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NEW DESCRIPTION OF THE SUBSTITUENT EFFECT ON ELECTRONIC 
SPECTRA BY MEANS OF SUBSTITUENT CONSTANTS. III. CHARGE 
TRANSFER SPECTRA OF EDA COMPLEXES 

TANEKAZU KUBOTA, BUNJI UNO, KENJI KANO, AND 

Gifu Pharmaceut ica l  Un ive r s i ty ,  Mi tahora ,  G i fu ,  Japan 
Y ~ I C H I  NINOMIYA 

Abstract General equa t ions  i n  order t o  d e s c r i b e  t h e  
e l e c t r o n i c  spectra by means o f  s u b s t i t u e n t  c o n s t a n t s  
w e r e  d e r i v e d  on t h e  basis o f  molecular  o rb i t a l  theo ry .  
The m o s t  s u i t a b l e  s u b s t i t u e n t  c o n s t a n t s  are t h e o r e t i -  
c a l l y  Swa in ' s  F and R c o n s t a n t s ,  b u t  Yukawa-Tsuno's 
parameter  i s  also u s e f u l  f o r  7r-electron s y s t e m .  I n  t h i s  
paper  t h e s e  equa t ions  were a p p l i e d  t o e x p l a i n  t h e  charge 
t r a n s f e r  s p e c t r a  of T-lT type  EDA complexes composed of 
TCNE and v a r i o u s  k inds  o f  aromatic donors.  The r e s u l t s  
have been q u i t e  r easonab le  and d i s c u s s e d  i n  d e t a i l .  

INTRODUCTION 

I n  e a r l i e r  p a p e r s  w e  d e r i v e d  t h e  Eq.  1 given  below t h a t  con- 

n e c t s  t h e  nonaqueous o x i d a t i o n  (EoXd) and r educ t ion  (Ered) 

p o t e n t i a l s  and e l e c t r o n i c  s i n g l e t  or t r i p l e t  band energy ,  

t h e  l a t t e r  be ingmain ly  c o n t r i b u t e d  from HOMWLUMO t r a n s i t i o n  

and having t h e  same c h a r a c t e r  i n  a series o f  substances.'-4 

1 /2  1 / 2  

oxd red 1,3 W - El /z)  = k 1 - Ehc+lu + k 2  

The p h y s i c a l  meaning o f  t h e  c o n s t a n t  terms, kl and k 2 ,  w a s  

q u a n t i t a t i v e l y  i n t e r p r e t e d ,  and many exper imenta l  r e s u l t s  

have w e l l  f u l f i l l e d  t h e  t h e o r e t i c a l  p r e d i c t i o n  due t o  t h e  

and Ered 
1 /2  ' NOW, it is w e l l  known t h a t  t h e  Eoxd 

1 /2  
Eq. l.1-6 

corresponding  to t h e  f r e e  energy change o f  redox r e a c t i o n s ,  

are e x p l a i n e d  by t h e  so -ca l l ed  s u b s t i t u e n t  cons tan ts '  b u t  i n  

1 1 1  
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112 T. KUBOTA el al. 

o x d  r e d  1-6 
These f a c t s  s h o u l d  1 /2  and E 1 / 2 -  d i f f e r e n t  way between E 

be a s c r i b e d  t o  t h a t  the e l e c t r o n i c  t r a n s i t i o n  band i s  w r i t t e n  

by t h e  e n e r g y  d i f f e r e n c e  be tween g r o u n d  and  e x c i t e d  s ta tes ,  

e a c h  o f  which  behaves  i n  d i f f e r e n t  way f o r  t h e  s u b s t i t u e n t  

e f f e c t .  Those circumstances r e n d e r  t h e  d e s c r i p t i o n  o f  W 

band e n e r g y  by  t h e  u s u a l  s u b s t i t u e n t  c o n s t a n t s  l i k e  U p ,  Urn 

e tc .  d i f f i c u l t .  However, it s h o u l d  b e  n o t e d  t h a t  Swain and 

h i s  c o l l e a q u e s  d e r i v e d  t h e o r e t i c a l l y  a n d  e x p e r i m e n t a l l y  

t h e i r  F and R s u b s t i t u e n t  u s e  o f  which  makes 

i t  p o s s i b l e  to  wr i t e  t h e  v a r i o u s  k i n d s  o f  s u b s t i t u e n t  

c o n s t a n t s  (U 0 U', U-, U* and so o n )  f o r  aromatic and  

a l i p h a t i c  s y s t e m s  by t h e  form of  e q u a t i o n  0 = fF + r R  + c. 

Apply ing  t h i s  e q u a t i o n  t o  Eq. 1, w e  d e r i v e d  Eq. 2 ,  t h e  

l i m i t a t i o n  a n d  t h e  scope o f  E q .  2 w a s  a l r e a d y  d i s c u s s e d  i n  

d e t a i l .  " 

p '  m'  

l t 3 E W  = a F  + bR + c 

I n  t u r n ,  t h e  same p r o c e s s  as t h e  d e r i v a t i o n  of Eq. 2 i n d i -  

cates t h a t  t h e  E q .  3 i n s t e a d  of E q .  2 is also u s e f u l  f o r  X -  

e l e c t r o n  s y s t e m  a l o n e ,  where U i ,  U; and U, are Yukawa- 

T s u n o ' s  s u b s t i t u e n t  c o n s t a n t s .  1 1 - 1 2  I t  w a s  v e r i f i e d  t h a t  t h e  

s u b s t i t u e n t  c o n s t a n t s  s u c h  as Of,  U-, Up,  Urn and U i  are also 

w r i t t e n  by t h e  l i n e a r  c o m b i n a t i o n  o f  Ui, U; and Ui.'1-12 

I n  o r d e r  t o  c e r t i f y  and t o  d e v e l o p  Eqs.  2 and 3 t h e  a p p l i c a -  

t i o n  o f  t h e s e  e q u a t i o n s  to  t h e  i n t e r m o l e c u l a r  c h a r g e  t r a n s f e r  

b a n d s  (CT b a n d s )  h a s  been  s t u d i e d  i n  t h i s  p a p e r .  A t  f i r s t  

w e  have  c a r e f u l l y  r e c o r d e d  t h e  CT b a n d s  due to  t h e  -ir-TI t y p e  

EDA complexes i n  CH2C12 composed of t e t r a c y a n o e t h y l e n e  (TCNE) 

as an e l e c t r o n  a c c e p t o r  and v a r i o u s  k i n d s  o f  s u b s t i t u t e d  

b e n z e n e s  and  s t i l b e n e s  as e l e c t r o n  d o n o r s .  Accord ing  t o  
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SUBSTITUENT EFFECT ON CHARGE TRANSFER SPECTRA 113 

Mul l iken ' s  charge  t r a n s f e r  t heo ry13  t h e  CT band energy  in -  

h e r e n t  t o  t h e  CT complexes p e r t i n e n t  t o  t h e  above systems i s  

w r i t t e n  by Eq. 4 based  on p e r t u r b a t i o n  theo ry .  

hVCT = (Ip - C 1 )  + [C2/ ( IP  - C 1 ) l  (4)  

Since  t h e  second term v a l u e  i n  t h e  r igh t -hand s i d e  o f  E q .  4 

i s  much s m a l l e r  t han  t h e  f i r s t  term va lue  i n  t h e  case  of 

weak complexes,  E q .  4 i s  then  r e w i t t e n  as E q .  5 ,  where c3  is  

a new c o n s t a n t ,  and Ip i s  t h e  v e r t i c a l  i o n i z a t i o n  p o t e n t i a l  

of e l e c t r o n  donors .  

hVCT = I~ - c3  ( 5 )  

The Ip and nonaqueous EoXd v a l u e s  are t h e  p h y s i c a l  c o n s t a n t s  

q u i t e  s i m i l a r  t o  each  o t h e r ,  because  t h e  r e l a t i o n  o f  E q .  6 

i s  w e l l  kown.' 

1/ 2 

(6 )  Eoxd 1/2 ( R  / R )  = - E ~ ~  + A G O  + A E $ ~ ~ ~  

Where A G O ,  AEsfolv, and E~~ ( I p  = - E ~ J  a r e  t h e  a b s o l u t e  

p o t e n t i a l  of r e f e r e n c e  e l e c t r o d e ,  s o l v a t i o n  energy d i f f e r e n c e  

between c a t i o n  r a d i c a l  and n e u t r a l  s p e c i e s ,  and HOMO ene rgy ,  

r e s p e c t i v e l y .  The v a l u e s  of AEzolv a r e  n o t  so v a r i e d  i n  a 

s e r i e s  o f  s imilar  s u b s t a n c e s ,  t h e r e f o r e  we can e a s i l y  p r e d i c t  

t h a t  t h e  Ip va lues  hav ing  t h e  same c h a r a c t e r  i n  a series of  

s u b s t a n c e s ,  i n  o t h e r  words,  hVCT v a l u e s  accord ing  to  Eq.  5 

a r e  a l s o  expres sed  by E q .  2 or  3 by means of  s u b s t i t u e n t  

c o n s t a n t s .  

RESULTS AND DISCUSSION 

S u b s t i t u t e d  benzenes ( s e e  TABLE I ) ,  TCNE, and CH2C12(solvent 

of spec t rog rade  p u r i t y )  commercially a v a i l a b l e  were c a r e f u l l y  

p u r i f i e d  by a u s u a l  manner. Pure s t i l b e n e  d e r i v a t i v e s  ( s e e  

TABLE 11) used  he re  are t h e  same as those  employed i n  ou r  
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I14 T. KUBOTA d a1 

TABLE I The hVCT v a l u e s  o f  s u b s t i t u t e d  benzenes  - TCNE 

complexes:) and Ip va luesb )  o f  t h e  benzene d e r i v a t i v e s .  

1. H(benzene1 
2. mono-CH3 
3. mono-C2Hg 
4. mono-C1 
5 .  mono-Br 
6. mono-OH 
7. mono-OCH3 
8. mono-OC2Hs 
9.  mono-NH2 
10. mono-N (CH3) 2 
11. mono-COOH 
12. mono-COOCH3 
1 3 .  mono-COOC2H5 
14. mono-CF3 

16. p-CH3-Br 
17. p-CH3'OH 

15. P-CH3.Cl 

18. p - C l . C l  
19. p - C l ' O H  
20. p-Cl.NH2 
21. p - B r - B r  
22. p - B r - O H  
23. p-Br-OCH3 
24. p-Br-NH2 
25. p-OH.OCH3 
26. P-OCH3.0CH3 
27. P-OCH3-COOC2H5 444.2 2.791 

386.4 3.209 
409.8 3.026 
411.0 3.017 
367.7 3.372 
384.0 3.229 
495.8 2.501 
506.8 2.446 
515.3 2.406 
583.8 2.124 
674.5 1 .838  
340.0 3.647 
339.7 3.650 
337.2 3.677 
327.6 3.785 
430.0 2.883 
441.2 2.810 
534.9 2.318 
400.8 3.093 
505.3 2.454 
589.2 2.104 
412.2 3.008 
500.5 2.477 
513.7 2.414 
597.1 2.076 
621.8 1.994 
631.6 1 .963  

9 . 2 3  
8.85 

393.4 3.152 8 .73  
387.2 3.202 8.39 
389.2 3.186 

8.05 
402.8 3.078 7.37 

393.1 3.154 

355.8 3.485 
355.9 3.484 

379.9 3.264 
378.8 3.273 
375.2 3.305 

a )  Our s p e c t r a l  measurements were c a r r i e d  o u t  by 
focus ing  t h e  s p e c i a l  a t t e n t i o n  on t h e  f i r s t  band 
of  CT s p e c t r a .  The second CT bands  l i s t ed  i n  
t h i s  t a b l e  are o n l y  t h o s e ,  which are c l e a r l y  
r eco rded  i n  t h e  cour se  o f  t h e  f i r s t  CT band 
measurement. 

b )  See ref .  14 i n  t h e  t e x t .  These a r e  f i r s t  Ip 
having  t h e  benzene elg(s) c h a r a c t e r .  
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SUBSTITUENT EFFECT ON CHARGE TRANSFER SPECTRA 115 

TABLE I1 The hvCT v a l u e s  o f  4 , 4 ' - d i s u b s t i t u t e d  
b) s t i l b e n e s  - TCNE complexes , a )  and EY:; va lues  

of t h e  s t i l b e n e  d e r i v a t i v e s .  

No. 

- 
1. 
2. 
3. 
4. 
5. 
6. 
7. 

Sub s t i t ue n t hv,, (1) 

(nm) ( e V )  

H ( s ti lbene  ) 592.2 2.094 
4,4 ' - (CH3) 2 660.0 1.879 
4,4'-(C2H5)2 665.0 1.864 
4,4'-C12 576.1 2.152 
4,4' - B r 2  577.0 2.149 
4,4'-(OCH3)2 776.1 1.598 
4,4 ' - (OCOCH3 ) 2 585.0 2.119 

378.0 3.200 1.476 
1.225 

392.0 3.163 1.321 
1.547 
1.605 

-427.0 -2.904 0.996 
1.453 

~~ ~- 
a )  See foo tno te  a )  i n  t h e  TABLE I .  
b )  Taken from r e f .  6' i n  t h e  t e x t .  So lven t  i s  CH3CN. 

- 
1.0 I - 

300 400 500 600 

Wavelength / nm 
F I G U R E  1. Charge t r a n s f e r  s p e c t r a  p e r t i n e n t  t o  t h e  

monosubs t i tu ted  benzenes - TCNE complexes i n  CH2CI2. 
The number given i n  t h i s  f i g u r e  deno tes  t h e  sample 
number l i s t e d  i n  TABLE I .  
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116 T. KUBOTA et al. 

p r e v i o u s  s t u d i e s . ‘  A l l  t h e  CT spectra w e r e  r e c o r d e d  a t  room 

t e m p e r a t u r e  e x c e p t  f o r  t h e  s y s t e m s  c o n s i s t i n g  o f  TCNP, and 

a n i l i n e  or d i m e t h y l a n i l i n e  , t h e  l a t t e r  s y s t e m s  b e i n g  measured  

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

u n s t a b i l i t y  o f  t h e  complexes .  A l l  t h e  e x p e r i m e n t a l  d a t a ,  

i o n i z a t i o n  p o t e n t i a l s ,  and  Eoxd v a l u e s  are c o l l e c t e d  i n  1/2 
TABLES I and 11, and t h e  t y p i c a l  CT spectra are i l l u s t r a t e d  

i n  F i g .  1. 

S u b s t i t u e n t  Dependence o f  I o n i z a t i o n  P o t e n t i a l s  

A t  f i r s t  t h e  s u b s t i t u e n t  dependence  o f  i o n i z a t i o n  p o t e n t i a l s  

h a s  been  examined on  t h e  several s y s t e m s .  I n  case of t h e  Ip 

( e V  u n i t )  d e r i v e d  from benzene  e ( s )  level14 t h e  r e g r e s s i o n  

e q u a t i o n  w i t h  F and R c o n s t a n t s  is Ip = 0.434F + 0.502R + 
9.126 ( s a m p l e  number ( n )  = 9 ,  c o r r e l a t i o n  c o e f f i c i e n t  ( r )  = 

0.9748, s t a n d a r d  d e v i a t i o n  ( s )  = 0.2334; N ( C H 3 ) 2 ,  NH2, OCH3, 

OH, CH3, H ,  COCH3, CN, NO2). A l s o ,  f o r  4 - s u b s t i t u t e d  

p y r i d i n e  N-oxides  t h e  f i r s t  Ip due  t o  IT-MO (bl u n d e r  CZv) 

c o n t r i b u t e d  m a i n l y  from t h e  N-oxide g r o u p  oxygen 2p~r-AO” is 

Ip = 0.354F + 0.372R + 8.305 ( n  = 7, r = 0.9927, s = 0.095), 

and t h e  n i t r o g e n  l o n e  p a i r  Ip o f  a l k y l  s u b s t i t u e n t s  o f  

N(RlR2R3)l6 i s  Ip = 1.938F + 1.816R + 10.532 ( n  = 7, r = 

0.9676, s = 0.2853) by assuming t h e  a d d i t i v i t y  of F and R 

c o n s t a n t s .  by  means of F and  R p a r a -  

meters seems t o  b e  v e r y  good. 

19 

The d e s c r i p t i o n  o f  Ip 

S u b s t i t u e n t  Dependence of Charge T r a n s f e r  S p e c t r a  

L e t  u s  now d i s c u s s  t h e  s u b s t i t u e n t  e f f e c t  on t h e  CT spectra 

s t u d i e d  here b y  u s i n g  E q s .  2, 3 a n d  5. A n  example of Eq. 2 

is shown i n  F i g .  2 fo r  m o n o s u b s t i t u t e d  b e n z e n e s ,  where w e  

can see t h a t  t h e  a g r e e m e n t  be tween o b s e r v e d  and e s t i m a t e d  CT 

s p e c t r a l  v a l u e s  is v e r y  good. The r e g r e s s i o n  e q u a t i o n  i s  
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SUBSTITUENT EFFECT ON CHARGE TRANSFER SPECTRA I17 

( 7 )  h V C T  = 0.269F + 0.454R + 3.204. 

(n  = 1 3 ,  r = 0.9885,  s = 0.1039) 

The r e g r e s s i o n  a n a l y s e s  s imi la r  t o  the above were a l so  made 

on t h e  o t h e r  d a t a  l i s t e d  i n  TABLE I. The r e s u l t s  are as 

f o l l o w s .  

hVcT = 0.0124F + 0.355R + 3.134 

(n = 1 4 ,  r = 0.9832,  s = 0.0843)  

f o r  p - d i s u b s t i t u t e d  b e n z e n e s  - TCNE complexes,  and  

hVCT = 0.029OF + 0.415R + 3.249 

(n = 2 6 ,  r = 0.9784,  s = 0.1212)  
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OH / C2H5 
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FIGURE 2. The c o r r e l a t i o n  o f  observed and estimated 
CT band e n e r g i e s  o f  m o n o s u b s t i t u t e d  benzene  - TCNE 
complexes .  The l a t t e r  v a l u e s  are c a l c u l a t e d  from 
E q .  7. S e e  t h e  t e x t  for detai ls .  
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T. KUBOTA ct al. I I8 

f o r  a l l  of t h e  TCNE complexes o f  monosubs t i t u t ed  and p-d i -  

s u b s t i t u t e d  benzenes ,  t h e  a d d i t i v i t y  of F and R v a l u e s  be ing  

assumed f o r  t h e  p - d i s u b s t i t u e n t s .  The r e l a t i o n  of Eq. 9 i s  

d e p i c t e d  i n  F ig .  3 .  I n  c a s e  o f  4 , 4 ' - d i s u b s t i t u t e d  s t i l b e n e s  

l i s t e d  i n  TABLE I1 t h e  r e g r e s s i o n  e q u a t i o n  i s  

hVCT = 0.212F + 0.3388 + 2.043. (10) 

( n  = 7 ,  r = 0.9826, s = 0.0469) 

Also ,  t h e  a p p l i c a t i o n  of E q s .  3 and 5 to  t h e  sys tem of mono- 

s u b s t i t u t e d  benzenes  gave the  E q s .  11 and 1 2 ,  r e s p e c t i v e l y ,  

4.0 

4 > 
0)  
\ 

3.0- 
3 
W > 
'0 
W > 
W 

- 

L 

v) 2.0- n 
0 

I 
2.0 3.0 4 

Estimated volues / e V  
FIGURE 3 .  The c o r r e l a t i o n  o f  observed  and e s t i m a t e d  

CT band e n e r g i e s  o f  s u b s t i t u t e d  benzenes  - TCNE 
complexes. The e s t i m a t e d  v a l u e s  are o b t a i n e d  from 
E q .  9. The number g iven  i n  t h i s  f i g u r e  d e n o t e s  t h e  
sample number l i s t e d  i n  TABLE I .  
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SUBSTITUENT EFFECT ON CHARGE TRANSFER SPECTRA 119 

wi th  q u i t e  good r e s u l t s .  

hvCT = 0.722Ui + 2.729Ui + 1 . 4 5 6 ~ ;  + 3.229 (11) 

(n  = 10, r = 0.9921, s = 0.0985) 

hVCT = 0.792 Ip - 4.108 

( n  = 5 ,  r = 0.9790. s = 0.1371) 

( 1 2 )  

The Ip d a t a  a v a i l a b l e  h e r e  f o r  exp la in ing  t h e  hVCT w a s  o n l y  

5 f o r  monosubs t i tu ted  benzenes.  '', When w e  have a p p l i e d  EoXd 
1 / 2  

i n s t e a d  of Ip t o  correlate hvcT, t h e  Eq. 13 i s  ob ta ined  f o r  

4 , 4 ' - d i s u b s t i t u t e d  s t i l b e n e s .  The l i n e a r i t y  between hvCT 
and Eoxd v a l u e s  i s  very  good. 

1 / 2  

hVCT = 0.960EYT; + 0.660 (13)  

(n  = 7,  r = 0.9738, s = 0.0520) 

Now, from t h e  above r e s u l t s  montioned h i t h e r t o  i t  is e a s i l y  

understood t h a t  t h e  hVCT va lues  p e r t i n e n t  t o  t h e  71-11 t y p e  

TCNE complexes are w e l l  de sc r ibed  by means o f  E q s .  2 ,  3 and 

5 ,  so t h a t  t h e  hVCT v a l u e s  can be estimated wi th  a good 

accuracy by us ing  the  s u b s t i t u e n t  c o n s t a n t s  sugges ted  h e r e  

wi thout  t h e  knowledge o f  i o n i z a t i o n  p o t e n t i a l s .  W e  a r e  now 

extending  this k ind  of s tudy  t o  t h e  s p e c t r a l  and thermo- 

dynamical d a t a  of EDA complexes, l i k e  n-U type ,  o t h e r  t han  

TI-T t ype  complexes. 
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