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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX 

J . K .  K O C H I  AND J . M .  MASNOVI 
Department  of C h e m i s t r y ,  U n i v e r s i t y  of Houston 
U n i v e r s i t y  P a r k ,  Hous ton ,  Texas  77004 

A b s t r a c t  For  a wide  v a r i e t y  of o r g a n i c  and organo-  
m e t a l l i c  r e a c t i o n s ,  t h e  o b s e r v e d  c o r r e l a t i o n  of t h e  
second-order  r a t e  c o n s t a n t  ( l o g  k)  w i t h  t h e  c h a r g e  
t r a n s f e r  t r a n s i t i o n  e n e r g y  (hS . )  d i r e c t l y  r e l a t e s  
t h e  a c t i v a t e d  complex f o r  t h e  Z i i a b a t i c  p r o c e s s  t o  
t h e  i o n  p a i r  d e r i v e d  from t h e  v e r t i c a l  CT e x c i t a t i o n  
of  t h e  e l e c t r o n  d o n o r - a c c e p t o r  complex a s  experimen- 
t a l l y  o b s e r v e d  by t i m e - r e s o l v e d  s p e c t r o s c o p y .  

INTRODUCTION 

T r a n s i e n t  c h a r g e  t r a n s f e r  (CT) a b s o r p t i o n  bands  a r e  o f t e n  

o b s e r v e d  d u r i n g  t h e  r e a c t i o n s  of many o r g a n i c  and organo-  

m e t a l l i c  compounds w i t h  e l e c t r o p h i l e s .  l r 2  

a t e d  w i t h  i n t e r m e d i a t e  complexes formed i n  s u c h  common 

These  a r e  a s s o c i -  

Oiels-Alder: 

29 
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30 1. K. KOCHI AND I. M. MASNOVI 

In these reactions, the organic. OK organometallic compound 

serves as the electron donor in measure with its low ioni- 

zation potential. Correspondingly, the electron-def icient 

partner such as bromine is usually designated as the elec- 

trophile which cannot be distinguished from its capacity 

as an electron acceptor. 4 

The concept of charge transfer also applies to divers 

donor and acceptor pairs such as: 

ACCeOtOrS EA(eV) - Donors ID(eV) - 
0.7 CH?=CHZ 10.5 02 

( CH3)2CIC(CH3)2 8.4 CCl4 2 . 1  

Et3N 7 . 7  Quinone 2 . 6  

PhOCHg 8 . 5  TCNE 3.1 
More broadly speaking, charge transfer forms a part of a 

continuum of oxidation-reduction processes which are mech- 

anistically distinguished by the extent to which the inter- 

penetration of coordination spheres of the reactant pair 

has taken place in the activated complex.' The two mech- 

anistic extremes have been designated as outer-sphere and 

inner-sphere prototypes as schematically represented below. 

OX I DAT ION-REWCT ION REACT IOWS 

A +  D A- t D' 
(Oxldont) (Reducttmt) 

- Outer-sohere Tronslllon State: 

- lnner-sohere T r t m s l t l m  State: 
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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX 31 

It is important to emphasize the caveat that any kinetics 

investigation of oxidation-reduction processes must spe- 

cifically address the question of reversibility in the 

elect ran- transfer step! i . e . 
- Ion-Polr Internredlate: 

k 
A + 0 [A-  D ' I  k2 Products 

I k-1 1 

CHAASGE TRANSFER EXCITATION AND THE ACTIVATED COMPLEX 

Although the theoretical basis for outer-sphere electron 

transfer is provided by Marcus theory, no such paradigm 

is available for inner-sphere electron transfer.' 

presented a phenomenological approach to this problem which 

can be summarized as follows. Consider the halogenolysis 

of alkylmetals as represented in eq 5 above. Typical tran- 

sient charge transfer spectra (obtained by a spectral dif- 

ference method) are shown below for a series of alkyltin 

We have 

compounds with 

m 
U 
C 
0 

0 
a 
0 

2 

a 

bromine. 

Wavelength, nm 
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32 J .  K .  KOCHl AND 1. M. MASNOVI 

For  a v a r i e t y  of s y s t e m s  c o n s i s t i n g  o f  d i f f e r e n t  a l k y l m e t a l s  

w i t h  h a l o g e n s ,  t h e  s e c o n d - o r d e r  r a t e  c o n s t a n t s  ( l o g  k )  a r e  

e x p e r i m e n t a l l y  found t o  v a r y  l i n e a r l y  w i t h  t h e  CT t r a n s i t i o n  

e n e r g y  (hGCT) o f  t h e  1 : l  e l e c t r o n  d o n o r - a c c e p t o r  (EDA) com- 

p l e x  as  shown below.  

h$,, , eV 

I f  w e  proceed  from M u l l i k e n  t h e o r y , '  

r e p r e s e n t s  t h e  e n e r g e t i c s  f o r  t h e  c h a r g e  t r a n s f e r  p r o c e s s  

(11) 
g i v e n  i n  eq 11 ,  

where  D and A r e p r e s e n t  t h e  o r g a n o m e t a l  d o n o r  and t h e  h a l o -  

gen a c c e p t o r ,  r e s p e c t i v e l y ,  an3  t h e  a s t e r i s k  i d e n t i f i e s  t h e  

i o n  p a i r  d e r i v e d  from v e r t i c a l  e x c i t a t i o n  i n  t h e  EDA complex. 

A s  s u c h ,  i t  is r e l a t e d  t o  t h e  s d i a b a t i c  i o n  p a i r  [ D  A 1 
which  i s  formed i n  t h e  t h e r m a l  r e a c t i o n  by a c o n t r i b u t i o n  

from s o l v a t i o n  ( s )  The i n t e r r e l a t i o n s h i p  among t h e  t h r e e  

s p e c i e s  i s  s c h e m a t i c a l l y  r e p r e s e n t e d  by t h e  thermochemica l  

c y c l e  below.  

t h e  t r a n s i t i o n  energy  

h3cT + - * 
D + A G= [ D , A ]  - [ D  A ] 

+ -  

Activation Process for Inner-SDhere Oxidation. 
Energetics o f  Ion-Pair Formation 
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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX 33 

Uhen a compara t ive  method i s  used t o  e v a l u a t e  t h e  energy  

changes,  t h e  thermochemical  c y c l e  p r e d i c t s  t h e  fo l lowing  

e q u i v a l e n t  r e l a t i o n s h i p s ,  

LGf = - R T l n k / b  = A d c T  + AC: (12) - 

AG: = Aw; + AG: (14) 

where a l l  q u a n t i t i e s  r e l a t e  t o  energy d i f f e r e n c e s  r e l a t i v e  

t o  t hose  of t h e  r e f e r e n c e  a l k y l m e t a l .  The work term w i n  

t h e  ion  p a i r  d e r i v e s  from t h e  f i r s t  o r d e r  Ku l l iken  formu- 

l a t i o n :  

P 

hdCT = ID - EA - w 
P 

where ID i s  t h e  v e r t i c a l  i o n i z a t i o n  energy  of t h e  a l k y l -  

me ta l  donor .  

t o r  d rops  o u t  i n  t h e  compara t ive  p rocedure ] .  The s u c c e s s  of 

t h i s  fo rmula t ion  i s  shown by t h e  f i g u r e  below which g raph i -  

c a l l y  i l l u s t r a t e s  t h e  f i t  of eq 12  t o  t h e  t h r e e  indepen- 

d e n t l y  de te rmined  expe r imen ta l  v a r i a b l e s ,  v i z . ,  AG:, AhdCT, 

and A G s .  

l o g  k - v s  Ah.?,, shown above are inc luded  i n  t h i s  u n i f i e d  

[Note t h e  e l e c t r o n  a f f i n i t y  EA of t h e  accep- 

Note t h a t  all t h e  p o i n t s  i n  t h e  t h r e e  p l o t s  of 

p i c t u r e .  

.I& 
0 a 

20 - 

- 
I I 

0 10 20 

At: - A h ? ,  , heal mo? 
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34 J .  K .  KOCHl AND .I. M. MASNOVI 

EXPERIMENTAL VERIFICATION OF hTLLIKEN THEORY 

The v a l i d i t y  of  t h e  g e n e r a l i z e d  f o r m u l a t i o n  o f  r e a c t i o n  

r a t e s  a s  p r e s e n t e d  by e q s  12-14 depends  c r i t i c a l l y  upon 

t h e  i o n  p a i r  a s  t h e  CT e x c i t e d  s t a t e  a c c o r d i n g  t o  eq 11. 

However t h e r e  h a s  been h e r e t o f o r e  no d i r e c t  and unambig- 

uous e x p e r i m e n t a l  v e r i f i c a t i o n  of N u l l i k e n  t h e o r y .  Accord- 

i n g l y  o u r  n e x t  t a s k  w a s  t o  e s t z . b l i s h  t h i s  i m p o r t a n t  p o i n t .  

We i n i t i a l l y  c h o s e  f o r  s t u d y  t h e  EDA complexes  of  s u b s t i -  

t u t e d  a n t h r a c e n e s  (R-An) w i t h  t e t r a c y a n o e t h y l e n e  (TCNE)  

f o r  t w o  r e a s o n s .  F i r s t ,  w e  c o u l d  i n d e p e n d e n t l y  g e n e r a t e  

t h e  c o r r e s p o n d i n g  donor  c a t i o n  r a d i c a l s  and t h e  a c c e p t o r  

a n i o n  r a d i c a l  by e lec t rochemicE.1  methods ,  e . g .  12 

"o.,l."p.r, "II 

Second,  i n  t h e s e  EDA complexes  t h e  CT a b s o r p t i o n s  a r e  

c l e a r l y  s e p a r a t e d  from t h e  a b s o r p t i o n  b a n d s  of e i t h e r  re- 

a c t a n t ,  as i l l u s t r a t e d  below i n  a r e p r e s e n t e d  example 

(CNA = 9-cyanoanthracene)  ? 

300 400 500 600 700 800 

W a v e l e n q l h ,  nm 
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CHARGE TRANSFER THEORY AND THE ACTNATED COMPLEX 35 

Thus irradiation with the available 532-nm laser pulse ec- 

sures that only the CT band is specifically excited in 

these complexes. The series of time-resolved spectra below 

(taken at -25-ps intervals) demonstrates that R-An. and + 
- 

TCNE- are formed concomitantly 

initial 25-ps laser pulse. 

within the rise time of the 

The following figures ( c , h  above) show that these ions sub- 

sequently undergo mutual annihilation by back electron 

transfer within -50-ps to regenerate the original EDA com- 

plex. This conclusion is supported by independent photo- 

chemical experiments which confirm the fact that no chem- 

istry results from CT excitation; viz., the quantum yield 

for reaction is nil in this system. 

By way of contrast, the EDA complexes of the same 

series of anthracenes with tetranitromethane (TNM) as the 

common acceptor are found to undergo efficient photo- 

chemistry.14 

an almost unit quantum yield upon the specific excitation 

The meso adducts shown below are formed with 
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36 J .  K .  KOCHl AND J .  M. MASNOVI 

of the CT bands of the 9-bromo and 9-phenylanthracene com- 
plexes. These EDA complexes also afford the same series of 

transient aromatic cation-radicals within the 25-ps pulse 

as shown below. 

..witiw.In inmi 

Thus the striking difference between the behavior of the 

TCNE and the TNM complexes upon CT excitation must lie in 
the relative rates of back eleztron transfer, i.e., 

[D+A-]* + [D, A]. Indeed such a conclusion accords with 
the known stability of TCNE; but dissociative character to 

the electron capture by TNM, i.e.l5 

STABILITY OF ACCEPTOR R n D I C A L m  

The metastable character of TNY' would t h u s  preclude this 

mode of ion-pair deactivation. Accordingly the CT excita- 

tion can be described by a fragmentation process such as: 

CHARGE-TRANSFER PHOTOCHEMISTRY OF ANTHRACENE-TNM COMPLEXES 

Anthracene + TNM =x= EDA Complex -- h'CT 
[ mi , (OZN13C-, i o 2 ]  

Solvent-caged species 
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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX 31 

Time-resolved spectroscopy again provides detailed 

information as to how the solvent-caged species in eq 15 

lead to the meso adducts. Thus the series of spectra be- 

low show that most of the aromatic cations disappear on 

the ps time-scale. 

& & &  

WAVELENGTH (nrn) 

Such rapid processes must result from cage collapse such 

as : 

\ Diffuse ~ mt 

In this formulation, the diffusional processes in eq 16b 

are responsible for the residual cations observed at rel- 
atively long times (ns) after irradiation. 
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38 I .  K. KOCHI AND J .  M. MASNOVI 

The appearance of t h e  adduct r a d i c a l  on t h e  ns  t i m e -  

s c a l e  i n  CH2C12 s o l u t i o n  is  shown i n  t h e  spectrum below 

by a comparison with an e a r l i e r  s p e c t r a l  observat ion by 

tlataga and coworkers. 

W o v e l e n g r h  , n m  

The series of s p e c t r a  above a l s o  i l l u s t r a t e  t he  slower decay 

of t h e  r a d i c a l  t o  the  meso adduct ,  i . e . ,  

Analysis  of t h i s  d a t a  i n d i c a t e s  t h a t  t h e  adduct r a d i c a l  

d i sappea r s  with second-order k i n e t i c s .  The rate constant  

k f o r  t h i s  process  is  l i s t e d  below f o r  s e v e r a l  d e r i v a t i v e s .  3 
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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX 39 

KINETICS OF THE DISAPPEARANCE OF FREE RADICAL-IONS A N D  FREE RADICALS 

Transient Species max Log k2  tA- 's- ' )  

R (nml CH2C12  (0.1M TBAP)  MeCN - 
CHO 7 3 0  5 . 6  

R H 

1- Ph 

Br 

710 

720 

725 

1 . 6 2  (5.4) 5.6 

7.59 (5.5) 5.7 

1.64 (5.5) 5.5 

CH=CH2 690 7.1 (5.5) 5.3 

B r  , Br 7 10 

P h , P h  660 

CH3.CH3 650 

5.7 (3.8) 

3.6 

5.3 

N O 2  & CN 

H C(N0213 CHO 

Log k 3  ( A - 1  s - ' )  

HeCN 

540 5.5 5.6 

550 5.8 5.e 

540 5.7 5.7 

CH2C1 - - 

There i s  a l s o  ev idence  i n  t h e  n s  s t u d i e s  f o r  r e s i d u a l ,  long- 

e r  l i v e d  c a t i o n s  which a l s o  decay wi th  second-order k i n e t i c s .  

Values of t h e  rate c o n s t a n t s  k f o r  t h e s e  p rocesses  a r e  

inc luded  i n  t h e  t a b l e  above. 
2 

Solvent  p o l a r i t y  p l a y s  an  impor tan t  but s e l e c t i v e  r o l e  

i n  t h e  t ime-reso lved  s p e c t r a l  changes of t h e s e  r e a c t i v e  in-  

t e m e d i a t e s .  For example wi th  9-formylanthracene, the l i f e -  
t i m e  of t h e  c a t i o n  i s  t o o  s h o r t  i n  CH C1 t o  obse rve  on 

t h e  n s  t i m e s c a l e  as i l l u s t r a t e d  below. However, i n  t h e  

more p o l a r  CH C N ,  t h e  a b s o r p t i o n  spectrum of t h e  c a t i o n  

can  be observed  t o g e t h e r  w i th  t h a t  of t h e , a d d u c t  r a d i c a l .  

2 2  
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40 J .  K .  KOCHI AND J .  M. MASNOVI 

c," 0 0;Q & 
1 U C(N0213 

CH,CI, 

A , nm 

I t  i s  s i n g u l a r l y  n o t e w o r t h y  f rom t h e  r e s u l t s  l i s t e d  

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

f l u e n c e  on  t h e  s e c o n d - o r d e r  r a L e  of c a t i o n  d i s a p p e a r a n c e  

(eq 18) ,  b u t  i t  i s  e s s e n t i a l l y  w i t h o u t  e f f e c t  on t h e  r a t e  

af d i s a p p e a r a n c e  of t h e  a d d u c t  r a d i c a l  ( e q  1 7 ) .  F r i r the r -  

i:,ore, o n l y  t h e  k i n e t i c s  of t h e  c a t i o n  d e c a y  i s  s u b j e c t  t o  

a marked s a l t  e f f e c t  i l l u s t r a t e d  be low.  

n 

a 

N 
1 

n 

0 

[ S A L T ] ,  M 
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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX 41 

Thus the CT excitation of the EDA complexes of the 

anthracenes and tetranitromethane provides an excellent 

opportunity to examine the more general problems relating 

to the dynamics of  ion-pair and radical-radical interactions 

These various processes are summarized below in the com- 

posite scheme showing the cheaical routes which have been 

identified following CT excitation of the R-An/TNM complex. 

CHARGE-TRANSFCR I'IIOTOCIIEHISTRY OF ANTIIMCLNL-TNEI L~UUPLEXES 

H C I N O I I l  I1 C I N 0 2 1 1  

fi m! + 102N13C-  @&a + i0, kl d.0  
0 2 N  I1 

Important to Mulliken Theory, the use  of time-resolved 

spectroscopy has allowed us to demonstrate the identity 

of ion pairs as the excited state of charge transfer tran- 

sitions. The chemistry following CT activation relates to 

the properties of the ion pairs which are exemplified in 

this study by a comparison of TCNE and TNM complexes, viz. 

TllE FATES OF ION P A I R S  r-R-GN CllARliE TWINSI'ER EXgITLTLON- OF EDA COMI'LEEZ 

Anthrrcene + TCNE 3 IEDA C'ornplcrl &i& I A n t l l r n c e n s f  TCNE;I -+- D i e l s - A l d e r  A d d u c t  
( 501,s 

I $  = 01 

A n t h r a c e n e  + TNH I E D A  Cim&~Ir:xI  k I A n t h r a c e u c t  TNMT I -.- ' : I  ueso 

( I p  + I I  
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42 1. K. KOCHI A N D  J .  M.  MASNOVI 

W e  hope  t h a t  f u r t h e r  s t u d i e s  o f  the  dynamics of CT 

i o n  p a i r s  w i l l  p r o v i d e  t h e  e x p e r i m e n t a l  b a s i s  f o r  e s t a b -  

l i s h i n g  t h e i r  r e l a t i o n s h i p  w i t h  t h e  a c t i v a t e d  complex a s  

d e l i n e a t e d  i n  t h e  t i t l e  of t h i s  p a p e r  and summarized by 

e q s  12-14. 
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