r n a t i n g  S=1/2 (1)' and !3=1/2 r a d i c a l  an ions .  

Figure 1 i l l u s t r a t e s  t he  s t r u c t u r e  fo r  t he  case  of (TCNQ)-. Table 1 

summarizes the  key s t r u c t u r a l  f ea tu re s  a8 w e l l  as physical 

p roper t ies  fo r  these  compounds. 

[ TCNQ] - COMPLEX 

The r e a c t i o n  of _1- with TCNQ leads  t o  the  formation of t h ree  

The magnetic s u s c e p t i b i l i t y  of t he  1-D phase has proved 

Complexes of (I)' containing diamagnetic anions 

 phase^.^ 
t o  be anomalous. 
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30 I. S. MILLER el al. 

' b  I I 

FIGURE 2 FIGURE 3 

Temperature dependence The low temperature magnetic susce 
of the  magnetic s u s c e p  t i b i l i t y  t h e  1-D s a l t  of Fe(C Me )r- 
t i b i l i t y  gf severa l  (TCNQ); The dashed l i n e  is t z e  gaga- 
Fe(C M e  )+ s a l t s .  magnetism of the  high temperature 

s u s c e p t i b i l i t y  ex t rapola ted  t o  lower 
temperatures. 

5 5 2  

[e.g., I;, (TCNQ);-, and [(NC)2C(C6H4)C(0)(CN)]- exh ib i t  Curie l i k e  
behavior while t h e  1-D salt e x h i b i t s  Curie-Weiss behavior (e=3"K). 

Hence, a t  low temperatures the  s u s c e p t i b i l i t y ,  X, of the  l a t t e r  

compound, increases  dramat ica l ly ,  Fig. 2. For magnetic f i e l d s  <1.5 

KOe the  mater ia l  behaves a s  an antiferromagnet (T Q 2.55'K), Fig. 

3 whereas above the  1.5 KOe c r i t i c a l  f i e l d  the  substance e x h i b i t s  

ferromagneti8m.l This metamagnetic behavior5 is most c l e a r l y  seen 

i n  the magnetic moment, U ,  vs. applied magnetic f i e l d ,  H ,  curves a s  

a function of temperature, Fig. 4. Recently we have noted t h a t  

Fe(C Me ) (TCNQ) e x h i b i t s  a s t rong  e s r  s igna l  a t  room temperature 

(g=2.006) which r ap id ly  l o s e s  i n t e n s i t y  below 70°K such t h a t  no 

apparent s igna l  persists below 30°K, Fig. 5. This e f f e c t  appears 

t o  be cor re la ted  t o  the  onset of high f i e l d  ferromagnetism. 

N 

5 5 2  
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LINEAR CHAIN FERROMAGNETIC COMPOUNDS - RECENT PROGRESS 31 

FIGURE 4 FIGURE 5 

Isothermal p l o t s  of magnetic 
moment, 0, a s  a func t ion  of 
applied magnetic f i e l d ,  H. 
The sample is composed of . 
small z r y s t a l s  of Fe(C Me )+- 
(TCNQ) a s  a pressed pehe? .2  

Mossbauer spectroscopy (57Fe) c l e a r l y  shows a s i n g l e t  

c h a r a c t e r i s t i c  of ferrocenium above 4’K; however, a t  lower 

temperatures a pa i r  of s i x  l i n e  spec t r a  a t  t he  same isomer s h i f t  

g radual ly  appears,  Fig. 6. These s i x  l i n e  spec t r a  are due t o  novel 

slow paramagnetic r e l axa t ion  i n  the  sp in  doublet  s tate of 1 i n  

zero ex terna l  f i e l d .  These r e s u l t s  i nd ica t e  the  importance of t h e  

sp in  dens i ty  on the  r ad ica l  TCNQ anion.$ The anion sp in  l eads  t o  

an i n t e r n a l  d ipo la r  f i e l d  a t  the  S=1/2  Fe(II1) s i t e s ,  small Zeeman 

s p l i t t i n g ,  onset of r e l axa t ion  broadening and u l t ima te ly  f u l l y  

resolved hyperfine ~ p l i t t i n g . ~  A t  low temperature (% 1.4’K) t h e  

r e l axa t ion  becomes slow enough so as t o  see  a p a i r  of hyperfine 

of 404 and 449 KOe. The two inequiva len t  s i x  s p l i t  f i e l d s ,  

line pa t t e rns  suggest inequiva len t  iron sites i n  the l a t t i c e  t h a t  

were not resolved in t he  o r i g i n a l  room temperature s t ruc ture .*  The 

d e t a i l s  of t he  cooperative magnetic i n t e r a c t i o n s  have not been 

completely e luc ida ted  a t  t he  present time. 

Temperature dependence o f - e s r  
signal_from 1-D Fe(C Me ) + -  
( TCNQ 5 5 2  

i 

H ~ ~ ~ ’  
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32 I. S. MILLER e? a1 

FIGURE 6 P a i r  of six l i n e s  hyper f ine  s p l i t  57Fe Mossbauer 
resonances. This  is t he  l i m i t i n g  spec t r a  (1.4OK) 

[DJIQll COMPLW 

Replacement of (TCNQ)- with (DDQ)& i n  t h e  s t r u c t u r e  nominally 

does not change the  s o l i d  s t a t e  1-D s t r u c t u r e ;  however, cooperat ive 

magne t i c  i n t e r a c t i o n s  are n o t  observed. '  The r e a s o n s  f o r  t h e  

d i f f e r e n t  X(T) behavior a r e  unknown a t  t he  present  and a r e  under 

reevaluat ion.  I n i t i a l l y  i t  was thought t h a t  t he  anion was 

diamagnetic DDQH-; however, a f t e r  not ing t h a t  complex exhib i ted  a 

six l i n e  hyperf ine s p l i t  57Fe Mossbauer spectrum (HINT=451 KOe a t  

1.4'K) i n  zero f i e l d  t h a t  was similar t o  t h a t  observed f o r  t he  

(TCNQ); salt  (v ide  supra)  we proposed t h a t  t he  anion was not  S=O 

DDQH- b u t  S=1/2  (DDQ)-.' R e c e n t l y  from es r ,  v i b r a t i o n a l  and 

e l e c t r o n i c  spec t r a ,  we have confirmed i t  t o  be S=1/2 (DDQ)-.'O The 

esr of t he  (DDQ)- salt is more complex than t h a t  of the  (TCNQ)- 

s a l t ,  A s igna l  which is made up of a broad (AH =525 Oe) and a 

narrow l i n e  ( AHpp=80 Oe) a t  g12.028 is observed a t  room 

temperature a t  103'K. Below %40DK a ha l f - f i e ld  absorp t ive  f e a t u r e  

starts t o  grow i n  at  g-4.351 and becomes dominant a t  5°K. This 

f ea tu re  is probably assoc ia ted  with (l-) . 

PP 

4 11 
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LINEAR CHAIN FERROMAGNETIC COMPOUNDS - RECENT PROGRESS 33 

[ TCNE 1 COMPLEX 

The (TCNE); s a l t  of Fe(C5Me5)i a l s o  forms a 1-D cha in  

s t r u c t u r e .  Attempts t o  grow c r y s t a l s  of  Fe( C5Me5)$TCNE): proved 

extremely d i f f i c u l t  due t o  the  a i r  s e n s i t i v i t y  of (TCNE)- and t h e  

a c e t o n i t r i l e  molecule of s o l v a t i o n .  Attempts t o  r e c r y s t a l l i z e  t h e  

(TCNE); complex lead  t o  i s o l a t i o n  of 1-D Fe(C Me )'- 

[ (NC)2C=C(CN)-C(CN)2]L which a r i s e s  from o x i d a t i v e  dispropor-  

t i o n a t i o n  of (TCNE)-." Also, a t tempts  t o  h a r v e s t  c r y s t a l s  

s u i t a b l e  f o r  s i n g l e  c r y s t a l  x-ray d i f f r a c t i o n  c o n t i n u a l l y  f a i l e d  as 

l o s s  of s o l v e n t  lead  t o  i s o l a t i o n  of apparent  s i n g l e  c r y s t a l s  which 

e x h i b i t e d  d i f f r a c t i o n  t y p i c a l  of powders. Growing a single c r y s t a l  

in a c a p i l l a r y  a t  low temperature  (-30°C) i n  t h e  d i f f r a c t o m e t e r  

f i n a l l y  enabled t h e  de te rmina t ion  of  t h e  s t r u c t u r e .  l3 This 
c h a r g e  t r a n s f e r  s a l t  is esr s i l e n t  down t o  5OR and e x h i b i t s  a 

magnet ica l ly  d i p o l a r  s p l i t  s i x - l i n e  57 Fe Mossbauer s p e c t r a  a t  low 

temperature with H 1425 KOe. Pre l iminary  magnetic s u s c e p t i b i l i t y  

measurements c h a r a c t e r i z e  t h i s  compound as obeying Curie-Weiss 

r e l a t i o n s h i p  with e>o. Thus, t h e  material is ferromagnet ic .  

5 5 2  
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