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POLYRADICALS AND HIGH-SPIN HYDROCARBONS 

D . J .  Kle ina ,  S.A. Alexander6 and M .  Randi:' 
OlMarine Sc iences ,  Texas A&M U n i v e r s i t y  a t  Galves ton ,  Galves ton ,  

BPhysics,  U n i v e r s i t y  of F l o r i d a ,  G a i n e s v i l l e ,  F l o r i d a  32611 
'Mathematics and Computer Sc ience ,  Drake U n i v e r s i t y ,  Des Moines, 

Texas 77553-1675 

Iowa 50311 

Abs t rac t  Semiempirical  d e s c r i p t i o n s  of conjugated-hydrocarbon 
p o l y r a d i c a l  s p e c i e s  a r e  cons ide red ,  w i t h  s p e c i a l  n o t e  g iven  t o  
p r e d i c t i o n s  of t h e  g round-s t a t e  s p i n .  Comparisons of t h e s e  
p r e d i c t i o n s  a r e  noted f o r  a sys t ema t i c  l i s t i n g  of a l t e r n a n t  
r a d i c a l o i d  s p e c i e s .  A s imple  r u l e  emerges. 

INTRODUCTION 

Recent ly  o rgan ic  p o l y r a d i c a l s  and t h e  p o s s i b i l i t y  o f  o rgan ic  

fe r romagnets  have evoked much i n t e r e s t .  There  have been s e v e r a l  

rev iews ,  a s  i n  r e f s .  1-5, and t h e r e  have been r e p o r t s 6 , '  of o r g a n i c  

ferromagnets ( a t  f a i r l y  r easonab le  t empera tu res ) ,  though s t r u c t u r e s  

were not  w e l l  c h a r a c t e r i z e d .  F u r t h e r  e f f o r t s  t o  s y n t h e s i z e  h ighe r  

tempera ture  o rgan ic  ferromagnets a r e  presumably underway. A good 

t h e o r e t i c a l  unders tanding  i s  d e s i r a b l e .  

Here we focus  on a p a r t i c u l a r  f e a t u r e :  t h e  c o r r e l a t i o n  between 

chemical s t r u c t u r e  and g round-s t a t e  s p i n  m u l t i p l i c i t y .  The p red ic -  

t i o n s  cons idered  a r e  v i a  s e v e r a l  semiempir ica l  models f o r  an impor t an t  

s p e c i a l  c l a s s  of s p e c i e s :  uncharged a l t e r n a n t  conjugated  hydrocarbons 

wi thout  heteroatoms. As such t h e  va r ious  chemica l  s t r u c t u r e s  a r e  

i d e n t i f i e d  by a molecular graph w i t h  s i tes  r e p r e s e n t i n g  p i - c e n t e r s  and 

edges r e p r e s e n t i n g  ne ighbor ing  p a i r s  of s i t e s  (connec ted  by a a-bond). 

These graphs  s p e c i f y  our  cons idered  models and thence  a g round-s t a t e  

s p i n  p r e d i c t i o n .  The a l t e r n a n t  f e a t u r e  assumed h e r e  p l a y s  a c r u c i a l  

r o l e ,  t h i s  assumption being t h a t  t h e  s i tes  of t h e  molecular  graph  may 

be sepa ra t ed  i n t o  two d i s j o i n t  sets of s i t e s  of s t a r r e d  and u n s t a r r e d  

s i t e s  such t h a t  bonds of t h e  graph  occur  on ly  between s i t e s  i n  

d i f f e r e n t  sets. 

I n  t h e  fo l lowing  we b r i e f l y  d e s c r i b e  t h e  models cons ide red .  Some 

computations a r e  then  r e p o r t e d ,  and found t o  s t r e n g t h e n  a s imple  r u l e  

fo r  t h e  g round-s t a t e  sp in .  F i n a l l y  r e f e r e n c e s  t o  some r e l a t e d  
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110 D . J .  Kle in ,  S.A. Alexander and M. Rand16 

ex tens ions  a r e  noted. 

PREDICTIVE METHODS 

Severa l  semiempir ica l  schemes f o r  p r e d i c t i n g  t h e  ground-s ta te  

s p i n  have been s tud ied .  They are of vary ing  degrees  of d i f f i c u l t y  

i n  a p p l i c a t i o n  and inc lude :  

F i r s t ,  t h e  Hund-Huckel molecu la r -o rb i t a l  (HHMO) scheme simply 

assumes t h a t  t h e  non-bonding MOs a r e  s i n g l y  occupied and t h a t  Hund's 

rule app l i e s .  T h i s  i s  based upon a s t anda rd  c o n s i d e r a t i o n  of t h e  

i n t e r a c t i o n  between a p a i r  of singly-occupied or thogonal  o r b i t a l s ,  a 

and b,  being governed by an exchange i n t e g r a l  ( a b l v l 2 l b a ) ,  which i s  

gene ra l ly  nonnegative.  Then t h e  p r e d i c t e d  s p i n  i s  j u s t  h a l f  t h e  

number of non-bonding M O s .  

Second, a c l a s s i c a l  s t r u c t u r e  (CS) approach concerns  an 

assignment of a maximal number of d i s j o i n t  double bonds, w i t h  t h e  

remaining unpaired s i tes  assumed t o  couple  t o g e t h e r  w i t h  a l igned  

sp ins .  Again Hund's r u l e  might be invoked t o  j u s t i f y  t h i s  coupl ing .  

Then t h e  p red ic t ed  s p i n  i s  h a l f  t h e  number of  remnant unpaired s i t e s .  

Thi rd ,  a modified Huckel molecu la r -o rb i t a l  (MHMO) scheme assumes 

singly-occupied non-bonding MOs a r e  t o  be l o c a l i z e d  a s  much a s  

p o s s i b l e  and thence  t o  couple  i n  p a i r s  w i t h  or a g a i n s t  Hund's r u l e .  

I f  two such non-bonding MOs have non-zero MO c o e f f i c i e n t s  on t h e  same 

s i t e ,  t h e  a s soc ia t ed  exchange i n t e g r a l  i s  assumed t o  be p o s i t i v e ,  so 

t h a t  Hund's ru l e  a p p l i e s .  On t h e  o t h e r  hand i f  they  do not  s h a r e  such 

a s i t e ,  Borden and Davidsonl, '  have emphasized t h a t  t h e  t w o  non-bonding 

MOs have l i t t l e  d i f f e r e n t i a l  ove r l ap ,  t h e  exchange i n t e g r a l  is nea r  

ze ro ,  and one should look  t o  t h e  e f f e c t s  of  admixture of higher-energy 

conf igu ra t ions .  One could assume t h a t  t h e s e  higher-order cons idera-  

t i o n s  a r e  always counter  t o  Hund's r u l e ,  w i t h  t h e i r  e f f e c t  simply being 

overwhelmed whenever t h e  (lower-order) exchange cont r ibu t . ion  is non- 

zero .  With 2 ( o r  3) non-bonding MOs l o c a l i z a b l e  so a:. no t  t o  s h a r e  a 

s i t e  t h i s  l e a d s  t o  a s i n g l e t  (or doub le t )  ground s t a t e  p r e d i c t i o n ;  

whereas i f  no t  so l o c a l i z a b l e  t h e  ground s t a t e  i s  p r e d i c t e d  t o  be 

t r i p l e t  (or q u a r t e t ) .  For g r e a t e r  numbers of  non-bonding M O s  t h e  

p r e d i c t i o n s  a r e  a more d e l i c a t e  m a t t e r ,  depending upon t h e  p a t t e r n  

(and perhaps s i z e s )  of t h e  exchange coup l ings  amongst t h e  va r ious  

non-bonding MOs. 
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POLYRADICALS AND HIGH-SPIN HYDROCARBONS 111 

Four th ,  another  modified Huckel m o l e c u l a r - o r b i t a l  (M'HMO) scheme 

proceeds  w i t h  many of t h e  same i d e a s ,  except  t h a t  when a p a i r  of 

s ing ly-occupied  non-bonding M O s  occu r  on d i s j o i n t  sets of s i tes  t h e  

coupl ing  i s  taken  w i t h  d i f f e r e n t  s i g n s .  I t  i s  taken  t o  conform w i t h  

o r  a g a i n s t  Hund's r u l e  as t h e  MOs occur  on " l i k e "  o r  "un l ike"  s i tes .  

Th i s  comparison of MOs may be expressed'  i n  terms of p a r i t y .  w i t h  t h e  

p a r i t y  be ing  even o r  odd a s  t h e  MOs a r e  l o c a l i z e d  on s t a r r e d  o r  

u n s t a r r e d  s i t e s .  Then t h e  g round-s t a t e  s p i n  i s  p r e d i c t e d  t o  be h a l f  

t h e  d i f f e r e n c e  between t h e  numbers of  even- and odd-par i ty  non-bonding 

M O s .  

F i f t h ,  t h e  valence-bond (VB) model of Pau l ing  and Wheland i n  i t s  

simple form wi th  on ly  neares t -ne ighbor  i n t e r a c t i o n s  t u r n s  o u t  t o  be  

equ iva len t  t o  t h e  Heisenberg model of s o l i d - s t a t e  phys i c s .  The 

de te rmina t ion  of t h e  ground-s ta te  wavefunction and energy i s  i n  

gene ra l  a d i f f i c u l t  t a s k ,  e v i d e n t l y  l i m i t e d  w i t h  p r e s e n t  t o o l s  t o  

about two dozen p i  c e n t e r s .  

r e s u l t s l 1 * l 2  which g i v e  t h e  g round-s t a t e  s p i n  of t h i s  model a s  s imply  

h a l f  t h e  d i f f e r e n c e  between t h e  numbers of s t a r r e d  and u n s t a r r e d  s i tes  

However, L ieb  and M a t t i s l o  have proven 

S i x t h ,  t h e  Pa r i s i e r -Pa r r -Pop le  (PPP) model may be s i m p l i f i e d  t o  

t h e  Hubbard model, wherein Coulomb i n t e r a c t i o n s  a r e  l i m i t e d  t o  ( p i )  

e l e c t r o n s  on t h e  same s i t e .  I t  i s  b e l i e v e d  t h a t  t h e  Hubbard model 

ag rees  w e l l  w i t h  t h e  PPP model f o r  t h e  "homo-polar" s ta tes  i n c l u d i n g  

t h e  lowest s t a t e  of each  s p i n  m u l t i p l i c i t y .  See, e .g . ,  r e f s .  13 and 

14. 'There seems t o  be l i t t l e  i n  t h e  way of theorems f o r  t h e  ground- 

s t a t e  s p i n  m u l t i p l i c i t y ,  s o  t h a t  complete c o n f i g u r a t i o n - i n t e r a c t i o n  

computations a r e  u t i l i z e d ,  though t h i s  c u r r e n t l y  l i m i t s  r e s u l t s  t o  

about 10 p i  c e n t e r s .  

RESULTS AND DISCUSSION -- - 
The systems we t reat  a r e  l a b e l l e d  by molecular  graphs  which a r e  

cons t r a ined :  t o  be connec ted ;  t o  have s i t e s  on ly  of d e g r e e s  1, 2 o r  

3;  t o  be a l t e r n a n t  ( o r  b i p a r t i t e ) ;  and t o  have an embedding i n  t h e  

p lane  (wi thou t  c r o s s i n g  bonds).  

of such  graphs  we f i n d  89  w i t h  8 o r  fewer s i tes .  

we f i n d  2 8  have a HHMO s p i n  p r e d i c t i o n  t h a t  d i f f e r s  from some o t h e r  

s p i n  p r e d i c t i o n .  Of t h e s e  28 w e  f i n d  t h a t  t h e  remaining f i v e  p red ic -  

t i v e  schemes explored  h e r e  ag ree  amongst themselves  i n  a l l  bu t  5 c a s e s .  

Upon i n i t i a t i n g  a s y s t e m a t i c  l i s t i n g  

From amongst t h e s e  

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

1:
55

 1
9 

Fe
br

ua
ry

 2
01

3 



112 D . J .  Klein ,  S . A .  Alexander and M .  Randi: 

These 5 s p e c i e s ,  along wi th  3 other  larger  s p e c i e s  e x h i b i t i n g  a s i m i l a r  

behavior, are  l i s t e d  i n  t h e  fo l lowing:  

Table o f  Spin Pred ic t ions  for Crucia l  Spec ie s  o f  the  Text 

Molecular Spin Pred ic t ions  
Graph HHMO CS MHMO M'HMO VB Hubbard 

H 1 1 0 0 0 0 + 1 1 0 0 0 0 

0-x 

luu 

1 1 0 1 1 1 

1 1 0 1 1 1 

1 1 0 0 0 0 

1 3 3 
2 2 2 

- - - 1 1 1 
2 2 2 

- - - 

1 1 0 0 0 0 4+ 
2 2 0 2 2 2 m 
2 2 1 2 2 2 
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POLYRADICALS AND HIGH-SPIN HYDROCARBONS 113 

Examination of t h e  r e s u l t s  r e p o r t e d  i n  t h i s  t a b l e  s u p p o r t s  

s e v e r a l  t h e s e s .  I n  p a r t i c u l a r  t h e  g round-s t a t e  s p i n  of (homo-atomic, 

p l a n a r )  a l t e r n a n t s  appea r s  t o  be c o r r e c t l y  g iven  (wi thou t  excep t ion )  

by : 

( i )  t h e  neares t -ne ighbor  VB ( o r  Heisenberg)  model; 

( i i )  t h e  second modified Huckel m o l e c u l a r o r b i t a l  (M'HMO) scheme; 

( i i i )  t h e  Hubbard (and presumably PPP) model; and 

( i v )  t h e  simple formula S = IN,  - N 1 /2  where N, and N 

numbers of s t a r r e d  and u n s t a r r e d  p i - c e n t e r s  i n  t h e  

mo l ecu  l e  . 

a r e  t h e  
0 0 

Fur the r  agreement wi th  more a c c u r a t e  ab i n i t i o   computation^^,^^ on a 

few s p e c i e s  has  been summarized elsewhere12. 

q u a l i f i c a t i o n s  need t o  be mentioned i n  ex tend ing  t h e s e  i d e a s .  

Q u a n t i t a t i v e  p r e d i c t i o n s  f o r  exchange s p l i t t i n g s  seems t o  be  more 

d i f f i c u l t .  The neares t -ne ighbor  VB model appears  t o  be  i n a c c u r a t e  i n  

t h i s  regard  f o r  systems con ta in ing  r i n g s  of s i z e  4. Improved VB models 

a s  i n  r e f .  13  have been l e s s  w e l l  t e s t e d .  Trea tments  o f  n o n a l t e r n a n t s  

and he teroa tomic  s p e c i e s  have been made less o f t e n ,  and any g e n e r a l  

r u l e  n i g h t  be more complicated because of t h e  p o t e n t i a l  g r e a t e r  

r e l evance  of admixing i o n i c  s t a t e s .  

Some q u a l i t a t i v e  ex tens ions  seem t o  be q u i t e  s u c c e s s f u l .  Th i s  

i n c l u d e s  q u a l i t a t i v e  theorems f o r  t h e  ground s t a t e  of t h e  s imple  VB 

model r ega rd ing3*16  point-group symmetries a s  w e l l  a s  s i g n s  of s p i n  

d e n s i t i e s  and e x p e c t a t i o n  va lues  of exchange i n t e r a c t i o n  o p e r a t o r s .  

The sp in -dens i ty  theorem i n  p a r t i c u l a r  ag ree  q u a l i t a t i v e l y  w i t h  

numerous computations,  a s  i n  r e f .  17 .  Extens ions  t o  a l t e r n a n t  carbene  

systems w i t h  exchange coupl ing  t o  s ing ly-occupied  methylen ic  a - o r b i t a l s  

show394,18 much promise. The theoremat ic  VB approach t o  t h e  p r e d i c t i o n  

of g round-s t a t e  s p i n  a l s o  suppor t s3  an argument due t o  McConnell19 

concerning t h e  s i g n  of i n t e r m o l e c u l a r  exchange coupl ing .  

Overa l l  i t  seems t h e r e  i s  p rogres s  from s e v e r a l  p o i n t s  o f  view. 

Presumably t h e  emerging ( o f t e n  s imple)  r u l e s  can  a i d  i n  t h e  d e s i g n  of 

novel magnetic s p e c i e s .  

The r e s e a r c h  i n  Galves ton  has  been suppor ted  by a g r a n t  from t h e  

Welch Foundation of Houston, Texas. A g r a n t  f o r  supercomputer useage 

from F l o r i d a  S t a t e  U n i v e r s i t y  i s  a l s o  acknowledged. 

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

1:
55

 1
9 

Fe
br

ua
ry

 2
01

3 



114 

REFERENCES 

D . J .  K le in ,  S.A. Alexander and M. Randi t  

1. 
2. 

3. 

4. 
5. 

6. 

7. 

8. 
9. 
10. 
11. 
12. 

13. 

14. 

15. 

16. 
17. 

18. 
19. 

W.T. Borden and E.R.  Davidson, Acc. Chem. Res. 14, 69 (1981). 
J . V .  h o p ,  D.  Plavsic ' ,  M. Rand16 and N .  T r i n a j s t i 6 ,  Croa t .  Chim. 

D . J .  K le in  and S.A. Alexander,  i n  Graph Theory and Topology 111 
Acta 56, 411 (1983). 

Chemistry,  e d i t e d  by R.B. King and D.H.  Rouvray ( E l s e v i e r .  
Amsterdam, 1987) pp. 404-419. 

H. Iwamura and A. Izuoka, J. Chem. SOC. Japan  1987, 595 (1987). 
J .S .  Miller, A . J .  E p s t e i n  and W.M. R e i f f ,  Chem. Rev. 88, 201 

Y.V. Korshak, T.V. Medvedeva, A.A. Ovchinnikov, and V.N.  Spec to r ,  

J . B .  Tor rance ,  S. Oos t r a  and A. Nazza l ,  Synth. Met. 19, 708 

W.T. Borden and E .R .  Davidson, J .  Am. Chem. SOC. 99, 4587 (1977). 
P. Kara f i log lou ,  J. Chem. Phys. 82, 3728 (1985). 
E.H. L ieb  and D.C. Mattis, J. Math. Phys. 3, 749 (1962). 
A.A. Ovchinnikov, Theor. Chim. Acta 47, 297 (1978). 
D . J .  Kle in ,  C . J .  Ne l in ,  S.A. Alexander and F.A. Matsen, J. Chem. 

R.D.  Poshus ta ,  T.G. Schmalz, and D . J .  K le in ,  Mol. Phys. 66, 317 

W.T. Simpson, Theor i e s  ef E l e c t r o n s  i& Molecules (P ren t i ce -Ha l l ,  

L.N. Buleavski ,  Teor. Eksp. Khim. 4, 12 (1968). 
W.T. Borden and E.R. Davidson. J .  Am. Chem. SOC. 100, 388 (1978). 
P. Du and W.T. Borden, J .  Am. Chem. SOC. 109, 930 (1987). 
D . J .  K le in ,  J ,  Chem. Phys. 77, 3098 (1982). 
D. Maynau, M. Said and J .P .  Mal r ieu ,  J .  Am. Chem. SOC. 105, 5244 
(1983). 

N .  Tyutyulkov, O.E.  Polanslcy, P. Schus te r ,  S. Karabunar l iev  and 
C . I .  Ivanov, Theor. Chim. Acta 67, 211 (1985). 

S.A. Alexander and D . J .  K le in ,  J.  Am. Chem. SOC. 110, 3401 (1988). 
H.M. McConnell, J.  Chem. Phys. 2, 1910 (1963). 
H.M. McConnell, Proc.  R.A. Welch Foundation Conference 11, 144 

(1988). 

Nature  (London) 326, 370 (1987). 
(1987). 

Phys. z, 3101 (1982). 
(1989). 

Englewood-Cliffs, New J e r s e y ,  1962). 

(1967). 

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

1:
55

 1
9 

Fe
br

ua
ry

 2
01

3 


