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UNUSUALLY LARGE NEGATIVE SPIN POLARIZATION OF HETERO- 
SPIN COMPOSITE HIGH-SPIN CARBENES AS MODELS FOR PURELY 
ORGANIC FERRIMAGNETS TOPOLOGICAL THROUGH-BOND 
APPROACHES AND ESR/ENDOR CHARACTERIZATION 

TAKEJI TAKUI, YOSHIO TEKI, MAKOTO ENDOH, YUKlO OKUDO, 
TAKAMASA KINOSHITA, and KOICHI ITOH 
Department of Chemistry, Faculty of Science, Osaka City 
University, Sugimoto 3-3-138, Sumiyoshi-ku, Osaka 558, Japan 

A b s t r a c t  T h i s  p a p e r  d e a l s  w i t h  t h e  t o p o l o g i c a l l y  s p i n -  
c o n t r o l l e d  m o l e c u l a r  d e s i g n  and  sp in  s t r u c t u r e  of t h e  f i r s t  
organic  hetero-spin sys tem,  4-(diphenylmethylene)-4'-(m-phenyl- 
e n e b i s ( p h e n y l m e t h y 1 e n e ) ) - e t h e r  1, in  which non-identical  spins 
(Si= 1 and S . = 2 )  couple an t i fe r romagnet ica l ly  via  an e t h e r  br idge 
i n  the groudd state. The hetero spin system is a model for purely 
organic  fe r r imagnets  via through-bond approaches,  i n  w h i c h  the  
underlining magnet ic  coupling is superexchange in te rac t ion  via  
t h e  bridge. T h e  concept  of t h e  molecular design under study is 
associated with a counterpar t  of c rys ta l l ine  fe r r imagnets  via 
t h r o u g h - s p a c e  a p p r o a c h e s  c o m m o n l y  e x p l o i t e d  i n  m a g n e t i c  
mater ia ls .  T h e  s ingle-crystal  ENDOR spectroscopy has been 
a p p l i e d  t o  1, f e a t u r i n g  a n  u n u s u a l l y  l a r g e  n e g a t i v e  s p i n  
p o l a r i z a t i o n  i n  t h e  s p i n  d e n s i t y  d i s t r i b u t i o n  f o r  t h e  g r o u n d  
s t a t e ( S = l ) .  T h e  f i n d i n g  d i s c l o s e s  a p h y s i c a l  i n s i g h t  i n t o  
organic  ferr imagnet ism.  The unusual nega t ive  spin polar izat ion 
s t r i c t l y  a r i ses  from a sa l ien t  f e a t u r e  of organic  hetero-spin 
systems in the electronic ground s ta te ,  directly showing that one 
m o l e c u l a r  sp in  m o i e t y  w i t h  S i ( S i = l )  is i n v e r t e d  a g a i n s t  t h e  
a n o t h e r  w i t h  an i n e q u i v a l e n t  s p i n  S . ( S . = 2 )  i n  a n t i f e r r o m a g -  
net ical ly  coupled hetero-spin systems! 'The spin inversion is 
r e s p o n s i b l e  f o r  s u c h  a n  u n u s u a l l y  l a r g e  n e g a t i v e  s p i n  
polar izat ion t h a t  chemis t ry  so f a r  has never expec ted .  I t  is  
r e f e r r e d  t o  a n e w  a s p e c t  of n e g a t i v e  s p i n  p o l a r i z a t i o n  i n  
chemistry. 

INTRODUCTION 

Organic molecular  based magnet ism 1 - 5  has been t h e  c u r r e n t  topic  of 
intense and wide-increasing in te res t  in  many fields of both pure and 
applied sc iences  for the  las t  decade.  This is par t ly  due  t o  t h e  rich 
var ie ty  of nove l  physical phenomena and proper t ies  which organic  
magnet ic  mater ia l s  a r e  e x p e c t e d  t o  exhibit  both macro-  and meso- 
s c o p i c a l l y  a n d  d u e  t o  t h e i r  p o t e n t i a l  a p p l i c a t i o n s  a s  t h e  f u t u r e  
technology in mater ia l s  ~ c i e n c e . ~ , ~  Also this is due to  t h e  f a c t  t h a t  
the study of organic magnetism has been conveying important conceptual 
a d v a n c e s  i n  c h e m i s t r y  a n d  phys ics .  T y p i c a l  e x a m p l e s  a r e  i )  t h e  
topological degeneracy  of TI non-bonding orb i ta l s  i n  o rganic  sys tems 
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344 T. TAKUI ET AL. 

and  t h e  u n l i m i t a t i o n  of i t s  d e g e n e r a c y , l b S c  i i )  o r g a n i c  s u p e r  h igh-  
spin charac te r ized  by ex t remely  large spins in t h e  ground or 
low- ly ing  e x c i t e d  states, i i i )  p o l a r o n i c  o r g a n i c  f e r r o m a g n e t i s m  9 , l O  
iv)  hybr id  m o l e c u l a r  b a s e d  m a g n e t s  5 9  1 1 *  l 2  v i a  a t h r o u g h - s p a c e  59f1 or 
th rough-bond  a p p r o a c h  12, a n d  v )  pu re ly  o r g a n i c  f e r r i m a g n e t i s m .  13,14 
T h e  c o n c e p t s  a b o v e  h a v e  b e e n  t a k i n g  t h e i r  c r u c i a l  p a r t  in p a r t i c u l a r  
aspec ts  of t h e  development in organic 

A m o n g  t h e  d i v e r s e  v a r i e t y  of s u b j e c t s  in sp in  c h e m i s t r y ,  p u r e l y  
organic  crystall ine and amorphous fe r r imagnets  have  become t h e  focus 
of the  cu r ren t  topics in synthesizing organic magnet ic  materials. T h e  
e s s e n t i a l  r e a s o n  is t h a t  a n t i f e r r o m a g n e t i c  coup l ing  a m o n g  m o l e c u l a r  
homo-spins commonly t akes  p lace  in usual organic crystall ine mater ia l s  
o t h e r w i s e  s p e c i a l  t u n i n g  of c r y s t a l  p a c k i n g  m o d e s  o r  c h e m i c a l  a n d  
phys ica l  m o d i f i c a t i o n s  in sp in  c o n t r o l  a r e  made .  E f f o r t s  h a v e  b e e n  
made to overcome this disadvantage and to control t he  intermolecular 
sp in  a l i g n m e n t  in so l id  un t i l  r e c e n t l y .  l 5  T h i s  a p p a r e n t  d i s a d v a n t a g e  
is h a m p e r e d  b y  m o l e c u l a r  h e t e r o - s p i n  s y s t e m s  f o r m i n g  h i g h e r -  
dimensional spin structures,  in which an t i fe r romagnet ic  coupling takes  
p l a c e  on ly  b e t w e e n  t h e  he t e ro - sp ins .  Thus ,  t h e  m i x e d  c r y s t a l l i n e  
approach i s  more useful and fac i le  from a viewpoint of t h e  s t r a t egy  of 
c r y s t a l  e n g i n e e r i n g .  In  fact ,  e m p h a s i z i n g  t h e  m o l e c u l a r  a n d  c r y s t a l  
engineering a spec t s  of organic  magnetism, chemis t ry  in solid has  been 
c h a l l e n g e d  in  t h e  d e s i g n i n g  a n d  s y n t h e s e s  of m i x e d  c r y s t a l l i n e  
m a g n e t i c  m a t e r i a l s  c o m p o s e d  of on ly  o r g a n i c  he t e ro - sp ins ,  a i m i n g  a t  
through-space organic ferrimagnets.  14 

P u r e l y  o r g a n i c  f e r r i m a g n e t i s m ,  h o w e v e r ,  h a s  n o t  b e e n  f u l l y  
c h a r a c t e r i z e d  e x c e p t  f o r  a s i m p l e  s c h e m e  f o r  t h e  m a g n e t i c  coup l ing  
b e t w e e n  h e t e r o - s p i n s ,  n o r  t h e  p h y s i c a l  p i c t u r e  of o r g a n i c  f e r r i -  
m a g n e t s  in t e r m s  of sp in  d e n s i t y  d i s t r i b u t i o n  h a s  b e e n  d i sc losed .  I t  
i s  of e s s e n t i a l  i m p o r t a n c e  f o r  t h e  des ign ing  of o r g a n i c  c r y s t a l l i n e  
a n d  a m o r p h o u s  f e r r i m a g n e t s  t o  f e a t u r e  t h e  s p i n  s t r u c t u r e  of t h e  
fe r r imagnet ic  s t a t e  from a viewpoint of microscopic details. 

R e c e n t l y  w e  h a v e  o b t a i n e d  t h e  c r i t e r i a  of t h e  s p i n  c o n t r o l  
b e t w e e n  m o l e c u l a r  h igh-sp in  a s s e m b l a g e s  v i a  f u n c t i o n a l  b r i d g e s  o r  
s p a c e r s .  l 3  W e  h a v e  a p p l i e d  t h e  c r i t e r i a  to  t h e  m o l e c u l a r  des ign  for 
a th rough-bond  v e r s i o n  of p u r e l y  o r g a n i c  f e r r i m a g n e t s ,  wh ich  i s  a 
c o u n t e r p a r t  of t h r o u g h - s p a c e  c r y s t a l l i n e  f e r r i m a g n e t s .  l4 T h e  o r g a n i c  
sys tem studied, (4-diphenylmethylene)-4'-(m-phenylenebis(phenylmethyl- 
ene lke the r  1, has  been composed of two organic  hetero-spins(Si=l and 
S . = 2 )  b e t w e e n  which  a th rough-bond  a n t i f e r r o m a g n e t i c  coup l ing  i s  
i n t r o d u c e d  by e x p l o i t i n g  t h e  s u p e r e x c h a n g e  i n t e r a c t i o n  v i a  a n  e t h e r  
bridge. The  ground state of t h e  hetero-spin sys tem has been found to 
be t h e  magnet ic  low-spin ground s t a t e (S= l )  by ESR spectroscopy. T h e  
s y s t e m  1 is t h e  f i r s t  p r o t o t y p e  un i t  of pu re ly  o r g a n i c  f e r r i m a g n e t s ,  
showing t h e  possible occurrence  of the  organic ferrimagnetism. 

In t h i s  work  w e  h a v e  d e t e r m i n e d  t h e  71 sp in  d e n s i t y  d i s t r i b u t i o n  
of t h e  f i r s t  p r o t o t y p e  m o l e c u l e ,  a h e t e r o - s p i n  c o m p o s i t e  h igh-sp in  
c a r b e n e  1 by s i n g l e - c r y s t a l  H-ENDOR s p e c t r o s c o p y .  I t  shou ld  b e  
e m p h a s i z e d  h e r e  t h a t  a b r e a k t h r o u g h  in t h e  u n d e r s t a n d i n g  of b o t h  
r a t i o n a l  d e s i g n s  of o r g a n i c  m o l e c u l a r  m a g n e t i c  m a t e r i a l s  a n d  of 
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UNUSUALLY LARGE NEGATIVE SPIN POLARIZATION; FERRIMAGNETS 345 

m e c h a n i s m s  r e s p o n s i b l e  f o r  t h e i r  p a r t i c u l a r  m a g n e t i s m  i s  d i r e c t l y  
a s s o c i a t e d  w i t h  t h e  d i r e c t  k n o w l e d g e  of t h e  sp in  d e n s i t y  d i s t r i b u t i o n  
of t h e  o r g a n i c  s y s t e m s  u n d e r  s t u d y .  16-22 A m o n g  hybr id  c r y s t a l l i n e  
f e r r o m a g n e t s  so f a r  r e p o r t e d ,  a n  e x t e n s i v e l y  s t u d i e d  e x a m p l e  i s  
d e c  a m  e t h y 1 f e r r  oc iu  m (F e (C pM )2 ) c h a r g e  - 
t r a n s f e r  salt," in w h i c h  t h e  f e r r o m a g n e t i s m  h a s  b e e n  e x p l a i n e d  in  
t e rms  of the  McConnell mechanism.2 
h o w e v e r ,  f o r  a n  a l t e r n a t i v e  i n t e r p r e t a t i o n  h a s  r e c e n t l y  a p p e a r e d .  
This has been made  in t e r m s  of t h e  sign of t h e  spin density of t h e  C p  
rings as de termined  by NMR spectroscopy,20 showing t h e  impor tance  of 
t h e  k n o w l e d g e  of t h e  sp in  d e n s i t y  d i s t r i b u t i o n  f o r  s t u d y i n g  t h e  sp in  
a l i g n m e n t  in t h e  hybr id  s y s t e m s  as wel l .  I n  t h e  p r e s e n t  work ,  t h e  
ENDOR c h a r a c t e r i z a t i o n  of t h e  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  o r g a n i c  
he t e ro - sp in  s y s t e m  1 h a s  e n a b l e  us  t o  d i s c l o s e  t h e  s a l i e n t  f e a t u r e  of 
t h e  s p i n  s t r u c t u r e  i n t r i n s i c  t o  o r g a n i c  f e r r i m a g n e t i c  s t a t e s ,  
provid ing  u s  w i t h  a n  essential a n d  u s e f u l  phys i ca l  p i c t u r e  w o r k a b l e  
for both through-space and through-bond organic ferrimagnets.  

t e t r a  c y  a n o e  t h e n i d e  ( T  C N E)  

An important exper imenta l  support 
2 1  

DESIGNING OF THROUGH-BOND ORGANIC FERRIMAGNETS 
S p i n  c o n t r o l  b e t w e e n  m o l e c u l a r  h o m o - s p i n s  via s u p e r e x c h a n g e  
interaction 
O u r  s t r a t e g y  fo r  o b t a i n i n g  p u r e l y  o r g a n i c  m o l e c u l a r  b a s e d  m a g n e t i s m  
h a s  b e e n  ma in ly  b a s e d  on b o t h  t h e  m o l e c u l a r  des ign  f o r  o r g a n i c  h igh-  
sp in  a s s e m b l a g e s  e x p l o i t i n g  t h e  u n l i m i t a t i o n  of t h e  d e g e n e r a c y  of IT 

non-bonding  o r b i t a l s  in o r g a n i c  s y s t e m s  a n d  t h e  c r i t e r i a  of t h e  sp in  
c o n t r o l  b e t w e e n  t h e  high-spin a s s e m b l a g e s  v i a  f u n c t i o n a l  b r i d g e s  o r  
spacers. 

T a b l e  I s u m m a r i z e s  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  f r o m  t h e  
m o d e l  c o m p o u n d s ,  a-, a'-bis(phenylmethylene)diphenylether(a-, a'- 
BPDE)(a , a '=3 ,4 )  in w h i c h  sp ins  in t h e  t w o  t r i p l e t  m o i e t i e s  i n t e r a c t  
v i a  an  e t h e r  b r idg ing  a- a n d  a ' -pos i t i ons  of t h e  t w o  p h e n y l m e t h y l e n e  
moieties. T h e  resu l t s  c lear ly  demons t r a t e  t h a t  whether  t h e  e f f ec t ive  
e x c h a n g e  i n t e r a c t i o n  J v i a  t h e  e t h e r  b r i d g e  i s  f e r r o m a g n e t i c  o r  
an t i fe r romagnet ic  depends upon t h e  connecting position of t h e  bridge, 
i n d i c a t i n g  t h e  i m p o r t a n c e  of topo logy ,  i.e., m o d e s  of c o n n e c t i v i t y ,  
similar to t h e  topological symmetry  which d i c t a t e s  t h e  spin alignment 
t h r o u g h  TI e l e c t r o n  n e t w o r k .  T h e  r e s u l t s  a n d  o b s e r v e d  v a l u e s  f o r  J 
h a v e  b e e n  s a t i s f a c t o r i l y  i n t e r p r e t e d  b y  t h e  H e i s e n b e r g  m o d e l  
H a m i l t o n i a n  a p p r o a c h 1 6 b  c o m b i n e d  w i t h  180 d e g r e e  s u p e r e x c h a n g e  
i n t e r a c t i o n  m e c h a n i s m .  1 3 , 2 3  O u r  r e s u l t s  a l s o  s u g g e s t s  t h a t  in  
f a v o r a b l e  cases i n t r a m o l e c u l a r  f e r r o m a g n e t i c  c o u p l i n g  i s  e x p e c t e d  to  
dominate f rom 90 degree  superexchange interaction. Molecular orb i ta l  
c a l c u l a t i o n s  in  v a r i o u s  l e v e l s  of a p p r o x i m a t i o n  h a v e  b e e n  also c a r r i e d  
out for such composi te  homo-spin carbenes. 22 I t  should b e  noted tha t  
t h e  ( 4 , 4 ' )  c o n n e c t i n g  m o d e  g i v e s  t h e  mos t  r o b u s t  i n t r a m o l e c u l a r  
c o u p l i n g  s i n c e  t h e  e f f e c t i v e  e x c h a n g e  i n t e r a c t i o n  b e t w e e n  t h e  t r i p l e t  
s p i n s  c a n  b e  n e a r l y  p r o p o r t i o n a l  t o  t h e  p r o d u c t  of t h e  IT s p i n  
d e n s i t i e s  of t h e  t w o  c o n n e c t i n g  c a r b o n  s i t e s  in t h e  w e a k  c o u p l i n g  
s c h e m e . 1 6 d  T h e  4- a n d  4 ' - s i tes  h a v e  a l a r g e  p o s i t i v e  IT sp in  d e n s i t y ,  
resulting in t h e  robust an t i fe r romagnet ic  coupling be tween t h e  t w o  
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346 T. TAKUI ET AL. 

I 

posit ion 

(a$) 

4 ,  4' 

3 ,4' 

3 , 3 '  

TABLE I Through-bond ma ne t ic  coupling via an  e the r  bridge be tween 
t w o  high-spin a s s e m b l a g e s  f s u p e r e x c h a n g e  i n t e r a c t i o n ;  c h a r  e t r a n s f e r  
i n t e r a c t i o n  v i a  a n  o x y g e n  a t o m ) .  T h i s  t a b l e  s h o w s  u s e t u l  g u i d i n g  
p r i n c i p . l e s  f o r  t h e  t o p o l o g i c a l .  c o n t r o l  o f  . t h e  e f f e c t i v e  e x c h a n g e  
interaction via an e t h e r  bridging high-spin moieties. 

order 

energy levels 
isomer of 

J Q -  

-23 S - mm -J T -  
t I I 
I 

J Q -  
-J f -  

L -2J I S - I 

magnetic 

coup1 in g 

Antiferrornag. 

Ferromag . 

Anti f er romag . 

homo-spins.  Th i s  coup l ing  m o d e  is e m p l o y e d  f o r  t h e  des ign ing  of t h e  
prototype unit of through-bond organic ferrimagnets.  

Designing of units of through-bond organic fe r r imagnets  
Our molecular design for units of through-bond organic fe r r imagnets  is 
b a s e d  upon t h e  fo l lowing  t h r e e  guid ing  p r inc ip l e s  to c o n t r o l  t h e  s ign  
of t h e  i n t r a m o l e c u l a r  e f f e c t i v e  e x c h a n g e  i n t e r a c t i o n  b e t w e e n  h e t e r o -  
spins. 13,24 

( i ) l n t r o d u c t i o n  of i n t r a m o l e c u l a r l y  w e a k  i n t e r a c t i o n s  b e t w e e n  o r g a n i c  
h i g h - s p i n  a s s e m b l a g e s  h a v i n g  n o n - i d e n t i c a l  s p i n s  Si a n d  Sj(Si=Sj 
hetero-spin systems). 
( i i ) T h r o u g h - b o n d  c h e m i c a l  m o d i f i c a t i o n  b y  f u n c t i o n a l  g r o u p s ( > < )  
b r i d g i n g  t h e  h i g h - s p i n  a s s e m b l a g e s  a t  p a r t i c u l a r  p o s i t i o n s ( a , a ' ) ,  
wh ich  c o u p l e s  t h e  s p i n s  antiferromagnetically(topologica1 sp in  c o n -  
trol by functional groups and a composite high-spin approach). 
( i i i ) U t i l i z a t i o n  of t h e  u n l i m i t a t i o n  of t h e  d e g e n e r a c y  of TI n o n -  
bonding  o r b i t a l s  in  o r g a n i c  s y s t e m s  f o r  t h e  des ign ing  of t h e  non- 
i d e n t i c a l  s p i n s ( h i g h - s p i n  a s s e m b l a g e s  as  c o n s t i t u e n t  s p i n s  of 
composite systems). 
T h e  r e s u l t a n t  sp in  q u a n t u m  n u m b e r s  S a r i s ing  f r o m  t h e  th rough-bond  
an t i fe r romagnet ic  coupling between two cons t i tuent  hetero-spins Si and 
S. are given as S= I S 4 . I )  1s.-S.1-1, ***., Sj+Si in order of I 1 1  1 1  

0 0 0 0 0 0  & ~ o o o o o o  
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UNUSUALLY LARGE NEGATIVE SPIN POLARIZATION: FERRIMAGNETS 341 

increasing energy.  Since Sj=Si ,  t h e  ne t  spin IS.-S.I survives,  while 
no net spin resul ts  i n  for  an t i fe r romagnet ica l ly  coupled homo-spin 
systems. 

W e  have chosen ground-s ta te  t r ip le t  diphenylmethylene(Si)  and 
ground-state  q u i n t e t  m-phenylenebis(phenylmethylene)(S.) a s  the  t w o  
cons t i tuent  hetero-spins  sat isfying t h e  requi rement  ( i i i ) ,  and we have 
introduced an e t h e r  bridging them a t  t h e  4- and 4'- carbon s i t e s  i n  
o rder  t o  obta in  t h e  in t ramolecular  an t i fe r romagnet ic  coupling ac-  
cording to  t h e  above c r i t e r i a ( f o r  the  requi rements  ( i )  and ( i i ) ) .  The  
f i r s t  p r o t o t y p e  u n i t  1 of o r g a n i c  f e r r i m a g n e t s  so o b t a i n e d  i s  4- 

which is abbrevia ted  t o  4T4'Q-ether,  is shown below t o g e t h e r  with 
partially deuterated 4T4'Q-ether lb. The triplet ground s ta te  and the 
thermally accessible  quin te t  and s e p t e t  s t a t e s  have been d e t e c t e d  by 
single-crystal ESR spectroscopy and a salient electronic and molecular 
s t r u c t u r e  h a v e  b e e n  c h a r a c t e r i z e d  by t h e  a n a l y s i s  of t h e  f i n e  
structure spectra from l a  

J 1  

J 

(diphenylmethylene)-4'-(m-phenylenebis( phenylmethy1ene))-ether  1 a, 

24 

4T4'Q-ether la  

4 T 4 ' Q - e t h e r  was  g e n e r a t e d  a t  l iqu id  he l ium t e m p e r a t u r e s  by t h e  
photolysis of t h e  corresponding t r i sd iazo  precursor  incorporated i n  
benzophenone-d single crystals. The trisdiazo precursor was prepared 
from the corresponding a-hydroxybenzophenone and a'-bromodiketone via 
a sequence of reactions. W e  prepared the partially deuterium labeled 
trisdiazo precursor Ib  of 4T4'Q-ether and perdeuterated benzophenone- 
d10 in  order to  reduce 'H-ENDOR spectral density and to facilitate the 
correct assignment of 'H-ENDOR transitions. The deuterated compounds 
were  synthesized from p e r d e u t e r a t e d  benzene-d10 ( > 99.6  atom%D; 
Merk Sharp & Dohme Co., I n c . )  a s  a s t a r t i n g  mater ia l .  A deta i led  
description of the  syntheses will be given elsewhere. 

RESULTS and DISCUSSION 

Figure 1 shows a typical 'H-ENDOR spectrum observed a t  2.3 K from l b  
oriented in the host benzophenone-d10 crystal with the s ta t ic  magnetic 
f i e l d  a p p l i e d  p a r a l l e l  t o  t h e  c r y s t a l l o g r a p h i c  a a x i s 2 4 .  As shown 
b e l o w ,  t h e  o b s e r v e d  h y p e r f i n e  c o u p l i n g s  c o r r e s p o n d  t o  t h e  f i v e  
negat ive 77 spin carbon s i t e s  of l a  and t h e  observed negat ive  ones t o  
t h e  seven posit ive s i tes .  T h e  unequivocal proton assignment  of t h e  
ENDOR transitions observed from non-deuterated 4T4'Q-ether l a  was made 
with the help of the complete spectral analysis for lb. 

From t h e  isotropic  t e r m s  Akl of t h e  observed proton hyperf ine 
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348 T. TAKUI ET AL. 

I I II 
I I I ' I  I I I I 

16.0 18.0 22.0 26.0 30.0 

FREQUENCY lMHz 
FIGURE 1 A 'H-ENDOR spectrum of 4TCQ-ether lb observed at 3K when 
the  ESR Ms = 0 -- Ms = -1 transition was monitored with the  ex terna l  
m a g n e t i c  f i e ld  p a r a l l e l  to t h e  c r y s t a l l o g r a  h i c  a a x i s  of t h e  benzo-  
Bh&one-dl0 host crystal. The f r ee  proton &MR frequency was 20.7742 

coup l ing  t enso r s ,  t h e  IT sp in  d e n s i t i e s  pk i (k=A,B)  of t h e  c a r b o n  s i t e s  
i bonded to the a-protons w e r e  de te rmined  using the  well-established 
generalized McConnell relationship 26 

Aki = (2S)-lQ p:, k = A , B  

where Q = - 6 6 . 9 M H ~ ~ '  Figure. 2(a) and 2(c) depict  the  experimentally 
d e t e r m i n e d  IT sp in  d e n s i t i e s  p k i  of l a  a n d  lb, r e s p e c t i v e l y .  T h e  s p i n  .. 

(a) Observed 

(r) Observed 

0.165 

FIGURE 2 T h e  IT s in  d e n s i t y  d i s t r i b u t i o n  of 4T4 'Q-e ther  1 in t h e  
g round  state(S=l).  8 p  e n  c i r c l e s .  d e n o t e  p o s i t i v e  sp in  d e n s i t i e s ,  a n d  
s h a d e d  o n e s  n e g a t i v e  sp in  d e n s i t i e s ,  res e c t i v e l y .  ( a ) T h e  e x p e r i m e n -  
t a l l y  d e t e r m i n e d  IT s i n  d e n s i t i e s  o n  tRe c a r b o n  s i t e s  of p a r t i a l l y  
d e u t e r a t e d  4 T 4 ' Q - e t R e r  lb .  ( b ) T h e  c a l c u l a t e d  IT s p i n  d e n s i t i e s  of 
4T4'Q-ether 1 in te rms  of t h e  generalized Hubbard model Hamiltonian. 
(?The e x p e r i m e n t a l l y  d e t e r m i n e d  IT sp in  d e n s i t i e s  of n o n - d e u t e r a t e d  
4 4'Q-ether l a  Only those of the  end  terminal phenyl rings a r e  shown. 
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UNUSUALLY LARGE NEGATIVE SPIN POLARIZATION; FERRIMAGNETS 349 

densit ies of the  carbon s i t e s  without a-protons were  not derived from 
the present 'H-ENDOR experiments.  

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  t h e  o b s e r v e d  n n e g a t i v e  s p i n  
densities in t h e  diphenylmethylene moiety a re  larger than t h e  observed 
pos i t i ve  o n e s ,  i n d i c a t i n g  t h a t  a g r e a t  d e a l  of n e g a t i v e  s p i n  p o l a r i -  
z a t i o n  o c c u r s  in t h i s  h e t e r o - s p i n  s y s t e m .  Wi th in  t h e  c o n s t i t u e n t  
m o i e t i e s  of t h e  p r e s e n t  w e a k l y  i n t e r a c t i n g  h e t e r o - s p i n  s y s t e m s  t h e  
topological na ture  of t h e  TI spin-up and -down e lec t ron  ne twork( te rmed 
a s  a Spin Density Wave behavior in the  molecule; pseudo n-SDW) should 
h o l d .  T h i s  s u g g e s t s  t h a t  i f  t h e  n s p i n  n e t w o r k  of t h e  d i p h e n y l -  
m e t h y l e n e  m o i e t y  of 1 is c o m p a r e d  w i t h  t h a t  of t h e  n o n - i n t e r a c t i n g  
g r o u n d - s t a t e  t r i p l e t  d i p h e n y l m e t h y l e n e  i t s e l f  t h e  sp in  d e n s i t i e s  on 
t h e  c o r r e s p o n d i n g  c a r b o n  sites a r e  o p p o s i t e  in s ign ,  in o t h e r  w o r d s  
t h e  c o r r e s p o n d i n g  n-SDW i s  o p p o s i t e  in  p h a s e .  T h e  t o p o l o g i c a l l y  
c o n t r o l l e d  b u t  s i g n - o p p o s i t e  TI s p i n  n e t w o r k  a p p e a r i n g  in  t h e  
i n t e r a c t i n g  d i p h e n y l m e t h y l e n e  t r i p l e t  m o i e t y  of 1 g i v e s  r i s e  t o  a 
l a r g e  a m o u n t  of n e g a t i v e  sp in  d e n s i t y  on t h e  d i v a l e n t  c a r b o n  s i t e  of 
t h e  in te rac t ing  t r ip le t  moiety,  amounting to somewhat  reduced values 
bu t  t h e  s a m e  o r d e r  of m a g n i t u d e  of t h e  p o s i t i v e  s p i n  d e n s i t y  on  t h e  
d i v a l e n t  c a r b o n  s i t e  of t h e  n o n - i n t e r a c t i n g  g r o u n d - s t a t e  t r i p l e t  
diphenylmethylene itself. 

On t h e  o t h e r  h a n d ,  t h e  o b s e r v e d  n s p i n  d i s t r i b u t i o n  of t h e  
q u i n t e t  un i t  bu t  l a r g e r  t h a n  t h e  n e g a t i v e  o n e s  in m a g n i t u d e  a n d  t h e  
n u m b e r s  of t h e  p o s i t i v e  a n d  n e g a t i v e  sp ins  are c o n s i s t e n t  w i th  t h o s e  
e x p e c t e d  f r o m  t h e  n o n - i n t e r a c t i n g  q u i n t e t  un i t  in t h e  t o p o l o g i c a l l y  
d e n s i t i e s  a r e  some w h a t  r e d u c e d  in r e l a t i v e  to  t h e  n o n - i n t e r a c t i n g  
q u i n t e t  m o i e t y  is  a p p a r e n t l y  n o r m a l ,  showing  t h a t  t h e  p o s i t i v e  sp in  
controlled "normal" spin polarization. Since t h e  topological symmetry  
of t h e  TI e l e c t r o n  n e t w o r k  ho lds  aga in  f o r  t h e  q u i n t e t  m o i e t y  in o u r  
weak ly  i n t e r a c t i n g  mode l ,  t h e  sp in  d e n s i t i e s  on t h e  c o r r e s p o n d i n g  
carbon s i tes  a r e  t h e  same in sign if compared with t h e  non-interacting 
g r o u n d - s t a t e  q u i n t e t  m-phenylenebis(pheny1methylene) i t s e l f .  Thus ,  
t he  above qua l i ta t ive  a rgument  based on  the  exper imenta l  observation 
g i v e s  a s i m p l e  b u t  e s s e n t i a l  p h y s i c a l  p i c t u r e  f o r  t h e  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  h e t e r o - s p i n  s y s t e m :  t h e  i n t e r a c t i n g  t r i p l e t  
m o i e t y ( ! + )  is i n v e r t e d  as  a w h o l e  a g a i n s t  t h e  i n t e r a c t i n g  q u i n t e t  
mo ie ty (S . ) .  T h i s  up-s ide-down sp in  i n v e r s i o n  i s  r e s p o n s i b l e  f o r  t h e  
observed unusually la rge  negative spin polarization t h a t  chemis t ry  has  
never expec ted  so far, requiring some  conceptual modification to spin 
p o l a r i z a t i o n  in c h e m i s t r y .  T h e  d e r i v e d  phys ica l  p i c t u r e  in t e r m s  of 
s p i n  d e n s i t y  d i s t r i b u t i o n  i s  l i m i t e d  b u t  a l s o  w o r k a b l e  f o r  t h e  
des ign ing  a n d  u n d e r s t a n d i n g  of bo th  th rough-bond  a n d  t h r o u g h - s p a c e  
organic ferrimagnets.  

A theore t ica l  t r e a t m e n t  based on quantum mechanical background 
h a s  b e e n  c a r r i e d  o u t  in o r d e r  to  p r e d i c t  a n d  i n t e r p r e t  t h e  s a l i e n t  
fea tures  of weakly coupled organic  homo- and hetero-spin systems. 16d 

Focuss ing  upon t h e  sp in  d e n s i t y  of t h e  r e s u l t a n t  sp in(S=Si+Sj ) ,  t h e  
g r o u p  t h e o r e t i c a l  c a l c u l a t i o n  p r e d i c t s  t h a t  f o r  t h e  r e s u l t a n t  t r i p l e t  
s t a t e ( ( S i - S . (  = 1 )  in t h e  p r e s e n t  h e t e r o - s p i n  s y s t e m  t h e  sp in  d e n s i t y  
of t h e  i n t e r a c t i n g  q u i n t e t  m o i e t y  is r e d u c e d  to b e  3/4 of t h a t  of t h e  

J 

I 
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350 T. TAKUI ET AL. 

n o n - i n t e r a c t i n g  q u i n t e t  c o n s t i t u e n t  and t h e  s p i n  d e n s i t y  of t h e  
interact ing t r iplet  moiety reduced to be -1/2 of t ha t  of the  n o n -  
in te rac t ing  t r ip le t  const i tuent .  The  reduction f ac to r  of t he  sp in  
d e n s i t y  f o r  t h e  r e s u l t a n t  low sp in  s t a t e  a p p e a r s  d u e  t o  g roup-  
t h e o r e t i c a l  f a c t o r i z a t i o n  and thus  no r e d u c t i o n  o c c u r s  f o r  t h e  
r e s u l t a n t  h ighes t  sp in  s t a t e .  I t  a l so  t u r n s  o u t  t h a t  a n t i f e r r o -  
magnet ic  hetero-spin coupling arouses large negat ive spin density 
distribution. The calculated TI spin densi t ies  on the carbon s i t e s  of 
1 are given in Figure 2(b) for comparison with the experimental ones. 
The sp in  density dis t r ibut ions adopted here  for the  non-interact ing 
two  c o n s t i t u e n t s  w e r e  o b t a i n e d  by a g e n e r a l i z e d  Hubbard  model  
c a l c u l a t i o n . 2 8  I n  F i g u r e  2 a s a t i s f a c t o r y  a g r e e m e n t  is o b t a i n e d  
between t h e  experimental  and theoret ical  values, showing tha t  t he  
t r ip le t  spin of t he  in te rac t ing  diphenylmethylene moiety is opposi te  
in direction to  the in te rac t ing  quintet  spin and tha t  t he  projected 
values of the  resu l tan t  t r iplet  spin(lSi-S.I = 1 )  a r e  reduced due t o  I 
the  group-theoret ical  factor izat ion.  Thus, the theore t ica l  t r ea tmen t  
fo r  t h e  weak ly  i n t e r a c t i n g  h e t e r o - s p i n  s y s t e m s  has  d i sc losed  t h e  
c o m p l e t e  q u a n t i t a t i v e  d e t a i l s  and  s a l i e n t  f e a t u r e s  i n t r i n s i c  t o  
organic hetero-spin systems. 

CONCLUSION 

An unusually large negative spin polarization has been observed f rom 
an ant i ferromagnet ical ly  coupled organic hetero-spin system 1, which 
is the  first prototype unit of through-bond organic ferrimagnets. The 
ant i ferromagnet ic  coupling has been introduced by the  through-bond 
superexchange in te rac t ion  v i a  an e t h e r  bridge which connects  t h e  
t r iplet  and quintet  spins a t  t he  par t icular  positions of t he  phenyl 
rings. The spin s t ruc tu re  charac te r i s t ic  of the  hetero-spin has  been 
charac te r ized  in t e rms  of sp in  density distribution, showing tha t  the  
unusually large negat ive spin polarization d i rec t ly  ar ises  from the  
inversion of the  in te rac t ing  t r ip le t  const i tuent  in re la t ive  to  the  
i n t e r a c t i n g  q u i n t e t  o n e  i n  t h e  g round  s t a t e  of t h e  h e t e r o - s p i n  
composite high-spin carbene 1. A general  theoret ical  t r ea tmen t  for 
weakly in te rac t ing  spins predicts  and elucidates  t h e  sal ient  f ea tu re s  
of t he  spin s t ruc ture  in hetero-spin systems. It turns out t ha t  t he  
occurrence of such large negat ive sp in  polarization is intr insic  t o  
a n t  i f e r r o m a g n e t  i ca l ly  coup led  o r g a n i c  h e t e r o - s p i n  s y s t e m s .  T h e  
finding gives an essent ia l  p ic ture  for both through-bond and through- 
space organic ferr imagnets .  The picture  is useful for the designing 
and understanding of organic ferrimagnetism. 
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