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1 INTRODUCTION 

Light-induced e l e c t r o n t r a n s f e r may take place as an i n t e r - or i ntramole

c u l a r p r o c e s s . There i s c e r t a i n l y no fundamental d i f f e r e n c e between both 

p o s s i b i l i t i e s . However, i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r i s g e n e r a l l y much 

b e t t e r defined w i t h regard to the geometrical arrangement of e l e c t r o n donor 

and a c c e p t o r . U n f o r t u n a t e l y , the i n v e s t i g a t i o n of i n t r a m o l e c u l a r l i g h t - i n d u 

ced e l e c t r o n t r a n s f e r i s hampered by other c o m p l i c a t i o n s . 

In most t r a n s i t i o n metal complexes the e l e c t r o n i c i n t e r a c t i o n between 

metal and l i g a n d s cannot be neglected and may be r a t h e r s t r o n g . Consequently, 

i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r i n v o l v i n g metal and l i g a n d s takes place 

between coupled redox c e n t e r s . In these cases i t i s o f t e n not q u i t e c l e a r 

what f r a c t i o n of charge i s t r a n s f e r r e d from the metal t o the l i g a n d and v i c e 

versa s i n c e donor and acceptor órbita Is are d e l o c a l i z e d t o a c e r t a i n degree. 

The m a j o r i t y of photoredox processes of metal complexes which have been r e 

ported ( r e f s . 1-3) take p l a c e upon d i r e c t o p t i c a l charge t r a n s f e r (CT) e x c i 

t a t i o n i n v o l v i n g redox ce n t e r s with s u b s t a n t i a l c o u p l i n g . Although t h i s r e 

view deals e s s e n t i a l l y o n l y w i t h systems c o n s i s t i n g of weakly coupled donors 

and acceptors a short general survey of i n t r a m o l e c u l a r o p t i c a l CT e x c i t a t i o n 

of t r a n s i t i o n metal complexes r e g a r d l e s s of the extent of c o u p l i n g i s given 

here. CT t r a n s i t i o n s are c l a s s i f i e d according t o the redox s i t e s ( r e f . 4 ) . 

Ligand t o Metal Charge T r a n s f e r (LMCT) 

LMCT i s a c l a s s i c a l o p t i c a l t r a n s i t i o n of metal complexes. Corresponding 

absorp t i o n bands are observed at low energies i f the metal i s o x i d i z i n g and 

the l i g a n d r e d u c i n g . C o ( I I I ) and Fe(111) complexes are wel1-documented exam

p l e s . The c o l o r s of d° oxometallates such as the y e l l o w C r O ^ ~ and the 

v i o l e t Mn0
4
~ are caused by LMCT bands. In many cases LMCT e x c i t a t i o n i s 

a s s o c i a t e d w i t h the r e d u c t i o n of the metal and o x i d a t i o n of the l i g a n d . 

C o ( I I I ) ammines undergo such photoredox r e a c t i o n s ( r e f s . 1,2). 

Metal to Ligand Charge Tr a n s f e r (MLCT) 

MLCT i s another c l a s s i c a l o p t i c a l t r a n s i t i o n of metal complexes. MLCT ab

s o r p t i o n bands appear at long wavelength i f the metal i s reducing and a l i -



gand provides low-energy empty o r b i t a l s . Complexes such as Ü F e í C N ) ^ " 

and [ R u ( b i p y )
3
] ^

+

 (bipy = 2 , 2 " - b i p y r i d y l ) are t y p i c a l cases ( r e f . 4 ) . In 

a d d i t i o n , organometal1ics which c o n t a i n a metal i n a low o x i d a t i o n s t a t e and 

K-accepting l i g a n d s such as an o l e f i n or an aromatic molecule are c h a r a c t e r i 

zed by low-energy MLCT bands ( r e f . 3 ) . Since metal l i g a n d bonding i s not much 

a f f e c t e d i n t r a m o l e c u l a r photoreactions do g e n e r a l l y not occur on MLCT e x c i t a 

t i o n . Ligands are e l e c t r o n r i c h and cannot be e a s i l y reduced t o s t a b l e spe

c i e s . MLCT e x c i t a t i o n i s t h e r e f o r e o f t e n a s s o c i a t e d with p h o t o o x i d a t i o n of 

the metal w h i l e an e l e c t r o n i s t r a n s f e r r e d from the li g a n d t o another mole

c u l e by an i n t e r m o l e c u l a r p r o c e s s . In the case of [Fe(CN)g]
4

" the sol v e n t 

may act as e l e c t r o n acceptor ( r e f . 2 ) . In the MLCT s t a t e the l i g a n d can be 

al s o s u s c e p t i b l e t o an e l e c t r o p h i 1 i c a t t a c k . The a d d i t i o n of protons to coor

dinated NO ( r e f . 5) or carbynes ( r e f . 6) i l l u s t r a t e s t h i s type of e x c i t e d 

s t a t e r e a c t i v i t y . 

Ligand t o Ligand Charge T r a n s f e r (LLCT) 

LLCT absorptions were observed only r e c e n t l y . These bands appear i f one 

li g a n d i s reducing and another o x i d i z i n g . LLCT bands were detected i n the 

spectra of complexes of the type { 1 , 2 - d i i m i n e j M
1

^ 1 , 2 - e t h y l e n e d i t h i o l a t e ) 

with M = N i , Pd, Pt ( r e f s . 7, 8) and r e l a t e d complexes ( r e f s . 9, 10). The d i -

imine with i t s empty * o r b i t a l s i s here the e l e c t r o n acceptor w h i l e the d i -

t h i o l a t e a c t s as donor. LLCT t r a n s i t i o n s can be a l s o i d e n t i f i e d i n t}\e spec

t r a of complexes c o n t a i n i n g the same l i g a n d i n an o x i d i z e d and reduced form. 

[ R u ^ i b i p y ) ^ * i s apparently composed of two bipy l i g a n d s and one i n 

i t s reduced s t a t e ( b i p y " ) . The e l e c t r o n i c spectrum of t h i s complex d i s p l a y s 

a bipy" t o bipy LLCT band i n the near IR ( r e f . 11). A photoreaction o r i g i 

n a t i n g from a LLCT s t a t e was reported r e c e n t l y ( r e f . 7 ) . 

I n t r a Ligand Charge T r a n s f e r (ILCT) 

A l i g a n d i t s e l f may c o n s i s t of a reducing and an o x i d i z i n g p a r t . The spec

trum of the metal complex as w e l l as t h a t of the f r e e l i g a n d should show low-

energy ILCT bands. An example of an o p t i c a l ILCT t r a n s i t i o n i s indeed known 

( r e f . 12). 

Metal to Metal Charge Tr a n s f e r (MMCT) 

Ligand-bridged b i n u c l e a r (or p o l y n u c l e a r ) complexes which c o n t a i n a redu

c i n g and an o x i d i z i n g metal are c h a r a c t e r i z e d by o p t i c a l f$CT t r a n s i t i o n s at 

low energies ( r e f s . 4, 13-19). There are sev e r a l well-documented examples of 

photochemical r e a c t i o n s induced by i n t r a m o l e c u l a r MMCT e x c i t a t i o n ( r e f . 19). 

In the f i r s t p a r t of t h i s review they are discussed i n some d e t a i l as t y p i c a l 

cases of photoredox processes i n i t i a t e d by o p t i c a l CT t r a n s i t i o n s between 

weakly i n t e r a c t i n g redox s i t e s . 

A l i g h t - i n d u c e d e l e c t r o n t r a n s f e r i n v o l v i n g weafciy coupled redox centers 



cannot only take place by d i r e c t o p t i c a l CT e x c i t a t i o n (resonance t r a n s f e r ) . 

As a second p o s s i b i l i t y an i n t r a m o l e c u l a r e x c i t e d s t a t e e l e c t r o n t r a n s f e r may 

occur (non-resonance t r a n s f e r ) . This process does not r e q u i r e the presence of 

CT a b s o r p t i o n s . The i n i t i a l i n t e r n a l e x c i t a t i o n of an e l e c t r o n donor or 

acceptor can be f o l l o w e d by e l e c t r o n t r a n s f e r . Examples of t h i s type are e l a 

borated i n the second part of t h i s review. 

The f u r t h e r d i s c u s s i o n i s e s s e n t i a l l y r e s t r i c t e d t o systems which are sub

j e c t to a permanent photochemical change. However, r e f e r e n c e i s a l s o made to 

complexes which undergo a r e v e r s i b l e i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r . In 

these cases the occurence of e l e c t r o n t r a n s f e r was detected by emission or 

time- r e s o l v e d a b s o r p t i o n spectroscopy. 

2 RESONANCE ELECTRON TRANSFER BY OPTICAL MMCT EXCITATION 

The e l e c t r o n i c c o u p l i n g of m e t a l l i c redox centers i n b i n u c l e a r complexes 

has been s t u d i e d e x t e n s i v e l y f o r many years ( r e f s . 13-18). The theory advan

ced by N. S. Hush provides the b a s i s f o r a d i s c u s s i o n of t h i s i n t e r a c t i o n 

( r e f s . 15, 16, 18, 20, 2 1 ) . A b i n u c l e a r 1igand-bridged complex of the type 
red ox red 

M
a
 -L-M

ß
 i s composed of the two mononuclear components M

Q
 -L and 

ox 

L-M
ß
 . Besides the b r i d g i n g l i g a n d both metals are c o o r d i n a t e d t o other 

t e r m i n a l l i g a n d s . The e l e c t r o n i c spectrum of the b i n u c l e a r complex c o n s i s t s 

of the superimposed s p e c t r a of the mononuclear components i f the i n t e r a c t i o n 

between the reducing and o x i d i z i n g metal i s weak. In a d d i t i o n , a new absorp

t i o n band appears which belongs to the o p t i c a l MMCT t r a n s i t i o n from the redu

c i n g t o the o x i d i z i n g metal ( r e f s . 13-19). 

With i n c r e a s i n g metal-metal i n t e r a c t i o n the i n d i v i d u a l components loose 

t h e i r i d e n t i t y . F i n a l l y , the valence o r b i t a l s of both metals are completely 

d e l o c a l i z e d and the metals do not any more e x i s t i n w e l l - d e f i n e d ("trapped") 

o x i d a t i o n s t a t e s . As a consequence the s p e c t r a l f e a t u r e s of the mononuclear 

components are not any more apparent and MMCT bands do not o c c u r . They are 

now rep l a c e d by e l e c t r o n i c t r a n s i t i o n s i n v o l v i n g o r b i t a l s which are d e l o c a l i 

zed between both m e t a l s . An a n a l y s i s of t h i s a b s o r p t i o n band provides the 
p 

i n f o r m a t i o n on the extent of d e r e a l i z a t i o n a . 
4.24 . 10"
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The parameters are the energy of the MMCT band at i t s maximum ^
m a x

, the 

molar e x t i n c t i o n c o e f f i c i e n t
 c

m x
> the h a l f - w i d t h of the MMCT band ^>\/2 

and the metal-metal d i s t a n c e d. At complete d e l o c a l i z a t i o n a
2

 i s u n i t y 

w h i l e the v a l e n c i e s are trapped i f * i s much s m a l l e r than u n i t y . Only i n 

the l a t t e r case MMCT t r a n s i t i o n s are a s s o c i a t e d w i t h a complete e l e c t r o n 



t r a n s f e r from one metal to another. The f o l l o w i n g d i s c u s s i o n i s r e s t r i c t e d to 

t h i s type of CT i n t e r a c t i o n . 

The energy of the o p t i c a l MMCT t r a n s i t i o n depends on the p o t e n t i a l d i f f e -
red/ox red/ox 

rence AE between the redox couples M and M. and on the reorga-
a p 

n i z a t i o n a l energy x. 

v = AE + x max
 A 

The parameter x c o n s i s t s of an outer- and an inner-sphere c o n t r i b u t i o n , 

x = x
0
 + x¿ 

While Xj i s an i n t r i n s i c property of the b i n u c l e a r complex x
Q
 depends 

on the r e o r g a n i z a t i o n of solve n t environment according to 

x =e2(i- + i - -!)(' -I) 
0

 2a
1
 2 a

2
 d n D 

The parameters a^ and a
2
 are the r a d i i of the c o o r d i n a t i o n spheres of 

both m e t a l s , d i s the metal-metal d i s t a n c e , n and D are the r e f r a c t i v e index 

and the s t a t i c d i e l e c t r i c constant of the s o l v e n t . This equation means simply 

t h a t x
Q
 and hence the energy of the MMCT t r a n s i t i o n v a r i e s w i t h the p o l a r i 

t y of the s o l v e n t . Since the s p e c i f i c complexes discussed below were i n v e s t i 

gated only i n aqueous s o l u t i o n d e t a i l s on the solv e n t dependence are not e l a 

borated here. 

The inner-sphere c o n t r i b u t i o n t o the r e o r g a n i z a t i o n a l energy i s a f r a c t i o n 

of the Franck-Condon MMCT t r a n s i t i o n as shown i n F i g . 1. I t depends on the 

s t r u c t u r a l d i s t o r t i o n which accompanies e l e c t r o n t r a n s f e r . This r e o r g a n i z a 

t i o n which may be represented by changes of the m e t a l - l i g a n d bond length of 

one metal center v a r i e s w i t h the o x i d a t i o n s t a t e of t h i s m e t a l . Frequently 

r e d u c t i o n i s a s s o c i a t e d w i t h an exte n s i o n of the m e t a l - l i g a n d d i s t a n c e . 

The o p t i c a l MMCT i s a Franck-Condon t r a n s i t i o n which terminates i n a v i 

b r a t i o n a l l y e x c i t e d s t a t e of the redox isomer ^
X

/M^
eci

 before i t r e l a x e s . 

The e l e c t r o n t r a n s f e r cannot only be achieved by l i g h t a bsorption but a l s o as 

a thermal process which r e q u i r e s the a c t i v a t i o n energy t o reach the 

c r o s s i n g p o i n t of both p o t e n t i a l c u r v e s . When the redox isomer e x i s t s i n i t s 

v i b r a t i o n a l ground s t a t e i t may undergo a thermal back e l e c t r o n t r a n s f e r by 

overcoming the a c t i v a t i o n b a r r i e r E ^ . 

The m a j o r i t y of compounds which were i n v e s t i g a t e d with regard to o p t i c a l 

MMCT t r a n s i t i o n s are homobinuclear complexes c o n t a i n i n g one metal i n two d i f 

f e r e n t o x i d a t i o n s t a t e s . P a r t i c u l a r l y Ru^/Ru
1 1

* systems found much 

a t t e n t i o n ( r e f s . 13-17). These complexes are c a l l e d mixed-valence (MV) com

pounds. In t h i s case the term MMCT i s a l s o known as i n t e r v a l e n c e t r a n s f e r 

( I T ) . The p o t e n t i a l curves ( F i g . 1) of both redox isomers of such a symme

t r i c MV complex are l o c a t e d at the same energy. They are only d i s p l a c e d 



Mß - ligand distance 

F i g . 1. P o t e n t i a l energy versus m e t a l - l i g a n d bond length f o r b i n u c l e a r 

complexes c o n t a i n i n g a reducing and an o x i d i z i n g metal 

h o r i z o n t a l l y due t o the s t r u c t u r a l r e o r g a n i z a t i o n which accompanies the 

e l e c t r o n t r a n s f e r . U n f o r t u n a t e l y , f o r a v a r i e t y of reasons these compounds 

are not w e l l s u i t e d t o observe a photochemical r e a c t i o n l e a d i n g to a 

permanent chemical change. F i r s t of a l l , i n a symmetric MV complex an 

e l e c t r o n exchange does not cause a r e a l chemical change, although the 

i n d i v i d u a l metal atoms have exchanged t h e i r o x i d a t i o n s t a t e and hence t h e i r 

environment. But even i n most homobinuclear complexes which are s l i g h t l y ' 

asymaetric due t o d i f f e r e n t l i g a n d s a r a p i d thermal e l e c t r o n exchange o c c u r s . 

This s i t u a t i o n i n t e r f e r e s with the o b s e r v a t i o n of l i g h t - i n d u c e d e l e c t r o n 

t r a n s f e r . F i n a l l y , the MMCT bands of the symmetric or n e a r l y symmetric MV 

systems appear i n the near IR which i s not e a s i l y a c c e s s i b l e by c o n ventional 

i r r a d i a t i o n sources and l i g h t d e t e c t i o n d e v i c e s . Consequently, p h o t o a c t i v e 

systems should be designed according t o these c o n s i d e r a t i o n s . 

L i g h t - s e n s i t i v i t y w i l l be most e a s i l y observed f o r s t r o n g l y asymmetric 

b i n u c l e a r complexes. They may be s t a b l e towards thermal e l e c t r o n exchange 



which r e q u i r e s the a c t i v a t i o n energy E
t h
 and are expected t o d i s p l a y t h e i r 

MMCT bands in the v i s i b l e or UV region (see F i g . 1 ) . An asymmetric system 

may be constructed i n two ways. In homobinuclear complexes d i f f e r e n t l igands 

at both metals can be employed. For example, i n a Ru*
1

, Ru*** complex a 

lar g e redox asymmetry w i l l be achieved i f Ru
1 1

 i s s t a b i l i z e d by ̂ -acceptor 

ligands and R u
1 1 1

 by *-donors. Much l a r g e r energy separations are p o s s i b l e 

in heteronuclear systems. The i n d i v i d u a l components are s e l e c t e d according to 

t h e i r redox p o t e n t i a l s . 

Another very important c r i t e r i o n f o r a proper choice i s the a n t i c i p a t e d 

r e a c t i v i t y of the redox isomer generated by WCT e x c i t a t i o n . I t w i l l not be 

st a b l e but r e t u r n r a p i d l y t o the s t a r t i n g p o i n t s i n c e the a c t i v a t i o n b a r r i e r 
E

t h
 f o r t > a c , < e l e c t r o n

 t r a n s f e r i s r a t h e r low ( F i g . 1 ) . An i r r e v e r s i b l e 

formation of s t a b l e photoproducts can only be achieved i f the redox isomer i s 

able t o undergo some f u r t h e r geometrical rearrangements. These secondary pro

cesses must be f a s t enough t o compete with back e l e c t r o n t r a n s f e r . For exam

p l e , p h o t o a c t i v i t y i s expected i f CCo(NH^)
A
]^

+

 i s the o x i d i z i n g compo-

2+ 

nent of a b i n u c l e a r complex. Upon r e d u c t i o n [CofNH-jJ^] i s formed. I t 

i s k i n e t i c a l l y very l a b i l e and undergoes a r a p i d decomposition i n aqueous 

s o l u t i o n . According t o these c o n s i d e r a t i o n s i n 1975 we s t a r t e d to explore 

photochemical r e a c t i o n s induced by MMCT e x c i t a t i o n ( r e f s . 19, 22, 2 3 ) . 

[ ( N C )
5
R u

n

C N C o
i n

( N H 3 ) 5 r 

The b i n u c l e a r cyanide-bridged complex [(NC)cRuCNCo(NH^)r]" ( r e f . 
I l l 3+ 

22) may be viewed as being composed of CCo (^3)5^ a n d 

C R u ^ f C N ) ^ ]
4

" i f the c o u p l i n g between Ru and Co i s weak. The assumption 
3+ 

t h a t CCo(NH^)
6
] can be considered as one of the components i s suppor

ted by the o b s e r v a t i o n t h a t b r i d g i n g cyanide which coordinates v i a n i t r o g e n 

i s s i m i l a r t o ammonia with regard t o i t s l i g a n d f i e l d s t r e n g t h . Weak co u p l i n g 

i s then i n d i c a t e d by the a b s o r p t i o n spectrum of C(NCj^RuCNCoiNH^)^]" 

which i s indeed composed of the spectra of [Ru(CN),-]
4

~ and 
3+ 

[Co(NH
3
)

6
] ( F i g . 2 ) . The b i n u c l e a r complex d i s p l a y s i t s longest-wave

length a b s o r p t i o n at x =475 nm. This i s the f i r s t l i g a n d f i e l d (LF) 
«> max . 

band of.CCo(NH
3
)g] . The other component [Ru(CN)

6
l does not 

absorb above 300 nm. Independent support f o r a weak i n t e r a c t i o n of both 

metals comes from the IR spectrum. Beside the b r i d g i n g cyanide which absorbs 

at 2135 cm"
1

 the s t r e t c h i n g v i b r a t i o n of the t e r m i n a l cyanides appears at 

2050 cm"
1

. This i s the same value as th a t of [Ru(CN)
6
3

4

~. I t f o l l o w s 

t h a t the o x i d a t i o n s t a t e of ruthenium i s two i n the b i n u c l e a r complex s i n c e 

the frequency of t h i s s t r e t c h i n g v i b r a t i o n i s a s e n s i t i v e f u n c t i o n of the 

valency of the m e t a l . 

The presence of the reducing Ru
1 1

 and o x i d i z i n g C o
1 1 1

 leads t o the 

appearance of a new abso r p t i o n ( F i g . 2) at x = 375 nm (e = 690) which i s 



F i g . 2. Absorption s p e c t r a of aqueous 3x10 M C(NH
3
)

5
CoNCRu(CN)

5
l" 

and 3x10~
4

 M [ C o ( N H
3
)

6
3

3 +

 at room temperature, 1-cm c e l l 

assigned t o a MMCT t r a n s i t i o n ( r e f . 2 2 ) . An a n a l y s i s of the band with regard 

t o the Hush theory would r e q u i r e the knowledge of the p o t e n t i a l s of the redox 

couples C o
I I I / n

 and R u
1 1

^
1 1 1

 w i t h i n the b i n u c l e a r complex. These poten

t i a l s are not known. However, f o r a very rough estimate the p o t e n t i a l s of the 

mononuclear components [ C o ( N H
0
)

c
]

3 + / 2 +

 (E° = 0.11 V) ( r e f . 24) and 

[Ru(CN ) 6 r
 /0

 (E° = 0.86 V) ( r e f . 24) may be t a k e n . This g i v e s a ^ o r g a 

n i z a t i o n a l energy of x = 59 k c a l / m o l . Such a lar g e value i s c e r t a i n l y a s s o c i 

ated w i t h the f a c t t h a t the MMCT t r a n s i t i o n leads t o the p o p u l a t i o n of an 

antibonding e
g
 o r b i t a l of C o

1 1 1

 ( i n 0
h
 symmetry) which causes a la r g e 

d i s t o r t i o n at Co
1 1

 i n the redox isomer C(NC)rRu
I I I

CNCo
I I

(NH.)
c ;
3". 

T Y - TIT 

The a c t i v a t i o n b a r r i e r f o r thermal e l e c t r o n t r a n s f e r from Ru t o Co 

i s then c a l c u l a t e d t o be E
t h
 = 25 k c a l / m o l . Aqueous s o l u t i o n s of the binu

c l e a r complex are s t a b l e at room temperature but undergo a redox decomposi

t i o n upon l i g h t a b s o r p t i o n by the MMCT band w i t h the quantum y i e l d * = 0.46 

at \
[ r r
 = 366 nm. 

[ ( N C )
5
R u

U

C N C o
i n

( N H 3 ) 5 r ^ [ ( N C )
5
R u

i n

C N C o
n

( N H 3 ) 5 r 

[ ( N C )
5
R u

I I I

C K C o
I I

( N H
3
)

5
] ~ - [ R u

I U

( C N )
6
]

3

~ + C o
2 +

 + 5 NH
3 



Because of the strong d i s t o r t i o n of the v i b r a t i o n a l l y r e l axed MMCT s t a t e , thermal 

back e l e c t r o n t r a n s f e r i s now as s o c i a t e d with a s u b s t a n t i a l a c t i v a t i o n bar

r i e r of E|
H
 = 5 k c a l . The decomposition of the k i n e t i c a l l y l a b i l e Co

1

* 

i s apparently f a s t enough t o compete with charge recombination. 

An attempt t o prepare the corresponding b i n u c l e a r i r o n complex 

[ ( N H
3
)

5
C o

I I I

N C F e
I I

( C N )
6
] " f a i l e d . Upon mixing s o l u t i o n s of 

[ C o ( N H
3
)

5
H

2
0 ]

3 +

 and CFe(CN) 63 4~ a r a p i d thermal outer-sphere 

e l e c t r o n t r a n s f e r from F e ( I I ) t o C o ( I I I ) takes place ( r e f . 25) before the 

formation of the b i n u c l e a r complex o c c u r s . [Fe(CN) 6 3 4 ~ (E° = 0.36 V vs SCE) 

i s more reducing than [Ru(CN) 63 4~ by 0.5 V ( r e f . 2 4 ) . Assuming the same 

r e o r g a n i z a t i o n a l energy of x = 58 kcal/mol f o r both b i n u c l e a r complexes 

[ ( N H
3
)

5
C o

I I I

N C M
I I

( C N )
5
] " with M = Fe and Ru the a c t i v a t i o n bar

r i e r would now be only E ^ = 17 kcal/mol f o r thermal e l e c t r o n t r a n s f e r 

w i t h i n the h y p o t h e t i c a l complex [(NH
3
)

5
Co

I I I

NCFe
I I

(CN ) 5 3" ' i n an 

aqueous s o l u t i o n . 

[ ( N C )
5
Fe

I I

CNCr
I I I

(NH 3 ) 5 3 " 

The b i n u c l e a r ion C(NC)
5
Fe

I I

CNCr(NH 3 ) 5 r c o n s i s t s of the components 

[ F e
H

( C N )
6
l

4

" and CCr(NH 3 ) 6 3 3 + which are weakly coupled ( r e f . 2 6 ) . 

The MLCT band of [FeiCN).] at x
 v
 = 210 nm can be recognized i n the 

o max q 

spectrum of the b i n u c l e a r complex. The t y p i c a l LF bands of [Cr(NH3)g3 

are apparently obscured by the much more intense absorption at x = 376 
max 

nm (e = 2400) which i s assigned t o the MMCT t r a n s i t i o n from the reducing 

F e
1 1

 t o the o x i d i z i n g C r
1 1 1

. 

The p o t e n t i a l d i f f e r e n c e between the redox couples [Fe(CN)^J and 

C C r ( N H
3
)

6
]

3 + / 2 +

 i s AE = 1.19 V. Taking t h i s as a rough estimate f o r A E 

of the b i n u c l e a r complex the e l e c t r o n t r a n s f e r i s a s s o c i a t e d w i t h a r e o r g a n i 

z a t i o n a l energy of x = 49 k c a l . This large value supports the assumption that 

the antibonding e
g
 o r b i t a l s at C r ( I I I ) ( i n 0

h
 symmetry) are the acceptor 

o r b i t a l s of the MMCT t r a n s i t i o n . The b i n u c l e a r complex i s q u i t e s t a b l e i n 

aqueous s o l u t i o n w i t h regard to thermal e l e c t r o n t r a n s f e r ( E
t h
 = 29 k c a l ) 

w h i l e an e f f i c i e n t p h o t o l y s i s takes place upon MMCT e x c i t a t i o n (* =0.1 nm at 

i r r 
= 366 ( r e f . 26): 

[ ( N C )
5
F e

1 1

C N C r
1 1 1

( N H
3
)

5
l " ¿ U [ ( N C ^ F e

1 1

 'CNCr
1 1

 (NH
3
)

5
 3" 

C ( N C )
5
F e

I I I

C N C r
I I

( N H
3
)

5
3 ^ C F e

I I I

( C N )
6
3

3

" + C r
2 +

 + 5 NH
3 

The Franck-Condon s t a t e reached by the o p t i c a l MMCT t r a n s i t i o n undergoes a 

r a p i d v i b r a t i o n a l r e l a x a t i o n to the t h e r m a l l y e q u i l i b r a t e d redox isomer 

Fe / C r
1 1

. The l a r g e d i s t o r t i o n at C r
1 1

 slows down back e l e c t r o n 

t r a n s f e r ( E |
K
 ~ 2 k c a l ) . The k i n e t i c a l l y l a b i l e C r

1 1

 undergoes a l i g a n d 

t n 2+ 

displacement before charge recombination can o c c u r . F i n a l l y , Cr i s o x i 

d i z e d by oxygen. 



[ ( N C )
5
M

I I

C N C o
I Í Í

( C N )
5
]

6

" with M = Fe, Ru, and Os 

The IR spectra of the anions [(NC)
R
M**CNCo***(CN) J

6

~ ( r e f s . 23, 

II 

26) with M = Fe, Ru, and Os are i n d i c a t i v e of weak c o u p l i n g between M and 

Co**
1

. The absorp t i o n s of the t e r m i n a l cyanides appear at ne a r l y the same 

wavenumbers as those of mononuclear cyano complexes of M** and Co***. The 

e l e c t r o n i c s p e c t r a of the b i n u c l e a r complexes are l e s s i n s t r u c t i v e s i n c e 

wel1-separated bands do not appear. However, there i s much evidence t h a t the 

absor p t i o n f e a t u r e s at x
m i V
 385 nm (e = 630) f o r M = Fe, 312 nm (460) f o r 

max Ti 

Ru, and 360 nm (734) f o r 0s can be assigned t o MMCT t r a n s i t i o n s from M t o 

Co*** ( r e f s . 23, 2 6 ) . The energy of the MMCT band v a r i e s w i t h the reducing 

s t r e n g t h of [ M ( C N )
6
]

4

" (M = Fe, E° = +0.36 V; Ru 0.86 V and 0s 0.56 V) 

( r e f s . 24, 2 7 ) . 

The MMCT t r a n s i t i o n s of the b i n u c l e a r complexes terminate i n e_ o r b i t a l s 

of Co***. The t h e r m a l l y e q u i l i b r a t e d redox isomers [(NC)
5
M*

n

CNCo -

(CN),J^" are expected to undergo la r g e d i s t o r t i o n s at Co *. Reorgani-

z a t i o n a l energies of more than 45 kc a l are e s t i m a t e d . 

A l l t hree anions [(NC^M**CNCo**
1

 (CN)
5
3

6

" are s t a b l e i n s o l u t i o n 

( r e f s . 23, 2 6 ) . The a c t i v a t i o n energies f o r thermal e l e c t r o n t r a n s f e r may 

exceed 30 k c a l . However, i n a l l cases the aqueous complexes undergo photo

redox r e a c t i o n s upon MMCT e x c i t a t i o n . The redox isomers 

C(NC)
5
M***CNCo*

I

(CN)
5
]

6

" d i s s o c i a t e i n the primary photochemical 

step : 

[(N C )
5
M

I I

C N C o
I I I

( C N )
5
]

6

" í ^ [ ( N C )
5
M

I I I

C N C o
I I

( C N )
5
]

6

' 

[ ( N C )
5
M

I I I

C N C o
I I

( C N )
5
l

6

" - C M
I I I

( C N )
6
1

3

" + [ C o
1 1

( C N )
5
]

3

~ 

In the absence of oxygen a complete r e g e n e r a t i o n of the b i n u c l e a r complexes 

occurs by a thermal inner-sphere e l e c t r o n t r a n s f e r which i s simply a r e v e r s a l 

of the p h o t o r e a c t i o n . The a c t i v a t i o n b a r r i e r f o r t h i s back e l e c t r o n t r a n s f e r 

was estimated t o be around E £
h
 - 2 k c a l . The re g e n e r a t i o n of the binu

c l e a r complexes by t h i s inner-sphere redox process i s not s u r p r i s i n g s i n c e 

a l l t h r e e cyanide-bridged anions are synthesized by t h i s r e a c t i o n . The i r o n 

complex was prepared by Haim and Wilmarth i n 1961 according t o t h i s procedure 

( r e f . 2 8 ) . In d i s t i n c t i o n t o ammine complexes of Co** which decay i r r e v e r 

s i b l y i n aqueous s o l u t i o n the complex [Co**(CN),J
3

~ does not decompose. 

The p h o t o l y s i s of a l l three complexes induced by MMCT e x c i t a t i o n leads t o 

a permanent chemical change only i n the presence of a i r . The complex 
3-

[Co(CN)
5
l can be i n t e r c e p t e d by 0

2
: 

2 [ C o ( C N )
5
l

3

- + o
2
 - [ ( N C )

5
C o

I I I

( 0
2

2

- ) C o
I I I

( C N )
5
3

6

-

In a c i d i c s o l u t i o n the peroxo complex decomposes to y i e l d H ^ and 

2C C o * * * ( C N ) r ( H
?
0 ) I

2

" w h i l e i n b a s i c s o l u t i o n the peroxo complex i s 



f u r t h e r o x i d i z e d t o the superoxo complex [ ( N C )
5
C o

I I i

( 0
2
" ) C o

1 1 1

-

( C N )
5
1

5

\ The quantum y i e l d s f o r the formation of [ M
H I

( C N )
6
1

3

~ are 

s l i g h t l y wavelength-dependent due to the overlap of the MMCT bands with 

absorptions of other o r i g i n . The quantum y i e l d s may exceed u n i t y because 
3 

[M(CN)c] i s not only produced i n the primary photochemical r e a c t i o n but 
A- • • 

a l s o by the o x i d a t i o n of [M(CN)g] by H ^ . The quantum y i e l d s are 

f a i r l y l a r g e : $ = 1.6 at x
i f r

 =405 nm f o r M = Fe; $ = 0.39 at x
i r r

 = 313 

nm f o r M = Ru, and $ = 0.32 at x. = 366 nm f o r M = Os ( r e f s . 23, 2 6 ) . 

irr 

3 EXCITED STATE (NON-RESONANCE) ELECTRON TRANSFER 

3.1 I n t r o d u c t i o n 

A photoinduced e l e c t r o n t r a n s f e r does not only occur by d i r e c t o p t i c a l e x c i 

t a t i o n (resonance t r a n s f e r ) . As an a l t e r n a t i v e an e l e c t r o n i c a l l y e x c i t e d 

molecule may undergo an e l e c t r o n t r a n s f e r t o or from another molecule. I n t e r -

molecular e x c i t e d s t a t e e l e c t r o n t r a n s f e r of t h i s type has been st u d i e d i n 

t e n s i v e l y ( r e f s . 14, 29, 3 0 ) . P a r t i c u l a r l y the complex [ R u ( b i p y )
3
]

2 +

 was 

used as e x c i t e d s t a t e e l e c t r o n donor or acceptor ( r e f . 3 1 ) . In s o l u t i o n 

i n t e r m o l e c u l a r e l e c t r o n t r a n s f e r can take place i f the e x c i t e d molecule has a 

d i f f u s i o n a l encounter with a s u i t a b l e redox partner before i t r e t u r n s t o the 

ground s t a t e . 

An e x c i t e d s t a t e e l e c t r o n t r a n s f e r may take place a l s o as i n t r a m o l e c u l a r 

p r o c e s s . An e x c i t e d chromophoric group can undergo an e l e c t r o n t r a n s f e r t o or 

from another pa r t of the same molecule. Since donor and acceptor are already 

i n contact p r i o r t o e l e c t r o n i c e x c i t a t i o n a long l i f e t i m e of the e x c i t e d 

s t a t e i s not r e q u i r e d . Even higher e x c i t e d s t a t e s whicn can not p a r t i c i p a t e 

i n b i m o l e c u l a r r e a c t i o n s due t o t h e i r short l i f e t i m e s may undergo intramole

c u l a r e l e c t r o n t r a n s f e r . While i n b i m o l e c u l a r redox processes the s t r u c t u r a l 

arrangement of donor and acceptor i n the encounter complex i s not known 

i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r occurs i n a b e t t e r defined environment. A l 

though these f e a t u r e s make i t a t t r a c t i v e to study i n t r a m o l e c u l a r e x c i t e d 

s t a t e e l e c t r o n t r a n s f e r t h i s subject has been l a r g e l y neglected u n t i l a few 

years ago. 

The recent i n t e r e s t i n i n t r a m o l e c u l a r e x c i t e d s t a t e e l e c t r o n t r a n s f e r i s as

s o c i a t e d w i t h attempts t o understand the primary events of photosynthesis and t o 

design model systems f o r the photosynthesis ( r e f . 3 2 ) . In the f i r s t step an ex

c i t e d s t a t e e l e c t r o n t r a n s f e r occurs which must be u p h i l l with regard t o the 

ground s t a t e i n order t o convert l i g h t i n t o chemical energy. In simple systems 

t h i s f i r s t step i s f o l l o w e d by a r a p i d d o w n h i l l charge recombination. In the 

photosynthesis a charge sep a r a t i o n i s achieved by i n t r o d u c i n g a b a r r i e r f o r back 

e l e c t r o n t r a n s f e r . Recently model compounds have been designed t o study the 

charge se p a r a t i o n i n d e t a i l . A system which found much a t t e n t i o n c o n s i s t s of a 

porphyrin as e x c i t e d s t a t e e l e c t r o n donor which i s l i n k e d c o v a l e n t l y t o a q u i -



none as e l e c t r o n a c c e p t o r . In a d d i t i o n , a carotene may be attached as a donor 

"to accomplish charge s e p a r a t i o n over l a r g e d i s t a n c e s ( r e f . 3 2 ) . However, i n 

t h i s review the d i s c u s s i o n i s r e s t r i c t e d to t y p i c a l t r a n s i t i o n metal comple

xes. 

Two d i f f e r e n t cases w i l l be d i s t i n g u i s h e d . F i r s t , the primary e l e c t r o n 

t r a n s f e r i s f o l l o w e d by r a p i d secondary processes which compete s u c c e s s f u l l y 

with back e l e c t r o n t r a n s f e r . As a r e s u l t , the l i g h t a b s o r p t i o n leads to a 

permanent chemical change. Secondly, charge recombination i s r a p i d and a net 

p h o t o l y s i s i s not observed. Luminescence and t i m e - r e s o l v e d a b s o r p t i o n spec

troscopy were a p p l i e d to gain i n s i g h t i n t o the charge se p a r a t i o n and recom

b i n a t i o n processes. 

The compounds d i s c u s s e d below do not d i s p l a y CT a b s o r p t i o n bands i n v o l v i n g 

the e l e c t r o n donor and a c c e p t o r . In some cases t h i s i s a good i n d i c a t i o n t h a t 

e l e c t r o n i c c o u p l i n g i s weak. In other cases the extent of c o u p l i n g i s more 

d i f f i c u l t to assess s i n c e CT bands of i n t e r e s t may be obscured by a b s o r p t i o n s 

of d i f f e r e n t o r i g i n . 

3.2 IRREVERSIBLE PHOTOREDUCTION OF C o ( I I I ) 

3.2.1 Aromatic Molecules as E l e c t r o n Donors 

In 1969 Adamson et a l . observed a photoreduction of Co*** upon IL e x c i 

t a t i o n of aqueous [Co***(NH
3
)

5
TSC]

2 +

 with TSC" = t r a n s - 4 - s t i l b e n e -

c a r b o x y l a t e ( r e f . 3 3 ) . In a l a t e r study a d e t a i l e d a n a l y s i s of the photoredox 

products of t h i s complex was c a r r i e d out ( r e f . 3 4 ) . 

The s t i l b e n e moiety i s an i s o l a t e d chromophore of the complex s i n c e i t s 

a b s o r p t i o n spectrum d i d not change upon c o o r d i n a t i o n v i a the c a r b o x y l i c 

group. Any bands which could be assigned t o a CT t r a n s i t i o n from the s t i l b e n e 

group t o Co*** do not appear. 

The p h o t o l y s i s takes place according to the f o l l o w i n g r e a c t i o n scheme (* 

e x c i t e d s t a t e ) : 

[ C o * * * ( N H
3
)

5
( T S C " ) ]

2 +

 ^ [ C o * * * ( N H
3
)

5
( T S C " ) * J

2 + 

[ C o * * * { N H
3
)

5
( T S C " ) * ]

2 +

 - C C o
I I

( N H
3
)

5
( T S C°) ]

2 + 

[ C o * * ( N H
3
)

5
( T S C°)]

2 +

 - C o
2 +

 + 5NH
3
 + TSC

0 

CCo***(NH
3
)

5
(TSC")]

2 +

 + TSC
0

 - C o
2 +

 + 5NH
3
 + TSC" + o x i d . TSC 

TSC
0

 + 0
2
 - benzaldehyde + other products 

Upon l i g h t a b s o r p t i o n at 313 nm the f i r s t e x c i t e d n* s i n g l e t of the TSC" 

l i g a n d i s p o pulated. This IL s t a t e i s s t r o n g l y reducing ( E ^
2
 ~ -2 V vs 

SCE) w h i l e the Co*** center i s a weak oxidant ( E
1 / 2

 = -0.03 V) ( r e f . 3 5 ) . 

E x c i t e d s t a t e e l e c t r o n t r a n s f e r from the IL s t a t e of the s t i l b e n e group t o 

Co*** has o b v i o u s l y a l a r g e d r i v i n g f o r c e and i s apparently very r a p i d . 

While the f r e e l i g a n d shows a strong f l u o r e s c e n c e and undergoes a t r a n s / c i s 



photoísomerization these processes are not observed i n the coordinated s t a t e . 

The e l e c t r o n t r a n s f e r i s thus much f a s t e r than other d e a c t i v a t i o n processes 

of the i n * s i n g l e t . In the o r i g i n a l study ( r e f . 33) i t was suggested t h a t the 

e x c i t e d IL s t a t e undergoes an energy t r a n s f e r to a non-spectroscopic LMCT 

e x c i t e d s t a t e of the complex. This e x p l a n a t i o n seems to be e q u i v a l e n t to an 

e x c i t e d s t a t e e l e c t r o n t r a n s f e r i f the LMCT s t a t e can be described as a s t i l -

bene r a d i c a l c a t i o n coordinated to Co** by a c a r b o x y l i c group ( r e f . 3 4 ) . 

The Co** complex generated by e x c i t e d s t a t e e l e c t r o n t r a n s f e r i s k i n e t i 

c a l l y l a b i l e and decomposes before an e f f i c i e n t charge recombination takes 

p l a c e . A TSC r a d i c a l i s r e l e a s e d and undergoes f u r t h e r r e a c t i o n s according to 

the scheme ( r e f . 3 4 ) . 

I n t e r e s t i n g l y , the lowest n* t r i p l e t of the TSC" l i g a n d which can be 

populated by i n t e r m o l e c u l a r energy t r a n s f e r from b i a c e t y l and other s e n s i t i 

z e rs induces only the t r a n s / c i s i s o m e r i z a t i o n of the l i g a n d but not the 

r e d u c t i o n of Co*** ( r e f . 3 4 ) . The redox p o t e n t i a l of the IL t r i p l e t i s o n l y 
E

1/2 ~ "° "
3 V v s S C E

" E l e c t r o n t r a n s f e r i s now apparently not f a s t enough 

to compete with other d e a c t i v a t i o n processes such as the p h o t o i s o m e r i z a t i o n . 

A v a r i e t y of other complexes of the type [Co***(NH
3
)

5
OOCR3

2 +

 with 

R = aromatic group such as 1- and 2-naphthalene, 9-anthracene, 4-biphenyl 

shows q u a l i t a t i v e l y the same behavior as the TSC complex ( r e f s . 37, 3 8 ) . The 

quantum y i e l d s of C o
2 +

 production was dependent very much on the nature of 

R. A simple c o r r e l a t i o n was not apparent. 

The complexes [2-naphthyl-C0NH-(CH
2
)

n
-C00Co***(NH 3) 53 2 + with n 

= 1-5 were s t u d i e d i n order to l e a r n more about the s t r u c t u r a l requirements 

f o r e x c i t e d s t a t e e l e c t r o n t r a n s f e r ( r e f . 3 9 ) . The naphthy! grcirp *s e x c i t e d 

s t a t e donor and Co*** as acceptor are connected by a peptide l i n k a g e . In 

d i s t i n c t i o n to the complexes discussed above Co*** and the aromatic group 

are now not only separated by a c a r b o x y l i c group but a l s o by saturated and 

hence e l e c t r o n i c a l l y i n s u l a t i n g methylene groups. The b a s i c observations were 

the same as those f o r the r e l a t e d complexes without i n t e r v e n i n g CH^ groups. 

However, a d d i t i o n a l data were obtained s i n c e f l u o r e s c e n c e quenching'of the 

naphthyl moiety by Co*** was e f f i c i e n t but not complete. The observations 

can be described by the f o l l o w i n g r e a c t i o n scheme (N = 2-naphthyl, B = pep

t i d e b r i d g e ) : 

C N - B - C o
I I I

(NH
3
)

5
]

2 +

 + h v - [N*-B-Co***(NH
3
)

5
]

2 + 

[ N * - B - C o
m

( N H 3 ) 5 3 2 + ^ [N-3-Co***(NH 3) 53 2 +

 +
 hv 

CN*-B-Co
I I I

(NH 3) 53 2 + ^> [N-B-Co***(NH 3) 53 2 + + heat 



I I I / 
[N*-B-Co (NH

3
)

5
] 
>
 K

3
 rSl

+ I I / CN -B-Co
1 1

(NH
3
)

5
] n
2+ 

2+ 
C N

+

- B - C o
H

( N H
3
)

5
]

2 +

 -I» CN-B-Co
I H

(NH
3
)

5
] 

k 

[ N
+

- B - C o
H

( N H
3
)

5
]

2 +

 J+ Co
2 +

 + 5 NH
3
 + o x i d . N 

The « i * s i n g l e t of the naphthyl group i s populated by i r r a d i a t i o n w i t h x = 

313 nm. The e x c i t e d s i n g l e t of the f r e e l i g a n d has a l i f e t i m e of approxima-

t e l y 10 s and undergoes an e f f i c i e n t f l u o r e s c e n c e , which i s s t r o n g l y 

quenched i n the complex due to e l e c t r o n t r a n s f e r to C o
1 1 1

. From the r e l a 

t i v e quantum y i e l d s of f l u o r e s c e n c e the r a t e constants k
3
 and quantum 

y i e l d s of e x c i t e d s t a t e e l e c t r o n t r a n s f e r were o b t a i n e d . An increase 

from k
3
 = 4.9x10

9

 s"
1

 and $
E T
 = 0.98 f o r n = 1 t o 9.2x10

9

 s"
1

 and 

0.99 f o r n = 4 was observed. At n = 5 k
3
 and dropped t o 6.0x10

9 

s"
1

 and 0.98. 

From and the experimental quantum y i e l d s of C o
2 +

 formation r e l a 

t i v e r a t e c o n s t a n t s f o r back e l e c t r o n t r a n s f e r k i were c a l c u l a t e d assu-

2+ 

ming t h a t the r a t e of Co formation k^ i s independent of n. I t was found 

t h a t the r a t e of back e l e c t r o n t r a n s f e r reached a l s o a maximum at n = 4. 

On the b a s i s of these r e s u l t s i t i s concluded t h a t the a c t u a l d i s t a n c e of 

e x c i t e d s t a t e and back e l e c t r o n t r a n s f e r decreases w i t h i n c r e a s i n g chain 

length of the peptide from n = 1 t o 4. 

F i g . 3. Suqgested s t r u c t u r e of aqueous C2-naphthyl-C0NH-(CH
2
)

4
-C00Co 

I I I -

(NH
3
)

5
3 
2+ 



I t i s assumed t h a t donor and acceptor come to a c l o s e r approach by an 

a p p r o p r i a t e bending of the f l e x i b l e peptide l i n k a g e . This back f o l d i n g may be 

favored by hydrogen bonding between coordinated ammonia and carbonyl groups 

of the peptide ( F i g . 3 ) . At n = 5 e l e c t r o n t r a n s f e r becomes l e s s e f f i c i e n t . 

The donor-acceptor d i s t a n c e may now increase by an extension of the p e p t i d e . 

F i n a l l y , i t should be mentioned here that e x c i t e d s t a t e e l e c t r o n t r a n s f e r 

from an aromatic molecule t o C o ( I I I ) ammines takes place a l s o as an i n t e r -

molecular r e a c t i o n ( r e f s . 38, 4 0 ) . F i r s t observations were ex p l a i n e d by the 

assumption t h a t an energy t r a n s f e r occurs to r e a c t i v e LMCT s t a t e s of the com

plex ( r e f . 4 0 ) . However, more recent i n v e s t i g a t i o n s have shown that the aro

matic molecules are indeed o x i d i z e d and a l l observations can be e x p l a i n e d 

best by an e x c i t e d s t a t e e l e c t r o n t r a n s f e r mechanism ( r e f . 3 8 ) . 

3.2.2 Metal Complexes as E l e c t r o n Donors 

Intramolecular e x c i t e d s t a t e e l e c t r o n t r a n s f e r between weakly coupled 

redox centers takes a l s o place in complexes of the type 

[(NH
3
)

5
Co

1 1 1

NH
2
-(CH

2
)

n
-CH=CH

2
Cu*3

4 + 

The Cu* o l e f i n «-complex i s now an i s o l a t e d chromophore which i s characte

r i z e d by an o p t i c a l Cu
1

 t o * * ( o l e f i n ) MLCT t r a n s i t i o n ( r e f . 4 1 ) . The 

i n t e r a c t i o n of t h i s chromophore w i t h Co i s c e r t a i n l y weak due t o the i n t e r 

vening s a t u r a t e d methylene groups. L i g h t absorption by the Cu* o l e f i n chro

mophore i s f o l l o w e d by the r e d u c t i o n of C o
1 1 1

 and o x i d a t i o n of Cu*. In 

aqueous s o l u t i o n s t a b l e redox products are formed according t o the equation: 

C(NH
3
)

5
Co

I I I

NH
2
-(CH

2
)

n
-CH=CH

2
Cu

I

]
4 +

 - C o
2 +

 + C u
2 +

 + 

+ 5NH
3
 + NH

2
-(CH

2
)

p
-CH=CH

2 

The MLCT s t a t e of the copper complex acts here as e x c i t e d s t a t e e l e c t r o n 

donor. In the e x c i t e d s t a t e i t i s the reduced o l e f i n which undergoes e l e c t r o n 

t r a n s f e r t o C o
1 1 1

: 

{(NH
3
)

5
Co

I I I

-NH
2
-(CH

2
)

n
-C(CH=CH

2
)Cu

I I

]*}
4 +

 -

[(NH
3
)

5
Co

1 1

-NH
2
-(CH

2
}

n
-CHrCH

2
Cu

1 1

3
4 + 

The e l e c t r o n t r a n s f e r to Co**
1

 i s f a s t enough to compete with i n t e r n a l 

d e a c t i v a t i o n i n the copper complex. The r a t e constant f o r e l e c t r o n t r a n s f e r 
7 fi 

was estimated by t i m e - r e s o l v e d absorption spectroscopy to be k > 10 -10 

s "
1

. F i n a l l y , the k i n e t i c a l l y l a b i l e Co
1 1

 complex undergoes a l i g a n d 

displacement. The quantum y i e l d of C o
2 +

 formation decreases with an i n c r e a 

s i n g number n of CH
2
 groups. Beyond four to f i v e methylene groups e l e c t r o n 

t r a n s f e r i s no longer c o m p e t i t i v e with i n t e r n a l d e a c t i v a t i o n w i t h i n the Cu 

chromophore. The a c t u a l d i s t a n c e between donor and acceptor seems here t o 

i n c r e a s e w i t h the length of the connecting CH
2
 c h a i n . At a f u l l y extended 



chain a maximum c.stance of about 7 A f o r e l e c t r o n t r a n s f e r was e s t i m a t e d . 

S i m i l a r observations were made with b i n u c l e a r Co***/Cu* complexes which 

co n t a i n a p y r i d i n e or c a r b o x y l i c group inste a d of an amine coordinated t o 

C o
1 1 1

 ( r e f . 4 1 ) . 

int r a m o l e c u l a r e x c i t e d s t a t e e l e c t r o n t r a n s f e r from a metal complex as 

donor to Co*
1

* as acceptor occurs a l s o i n the n e u t r a l complex: 

[(NC)
5
Fe**pyrazineCo

I

**(NH
3
)

5
] 

This b i n u c l e a r confound i s composed of the chromophore [Fe**(CN ^ p y r a 

z i n e ]
3

" and [ C o *
1 ¿

' N H
3
)

5
p y r a z i n e ]

3 +

 ( r e f . 4 2 ) . The metal centers do 

not seem to be s t r o n g l y c o u p l e d . The i r o n c o n t a i n i n g chromophore i s characte

r i z e 

nm). 

r i z e d by an o p t i c a l Fe** t o i * ( p y r a z i n e ) MLCT t r a n s i t i o n ( x
m a v
 = 630 

max 

Upon l i g h t a bsorption i n t o t h i s CT band an e f f i c i e n t r e d u c t i o n of Co*** 

took place according to the equati o n : 

[(NC)
5
Fe**pyrazineCo***(NH

3
)

5
] ̂  [ F e * * * ( C N )

5
p y r a z i n e ]

2

" 

4 Co
2

* + 5NH
3 

The processes f o l l o w i n g l i g h t a b s o r p t i o n should be q u i t e analogous t o those 

of the Co***/Cu* complex d e s c r i b e d above. The MLCT e x c i t e d s t a t e of the 

i r o n chromophore t r a n s f e r s an e l e c t r o n from the reduced p y r a z i n e bridge t o 

Co*** before i t undergoes an i n t e r n a l d e a c t i v a t i o n . 

I n t e r e s t i n g l y , the complex [(NC)
l
-Fe*

I I

pyrazineCo**(NHJ,-] which 
i f ITT 

i s the primary product of the e l e c t r o n t r a n s f e r i s a Fe to Co MMCT 

s t a t e or redox isomer of the s t a r t i n g complex. This MMCT s t a t e l i e s c e r t a i n l y 

w e l l below the Fe t o pyrazine MLCT s t a t e . The e x c i t e d s t a t e e l e c t r o n t r a n s f e r 

can then be a l s o considered as an energy t r a n s f e r from a MLCT t o a WCT e x c i 

ted s t a t e . In the ab s o r p t i o n spectrum of the b i n u c l e a r Fe**/Co*** complex • 

a MMCT band was not i d e n t i f i e d . However, i t may be obscured by the MLCT ab

s o r p t i o n . I t i s a l s o p o s s i b l e t h a t a MMCT band appears i n the near IR regio n 

which may have not been i n v e s t i g a t e d . The e x p e c t a t i o n t h a t a WCT s t a t e 

occurs at ra t h e r low energies i s supported by another o b s e r v a t i o n . This WCT 

s t a t e can be populated even t h e r m a l l y . The redox decomposition of the binu

c l e a r complex does not take place only as a ph o t o r e a c t i o n but a l s o as a t h e r 

mal process ( r e f . 4 2 ) . Analogous r e s u l t s were obtained w i t h b i n u c l e a r 

Fe**/Co*** complexes which c o n t a i n b r i d g i n g l i g a n d s s i m i l a r t o pyrazine 

( r e f . 4 2 ) . 

3.3 R e v e r s i b l e E x c i t e d State E l e c t r o n T r a n s f e r 

3.3.1 Introduction 

I n t r a m o l e c u l a r e x c i t e d s t a t e e l e c t r o n t r a n s f e r between weakly coupled 

redox centers d e s c r i b e d i n the previous s e c t i o n r e s u l t s i n a permanent chemi-



c a l change. In a d d i t i o n , there are many systems which undergo an e f f i c i e n t 

back e l e c t r o n t r a n s f e r regenerating the s t a r t i n g compound. These m a t e r i a l s 

appear to be not l i g h t - s e n s i t i v e . However, by means of time-resolved absorp

t i o n or emission spectroscopy i t i s p o s s i b l e to demonstrate the e x i s t e n c e of 

s h o r t - l i v e d i n t e r m e d i a t e s . Many of such s t u d i e s were c a r r i e d out i n order to 

get more information on the charge separation process. I t was assumed that 

back e l e c t r o n t r a n s f e r could be retarded i f the e l e c t r o n / h o l e p a i r can be 

separated over increased d i s t a n c e s . However, t h i s may not ahways be t r u e . In 

s u i t a b l e cases through-bond i n t e r a c t i o n seems t o provide some co u p l i n g of 

donor and acceptor which may f a c i l i t a t e an e f f i c i e n t charge recombination 

over l a r g e r d i s t a n c e s . This assumption i s supported by recent observations 

t h a t o p t i c a l CT t r a n s i t i o n s occur a l s o between remote redox c e n t e r s . The 

spectrum of C ( N H
3
)

5
R u

I I

p y r a z i n e R u
I I

( N H
3
)

4
p y r a z i n e R u

I I I

( N H
3
)

5
3

7 + 

d i s p l a y s a near-IR absorption which was assigned to an end-to-end WCT t r a n 

s i t i o n ( r e f . 4 3 ) . An a b s o r p t i o n band of the ion [(NH
3
)

5
Ru**NCRu**-

( b i p y )
2
C N R u

I I

( N H
3
)

4
l

4 +

 was i d e n t i f i e d as MLCT t r a n s i t i o n from 

Ru
1

* coordinated t o ammonia to bipy of the adjacent ruthenium atom ( r e f . 

4 4 ) . As a f u r t h e r example M** t o bipy MLCT bands were detected i n the spec

t r a of [ ( b i p y ) ( H
2
0 ) P t

I I

N C M
I I

( C N )
4
C N P t

I I

( H
2
0 ) ( b i p y ) ] with M = Fe, 

Ru, and Os ( r e f . 4 5 ) . 

In the f o l l o w i n g d i s c u s s i o n of r e v e r s i b l e i n t r a m o l e c u l a r e x c i t e d s t a t e 

e l e c t r o n t r a n s f e r i n d i v i d u a l complexes are presented. They are c l a s s i f i e d 

according t o the donor and acceptor s i t e of e x c i t e d s t a t e e l e c t r o n t r a n s f e r 

f o l l o w i n g d i r e c t l y o p t i c a l e x c i t a t i o n of ene chrccophcre. Evidence of t h i s 

primary e x c i t e d e l e c t r o n t r a n s f e r was obtained by the i d e n t i f i c a t i o n of sub

sequent slower processes. 

3.3.2 Ligand t o Metal E l e c t r o n T r a n s f e r 

In the b i n u c l e a r ion C(NH
3
)

5
Ru**pyrazineCu** ( a q ) ]

4 +

 the o p t i c a l 

MLCT t r a n s i t i o n generates the e x c i t e d s t a t e [ ( N H
3
)

5
R u

I I I

( p y r a z i n e " ) C u
I I

]
4 +

* 

( r e f . 4 6 ) . This i s f o l l o w e d by a r a p i d e l e c t r o n t r a n s f e r from the reduced 

b r i d g i n g l i g a n d to Cu
1

* producing C(NH
3
)

5
Ru***pyrazineCu*3

4 + 

which undergoes regeneration of the s t a r t i n g complex. The metal-to-metal back 

e l e c t r o n t r a n s f e r takes place w i t h a f i r s t order r a t e constant of k = 

7.8x10
3

 s "
1

. 

The mixed-valence compound [(NH
3
)

5
Ru**pyrazineRu***(edta)]

+

 can 

be e x c i t e d to C ( N H
3
)

5
R u * * * ( p y r a z i n e " ) R u

I I I

( e d t a ) ]
+

* by l i g h t 

a b s o r p t i o n i n t o the corresponding MLCT band ( r e f . 4 7 ) . In t h i s e x c i t e d s t a t e 

e l e c t r o n t r a n s f e r takes place from the reduced pyrazine l i g a n d to Ru*** co

o r d i n a t e d to edta with k > 10
1 1

 s "
1

. The complex [{NH^)cRu***pyra-

II + 

zineRu (edta)] which i s a high-energy redox isomer of the ground s t a t e or a 

MMCT e x c i t e d s t a t e regenerates the s t a r t i n g complex by metal-to-metal 



e l e c t r o n t r a n s f e r (k = 0.8x10
1 0

 s "
1

) . S i m i l a r r e s u l t s were obtained with 

" r e l a t e d mixed-valence compounds ( r e f . 4 7 ) . 

The complex [ ( b i p y í R e ^ í C O J ^ p y - P T Z ) ]
+

 c o n t a i n s a coordinated p y r i d i 

ne (py) which i s l i n k e d at i t s 4 p o s i t i o n to the reducing phenothiazine (PTZ) 

molecule v i a an i n s u l a t i n g methylene group ( r e f . 4 8 ) . An o p t i c a l MLCT t r a n 

s i t i o n leads to the e x c i t e d s t a t e [ ( b i p y " ) R e
I J

( C O )
3
( p y - P T Z ) 3

+

* which 

undergoes r a p i d e x c i t e d s t a t e e l e c t r o n t r a n s f e r from PTZ to the o x i d i z e d Re 

c e n t e r . In c o n t r a s t t o the previous examples t h i s e l e c t r o n t r a n s f e r i s not an 

inner-sphere process s i n c e the donor s i t e i s i s o l a t e d by the i n t e r v e n i n g 

CH^ group. The r e s u l t of t h i s e x c i t e d s t a t e e l e c t r o n t r a n s f e r i s a LLCT 

e x c i t e d s t a t e w i t h the e l e c t r o n d i s t r i b u t i o n [ ( b i p y ' ) R e
1

 (COMpy-PTZ*)]**. 

8 1 
I t r e v e r t s to the ground s t a t e with k = 4x10 s~ . 

3.3.3 Metal to Metal Electron Transfer 

The b i n u c l e a r ion [ ( b i p y )
2
( C 0 ) 0 s

H

L 0 s
n

 (o-phen) (dppe)Cl 3
3 +

 w i t h L = 4,4'-b 

and dppe = cis-Ph
2
PCH=ChPPhp undergoes o p t i c a l MLCT e x c i t a t i o n to form 

[ ( b i p y ) ( b i p y
-

) ( C 0 ) 0 s
I I I

L 0 s
1 I

( o - p h e n ) ( d p p e ) c n 3 + * which i s a mixed-

valence compound e x i s t i n g o n l y i n the e x c i t e d s t a t e ( r e f . 4 9 ) . The o p t i c a l 

t r a n s i t i o n i s f o l l o w e d by an e x c i t e d s t a t e metal-to-metal e l e c t r o n t r a n s f e r 

from 0 s
1 1

 t o 0 s
I H

 w i t h k ~ 10
7

 s"
1

 y i e l d i n g [ ( b i p y ) ( b i p y " ) ( C 0 ) -

O s ^ L O s
1 1

 ^o-phen) (dppe)Cl 3
3 +

. Subsequent e l e c t r o n t r a n s f e r from b i p y " 

to the remote 0 s
1 1 1

 regenerates the s t a b l e ground s t a t e . 

In the h e t e r o b i m e t a l l i c c a t i o n C ( b i p y )
2
R u

I I

b i p y m R e
I

( C 0 )
3
C l 3

2 + 

w i t h bipym = 2 . 2 ' - b i p y r i m i d i n e an o p t i c a l MLCT t r a n s i t i o n terminates i n the 

e x c i t e d s t a t e [(bipy)~Ru
I I

(bipym")Re
I I

(CO)~C13
2 +

* ( r e f . 5 0 ) . This 
II 

MLCT s t a t e undergoes metal-to-metal e l e c t r o n t r a n s f e r from Ru t o the o x i 

d i z e d rhenium t o form [ ( b i p y )
2
R u

I I I

( b i p y m " ) R e
I

( C O )
3
C l 3

2 +

* . The 

prod u c t i o n of t h i s MLCT e x c i t e d s t a t e was detected by i t s emission t o the 

ground s t a t e . 

3.3.4 Ligand to Ligand Electron Transfer 

The complexes [ ( b i p y )
2
R u

I I

( M e Q
+

)
2
3

4 +

 ( r e f . 51) and [ ( b i p y ) R e
1

-

(CO)
3
(MeQ

+

)3
2 +

 ( r e f . 52) c o n t a i n the o x i d i z i n g l i g a n d NCH
3
-4.4'-bipy-

r i d i n i u m c a t i o n (MeQ
+

) which i s weakly coupled t o the m e t a l s . The o p t i c a l 

t r a n s i t i o n t o the MLCT s t a t e i n v o l v i n g the promotion of an e l e c t r o n from the 

metal to the bipy l i g a n d i s f o l l o w e d by the reverse process as emission but 

only at low temperatures i n a r i g i d m a t r i x . In f l u i d s o l u t i o n at room tempe

r a t u r e the MLCT s t a t e s [ ( b i p y ) ( b i p y " ) R u
I H

( M e Q
+

)
2
3

4 +

* and 

[(bipy")Re
I I

(CO)
3
(MeQ'

,

')3
2 +

* undergo e x c i t e d s t a t e e l e c t r o n t r a n s f e r 

from the reduced b i p y " to the o x i d i z i n g MeQ
+

 l i g a n d . This process genera

tes the MLCT s t a t e s [ { b i p y U R u
1 1 1

 (MeQ°)(MeQ
+

)3
4 +

* and [ ( b i p y ) R e
n

( C O k -

(MeQ°)3 * which were i d e n t i f i e d by t h e i r emission s p e c t r a . The e x c i t e d 



s t a t e l i g a n d - t o - l i g a n d e l e c t r o n t r a n s f e r r e q u i r e s apparently an o r i e n t a t i o n a l 

m o b i l i t y of the MeQ
+

 l i g a n d which i s p o s s i b l e only i n f l u i d s o l u t i o n . I t 

was suggested t h a t e l e c t r o n t r a n s f e r can occur i f both aromatic r i n g s of 

MeQ
+

 assume a coplanar arrangement. This assumption i s supported by the 

observ a t i o n t h a t the complex [ ( b i p y )
2
0 s

I I

( C 0 ) ( N , 3 , 3 ' - t r i m e t h y l - 4 , 4
,

- b i p y -

r i d i n i u m
+

) ]
3 +

 does not undergo t h i s e x c i t e d s t a t e 1igand-to-1igand e l e c 

t r o n transfer ( r e f . 5 2 ) . Due to a s t e r i c r e p u l s i o n imposed by the methyl sub-

s t i t u e n t s i n the 3 and 3' p o s i t i o n of the MeQ
+

 l i g a n d a coplanar p o s i t i o n 

of both r i n g s cannot be adopted. 

An e x c i t e d s t a t e 1igand-to-1igand e l e c t r o n t r a n s f e r was a l s o observed f o r 

the mixed-valence compound [ ( d p t e ^ C l R u ^ L R u ^ f b i p y ^ C l l
3

* w ith 

dpte = 1,2-diphenylthioethane and L = 4 , 4 ' - b i p y r i d i n e ( r e f s . 53, 54) . The 

o p t i c a l t r a n s i t i o n from Ru
1 1

 to the b r i d g i n g l i g a n d L y i e l d s the MLCT s t a t e 

[ ( d p t e )
9
C l R u

I I I

( L " ) R u
I I I

( b i p y )
C )
C l ]

3 +

* . E x c i t e d s t a t e e l e c t r o n 

I I I I I I 
t r a n s f e r generates another MLCT s t a t e C(dpte)

9
Ru LRu ( b i p y " ) -

3+ 

( b i p y ) C l ] * . This s t a t e which cannot be reached by an o p t i c a l t r a n s i t i o n 

from the ground s t a t e was detected by i t s luminescence. The emission leads t o 

a species with the e l e c t r o n d i s t r i b u t i o n [ ( d p t e )
2
C l R u

I I I

L R u
I I

( b i p y )
2
C l ]

3 +

. 

This i s a MMCT e x c i t e d s t a t e which i s r a p i d l y d e a c t i v a t e d t o the ground 

s t a t e . S i m i l a r r e s u l t s were obtained with analogous complexes c o n t a i n i n g 

other b r i d g i n g l i g a n d s r e l a t e d to 4,4'-bipy. 

CONCLUSION 

A l i g h t - i n d u c e d i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r between weakly coupled 

redox centers i n v o l v i n g t r a n s i t i o n metal complexes can take place by d i r e c t 

o p t i c a l charge t r a n s f e r e x c i t a t i o n (resonance mechanism) as w e l l as by 

e x c i t e d s t a t e e l e c t r o n t r a n s f e r (non-resonance mechanism). The primary 

charge-separated s t a t e undergoes competing back e l e c t r o n t r a n s f e r and 

secondary t r a n s f o r m a t i o n s . The e f f i c i e n c y of the formation of s t a b l e photo-

products i s determined by t h i s c o m p e t i t i o n . I t depends on various f a c t o r s 

such as the r e o r g a n i z a t i o n a l energy and the extent of e l e c t r o n i c c o u p l i n g 

between e l e c t r o n donor and ac c e p t o r . More s t u d i e s are needed t o ob t a i n a 

d e t a i l e d p i c t u r e . S t r u c t u r a l requirements such as the d i s t a n c e and the angle 

between donor and acceptor but a l s o the nature of the connecting bridge play 

an important r o l e which i s not yet completely understood. As a long-term goal 

an e f f i c i e n t charge sep a r a t i o n which can be u t i l i z e d i n an a r t i f i c i a l photo

s y n t h e s i s and other a p p l i c a t i o n s seems t o be f e a s i b l e . 
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