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Mechanisms of intermolecular charge transfer and electron transfer processes in the electronically 
excited states of solute molecules have been discussed in relation to the exciplex formation and 
fluorescence quenching reactions in solution. A new model for the electron transfer process has been 
proposed and studied by the quantum mechanical method. Some naive and intuitive concepts of the 
electron transfer process have been given a more rigorous theoretical basis. An experiment which can 
test this model has been suggested. Furthermore, the possible connections among the very weak CT 
complex formation, exciplex formation and the electron transfer reaction have been discussed in general 
on the basis of the theoretical considerations. 

Mechanismen fiir den intermolekularen Ladungs- und Elektroneniibergang bei gel6sten Mole- 
ktilen in elektronisch angeregten Zust~inden werden im Zusammenhang mit der Bildung yon Exiplexen 
und der Fluoreszenzl6schung diskutiert. Fiir den Elektronentibergang wird ein neues Modell vorge- 
schlagen, das quantenmechanisch untersucht wird. Dadurch wird einigen einfachen und intuitiven 
Vorstellungen zum Elektroneniibergang eine breitere theoretische Grundlage gegeben. Zur Uber- 
priifung des Modells wird ein Experiment vorgeschlagen. Ferner werden auf der Grundlage theore- 
tischer Uberlegungen m6gliche Zusammenh~inge zwischen der Bildung eines sehr schwachen "charge 
transfer"-Komplexes, der Bildung eines Exiplexes und dem Elektronenfibergang diskutiert. 

Les m~canismes de transfert de charge intermol6culaire et de transfert d'61ectrons dans les 6tats 
~lectroniques excit6s de mol6cules solut6es sont discut6s en relation avec la formation d'exciplex 
et les r6actionsd'extinction de fluorescence en solution. On propose et on 6tudie quantiquement un 
nouveau module pour les processus de transfert d'61ectrons. I1 donne une base th~orique plus rigoureuse 
A certains representations naives et intuitives du transfert d'~lectron. On sugg~re une exp6rience pour 
6tudier la validit~ de ce mod61e. Enfin les rapports possibles entre la formation de complexes CT tr~s 
faibles, la formation d'exciplex et la r~action de transfert d'61ectrons a ~t6 discut6e de fagon g6n6rale 
sur la base de consid6rations th6oriques. 

Introduction 

I t  h a s  b e e n  b e l i e v e d  for  a l o n g  t i m e  t h a t  t he  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  p r o c e s s  in  t h e  e l e c t r o n i c  exc i t ed  s t a t e  is o n e  of  t h e  m o s t  i m p o r t a n t  

m e c h a n i s m s  of  t h e  f l u o r e s c e n c e  q u e n c h i n g  r e a c t i o n s  in  s o l u t i o n  [1] .  H o w e v e r ,  

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

scarce .  O n  t h e  o t h e r  h a n d ,  t h e  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  ( r edox)  r e a c t i o n s  
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in solution have been studied in detail, both theoretically and experimentally, 
mainly in the case of metal ions and metal complexes [2]. 

By the measurements of the absorption spectrum of the transiently produced 
anion radical of perylene, Leonhardt and Weller [3] have given for the first time an 
experimental evidence that the intermolecular electron transfer causes the fluores- 
cence quenching in the perylene-N,N-dimethylaniline (DMA) system in polar 
solvents. They have further shown that in nonpolar solvents perylene forms the 
CT type complex only in the excited state with DMA and the complex can 
fluoresce weakly. Since then, many works have been performed [4-7] to 
elucidate the mechanism of the formation and decomposition process and to 
investigate the electronic structures of the CT type complexes formed only 
in the excited electronic state (exciplex), and much informations concerning this 
phenomenon have been obtained. 

In any way, the observations concerning the behaviours of the exciplex 
fluorescence suggest that the exciplex formed in a polar solvent by the 
encounter collision between the fluorescer and the quencher molecule shifts to a 
very polar complex and further becomes a solvated ion-pair and/or completely 
dissociated ion radicals during the lifetime of the excited state, thus completing 
the quenching process. Such a process may certainly be one of the most 
important mechanisms of the fluorescence quenching due to the charge transfer 
and electron transfer interactions. However, the actual mechanisms of the fluores- 
cence quenching appear to be quite diverse. 

It does not appear to be true that the electron transfer occurs always via the 
formation of a "complex" where the interaction between the electron donor and 
the acceptor is considerable. Contrary to this, it seems also to be possible that the 
electron transfer occurs by very weak interaction in a quite loose encounter 
complex. Weller and co-workers have proposed a model of a loose complex 
from which the solvent shared ion-pair arises by the electron transfer. However, 
their experimental criterion for this mechanism seems to involve rather com- 
plicated and uncertain factors. Therefore, it will be necessary and important to 
classify systematically the charge transfer and electron transfer processes into 
several possible cases on the basis of theoretical considerations. We shall try 
here to present such a classification and propose a new model for the electron 
transfer process in the excited state. 

Classification of the Electron Donor-Acceptor Interactions between 
the Fluorescer and the Quencher Molecules 

Roughly speaking, the electron donor-acceptor interactions between the 
fluorescer and the quencher molecules may be classified into the following cases 
according to the strength of the interaction [8]. 

a) Strong Interaction: The CT complex formation occurs in the excited state. 
The CT complex (exciplex) may be either fluorescent or non-fluorescent. In 
non-polar solvents, if the exciplex is non-fluorescent, the fluorescence quenching 
occurs by the encounter collision and, in this case, the collision complex is the 
exciplex formed by strong interactions. If the same system (non-fluorescent 
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case) is studied in polar solvents, its electronic structure will be influenced by the 
interaction with the surrounding polar solvent molecules. In a sufficiently polar 
solvent, the exciplex will have a very polar electronic structure. 

b) Very Weak Interaction: The electron donor-acceptor interaction is ex- 
tremely weak compared with the case of the exciplex formation by strong inter- 
action. Nevertheless, the interaction between the fluorescer and the quencher will 
be sufficiently large for the intermolecular electron transfer process to occur 
producing the ion radicals. Although the charge transfer and the electron 
transfer occur by an "adiabatic process" in the case of the strong interaction, 
the electron transfer in the case of the very weak interaction occurs by a 
"non-adiabatic" electronic transition. Namely, in the former case, the reaction 
proceeds on the "adiabatic" potential energy surface while in the latter case, the 
very loose encounter complex (initial state) and the ion-pair state (final state) 
can be regarded as isolated from each other because of the very weak 
electronic interaction between them. For the same donor-acceptor system, the 
"non-adiabatic" process can occur by a weaker interaction than that necessary 
for the "adiabatic" process. Therefore, the former process may occur at a larger 
distance between the donor and acceptor than that where the latter process can 
occur. 

The above classification is the same as that for the intermolecular electronic 
excitation transfer. This analogy may be valid formally. 

Whether the exciplex formed by the strong interaction is fluorescent or not 
depends on the electronic structure of the complex itself and also on the 
relative positions of the energy levels of the relevant states, i. e., E 1 = E(F* + L), 
E 2 = E(exciplex), E 3 = E ( F [  �9 g~) and E 4 = E(F~ + L;V), where E 3 is the energy 
of the solvated ion-pair and g 4 is the energy of the dissociated ion radicals. 

In the case of the pyrene-TCNE system, the complex formed by the 
excited pyrene and TCNE is non-fluorescent [10] while the fluorescence 
property of the pyrene-DMA exciplex may be determined by the relative 
values of the Ei's which depend considerably on the extent of the solute- 
solvent interactions. Of course, E 3 and E 4 values may be affected profoundly 
by the solvent polarity. 

In order that the exciplex is stable and can be fluorescent, it is at least 
necessary that E3, E4 > E2 < E 1  and E 1 < E3, E~, and the energy differences 
between E 2 and other E[s must be larger than the thermal energy of the system. 
The exciplex reaction proceeds on the "adiabatic" potential energy surface and 
any activation energy specific to the reaction may not be necessary because, 
as F* and L approach to each other by the diffusional motion, they will be only 
stabilized gradually by the intermolecular interaction. Thus, the reaction will be 
diffusion-controlled. 

For a bimolecular reaction in solution, one usually assumes a encounter 
complex which changes to the further products in the course of the reaction. 
Accordingly, in the case of the exciplex formation, the reaction scheme may be 
written as, 

F* + L ~ (F* ...... L) ~ exciplex--+. 
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However, for the exciplex formation by strong interaction, it may be physically 
rather meaningless to differentiate between the encounter complex and the ex- 
ciplex. 

Possible Long Range Effect in the Electron Transfer Process 

The typical quenching reactions studied hitherto are all diffusion controlled 
fast reactions, where the bimolecular rate constant k in the Stern-Volmer 
equation is proportional to the effective diffusion coefficient D=(DF.+DL). 

In the case of the singlet-singlet electronic excitation transfer from pyrene to 
perylene in fluid solution, it has been shown that the bimolecular fluorescence 
quenching reaction due to the excitation transfer is a diffusion-controlled 
collision process when the value of the diffusion coefficient is relatively large while 
it is faster than the diffusion-controlled collision process at relatively low values 
of the diffusion coefficient and the rate constant k is proportional to D 3/4 [11], 
in accordance with the theoretical study [12]. This result shows that the 
dependence of the reaction probability on the distance between the energy donor 
and acceptor molecules is not of the hard core type but of a long range type, i. e., 
the dipole-dipole interaction type. 
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~ long range 

o ~intermolecular distance 

Fig. 1. Relation between the probability of an electron transfer reaction and the intermolecular distance 

One may suppose that, because the quenching reactions we are discussing 
here are not the simple excitation transfer but the electron transfer reactions for 
which the overlap between the electron clouds of F* and of L is essentially 
important, the long range effect may not be working in the present case. 
However, in the case of the pyrene-TCNE system in acetonitrile, the bi- 
molecular rate constant of the fluorescence quenching determined by the 
fluorescence decay time measurements does not appear to be proportional to D 
at relatively small values of D, but it is proportional to D"(m < 1) [10]. This 
fact seems to indicate that the dependence of the electron transfer probability on 
the distance between F* and L cannot be regarded as being of the hard core type 
but involves a long range one as indicated in Fig. 1. 

In any way, the above-described facts clearly show that the electron transfer 
process in the fluorescence quenching reaction is quite different from that in the 
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redox reactions such as the ferric-ferrous exchange 1-2] and the reactions 
between strongly solvated ions in polar solvents, in general. In the case of these 
redox reactions, the high solvation energies of the ions play important roles for 
the determination of the reaction rate, and the activation energy specific to the 
reaction arises due to the rearrangements in the solvation state as it has been dis- 
cussed by Marcus and others [2]. Therefore, these redox reactions of the solvated 
ions are generally much slower than the fluorescence quenching processes. 

Now, let us consider the change of the structure of the CT type complex formed 
in the excited state, when the solvent is changed from a non-polar to a very polar 
one. We are concerned here mainly with electrostatic interactions such as dipole- 
dipole and dipole-polarization forces, etc. between the solute and solvent 
molecules, although, in actual systems, not only these electrostatic forces but also 
more specific and short range forces, even if they are weaker than the 
electrostatic ones, may be working. For  example, some of them may be very weak 
charge transfer forces. 

Generally speaking, if F* or L or both of them have a little permanent 
dipole-moment, Elwill be a little lowered by the interaction with the polar solvent 
molecules. However, the extent of this energy lowering for E1 may certainly be 
much smaller than those for E 3 and E 4. The behaviour o fE  2 seems to be somewhat 
complicated because, even if the interaction between the exciplex and the polar 
solvent molecules will lower E2, the solvation which makes the exciplex more 
ionic might weaken the interaction due to the electronic delocalization 
between the partners in the exciplex. The latter effect may not lower E 2 but raise 
it. In other words, because of the direct participation of solvent molecules in the 
exciplex formation, the structure of the exciplex will become more and more 
resembled to that of the solvated ion-pair as the solvent polarity is increased. 
Therefore, since E 3 > E 2 in a nonpolar solvent as well as in a slightly polar 
solvent, E 2 may not necessarily be lowered but raised when the solvent polarity 
is increased. Thus, in moderately polar solvents, E 2 and E3 will become quite 
close to each other because E 2 will become slightly higher while E 3 may 
become much lower in a polar solvent than in a less polar solvent. When E 2 
becomes close to E 3 in a moderately polar solvent, although E4 is still considerably 
higher than E3, the following reaction may become possible. 

F* + L ~ e x c i p l e x ~ F ~  ...... Ls ~ . 

In this case, the exciplex and the solvated ion-pair can co-exist. In a more polar 
solvent where E 2 > E3 or E4, the solvated complex will immediately shift to the 
solvated ion-pair or dissociate into the solvated ion radicals leading to a complete 
quenching of the fluorescence. 

F* + L ~ e x c i p l e x ~ F s  -+ ...... Ls ~ ( ~ F ?  + L ~ ) .  

In any way, when the exciplex can be formed by the encounter collision and the 
reaction proceeds on an "adiabatic" energy surface, the non-fluorescent solvated 
ion-pair or the solvated ion radicals may be formed via the exciplex. However, 
when E3 and E 4 become considerably lower than El, there arises at the same 
time the possibility of a "non-adiabatic" electron transition as it will be discussed 
below. 
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A Theoretical Treatment of the Electron Transfer Process 

Now, the wave functions for the exciplex may be written in general as follows, 

s) + aj( ) %(r, s) + 
i j k (1) 
+ ~ al(s)~l(r, s) + a,(s)cb,(r, s), 

I 

where r and s represent, respectively, the coordinates of the electrons and the nuclear 
configurations including the surrounding solvent molecules, ~i and ~j represent 
various locally excited configurations F* �9 L and F" L*, respectively, and, (b k and 
@t represent various electron transfer configurations F - L  + and F + - L - ,  
respectively. ~, represents the ground configuration corresponding to the 
structure F.  L. 

Certainly, 

la.I ~ ~la~l or ~la~l and la.I ~ ~lakl or ~latl .  
i j k I 

Owing to the strong solute-solvent interactions, the weight of ~k or ~t in ~e 
may become larger and those of ~i and ~j may become smaller in a polar solvent 
than in a less polar solvent. According to this interpretation, it is essentially 
important that the solvent molecules participate directly in the formation of 
the exciplex even in slightly polar solvents. This finally leads to the formation 
of the solvated ion-pair or to the dissociation into the solvated ion radicals in a 
moderately or strongly polar solvent. The nuclear coordinate s including those 
of the surrounding solvent molecules, which appear in Eq. (1), symbolizes this 
important effect of the solute-solvent interaction. 

Because, even in a non-polar solvent, the exciplex has a considerably polar 
structure with a dipole moment larger than 10 D [-4, 5], it seems to be probable that 

[a~[ or ~ 1@ is approximately equal to ~ lag[ or ~ 1at[ in that solvent. Then, in a 
i j k l 

polar solvent, ~ [ak[ or ~ [at[ will become larger than ~ la,I ory~ la L which means 
k t i j 

the decrease of the binding energy due to an electron delocalization between F 
and L. Moreover, the strong interaction with the solvent may presumably 
increase a little the intermolecular distance in the exciplex, which further makes 
the binding energy smaller. I f ~  [a,[ or ~ lajl is a little larger than ~ lagl or ~ la~[ 

i j k t 

for a exciplex in the non-polar solvent, the interaction of the exciplex with 
slightly polar solvent molecules may increase a little the weight of the electron 
transfer configurations, which will lead to the enhancement of the electron 
delocalization between F and L to some extent. This increase of the electron 
delocalization will bring out a little increase of the binding energy. In a more 
polar solvent, however, the binding energy will decrease again in accordance 
with the mechanism described above for a more polar exciplex. 

The extent of the configuration interaction as indicated in Eq. (1) decreases 
and especially, the contributions from the higher excited configurations to ~/'e 
will decrease as the electronic delocalization interaction becomes weaker. There- 
fore, in a rough approximation, the exciplex wave function in a sufficiently polar 
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solvent may be written as, 

1]) e ~'~ C 1 (S )~? ( r ,  S) -~ C2(S ) ~kO(r, S), 
(2) 

l~e ~ C1 (S)(~?(r , S) ~- C2(S)(~?(r , S),  

where q~o represents the lowest energy configuration among ~[s and, r or r 
are the electron transfer configurations which can interact with ~o and are close 
to 4~ ~ energetically. 

When the electronic interaction between F* and L is very small in a very polar 
solvent, the ~~ in Eq. (2) may be regarded as isolated stationary states, 
respectively. Then, the probability P of the electronic transition, F* ...... L ~ F + ...... L -T , 
can be given by 

2~ 2re 
; ~s)l~, ;~ -1#12Ox ,  (3) p ~_1<r o o 

where 0s is the final state level density. It is necessary that the final state of the 
electronic transition is continuous for the formula of Eq. (3) to be defined. This 
condition is satisfied by the quite many vibrational energy levels in the ions, the 
solute-solvent interaction energy as well as the thermal energy of the surrounding 
solvent molecules. 

Let us examine now the evaluation of the matrix element fl for several 
simple cases where F is an alternant hydrocarbon molecule and L is a closed 
shell molecule. We denote the MO's of F and L as indicated in Fig. 2, 
where the YZm'S are the highest occupied orbitals. 

F L 

M+2 - -  

m+1 
- - m + 1  

m 0 0 

m - 1  o o 

o o M 

o o m-1 

Fig. 2. Numbering of MO's and the electronic configuration for the ground state pair F �9 L 

The hamiltonian .## can be separated into the one electron core part 
~ =  Y-fc and the electron repulsion part G =  Y g. The matrix elements 
between the ~~ and the ~ ' s  can be calculated by the standard method. For  
example 

(~~ Ca) [.#f[ q)~(F+ g - ) )  F F ~ L --  = ( l ~ m + l l f c [ 1 ] ) L + l )  ~r- E {(I~m+1 k]g]I~m+l k)  
~,,pr +~ (4) 

F L F F L F 
--  (1])m+l ~kigl )~kI~m+ X ) } Ig[ ~0m+Z ~P~) + (~p~0~ + 1 

(q~O(1L~)[~,~l~( F -  L+)) F L - = - Q P m  [ f c [  1,/)m) 
~p  F L F F 

- -  { ( W m # ~ g l g l V ) m A k )  - -  (5) (~,flk Ig[ &~;m) } 

L F F F n t- (~)mI~m+l 
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<m~ <b~(F + - L-)> = 

<(i~O (1  Lb)I~1 q~}(F- - L+)> = 

(1/lff~) . F L [<~m. ilfcl~Pm+~> 
+ 2 F L { <V0m + 2& Igl lPm+l ~'k> 

,~k 4= ~pv.g. + 2 

2k~Pm+,>} (6) 
F F L F F F -t- <Ipra+ l lPm]gllPm+ l tPm_l> + <lpmll)m+ 2 Igl~OL+l~p~> 

~, .+~>,  

(1/]/:2) L F F F {2 <~Pm~Pm + 2 [gl W,, + lVO,,> 
L F F F 

- < ~ , ~ m +  2 Igl q'mq',.+a> (7) 
3 L F F F 

- -  2 ( lpmlPra+l  I g l ~ , . + t % . - x >  

1 / . L .  F F F 
- ~'.WmWm +~ Igl l P m -  11.0m + 1 > }  �9 

In Eqs. (4)-(7), 

<w,,IfJ  w~> = I ~pp(i)fc(i)~&(i)dr(i) 
and 

< %,'#~ Igl ~.tps> = I v)* (i)vo, U)(e2/rij)p,(i) ~p~(j)dr(i j). 

Although we have not made any numerical evaluation of the matrix elements 
in Eqs. (4)-(7) for a specific system, both the core part, {lPpLfc[lpq>, and the 
electron interaction part may play an important role in the electron transfer 
process. 

Roughly speaking, the matrix elements of Eqs. (4)-(7) are proportional to the 
intermolecular overlap of the MO's of F and L, respectively. Therefore, the value 
of IN may be much larger than that of the matrix element for the triplet-triplet 
excitation transfer where the electron exchange integral is the most effective. 
Therefore, the Jill value of Eq. (3) will have the nature of a much longer range 
interaction than the corresponding matrix element for the triplet-triplet excitation 
transfer where the contribution of the electron exchange integral (proportional 
to the square of the intermolecular overlap) is the most dominant. 

Because the core part is absent in Eq. (7), this matrix element may be much 
smaller than the others, which seems to indicate that the long range electron 
transfer process of the type, 

F* (1Lb)--..--L ~ F-......L +, 

seems to be improbable compared to the other cases. However, if it is possible 
that q~(F- - L § is not the ground state of the ion-pair but an excited singlet 
state, the core part can remain non-vanishing. For example, we assume the 
following wavefunction. 

45}(F- - L +) = ( 1 / ~ )  {1.. " L z-::L . Lr=,.F F - - F  F - - F  �9 tpm-1%~-1%MPm+2.., tP,,-1 ~Pm- 1 ~Pm~P~] 
(s) 

. L r=.L :7:,.L. F F - - F  F - - F  
...~Pm- Wm-Wm~Pm[} Then we have, - [''" tpm- 1 ~P,~- 1 tVm ~Vm + 2 

<~~ Ij~4~ -- L+)> 
= ( 1 / ] ~ )  F L [-<WmlfclW,.> ~ F L __ - {<~m&lglm, .&> <wF-~klglA~q'~>} 

F F L F t~k 7~ ~PF L F 
+ <%. +a%.l gl ~Pm~.,+ Z>-  <~P,.~Pm+l Ig I F F l~)m + 21pro_ 1 > (9) 

1 F L F F 1 F L F F 
- -  ~<l])m+ 21Pmlg[ll)  m + -iIPm+l> g < l P m l P m l g l l P m + l l P m - l >  

1 L F F F 
+ 2 <lPmlPm+ l [g 2 > ] '  I~Pm-l~O=+ 
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In the above discussions, we have assumed that the energy is conserved in the 
course of the electron transition process and this may be possible because there 
is no strong solvation of the reactant, F* ...... L. 

Of course, the solvation state in ~ is not the most stable one, but an unstable 
non-equilibrium one. Therefore, the electron transition may be followed by a very 
rapid relaxation process of the solvation state into the most stable equilibrium 
one, completing the quenching process. Thus, it may be possible to express the 
whole process of the electron transfer reaction between F* and L as follows. 

F * +  L s ~ F *  ..... L= ,~F  -+ 1.~ __+F_+ 1. ~- + -7 - = " - s , ,  - s ' " - - = , "  or F/r,, + L=,,,. (10) 

The diffusion equation for the encounter and electron transfer process may be 
written as, 

Of(R ,  t) 
(?t - D V2f (R ,  t) + ~ n ( I R  - R/I) f ( R ,  t) ,  (11) 

i 

where f ( R ,  t) is the distribution function for F* and P ( I R - R i l )  is the electron 
transfer probabili ty as given by Eq. (3). P(JR - Ril ) depends on the intermolecular 
distance IR - R/r between F* and L. The long range part  in P will give the relation, 
ko( D m (m < 1), as we have discussed already. 

In some cases, the ion-radicals F~,, and L=V-,, will undergo further chemical 
reactions to give some products. However, we shall discuss here only the simplest 
case where the electron transfer reaction occurs between F~,, and -7 L=,,,, finally 
giving the ground state molecules F and L. Since the energy of the ion-radicals in 
the equilibrium solvation state is much lower than that of the final state of the 
electron transition, -+ -~ F=, ..--Ls,, the reverse electron transfer reaction, 

~ -+ -~ F* F~,,+Ls,- F=------L= --+F* ...... L-~ + L ,  

may occur very hardly. Therefore, it is more favourable for the electron transfer 
reaction between the ion-radicals to give the ground state molecules F and L. 
It is also possible that the reaction product is the triplet state which lies much 
lower than the fluorescent state. Because the phosphorescence yield in the fluid 
solution is negligibly small, the triplet state product may return to the ground 
state by a radiationless transition. Then, the reaction scheme for this reverse 
electron transfer may be written as follows. 

k o j ~ F * ( T ) + L  or F + L * ( T )  

F~,, + L=~,,, -+ F~,,------L~,, " ~  (12) 

k~"~.~ F + L ' 

The rates of these electron transfer reactions may not be so large as that of the 
fluorescence quenching reaction between the neutral molecules F* and L, in 
general, because of the activation energies due to the rearrangements of solvent 
molecules. Although detailed kinetic studies on the electron transfer reactions 
of this sort are quite scarce, it has been shown that the b/molecular rate constant 
for the reaction between the N,N-dimethyl-2-naphthylamine (DMNA) cation 
radical and the dimethyl-isophthalate (DMP) anion radical or the phthalic 
anhydride (PA) anion radical in formamide is ca. 104-10 s 1/mol sec [13]. These 
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ion radicals were produced by an electron transfer from the excited DMNA to 
the ground state D M P  or PA in this very polar solvent. Thus, the rate constant 
of the electron transfer reaction between the ions in this case is considerably 
smaller than that in the case of the neutral molecules in the fluorescence 
quenching reactions. 

It should be noted here that, because the solvation energy depends largely 
on the structures of the ion radical's, it will show considerable variations from 
one reactant pair to another, which may result in large variations of the activation 
energy due to the rearrangements in the solvation state. If the charge of an ion 
radical is considerably localized at a small region of the radical, the solvation 
energy will be relatively large while it will be small if the charge is spread over 
the whole frame work of the ion radical. In the former case, the activation energy 
for the electron transfer reaction may be considerably large whereas it will be 
small in the latter case. In the case of the electron transfer reaction between the 
DMNA cation and the D M P  or PA anion radicals, the charge seems to be rather 
well localized at each substituent group. Therefore, the solvation energy and, 
accordingly, the activation energy for the reaction will be large, leading to a slow 
electron transfer reaction. If the ion radicals are those of the ordinary alternant 
hydrocarbons, the solvation energy and the rearrangement energy of the solvation 
state will be small. In this case, it will be possible that the activation energy is 
sufficiently small so that the electron transfer reaction is almost diffusion- 
controlled. For  example, the electron transfer reaction between the naphthalene 
anion radical and the neutral naphthalene molecule, which has been studied in 
detail by EPR spectral measurements [14], appears to be very rapid and almost 
diffusion-controlled. 

Relations among Contact CT Interactions, Exciplex Formations and 
Electron Transfer Reactions 

For the contact CT interactions [15], the electron transfer interaction is 
usually assumed to be quite similar to that indicated in Fig. 3. Namely, it is 
assumed that there is no electronic delocalization interaction between F and L in 
the ground state contact pair, F..---.L, while there arises a small overlap between 
the orbitals of the pair F* ...... L at the moment of the light absorption, which causes 
the electron transfer from F* to L or from L to F* in the contact pair. From the 
arguments given in the previous sections, one may suppose that the excited 
equilibrium state of the contact pair is very ionic, being almost equal to the ion- 
pair state. Then, the wave function for the ground state may be given approx- 
imately by 7J 9 ~ 45,(r, s) while that for the excited state seems to be written as, 

~e ~ ~ ai~i( r, s) + ~ ak~k(r, S) or ~e ~ ~ aiCI)i(r, s) + y" a~cbz(r, s) 
i k i 1 

where lail ~ lak[ or  la~l. Therefore, the intensity of the contact CT absorption band 
may be borrowed mainly from the local transitions, 4 ~ , ~ i ' s ,  because the 
transition moments of the ~b, ~ ~b k. or the ~b,--> ~b~ transitions are rather small. 
Thus, the electronic structure of the excited contact CT pair seems to be rather 
similar to that of the exciplex. However, the absorption spectrum corresponding 



Charge Transfer and Electron Transfer in Excited Electronic States 121 

to the exciplex f luorescence band  has not  been found out  yet but  it has been 
conf i rmed exper imenta l ly  in the case of  the p y r e n e - D M A  exciplex, for example ,  
that  the g r o u n d  s tate  des t ab i l i za t ion  energy ( F r a n c k - C o n d o n  desta~bilization 
energy) is too  large to p o p u l a t e  sufficiently the F . - - L  pair ,  for observ ing  its 
charac te r i s t ic  a b s o r p t i o n  b a n d  E4, 10]. Therefore,  further  studies seem to be 
necessary  to e luc ida te  the t rue  connec t ion  between the exciplex state and  the 
exci ted state of  the con tac t  CT complex.  

F ......... L F-*- . . . . . . . .  L F +- ...... L- 

.O :_o- 

m--O- �9 --�9 O --�9 --O-- 

t - -  1 
Fig. 3. A schematic representation of the electron transfer process 

Since the e lect ronic  de loca l iza t ion  in te rac t ion  in the con tac t  pa i r  is very weak,  
there  arise some quest ions  concern ing  the na tu re  of the charge transfer  process  in 
the pair .  If the in te rac t ion  is no t  very weak,  the excited electronic state of the pa i r  
m a y  be descr ibed  by the s t a t iona ry  state wave funct ion c o m p o s e d  by the super-  
pos i t ion  of local ly  exci ted conf igura t ions  and  the e lect ron transfer  conf igura t ions  
(s t rong interact ion) .  However ,  if the in te rac t ion  is very weak, there  arises the 
poss ib i l i ty  of an e lec t ron t r ans i t ion  F* .... L ~ F -+ ...... L -v- by a very weak in te rac t ion  
mechanism.  If such an e lec t ron  transfer  ac tua l ly  occurs,  the contac t  CT a b s o r p t i o n  
may  p roduce  di rec t ly  the ion-pa i r s  or  ions. A l though  the c i rcumstance  for the 
ac tual  systems m a y  be some in te rmed ia te  of these two extremes,  there is p r o b a b l y  
a close connec t ion  be tween the contac t  CT a bso rp t i on  and electron transfer  
reac t ion  in the exci ted state. 
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