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MULLIKEN'S CHARGE-TFANSFER THEORY AND ITS A"PL1CATIC" 
TO CHEMICAL REACTIONS 

SABURC NAGAKURA 
Institute €or Molecular Science, !lvodaiji, Okazaki 
4 4 4 ,  Japan 

Abstract The charpe-transfer mechanisrr, of  aromatic 
substitution reaction is discussed, much imnortance 
being attached to the relative heipht of the highest 
occupied orbitals of  electron donors to those of the 
lowest unoccupied orbitals of electron accentors. 
Electron transfer processes have been studied with 
solutions having N,N,N',N'-tetramethyl-p-phenylenedi- 
amine as an electron donor. 

INTRODUCTION 

Mulliken's charge-transfer (hereafter abbreviated to CT) 

theory' has been widely and successfully applied to the 

interpretation of various uroperties of electron donor- 

acceptor (hereafter abbreviated to EDA) complexes such as 
their stabilities, geometrical structures, and spectrosconic, 

electric and mapnetic pronerties. The existenceof CT states 

characteristic of  EDA complexes has been demonstrated by 

the measurements of dipole moments and absorption and 
2 electron spin resonance spectra of their excited states . 

I n  particular, the electron spin resonance and triplet- 

triplet absorption studies of excited EDA complexes of 1 , 2 ,  

4,5-tetracyanobenzene as an electron acceptor with 

hexamethylbenzene and other electron donors nuantitativelv 

determined the CT character of their excited triplet 
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10 S. NAGAKURA 

T h i s  may be  t h e  most d i r e c t  e x p e r i m e n t a l  

e v i d e n c e  o f  M u l l i k e n ' s  CT Theory.  

P u l l i k e n ' s  c o n c e n t i o n  of i n t e r m o l e c u l a r  r e s o n a n c e  

i n t e r a c t i o n  between t h e  no-bond and CT s t r u c t u r e s  h a s  been  

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

r e a c t i o n  mechanisms.  I n  t h e  p r e s e n t  n a n e r ,  t h e  CT mechanism 

o f  o r g a n i c  r e a c t  i o n s  is e x p l a i n e d .  

CT MECHANISM OF AROMATIC SUBSTI TUTION REACTIONS 

According  t o  t h e  s i m p l e  molecu1.ar o r b i t a l  t h e o r v ,  M u l l i k e n ' s  

c o n c e p t  of  i n t e r a c t i o n  be tween t h e  CTand no-bond s t r u c t u r e s  

eV 
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FIGURE 1. M o l e c u l a r  o r b i t a l  d i a g r a m s  

acc 
I 2 

L 
-7.0 
- 

f o r  a r o m a t i c  

m o l e c u l e s ,  r e a g e n t s ,  and e l e c t r o n  a c c e p t o r s .  
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CT THEORY AND CHEMICAL REACTIONS 11 

is r e p l a c e d  by t h e  i n t e r a c t i o n b e t w e e n a p m o p r i a t e  m o l e c u l a r  

o r b i t a l s  o f  a n  e l e c t r o n  donor  and t h o s e  o f  a n  e l e c t r o n  

a c c e p t o r ,  i n  p a r t i c u l a r  by t h e  i n t e r a c t i o n  of the  h i g , h e s t  

o c c u p i e d  m o l e c u l a r  o r b i t a l  (HOMO) of  t h e  f o r m e r  w i t h  the  

l o w e s t  unoccupied  o r b i t a l  (LWIO) of  t h e  l a t t e r .  The HONO 

o f  some a r o m a t i c  s u b s t r a t e s  e s t i m a t e d  from t h e i r  i o n i z a t i o n  

p o t e n t i a l  and  t h e  LUMO's of e l e c t r o p h i l i c  r e a g e n t s  e s t i m a t e d  

from t h e i r  e l e c t r o n  a f f i n i t i e s  are  shown i n  F i g u r e  1 

t o g e t h e r  w i t h  t h e  LUMO's o f  u s u a l  e l e c t r o n  a c c e p t o r s  . 5 

We can see from t h i s  F i g u r e  t h a t  t h e  LUMO's of  t y p i c a l  
+ +  + 

e l e c t r o p h i l i c  r e a g e n t s  such  as NO2 , B r  

t h e  HOMO'S o f  a r o m a t i c  m o l e c u l e s  which a r e  s u s c e p t i b l e  t o  

t h e  e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t i o n .  On t h e  o t h e r  hand,  

t h e  LUMO's o f  t h e  i o d i n e  molecule  and t h e  s i l v e r  c a t i o n  

which  c a n  not c a u s e  s u b s t i t u t i o n  r e a c t i o n  b u t  form s t a b l e  

EDA complexes  a re  h i g h e r  t h a n  t h e  HOMO'S o f  t h e  a r o m a t i c  

m o l e c u l e s .  T h i s  means t h a t  a n  e x t r e m e l y  l a r g e  e l e c t r o n  

t r a n s f e r  f rom t h e  a r o m a t i c  s u b s t r a t e  toward t h e  r e a p e n t  i s  

n e c e s s a r y  f o r  t h e  o c c u r r e n c e  of e l e c t r o p h i l i c  s u b s t i t u t i o n  

r e a c t i o n .  I n  o t h e r  words ,  t h e  e l e c t r o p h i l i c  s u b s t i t u t i o n  

p r o c e e d s  t h r o u g h  a s t a g e  a t  which t h e  r e a g e n t  r o b s  almost 

one e l e c t r o n  from t h e  a r o m a t i c  s u b s t r a t e  m o l e c u l e s .  

and 11 l i e s  b e l o v  

For  t h e  n u c l e o p h i l i c  a r o m a t i c  s u b s t i t u t i o n ,  t h e  KOMO 

o f  the r e a g e n t  i s  g e n e r a l l y  v e r y  h i g h .  T h i s  means t h a t  one 

e l e c t r o n  t r a n s f e r  o c c u r s  from t h e  r e a p e n t  t o w a r d s  t h e  

a r o m a t i c  m o l e c u l e s  a t  a n  i n t e r m e d i a t e  s t a g e  of t h e  r e a c t i o n .  

T h i s  CT mechanism of h e t e r o l y t i c  a r o m a t i c  s u b s t i t u t i o n  c a n  

b e  s c h e m a t i c a l l y  r e p r e s e n t e d  a s  f o l l o w :  
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12 S.  NAGAKURA 

A B . .  

+ NO:+ [@) -. .. . ....NO, 
...... 

C D 

+ 
Here NO2 

r e a g e n t .  S t a g e  C c o r r e s p o n d s  t o  t h e  i n n e r  complex as  a n  

r e a c t i o n  i n t e r m e d i a t e .  

i s  t a k e n  as  a n  example  of  t h e  e l e c t r o p h i l i c  

The CT mechanism ment ioned  above c a n  b e  d e s c r i b e d  bv 

t h e  a i d  of  P l u l l i k e n ' s  c o n c e p t  o f  t h e  r e s o n a n c e  i n t e r a c t i o n  

between t h e  CT and no-bond s t r u c t u r e s .  Accord inp  t o  t h i s ,  

t h e  h e t e r o l y t i c  a r o m a t i c  s u b s t i t u t i o n  is  i n t e r p r e t e d  as 
6 

t r a n s f e r  p r o c e s s e s  between t h e  no-bond and CT s t r u c t u r e s  . 
Approximate f o r m u l a e  f o r  t h e  a c t i v a t i o n  e n e r g y  d e r i v e d  on 

t h e  b a s i s  of  t h i s  mechanism show t h a t  t h e  o r i e n t a t i o n  o f  

s u b s t i t u t i o n  is d e t e r m i n e d  by l o c a l i z a t i o n  e n e r g i e s  o r  f r e e  

v a l e n c i e s  of  a r o m a t i c  c a t i o n s  and a n i o n s  f o r  e l e c t r o n h i l i c  

and n u c l e o p h i l i c  s u b s t i t u t i o n ,  r e s p e c t i v e l v .  F u r t h e r m o r e ,  

t h e  n e c e s s a r y  c o n d i t i o n  f o r  t h e  o c c u r r e n c e  of  t h e  a r o m a t i c  

s u b s t i t u t i o n  i s  deduced w i t h  r e g a r d  t o  i o n i z a t i o n  p o t e n t i a l s  

and e l e c t r o n  a f f i n i t i e s  o f  a r o i a t i c  m o l e c u l e s  and r e a g e n t s ,  

and  a l s o  w i t h  r e g a r d  t o  b i n d i n 3  e n e r g i e s  between tcio compo- 

n e n t s  i n  i n t e r m e d i a t e  i n n e r  complexes.  T h i s  t r e a t m e n t  c a n  

w e l l  e x p l a i n  t h e  e x p e r i m e n t a l  r e s u l t s .  I n  f u t u r e ,  however ,  

t h i s  s h o u l d  be  e l a b o r a t e d  by  c o n s i d e r i n g  t h e  c o n t r i b u t i o n  

o f  l o c a l l y  e x c i t e d  s t r u c t u r e s  .md s o l v e n t  e f f e c t s .  

S i n c e  t h e  n r o p o s a l  o f  t h e  CT mechanism o f  h e t e r o l v t i c  
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13 CT THEORY AND CHEMICAL REACTIONS 

s u b s t i t u t i o n  i n  1954 ,  w e  have  s t u d i e d  t h e d e t a i l e d  mechanism 

f o r  v a r i o u s  o r g a n i c  r e a c t i o n s  by d e t e c t i n g  u n s t a b l e  i n t e r -  

m e d i a t e s  a n d  have s u c c e e d e d  i n  d e t e c t i n g  r a d i c a l  i o n s  and 

i n n e r  complexes as  i n t e r m e d i a t e s  f o r  v a r i o u s  a r o m a t i c  sub-  
-, 
I s t i t u t i o n  r e a c t i o n s  i n c l u d i n g  photo-Smiles  r e a r r a n g e m e n t  , 

n u c l e o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  of  p-benzoauinone and 

c h l o r a n i l  w i t h  a l i p h a t i c  and a r o m a t i c  =mines8" and i n  

d e m o n s t r a t i n g  t h e  v a l i d i t y  of t h e  CT mechanism. 

CHARGE TRAFISFER 

p-PHENYLENEDLAMINE (TMPD) AND CHLORANIL 

IIJTCRACTION BETIJEEN N ,  N ,  N , N'-TETRA?lETIIYL- 

\Je have  o b s e r v e d  t h e  a b s o r p t i o n  s p e c t r u m  o f a s y s t e m  c o n t a i n -  

i n g  TMPDand c h l o r a n i l i n a n  e t h y l  ether-isopropvlalcohol(3:l) 

mixed s o l v e n t  a t  v a r i o u s  temperatures' ' .  A t  low c o n c e n t r a -  
-4 t i o n s  o f  b o t h  components ( 1 . 7 5  - 1.25  x 10 M f o r  TMPD, 1 

- 20 x 10 M f o r  c h l o r a n i l ) ,  a c o l o r  c y c l e  shown i n  F i g u r e  

2 i s  o b s e r v e d .  Both components which are a l m o s t  c o m p l e t e l y  

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

t e m p e r a t u r e  t u r n s  g r e e n i s h  y e l l o w  a t  1 9 3 K  and shows a n  

a b s o r p t i o n  band a t  830nm which i s  due t o  t h e  o u t e r  complex. 

"lie c o l o r  becomes d e e p e r  by l o w e r i n g  the t e m p e r a t u r e  t o  77K. 

The s o l u t i o n  c o l o r  changes  from g r e e n i s h  y e l l o w  t o  r e d d i s h  

RlPD + c h l o r a n i l  
( c o l o r l e s s )  

room t e m p e r a t u r e  

-4 

\ 
i n n e r  complex 

( r e d d i s h  brown) 

o u t e r  complex J/' 
( g r e e n i s h  y e l l o w )  

o u t e r  complex / I g 3  
( g r e e n i s h  y e l l o w )  

77 K 
F I G U R E  2 .  A c o l o r  c y c l e  o b s e r v e d  w i t h  t h e  TMPD-chloranil 

s y s t e m .  
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14 S. NAGAKURA 

brown by r a i s i n p ,  t e m p e r a t u r e  Erom 77K t o  1931;. The r e d d i s h  

brown s o l u t i o n  shows a b s o r p t i o n  p e a k s  a t  1100, 635,  520 and 

434nm. The llOOnm band c o r r e s p o n d s  t o  a r e v e r s e  CT band of  

t h e  i n n e r  complex ( i o n  p a i r )  lobserved by S a t o  e t  a l .  f o r  

t h e  s o l i d  TNPD-chloranil". 

t u r e ,  t h e  s o l u t i o n  r e t u r n s  t o  t h e  i n i t i a l  c o l o r l e s s  s t a t e .  

T h i s  c o l o r  c y c l e  c a n  b e  r e p e a t e d  many times. 

6y r a i s i n g  f u r t h e r  t h e  tempera- 

The c o n c e n t r a t i o n  o f  t h e  o u t e r  complex i n c r e a s e s  a t  

77X compared w i t h  t h a t  a t  1931.  C o n s e a u e n t l y ,  t h e  m i c r o s -  

c o p i c  p o l a r i t y  o f  t h e  s o l u t i o i  becomes l a r g e r  a t  77iZ and 

t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  i n n e r  complex f o r m a t i o n  i s  

lowered  as  i s  shown i n  F i g u r e  3.  T h i s  phenomenon is 

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

e n h a n c e  t h e  i n n e r  comnlex f o r m a t i o n  bv i n c r e a s i n p  t h e  

p o l a r i t y  o f  m i c r o s c o p i c  chemi-a1  e n v i r o n m e n t .  

React ion Coordinate 
FIGC'RE 3 .  P o t e n t i a l  e n e r g y  c u r v e s  f o r  t h e  TMPD-chloranil 

sys ten! .  
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CT THEORY AND CHEMICAL REACTIONS 15 

MAGNETIC F I E L D  EFFECTS ON PHOTOIONIZATION OF TMPD 

Magnet ic  f i e l d  e f f e c t s  upon t h e  p h o t o i o n i z a t i o n  y i e l d  o f  
1 2  TMPD i n  d e a e r a t e d  2-propanol  s o l u t i o n  h a s  been  s t u d i e d  . 

T r a n s i e n t  p h o t o c o n d u c t i v i t y  h a s  been  measured i n  t h e  a b s e n c e  

and i n  t h e  p r e s e n c e  o f  magnet ic  f i e l d s .  The r e s u l t  o b s e r v e d  

i n  t h e  p r e s e n c e  o f  t h e  magnet ic  f i e l d  of  72Om'r is shown i n  

F i g u r e  4 compared w i t h  t h a t  i n  t h e  a b s e n c e  of  t h e  magnet ic  

f i e l d .  We c a n  see from t h i s  F i g u r e  t h a t  t h e  maximum photo-  

c u r r e n t  i n c r e a s e s  b y  - 15%. Fur thermore  i t  is  concluded  

from s e n s i t i z i n g  e x p e r i m e n t  u s i n g  a c e t o n e  a s  a t r i p l e t  

s e n s i t i z e r  and a l s o  from t h e  l aser  i n t e n s i t y  dependence of 

p h o t o c u r r e n t  t h a t  t h e  p h o t o i o n i z a t i o n  o c c u r s  th rough a n  

e x c i t e d  s i n g l e t  s t a t e .  

I 
TMPD / 2-Propanol 

(a) H = 0 rnT 

I I I I 

0 

F I G U R E  4 .  T i m e  dependence o f  p h o t o c u r r e n t  f o r  t h e  
d e a e r a t e d  2-propanol  s o l u t i o n  of  TMPD ( 5  x 10-4H):(a)  
i n  t h e  a b s e n c e  o f  a m a g n e t i c  f i e l d ;  (b)  i n  t h e  
p r e s e n c e  o f  t h e  magnet ic  f i e l d .  
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16 S. NAGAKURA 

From t h e  e x p e r i m e n t a l  r e s u l t s  ment ioned  above  and a l s o  

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

r e a c t i o n s ,  w e  c a n  propose  a r e a c t i o n  mechanism f o r  t h i s  

r e a c t  i o n  : 

TMPD: + e;,, 

TNPD i n  t h e  e x c i t e d  s i n g l e t  s t a t e  e j e c t s  a n  e l e c t r o n  t o  a 

s o l v e n t  m o l e c u l e  t o  g e n e r a t e  a s i n g l e t  r a d i c a l  D a i r  of t h e  

TMPD c a t i o n  and t h e  s o l v a t e d  e l e c t r o n  ( n r o c e s s ( 1 ) ) .  From 

t h e  s i n g l e t  p a i r ,  t h e r e  a r e  t h r e e  compet ing  p r o c e s s e s , i . e . ,  

i n t e r s y s t e m  c r o s s i n g  ( I S C )  t o  a t r i p l e t  r a d i c a l  p a i r  ( 

p r o c e s s  ( 2 ) ) ,  r e c o m b i n a t i o n  t o  t h e  ground s t a t e  TMPD 

( p r o c e s s  ( 3 ) ) ,  and s e p a r a t i o n  i n t o  f r e e  r a d i c a l s  ( p r o c e s s  

( 4 ) ) .  The t r i p l e t  r a d i c a l  paLr  may underpo  ISC t o  t h e  

s i n g l e t  one  ( p r o c e s s  ( 5 ) ) ,  r e c o m b i n a t i o n  t o  t h e  e x c i t e d  

t r i p l e t  TMPD ( p r o c e s s  ( 6 ) ) ,  and  s e p a r a t i o n  i n t o  f r e e  

r a d i c a l s  ( p r o c e s s  ( 7 ) ) .  
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Here w e  r e p r e s e n t  t h e  ra te  c o n s t a n t  of  p r o c e s s i a s  k i .  

On t h e  a s s u m p t i o n  of  k >; k 3,  k5 ,  k 7 ,  t h e  y i e l d  of  

d i s s o c i a t e d  r a d i c a l  i o n  i s  p r o D o r t i o n a 1  t o  k / ( k  + k ) .  

According t o  t h e  r a d i c a l  p a i r  model, t h e  s i n g l e t - t r i p l e t  

I S C  of t h e  r a d i c a l  p a i r  ( ( 2 )  and ( 5 ) )  o c c u r s  v i a  e l e c t r o n -  

n u c l e a r  h y p e r f i n e  i n t e r a c t i o n .  A t  z e r o  f i e l d ,  a l l  t r i p l e t  

s u b l e v e l s  are d e g e n e r a t e  w i t h  t h e  s i n g l e t  s t a t e .  I n  t h e  

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

s i n g l e t  s t a t e  and two t r i p l e t  s u b l e v e l s  i s  removed b e c a u s e  

of  t h e  e l c t r o n i c  Zeeman e f f e c t .  T h e r e f o r e ,  s i n g l e t - t r i p l e t  

I S C  r a t e s  (k2 and k ) is  reduced  i n  t h e  p r e s e n c e  o f  a 

magnet ic  f i e l d .  

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

t h e  e x p e n s e  of t h a t  of  t h e  e x c i t e d  t r i p l e t  y i e l d .  

4 2  4 

5 
The r e d u c a t i o n  o f  k2  r e s u l t s  i n  t h e  
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and S. Nagakura, to be published in s e m .  Phys. Lett. 
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