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SPIN DISTRIBUTION OF ORGANIC HIGH-SPIN MOLECULES AS STUDIED 
BY ENDOR/ TR IPLE 

TAKEJI TAKUI, SHUICHI KITA, S H I N J I  ICHIKAWA, YOSHIO TEKI, 
TAKAMASA KINOSHITA, and KOICHI  ITOH 
D e p a r t m e n t  o f  C h e m i s t r y ,  F a c u l t y  o f  S c i e n c e ,  O s a k a  C i t y  
U n i v e r s i t y ,  Sugimoto ,  Sumiyoshi-ku,  Osaka 558, J a p a n  

A b s t r a c t  S i n g l e - c r y s t a l  'H-ENDOR and TRIPLE r e s o n a n c e  s p e c -  
t r o s c o p i e s  have been a p p l i e d  t o  t h e  f i r s t  o r g a n i c  h igh-sp in  
m o l e c u l e ,  m-phenylenebis(phenylmethylene), 1 i n  i ts q u i n t e t  
g r o u n d  s t a t e .  B o t h  t h e  m a g n i t u d e  a n d  a b s o l u t e  s i g n  o f  a l l  
t h e  p r o t o n  h y p e r f i n e  c o u p l i n g  c o n s t a n t s  have  been d e t e r m i n e d  
f rom t h e  ENWR/TRIPLE d a t a ,  y i e l d i n g  c r u c i a l  i n f o r m a t i o n  on 
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  o f  i ts  p i - e l e c t r o n  n e t w o r k .  
The s p i n  d i s t r i b u t i o n  t h u s  d e t e r m i n e d  d e m o n s t r a t e s  t h e  impor-  
t a n t  r o l e  of t o p o l o g i c a l  symmetry i n  o r g a n i c  h i g h - s p i n  mole- 
c u l e s .  S p i n  d e n s i t i e s  on c a r b o n  atoms o f  o t h e r  t y p i c a l  h igh-  
s p i n  m o l e c u l e s  such  as  3,4'-diphenylmethylenebis(pheny1methy- 
l e n e ) ,  2 have  a l s o  been d e t e r m i n e d  f o r  t h e i r  g round s ta tes  or  
low- ly ing  e x c i t e d  states. S p i n - p r e d i c t i o n  t h e o r i e s  have  been 
t e s t e d  i n  terms of 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 ,  showing a 
UHF g e n e r a l i z e d  Hubbard model  H a m i l t o n i a n  t o  b e  a p p r o p r i a t e  
f o r  t h e  e v a l u a t i o n  o f  s p i n  d e n s i t i e s  i n  m a c r o m o l e c u l e s  
w i t h  l a r g e  s p i n s  a n d  t h o s e  i n  o r g a n i c  h i g h - s p i n  m o l e c u l e s  
which  are u n i t  m o i e t i e s  of  organo-magnet ic  materials. 

INTRODUCTION 

O r g a n i c  h i g h - s p i n  have  a t t r a c t e d  i n c r e a s i n g  i n t e n s e  

i n t e r e s t  f rom both  e x p e r i m e n t a l  3-20 and t h e o r e t i c a l  sides18*21-38 

as  models  f o r  p u r e l y  o r g a n i c  f e r r o -  or f e r r i m a g n e t i s m .  R e c e n t l y ,  

s y n t h e s e s  of organo-magnet ic  materials and e x p e r i m e n t a l  e v i d e n c e  

f o r  t h e i r  f e r r o m a g n e t i c  p r o p e r t i e s  have  been r e p o r t e d .  39-44 Only 

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

o r i g i n a t e s  f rom m o l e c u l a r / o r g a n i c  based  moieties and t h e i r  coope- 

r a t i v e  n a t u r e .  Mechanisms r e s p o n s i b l e  f o r  t he  f e r r o m a g n e t i c  beha- 

v i o r  are still  b e i n g  q u e s t e d .  F o r  b o t h  e l u c i d a t i o n  o f  s u c h  mecha- 

n i s m s  and m o l e c u l a r  d e s i g n s  of organo-magnet ic  materials, it is 

i n d i s p e n s a b l e  t o  s t u d y  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  i n  t h e i r  u n i t  
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68 T. TAKUI, S. KITA, S. ICHIKAWA, Y.  TEKI, T. KINOSHITA, K.  ITOH 

m o i e t i e s  such as high-spin molecules  or r a d i c a l  sites. Experimen- 

t a l  de t e rmina t ion  of s p i n  d e n s i t y  d i s t r i b u t i o n  s e r v e s  t o  i n t e r p r e t  

i n t e r -  a s  w e l l  as  i n t r a m o l e c u l a r  s p i n  a l i g n m e n t  and  p r o v i d e s  a 

d i r e c t  test  f o r  t h e  v a l i d i t y  of t h e  s p i n - p r e d i c t i o n  t h e o r y  f o r  

t h e i r  ground and low-lying e x c i t e d  states.18,30-32,34-36 

As p a r t  o f  a p r o j e c t  f o r  s p i n  o r d e r i n g  i n  c h e m i s t r y  a n d  

e x p e r i m e n t a l  r e a l i z a t i o n  of o r g a n i c  m a g n e t i s m ,  we h a v e  a p p l i e d  

s i n g l e - c r y s t a l  lH-ENDOR@electron-PJnuclear-muble R e s o n a n c e )  and  

TRIPLE( e l e c  t ron-nuc  lear-nuclear-TRIPLE resonance)  t echn iques  t o  

t h e  f i r s t  o rgan ic  high-spin molecule ,  m-phenylenebis(pheny1methy- 

l ene ) ,  l(m-PBPM) i n  its q u i n t e t  ground state.lS2 Both t h e  magni- 

tude  and a b s o l u t e  s i g n  of a l l  t h e  p ro ton  h y p e r f i n e  coup l ing  con- 

s t a n t s  (hfcc ' s )  fo r  t h e  q u i n t e t  molecule  p rov ide  c r u c i a l  knowledge 

of i t s  p i - e l e c t r o n  network a s s o c i a t e d  w i t h  t h e  s p i n  a l ignmen t  as 

w e l l  a s  w i t h  t h e  m o l e c u l a r  s t r u c t u r e .  For t h e  o t h e r  t y p i c a l  

o r g a n i c  h igh-sp in  molecules  such  as 3,4'-diphenylmethylenebis(phe- 
n y l - m e t h y l e n e ) ,  2(3,4'-DPBPM), w e  h a v e  a l s o  d e t e r m i n e d  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  in t h e i r  g round  s t a t e  o r  l o w - l y i n g  e x c i t e d  

states. Both t h e  UHF g e n e r a l i z e d  Hubbard and Heisenberg models, 

wh ich  h a v e  s u c c e s s f u l l y  a p p l i e d  t o  s p i n - p r e d i c t i o n  f o r  o r g a n i c  

h i g h - s p i n  m o l e c u l e s ,  have  been  t e s t e d  i n  terms of s p i n  d e n s i t y  

d i s t r i b u t i o n .  

3 . \  . \  1 
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SPIN DISTRIBUTION OF ORGANIC HIGH-SPIN MOLECULES 69 

EXPERIMENTAL 

The h igh-sp in  m o l e c u l e s  a d o p t e d  h e r e  were formed by t h e  p h o t o l y s i s  

of  c o r r e s p o n d i n g  d i a z o  p r e c u r s o r s .  The p r e c u r s o r  of 1, 1,3-b is@ - 
d i a z o b e n z y 1 ) b e n z e n e  a n d  p e r d e u t e r a t e d  benzophenone-d10 were syn-  

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

t r i s d i a z o  p r e c u r s o r s  of 2 were p r e p a r e d  t o  r e d u c e  'H-ENDOR spec-  

t r a l  d e n s i t y  a n d  t o  f a c i l i t a t e  co r rec t  a s s i g n m e n t  of 'H-ENDOR 

t r a n s i t i o n s  t o  t h i r t y - s i x  p r o t o n s  of 2. A l l  t h e  d e u t e r a t e d  com- 

pounds were s y n t h e s i z e d  f r o m  p e r d e u t e r a t e d  benzene-d10(>99.6  a t -  

om%D; Merk S h a r p  & Dohme Co., Inc.)  as a s t a r t i n g  material. 

S i n g l e  c r y s t a l s  of  b e n z o p h e n o n e - d l 0  (P212121, s p a c e  g r o u p  

w i t h  Z=4) c o n t a i n i n g  t h e  c o r r e s p o n d i n g  d i a z o  p r e c u r s o r  were pre-  

p a r e d  a n d  i r r a d i a t e d  a t  4.2K w i t h  a 500 W h i g h - p r e s s u r e  m e r c u r y  

lamp. 

'H-ENDOR/TRIPLE measurements  were made on  a home-made X-band 

s p e c t r o m e t e r  e q u i p p e d  w i t h  a TEOll r e c t a n g u l a r  ENDOR c a v i t y .  

RESULTS DISCUSSION 

High-spin M u l t i p l e t  'H-ENDOR/TRIPLE of  m-PBPM 

F i g u r e  1 shows a t y p i c a l  ESR s p e c t r u m  of m-PBPM o b s e r v e d  a t  4.2K 
w i t h  t h e  e x t e r n a l  m a g n e t i c  f i e l d  a p p l i e d  p a r a l l e l  t o  t he  crystal- 

l o g r a p h i c  b a x i s  of  t h e  b e n z o p h e n o n e  h o s t  c r y s t a l .  T h e  s t r o n g  

l i n e s  B+ and weak l i n e s  A+ c o r r e s p o n d  t o  t h e  (Ms=O> t j  I M s = i l >  and 

I M s = ; t l >  t+ )Ms+2> ESR t r a n s i t i o n s ,  r e s p e c t i v e l y ,  where  Ms r e f e r s  

t o  a s p i n  s u b l e v e l  o f  t h e  q u i n t e t  s p i n  s t a t e  i n  t h e  h i g h  f i e l d  

l i m i t .  

'H-ENDOR a n d  

TRIPLE s p e c t r a  of 1 o b s e r v e d  when t h e  l i n e  B+ i n  F i g u r e  1 was 

moni tored .  The f i g u r e s  i n  F i g u r e  2 d e n o t e  t h e  p o s i t i o n s  of  f o u r -  

t e e n  p r o t o n s  b e l o n g i n g  t o  1. The l i n e s  l a b e l e d  by t h e  f i g u r e s  were 

a t t r i b u t e d  t o  t h e  ENDOR t r a n s i t i o n s  a s s i g n e d  t o  t h e  M s = + l  m a n i -  

f o l d ,  w h i l e  most of  t h e  u n l a b l e d  l i n e s  were a t t r i b u t a b l e  t o  t h e  

F i g u r e  2 ( a )  a n d  2 ( b )  show , r e s p e c t i v e l y ,  t h e  
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70 T. TAKUI, S.KITA, S. ICHIKAWA, Y.  TEKI, T. KINOSHITA, K .  ITOH 

t h e  Ms=O m a n i f o l d .  The  Ms-assignment s t r a i g h t f o r w a r d l y  r e v e a l s  

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

h fcc ' s  and n ine  p ro tons  wi th  n e g a t i v e  hfcc's .  The p o l a r i t y  of t h e  

T 

A* 

I I I I I I I I 
0.2 0.3 0.4 0.5 T 

FIGURE 1.An ESR spec t rum of m-PBPM observed a t  4.2K wi th  t h e  

e x t e r n a l  magnetic f i e l d  a long  t h e  b a x i s  of t h e  benzophenone- 

dI0 h o s t  crystal .  

TRIPLE s i g n a l  e x c l u s i v e l y  d e t e r m i n e d  t h e  Ms-as s ignmen t  of t h e  

ENDOR t r a n s i t i o n s ,  t h e r e f o r e ,  t h e  a b s o l u t e  s i g n  of t h e  hfcc's ,  as 

shown i n  F i g u r e  2 ( b ) ,  w h e r e  t h e  v N t l i n e  was t h e  o b s e r v e r .  The  

TRIPLE t r a n s i t i o n s  b e l o n g i n g  t o  t h e  same Ms-man i fo ld  (Ms=O i n  

F i g u r e  2 ( b ) )  as  t h a t  of t h e  o b s e r v e r  d i m i n i s h  t h e i r  i n t e n s i t y ,  

w h i l e  t h o s e  b e l o n g i n g  t o  a n o t h e r  Ms-mani fo ld  ( M s = t l  i n  F i g u r e  

2 (b ) )  g a i n  t h e i r  i n t e n s i t y .  

To de te rmine  t h e  h y p e r f i n e  coup l ing  t e n s o r s  of t h e  f o u r t e e n  
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SPIN DISTRIBUTION OF ORGANIC HIGH-SPIN MOLECULES 71 

p r o t o n s ,  we measured t h e  a n g u l a r  dependence of  t h e  ENDOR t r a n s i -  

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

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

4 10 VN. 7'7 11'9' 9 11 3 ' 3  1 
br TRIPLE 

U 
.E + 
:+ 
T3 

1 . - a a 1 . , , , 1 . . . - 1  

15 20 25 30 MHz 

FIGURE 2.  'H-ENDOR ( a )  a n d  TRIPLE ( b )  s p e c t r a  of m-PBPM 

o b s e r v e d  a t  4.2K when t h e  ESR l i n e  B t  was m o n i t o r e d  w i t h  t h e  

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

benzophenone-d10 h o s t  c r y s t a l .  The f r e e  p r o t o n  NMR f r e q u e n c y  

" N+ was 17.7607 MHz. 

p i - S p i n  D e n s i t y  D i s t r i b u t i o n  and M o l e c u l a r  S t r u c t u r e  o f  m-PBPM 

F i g u r e  3 ( b )  d e p i c t s  t h e  p i - s p i n  d e n s i t y  d i s t r i b u t i o n  on  t h e  

c a r b o n  a t o m s  of 1 o b t a i n e d  f r o m  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  

i s o t r o p i c  h f c c  (ai), where  t h e  t o t a l  s p i n  d e n s i t y  is n o r m a l i z e d  t o  

t w o  i n  harmony wi th  t h e  number of t h e  p i - u n p a i r e d  e l e c t r o n .  The 

p i - s p i n  d e n s i t y  (pin) was o b t a i n e d  u s i n g  t h e  McConnell e q u a t i o n  i n  

i t s  s i m p l e  f o r m ,  ai=QPim, w h e r e  Q i s  a c o n s t a n t  v a l u e  of -33 .45  

M H z . ~ ~  S i n c e  t h e  s p i n  d e n s i t y  on t h e  r i n g  c a r b o n  b o n d e d  t o  t h e  
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72 T. TAKUI, S. KITA, S. ICHIKAWA, Y.  TEKI, T. KINOSHITA, K.ITOH 

d i v a l e n t  carbon atom c o u l d  n o t  be d e t e r m i n e d ,  a h a l f  of t h e  resi- 

d u a l  v a l u e  2 - c P i " f  was a s s i g n e d  t o  e a c h  d i v a l e n t  c a r b o n  atom. 

F i g u r e  3(a)  shows t h e  p i - s p i n  d e n s i t y  d i s t r i b u t i o n  c a l c u l a t e d  by 

t h e  Longuet-Higgins  non-bonding MO t h e o r y  ( t h e  s i m p l e  MO theory) .  

(a) OBSERVED 

-0.063 -0.108 

0.0 

-0.0 

-0.07L 0.100 

(b) CALCULATED 

FIGURE 3. p i - S p i n  d e n s i t y  d i s t r i b u t i o n  o f  m-PBPM: (a )  

c a l c u l a t e d  by t h e  Longuet-Higgins  t h e o r y ,  (b)  o b t a i n e d  u s i n g  

t h e  McConnell e q u a t i o n ,  ai=QPi"f. 

The c a l c u l a t e d  p o s i t i v e  s p i n  d e n s i t i e s  are i n  good a g r e e m e n t  w i t h  

t h e  e x p e r i m e n t a l  v a l u e s  g i v e n  i n  F i g u r e  3 (b). T h i s  is  b e c a u s e  

t h e  Longuet-Higgins  theory d e a l s  w i t h  t h e  e s s e n c e  of p i  t o p o l o g i -  

ca l  s y m m e t r y  of a l t e r n a n t  h y d r o c a r b o n s  s u c h  as  in-PBPM. T h e  ob-  
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SPIN DISTRIBUTION OF ORGANIC HIGH-SPIN MOLECULES 73 

s e r v e d  n i n e  p o s i t i v e  p i ' s ,  a n d  f i v e  n e g a t i v e  p i ' s  a s s i g n e d  s h o w  

t h a t  t h e  p i - s p i n  c h a n g e s  i ts s i g n  a l t e r n a t e l y  from o n e  c a r b o n  s i t e  

t o  a n o t h e r  and t h a t  t h e  p i - s p i n  ferromagnetically-exchange c o u p l e s  

t h e  n - s p i n  i n  t h e  o r b i t a l  l o c a l i z e d  on t h e  d i v a l e n t  c a r b o n  s i t e .  

The non-equiva lence  o f  t h e  o b s e r v e d  s p i n  d e n s i t i e s  on t h e  3- 

a n d  3'- c a r b o n  s i t e s  a n d  t h e  n e g a t i v e  s p i n  d e n s i t y  c a n  n o t  b e  

e x p l a i n e d  by t h e  s i m p l e  MO t h e o r y ,  The m o l e c u l a r  s t r u c t u r e  of  1 

m a y  n o t  b e  e n t i r e l y  p l a n a r .  H e n c e ,  i t  seems most a p p r o p r i a t e  t o  

a d o p t  an a l l - e l e c t r o n  o r  a l l - v a l e n c e - e l e c t r o n  method t o  i n t e r p r e t  

tbe non-equiva lence  and t h e  n e g a t i v e  s p i n  d e n s i t y .  Advanced c a l c u -  

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

e x t e n d e d  t o  a l a r g e r  b u t  e x t e n s i o n  t o  l a r g e  h i g h - s p i n  mole- 

c u l e s  s u c h  as  m-PBPM is s t i l l  l i m i t e d .  We c h o s e  t h e  INDO c a l c u l a -  

t i o n  as a more t r a c t a b l e  and s p i n - p o l a r i z e d  SCF method which h a s  

w i d e l y  been a p p l i e d  t o  s e m i - e m p i r i c a l  c a l c u l a t i o n s  of s p i n  d e n s i -  

ties. The INDO c a l c u l a t i o n  r e p r o d u c e s  t h e  observed  h f c c ' s  and show 

t h e  asymmetric m o l e c u l a r  s t r u c t u r e  as shown i n  F i g u r e  2. The most 

p r o b a b l e  non p l a n a r  m o l e c u l a r  s t r u c t u r e  was d e t e r m i n e d .  

'H-ENDOR Study of  Other T y p i c a l  High-spin M o l e c u l e s  s u c h  as 

&4 ' -DPBPM 

High-spin m o l e c u l e s  are c h a r a c t e r i z e d  by many o p e n - s h e l l  e l e c t r o n s  

i n  both  t h e  d e l o c a l i z e d  p i  o r b i t a l s  and t h e  l o c a l i z e d  n o r b i t a l s .  

F u r t h e r m o r e ,  t h e y  have  l a r g e  m o l e c u l a r  s i z e s .  F o r  t h e s e  r e a s o n s ,  

c o n v e n t i o n a l  MO a n d  VB t h e o r i e s  are d i f f i c u l t  t o  a p p l y  t o  h i g h -  

s p i n  m o l e c u l e s  f o r  p r e d i c t i o n  o f  t h e i r  e l e c t r o n i c  states. Recent-  

l y ,  we h a v e  r e p o r t e d  a UHF g e n e r a l i z e d  H u b b a r d  m o d e l  as  a s p i n -  

p r e d i c t i o n  t h e o r y  f o r  t h e  ground states of l a r g e r  m o l e c u l a r  s y s -  

tems18 and a H e i s e n b e r g  model as  a more r e l i a b l e  method Both 

m o d e l  H a m i l t o n i a n  a p p r o a c h e s ,  h o w e v e r ,  h a v e  n o t  b e e n  t e s t e d  i n  

terms of s p i n  d e n s i t i e s .  

34 . 

3,4'-DPBPM is a model compound s u i t a b l e  for  s t u d y i n g  s p i n  a- 

l i g n m e n t  of t h e  n and p i  e l e c t r o n s  as wel l  a s  t h e  ro l e  o f  t o p o l o g y  

i n  o r g a n i c  h igh-sp in  m o l e c u l e s ,  s i n c e  3,4'-DPBPM is i n  i t s  t r i p l e t  

ground s ta te  w i t h  a t h e r m a l l y  a c c e s s i b l e  q u i n t e t  state" i n  con- 
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t ras t  t o  its t o p o l o g i c a l  i s o m e r ,  3,3'-DPBPM, i n  t h e  s e p t e t  ground 

state12. 'H-ENDOR measurements  were s u c c e s s f u l l y  c a r r i e d  o u t  f o r  

t h e  t r i p l e t  g r o u n d  s t a t e  o f  3,4'-DPBPM a n d  a l l  t h e  h y p e r f i n e  

c o u p l i n g  t e n s o r s  of t h e  e i g h t e e n  p r o t o n s  were e x p e r i m e n t a l l y  iden-  

t i f i e d .  The o b s e r v e d  p i - s p i n  d e n s i t i e s  on t h e  r i n g  c a r b o n  sites 

were compared w i t h  t h e  c a l c u l a t e d  o n e s  by t h e  g e n e r a l i z e d  Hubbard 

model and by t he  e x a c t  n u m e r i c a l  d i a g o n a l i z a t i o n  of t h e  H e i s e n b e r g  

H a m i l t o n i a n .  T h e  H u b b a r d  c a l c u l a t i o n ,  i n  a q u a n t i t a t i v e  s e n s e ,  

r e p r o d u c e s  w e l l  t h e  e x p e r i m e n t a l l y  o b t a i n e d  s p i n  d e n s i t i e s ,  w h i l e  

t h e  Heisenberg  c a l c u l a t i o n  g i v e s  o v e r e s t i m a t e s  f o r  b o t h  t h e  nega- 

t i v e  and p o s i t i v e  s p i n  d e n s i t i e s  on t h e  r i n g  c a r b o n  si tes.  

The 'H-ENDOR t e c h n i q u e  has a p p l i e d  a l s o  t o  t h e r m a l l y  accessi- 

b l e  l o w - l y i n g  e x c i t e d  s t a t e s  o f  o t h e r  t y p i c a l  o r g a n i c  h igh-sp in  

m o l e c u l e s  and t h e i r  c o m p l e t e  a n a l y s e s  a re  u n d e r  w a y .  F u r t h e r -  

more, the  Hubbard c a l c u l a t i o n  h a s  been c a r r i e d  o u t  f o r  t h e  hyper -  

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

r a d i c a l  s i tes  of  o r g a n i c  b a s e d  m a g n e t i c  materials44 and t o  i n t e r -  

p r e t  t h e i r  p o w d e r - p a t t e r n  'H-ENDOR s p e c t r a .  
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