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Medium Effects in 
Photoinduced
Electron Transfer 
Reactions**
Paul Suppan*

The transfer of an electron between two molecules is a fundamental chemical process of 
great significance in biochemistry as well as in general chemistry. Electron transfer reac­
tions can be induced by the absorption of light - as in photosynthesis - so that one of the 
molecules reacts through an electronically excited state; a net storage of chemical energy 
may then take place™. When electron transfer involves molecules in condensed phase, the 
role of the liquid or solid medium must be considered. In the first place, a polar solvent may 
promote electron transfer through the stabilization of ion pairs and the separation of ions; 
but if the polar solvent must reorganize prior to the reaction, then an activation barrier will 
exist against electron transfer in polar solvents. - This article gives a critical review of this 
field, with some novel ideas concerning the role of the medium (liquid solvent or solid 
matrix) in the overall energy balance of electron transfer, in the kinetics of the reaction, and 
in the further process of charge separation. It is suggested in particular that no dielectric 
screening by a polar solvent can exist when ions are formed in direct contact; and that the 
extensive reorganization of the solvent prior to electron transfer is so unlikely as to be 
discounted. In these respects the model presented in this article diverges from the commonly 
accepted models of Weller and of Marcus and Hush. In the Conclusion section some areas of 
particular importance for further research in this field are outlined.

1. Introduction
Electron transfer (ET) processes in 

general, and photoinduced ET processes in
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particular, are among the most funda­
mental of all chemical reactions and for 
this reason they have been the object of 
very active research1'1. Since most of chem­
istry (and all of biochemistry) takes place 
in condensed media - liquids and solids - 
the influence of the medium is of great 
importance for an understanding of the 
mechanism of ET processes. This influence 
comes in at several stages, and these we 
shall consider in turn:
1. In the first place, the medium affects the
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energy balance of the reaction and thereby 
determines to a large extent its «energetic 
feasibility»; this is expressed quantitatively 
by the free energy change AG of the reac­
tion.
2. It will be seen that this energy balance is 
related closely to the distance of the two 
molecules during ET; this distance can be 
estimated if the distribution of the mole­
cules in space is known, and here again the 
role of the medium in determining this dis­
tribution must be considered.
3. Although a favourable energy balance is 
obviously a prerequisite for efficient ET 
(AG si 0), the kinetics of the reaction are 
equally important. Here again the medium 
can have a strong influence on the reaction 
rate constant, specifically on the free 
energy of activation AG *.
4. Finally, the question of the separation of 
ions formed through ET must also make 
reference to the effect of the solvent. The 
primary ET process itself takes places 
mostly between molecules in close contact,
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and free ions will be formed only in certain 
specific conditions which are related to 
solvent properties in particular.

In all these cases the role of solvent po­
larity will essentially be considered; this is 
not to imply that solvent viscosity and re­
laxation dynamics are unimportant, but it 
is not possible to treat them in any detail in 
this text.

This paper is not intended to be only a 
review of the current state of knowledge of 
the effects of the medium on photoinduced 
ET processes, but will consider some of the 
theories and models critically in the light of 
experimental results; some new sugges­
tions will be made concerning the role of 
the solvent in the overall energy balance as 
well as in the activation energy and the rate 
of charge separation.

2. The Free Energy Change, AG
For an isolated molecule in the gas 

phase, the primary processes of ET are the 
ionization and the electron capture or at­
tachment. The ionization potential IP is 
defined as the minimal energy required to 
separate an electron from the molecule M 
to infinity; likewise the electron affinity EA 
is the smallest energy needed (or released) 
to attach an electron from infinity to the 
molecule. In a simple diagram of the or­
bitals of a molecule shown in Fig. 1 it is 
immediately obvious that if the molecule is 
in an electronically excited state (M*) both 
the IP and the EA values are decreased by 
the excitation energy E*.

The excited molecule can be ionized by 
removing the excited electron from its it* 
orbital; and it can add an electron to the 
half-filled orbital, which illustrates the fact 
that an electronically excited molecule is at 
the same time a stronger oxidizing agent 
and a stronger reducing agent than the 
ground state species.

From the point of view of the energetics 
an ET reaction between two molecules can 
be described formally as the ionization of

Fig. 1, Orbital diagram of an isolated mole­
cule.

the donor D followed by the electron cap­
ture by the acceptor A. The energy balance 
is then

\EX = 7P(D) - EA (A) - £*(D) (1)

if the donor D for example reacts through 
its excited state. This equation implies that 
the partners D* and A are separated at 
infinity, since the zero energy level used to 
define both IP and EA is the energy of an 
electron at infinity from the molecule.

If now D* and A are in fact at a finite 
distance r, then the energy balance must 
include the electrostatic energy related to 
bringing the ions together, from infinity: 
^Er = AE^ + tqqf/r (2)

This electrostatic term is often called the 
«Coulomb» term, C = qq'/r. It is negative 
for ions of opposite charges and is then a 
stabilizing term so that the energetics of 
ET between neutral reactants is increa­
singly favourable for smaller distances 
(Fig. 2).

Fig. 2. Orbital diagram for electron transfer 
between two molecules in vacuum.

Before turning to the ET process in con­
densed phase, it may be useful to consider 
briefly the ways in which a solvent reacts to 
an electric field such as the field of an ion 
(cf. Fig. 3). The solvent is made up of mole­
cules which are necessarily polarizable, 
that is a small displacement of its electrons 
and nuclei in the field will produce an in­
duced dipole moment p,. This process of 
induction polarization is related to the re­

Fig. 4. Orbital diagram of a molecule in a solvent; Ea is the potential of some arbitrary
reference electrode.

fractive index n of the solvent, specifically 
to n2 through a function f(n2).
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Fig. 3. Response of a solvent molecule to an 
external electric field: i) induction po­
larization; o) orientation polarization.

Many solvent molecules possess also a 
permanent dipole moment ps and these 
form «polar» solvents; in an external elec­
tric field the dipoles will tend to lign up 
with the field, a process of orientation po­
larization. The total dipole moment of the 
solvent molecule is the sum of p; and pt, the 
total solvent polarization being related to 
the static dielectric constant D (or elec­
trical permittivity) through a function 
f(D). The orientation polarization is there­
fore related to [f(D) —f(n2)] which is the 
difference between the total polarization 
and the induction polarization121.

In the liquid phase the ionization of the 
molecule becomes its oxidation, the elec­
tron being given to some electrode of po­
tential E^ instead of empty space; similarly 
the electron capture is now the reduction, 
the added electron being drawn from the 
electrode (Fig. 4). Prior to ET the molecule 
M is solvated by the medium, and so are 
the ions after ET so long as the process is 
reversible.

The energy balance is now

AGTO = Eox(D)-£red(A)-E* (3) 

by analogy with Equation (1) for an iso­
lated molecule in the gas phase. In this 
simple model the oxidation potential E^ is 
equal to the IP of the isolated molecule 
minus the difference in solvation energy 
between the starting molecule M and the 
resulting ion M°®, correction being made 
for the potential E^ of the electrode with 
respect to the zero potential of vacuum; 
and similarly for the reduction process:
E^IP-E^ + E* (4) 
E^EA-E^^ + E^ (5)
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The effect of the medium appears explic­
itly for the first time as the solvation energy 
of an ion. This is given by the «Born equa­
tion» which plays such an important role 
in what follows that it should be discussed 
briefly:

The Born equation of ion solvation[3' is 
established very simply by considering the 
energy required to charge a sphere of 
radius a to a final electrostatic charge e; if 
the sphere carries at some time a charge q 
the repulsive potential against the addition 
of a further charge d^ is qdq/a in vacuum, 
or qdq/aD in a solvent of static dielectric 
constant D. The energies required to 
charge from 0 to e are then

e

Ecb^= $ qdq/a =e2/2a (6)
0 
e

EA„!, = f qdq/aD = e2/2aD (7)
0

and the energy difference is the solvation 
energy, thus

Esol.ion = -e2/2a(l-l/D) (8)

In the case of a non-polar solvent D = n2 
since only the induction polarization is 
operative. For a polar solvent the orien­
tation polarization contribution is there­
fore

Eorientpol_ = -e2/2a(l/D-l/n2) (9)

The important features of the Born 
equation of ion solvation (Eq. (8)) are the 
quadratic dependence on the charge (e2, or 
in a general way Z2e2 for an ion of charge 
Ze) and the simple reciprocal dependence 
on the ionic radius (1/a). This equation is 
characteristic of other solvation energy 
equations in being the product of a factor 
which depends only on the solute (e2/2a) 
and one which depends only on the solvent 
(1 — 1/D). This latter factor is therefore a 
quantitative measurement of «solvent po­
larity», for the case of solvation of an ion. 
This quantity varies between 0 (for va­
cuum, where D = 1) to about 1 for highly 
polar solvents such as acetonitrile {D = 37) 
or water (D = 80).

It may be mentioned here that criticism 
has often been levelled at the Born equa­
tion and in particular its derivation in the 
dielectric continuum model of classical 
electrostatic141. A discussion of these cri­
ticisms is beyond the scope of this paper, 
but the main result of the Born model must 
be sound since there is no other way to 
combine a charge and a radius to obtain a 
quantity which has the physical dimen­
sions of an energy, [charge]2 [length] '. 
Returning to the energy balance equation 
(3) for condensed phase ET, this is valid in 
principle for two molecules D and A sepa­
rated at infinity, since the oxidation and 
reduction steps are independent. As in the 
case of isolated molecules an electrostatic 
energy term must be included if the ions 
are brought to the actual encounter dis­
tance r, and this is given as

C = qq'/rD (10)

if the ions are point charges separated by 
the solvent of static dielectric constant D. 
This Coulomb term of the Rehm-Weller 
equation 151
AG, = A,x(D) - £» - E^ + qq'/rD (11) 

is a stabilizing term for ions of opposite 
charges, and it favours non-polar solvents 
(5 « 2) against polar solvents (e.g. D ® 80 
for water).

It is no doubt justifiable to treat molec­
ular ions as point charges so long as the 
centre-to-centre separation r remains large 
in comparison with their radii a; but when 
they are in contact there is no more solvent 
between them and it does not seem logical 
to keep a screening factor 1 /D.

In a more realistic model the Coulomb 
term is derived by considering the effective 
dielectric constant of a system of capaci­
tors connected in series'61, one capacitor 
being the solute molecules of dielectric 
constant n^ and the other capacitor being 
the solvent (Fig. 5).

Fig. 5. Model of electrostatic interaction of 
two molecular ions at short distances.

The general form of the Coulomb term 
is then
C = -e2 [a/r2^ + (1/rD) (1 - a/r)] (12)

For a contact ion pair in a highly polar 
solvent D » n^, and since n^^2

C ^ —e2/2rn^ ~ —e2/4r (13)

It is noteworthy that whereas the point 
charge Coulomb term (10) becomes negli­
gible for highly polar solvents the new for­
mulation C = —e2/4r is large and amounts 
for instance to some 0.5 to 1 eV if r = 6.5 A 
for two molecules in contact. It decreases 
however rapidly with distance, since as 
soon as the solvent penetrates between the

ions its screening effect becomes impor­
tant.

According to the new formulation of the 
Coulomb term some AG, values may be 
overestimated in the usual form of the 
Rehm-Weller equation. Indeed, there is 
some experimental evidence derived from 
ET reactions in acetonitrile, such as the 
photoinduced electron capture by p-chlor­
anil 171 and the photoionization of aromatic 
hydrocarbons'81:

1. It is observed that the radical anion of 
p-chloranil is formed from both the lowest 
singlet and triplet states (Scheme 1). The 
ET process from acetonitrile appears to be 
monophotonic and the energy balance 
based on the values

£red (chi) =-0.02 V,
UJMeCN) - 4 V vs. SCE

implies a Coulomb term C ^ i.2 eV for 
AG = 0 in the case of the triplet state. Such 
a large value of C can be understood only 
on the basis of the very small size of the 
acetonitrile molecule, and direct contact of 
the partners is clearly essential.

2. Anthracene undergoes the opposite ET 
process in acetonitrile, namely the photo­
induced ionization shown in Scheme 2. 
This process also appears to be monopho­
nic and takes place from the thermally re­
laxed singlet excited state S? The oxidation 
potential of anthracene is 0.95 V vs. SCE 
while the reduction potential of the solvent 
is -3.5 V vs. SCE; this implies a Coulomb 
term C ~ —0.8 eV for the energy balance.

These ET processes therefore seem to be 
energetically feasible only for contact pairs 
in such highly polar solvents, a small sepa­
ration being essential for a favourable 
Coulomb term. In the two cases discussed 
above van der Waals contact is obviously 
established at all times since one of the 
partners is the solvent itself; but in a 
general sense this raises the question of the 
distance dependence of ET between part­
ners present in low concentrations. If van 
der Waals contact is necessary, then this 
can be obtained through diffusion in dy­
namic systems such as fluid solvents, or 
through chance contact or complex forma­
tion in static systems such as rigid glasses. 
In the next section we consider the experi­
mental evidence concerning the distance at 
which photoinduced ET can take place.
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3. The Distance Dependence of ET
The distance at which electron transfer 

can take place between two molecules D 
and A depends on a number of factors: the 
free energy change of the reaction, the rela­
tive orientation of the molecules, and in the 
case of a photoinduced process on the life­
time of the excited state involved. Ideally 
one would like to obtain a function of the 
rate constant of ET versus distance, and 
for this several approaches can be con­
sidered:

1. In a diffusional system such as a fluid 
solution of D and A the observed rate ET 
could exceed the diffusional limit if ET can 
take place at distances greater than the van 
der Waals radii (Fig. 6).

2. In rigid systems such as a glass or a 
polymer in which the molecules are dis­
persed at random it is possible to deter­
mine the radius of the effective «quenching 
sphere» around the excited molecules, e.g. 
D*.

Since quenching of D* by ET must in 
this case be static, a simple model implies 
that if one or more quencher molecules (A) 
are found within a distance d the excited 
molecule D* will be quenched «instantly», 
whereas no quenching at all will take place 
if no molecule A is found within the sphere 
of radius d. This model of static quenching 
is known as the Perrin model”1, and it ap­
plies in principle so long as the rate con­
stant of ET decreases very rapidly with 
distance (e.g. exponentially) so that the 
boundary of the quenching sphere is fairly 
sharp.

3. If the molecules D and A can be orga­
nized in some well defined pattern in space 
it may be possible to vary their distance 
and thereby to obtain information about 
the rate of quenching of D* by ET for 
various separations of the quencher A. 
Monomolecular layers provide in principle 
the type of organized assembly required 
for such measurements[10].

4. The systems considered so far are inter- 
molecular in nature, the donor D and the

O——•
Fig. 6. Models of long-range electron transfer in a fluid (a), a solid (b), and in an organized 
assembly (c). Excited molecule @, quencher 9, R is the radius of the quenching sphere.

acceptor A being independent molecules. 
Intramolecular electron transfer also pro­
vides an approach to study the distance 
dependence, D and A being linked cova­
lently by a saturated chain (e.g. methylene 
groups -CH2-); they are not distinct mole­
cules any more, but chromophores within 
a larger molecule (Fig. 7).

A complication does arise in this case, 
and this was not fully recognized until re­
cently: In an intermolecular ET the inter­
action is necessarily «through space» but 
when the A and D chromophores are 
linked by covalent bonds the possibility of 
a «through bond» ET cannot be ignored.

5. Finally, it is well known that charge 
transfer (CT) takes place in the excited 
states of some conjugated molecules, e.g. 
4-nitroaniline1"1.

This CT is however only partial, since 
some overlap must exist between the D and 
A orbitals for the transition to be allowed; 
it does not come within the scope of ET 
considered here, with the one exception of 
the «twisted intramolecular charge trans­
fer» states (TICT states) of some special 
molecules which will be discussed further 
on.

3.1. Luminescence Quenching by
ET in Rigid Glasses

It is well established that the photo­
excited complex [Ru(bpy)J2® is quenched 
through electron transfer by methyl­
viologen (MV2®) in fluid solution. When 
these molecules are co-dissolved in glycerol 
and the solution is frozen to form a glass, 
the quenching of the luminescence of 
[Ru(bpy)3]2® is still observed provided the 
MV2® concentration is high enough"21. In 
these conditions the quenching must be 
static so that the distance at which ET oc­
curs can be estimated according to a modi­
fied Perrin model shown in Fig. 8[13].

The modification which is introduced 
here is that of discrete solvent sites around 
the Ru-complex, so that the edge-to-edge 
distance between emitter and quencher is

Fig. 7. Models of intramolecular electron 
transfer a) in a formally non-conjugated bi- 
chromophoric molecule, b) in a conjugated 
molecule.

••=MV O=glyc

£ = Ru-complex

Fig. 8. Discrete site model of ET quenching 
in a rigid medium.

not treated as a continuous variable but is 
allowed to vary only by increments of the 
molecular diameter of the solvent which 
also defines the size of each «site». If the 
Ru-complex is placed at the centre of a 
sphere of volume V (e.g. 103 sites), the sites 
in which the quencher molecule can be ac­
tive represent a volume v (the volume of 
the quenching sphere). When the first 
quencher molecule is placed at random 
within the volume V, the probability to 
find it outside the quenching sphere is p = 
(K—v)/F; for n quencher molecules the 
probability of finding them all outside the 
quenching sphere is then [(K — v)/V]n, so 
that the probability of finding one 
quencher at least within the quenching 
sphere is 1 — (1 — v/Vf. Assuming that the 
luminescence intensity of the Ru-com- 
plexes result only from those molecules 
which have no quencher within the 
quenching sphere, the law of static quench­
ing is obtained as
ln(Z/Z°) = nln(l-v/F) (14)

In the Perrin model the quenching volume 
v is considered as a continuous variable, 
but we shall take it as the volume of the 
first solvation shell (van der Waals con­
tact) or as the volume of the first and sec­
ond solvation shells, etc. A computer simu­
lation can be used to place n quencher mol­
ecules at random in the 103 discrete sites; 
the distance to the nearest quencher then 
varies with n as shown in Fig. 9.
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With as few as 10 quencher molecules in 
103 sites the probability of finding one in 
van der Waals contact is already over 
40%; and for 20 quenchers it exceeds 
70%. These values of n (for 103 sites) can 
be converted to molar concentrations and 
the experimental results can be compared 
with Eq. (14) taking v as the volume of the 
first solvation shell, as Well as with the data 
obtained from computer simulations 
(Table 1).

Table 1. Relative quenching efficiencies of various 
concentrations of methylviologen (MV2®) with 
[Ru(bpy)3]2®; n = number of MV2® molecules for 103 
sites in the computer models, (a): Results from Ref. 112( 
(b): according to Eq. (14) assuming contact quenching 
only; (c): computer simulation assuming contact 
quenching only; (d): computer simulation assuming 
long-range quenching over one solvent shell; (e): expe­
rimental data from Ref. |13l
[MV2®] n Wo 

(a) Oh (c) (d) (e)
0.00 0 1.00
0.05 4 0.86 0.84 0.78 0.43 0.77
0.10 8 0.74 0.72 0.57 0.11 0.58
0.15 12 0.64 0.63 0.47 0.03 0.46
0.20 16 0.55 0.54 0.36 0.01 0.34
0.25 20 0.47 0.47 0.29 0.01 0.26

A good agreement is obtained only if it is 
assumed that van der Waals contact is nec­
essary for quenching. If electron transfer 
could take place over a separation of one 
solvent molecule the quenching slope 
would be much larger (column (d) of Table 
1). This is only one example of the experi­
mental evidence based on quenching 
through ET in rigid glasses, and the result 
is that photoinduced ET requires in 
general the direct contact of the partners. 
This may be due in part at least to the 
limited time available for ET in such sys­
tems, since quenching must take place 
within the lifetime of the excited state (ns 
to ps in these cases). There may be excep­
tions when the lifetime becomes much 
longer, of the order of seconds in the case 
of some triplet states of organic mole­
cules1141; with such long times strict condi­
tions of static quenching may not always 
be realized even in glasses which appear 
rigid according to macroscopic obser­
vations, and further work is needed to 
clarify these situations.

Fig. 10. Models of nearest neighbour molecules in contact (a), separated by one solvent 
molecule (b), separated by less than one solvent shell (c).

It must be pointed out at this stage that 
two objections can be made against these 
conclusions concerning the necessity of di­
rect contact of the molecules for photo­
induced ET:

1. In most cases of application of the Perrin 
model the distance between the molecules 
is treated as a continuous variable; this 
could be justified on the basis of situations 
where the molecules are neither in contact 
nor separated by a solvent molecule, as in 
Fig. 10c.

It should however be remembered that 
liquids (and glasses) are practically incom­
pressible. The volume between the mole­
cules in Fig. 10c would be an «available» 
volume which would correspond to the 
compressibility, and it must therefore be 
concluded that although such situations 
can exist they are not statistically signi­
ficant compared to situations such as in 
Fig. 10a and Fig. 10b. The observed incom­
pressibility of liquids and glasses therefore 
justifies the use of a model of discrete spac­
ings at short distances, of the order of mo­
lecular diameters; as the distance increases 
this discreteness is gradually lost, but ac­

Scheme 3.

E. = q2/$a

E^ = ~[(2qfl(2^2a)\(l-\/Ds)

In highly polar solvents Ds->oo, and 
E ~ + 0.13 q~ja

cording to the experimental evidence we 
have to consider only the first few solvent 
shells as potential sites for ET.

2. The distribution of the quencher mole­
cules around the Ru-complex is assumed 
to be random, and this is certainly reason­
able for neutral species which have no in­
teraction other than that resulting from 
van der Waals forces. In the present case it 
must be noted however that both the Ru- 
complex and the methylviologen quencher 
carry two positive charges, so that a strong 
electrostatic repulsion must exist. It is then 
unrealistic to assume a random distribu­
tion for small distances, in particular for 
the case of direct contact.

This objection appears to be so strong at 
first sight that it invalidates also the calcu­
lations of the quenching sphere radius in 
the Perrin model using a continuously vari­
able distance; the statistical distribution at 
short distances can be ruled out1151.

Here it must be pointed out that the 
equilibrium between paired ions (in con­
tact) and separated ions depends not only 
on their electrostatic repulsion but also on 
the solvation energies (Scheme 3).

Fc = 0

^i = -(2q2/2a)(l-l/Ds)

1 2 3 4 5

Fig. 9. Computer simulation results of the distance distribution of nearest quenchers to an 
emitter.

Applying the Born equation of ion sol­
vation it is readily seen that the paired ion 
of charge 2q and radius a ^2 is better 
solvated than the two separate ions of 
charge q and radius a on account of the 
quadratic dependence of the solvation 
energy on the charge. Taking the case of a 
highly polar solvent it is concluded that the 
increased solvation energy actually over­
comes the Coulomb repulsion; not only is 
there no net repulsion of ions of the same 
charge in a polar solvent, but there is on 
the contrary a driving force for ion pairing, 
and indeed for the amalgamation of n ions 
of charge q to form a huge ionic mass of 
charge nq solvated perfectly in the polar 
solvent!
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It is however obvious that such a conclu­
sion is absurd and that such amalgamation 
of ions of the same charge does not occur. 
The crucial thing which has been omitted 
in all this discussion is the presence of the 
counter-ions: Even electrolyte solutions 
are overall neutral, and in the present case 
there must be two anions (e.g. Cle) with 
each Ru-complex and with each methyl­
viologen. The distribution of these coun­
ter-ions cannot be ignored, because if they 
are in contact with the cation the combined 
supermolecule will be a neutral dipole or 
quadrupole.

The energetics of ion pairing against 
separation of oppositely charged ions in 
highly polar solvents is quite straightfor­
ward in a simple model, as it turns out 
that the solvation energies cancel out 
(Scheme 4).

According to the Onsager model of a 
dipole p of radius r immersed in a solvent 
of static dielectric constant D, the solva­
tion energy is (p2/2r3)f(D), where f(P) = 
2(D — 1)/(2D + 1). The ion pair + q, - q 
is equivalent to a dipole p = q-2a and 
f(D) a 1 for a highly polar solvent. The 
radius of the dipole is that of the sphere of 
the same volume as that of the two ions, 
r3 = 2a3; then the energy of solvation of 
the dipole is q2/r, and this is exactly twice 
the solvation energy of an ion of charge q 
and radius r from the Born equation. If the 
solvation energies are the same, then the 
energy balance is determined by the elec­
trostatic interaction term only, C ~ qfSa. 
This suggests that even in polar solvents 
substantial pairing of cations and anions 
takes place at high enough concentrations 
(at low concentrations the adverse entropy 
term must also be taken into account, as 
discussed below). When ion pairing is im­
portant the cation-anion pairs behave like 
neutral dipoles or quadrupoles, and their 
interaction is very weak compared to that 
of ions so that a statistical distribution can 
be expected in most cases.

There is indeed some experimental evi­
dence about the association of radical ions 
with their counter-ions1'61, and some mo­
lecular dynamics computer simulations 
give similar results.

4. The Kinetics of ET
Current thinking about the kinetics of 

ET processes is dominated by the semi- 
classical model to which the names of Mar­
cus and of Hush are particularly asso­
ciated1'71. In its simplest form the rate cons­
tant kET is given by an Arrhenius-Eyring 
type equation:
kET = Vet exp [ -1,(1 + AG/tf/4AT] (15) 

where the term AX1 +AG/V/4 is similar 
to the activation free energy AG * of the 
transition state model, vET being the fre­
quency of attempted electron transfer and 
2, the reorganization energy. It has been 
seen above how the solvent affects AG, and 
it intervenes also in 2,: it is assumed that

Scheme 4.

4 = — (e2/2r) (1/«m + i/A)

4i = - ((erW)f(A) = E^ = - 2(e2/2a) (1 - 1/A)

in highly polar solvents, D^ -> oo

the solvent must reorganize prior to the ET 
step (which is much faster than the relaxa­
tion of the solvent’s orientation po­
larization) so as to assume the configura­
tion it will have around the species formed 
in the ET reaction.

Although we are concerned essentially 
with photoinduced ET processes, it is nec­
essary to discuss briefly the thermal ET 
reaction known as «self-exchange»; it will 
indeed be seen that the role of the solvent 
in the kinetics of ET is clearest in this case.

A self-exchange ET reaction is the trans­
fer of an electron between an ion (e.g. M®) 
and the neutral molecule M:

M® + M ^ M + M®

The overall free energy is zero in this case, 
since the chemical system remains in fact 
unchanged. If AG = 0 in Eq. (15), this re­
duces to

4 = Vet exp ( - EJ4RT) (16)

The solvent reorganization energy can now 
be obtained from the Born equation: It is 
assumed that the solvent must become un­
polarized around the ion M® so as to take 
the structure it will have around the neu­
tral M; and at the same time the solvent 
must become polarized around M to reach 
the configuration in equilibrium with the

log ket

Fig. 11. Variation of the ET rate constant with solvent polarity in a self-exchange reaction; 
y = (1/D — 1/n2). @: Experimental points from Ref.|1!1; @; calculated line according to 
Eq. (16) and (17).

ion M®; then

4 = ^ [1/2um® + l/2aM 1/vmm®] ’
(1/D - W) (17)

if r is the center-to-center distance of the 
partners. The radii a of M and M® can be 
considered to be identical and for ET be­
tween two distant partners (r » a) the 
solvent reorganization energy is simply 
twice the Born orientation polarization 
energy. The induction polarization is not 
counted in the reorganization since the in­
duced dipoles in the solvent can follow the 
ET step. For a contact pair MM® the value 
of 2, is halved, as must be intuitively the 
case when each species is only half sur­
rounded by the solvent.

Recent experimental evidence1181 pro­
vides support for the linear correlation be­
tween lgkET and the solvent polarity func­
tion y = (1/D — 1 In2), as shown in Fig. 11.

However, a considerable quantitative 
discrepancy appears when a fit is at­
tempted with the value of 2, calculated 
from Eq. (17): The line lgkET vs. y is extra­
polated to y = 0 and the intercept on the 
lgkET axis is then vET; a limiting value of kET 
is calculated for y = 1, taking 2, from Eq. 
(17) and it now appears that the slope of 
the function 1g fcET vs. y thus predicted is far 
greater than that observed experimentally.
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The magnitude of the discrepancy is best 
noticed from the values of kET for y = 1, 
109 s “' experimentally but only 5 x 107 s~' 
calculated. Thus it appears that although 
the correlation of k with the solvent’s ori­
entation polarization is indeed followed in 
the self-exchange ET reaction, the magni­
tude of the solvent-imposed activation bar­
rier is very much smaller than the full re­
organization implied by the Marcus-Hush 
theory.

Before considering the possible reasons 
for this discrepancy, it should be men­
tioned that in photoinduced ET between 
neutrals to form an ion pair no such simple 
correlation with any solvent polarity func­
tion is observed1191. A few examples are 
given in Table 2, for both inter- and intra­
molecular processes. In some cases there is 
a rough correlation with the solvent’s re­
fractive index, ET being by and large faster 
in the more polarizable solvents.

The interpretation of these experimental 
data is not straightforward according to 
Eq. (16) because the solvent intervenes 
both in the free energy AG and in the reor­
ganization energy A. which appear in the 
exponent. Moreover, the effect of the 
solvent’s polarity is opposite on AG and on 
Z,: AG becomes more favourable in polar 
solvents as a result of the increasing solva­
tion of the ions, whereas the barrier Z, be­
comes higher since more energy is required 
to reorganize a polar solvent than a non­
polar one.

For these reasons we shall return to the 
self-exchange ET reaction in which the ef­
fect of the solvent on the activation barrier 
is clear; and we wish now to consider why 
this barrier may in fact be much smaller 
than the polarization energy of the solvent.

The basic assumption about the role of 
the solvent in the Marcus-Hush model is 
the necessity of its reorganization prior to 
ET. The energy required for this reorgani­
zation has been considered according to 
the Born equation of ion solvation, but 
nothing has been said so far about the 
probability of the solvent reaching of its 
own accord such a peculiar state of low 
entropy. On closer scrutiny the sheer im­
probability of the solvent ever becoming 
fully polarized around a neutral molecule 
makes this requirement unrealistic. The 
only conceivable mechanism for the reor­
ganization as envisaged in the Marcus- 
Hush model relies on the random fluctua­
tions of the orientations of the solvent mol­
ecules, and some experimental evidence 
concerning the magnitude of such fluctua­
tions will be discussed below; it will be seen 
that the extensive local reorganization of 
the solvent shell of a molecule or of an ion 
appears most unlikely.

In the absence of random solvent reor­
ganization the process of self-exchange can 
be visualized according to Fig. 12.

The molecule M must come into direct 
contact with the ion M® for electron trans­
fer; the solvent-imposed activation barrier 
corresponds then to the disturbance of the 
polarized solvent shell around M® as M

Table 2. Rate constants of electron transfer (&ET) and of quenching (kq) of various donor-acceptor systems 
in different solvents. (1): Intramolecular system11’1’1, tCT in s-1; (2): intramolecular system1201, fcET in s-1; 
(3): intermolecular system119“1, kET in s-1 m-1; (4): intermolecular system 119al, kq in s-1 M1: (a): pyrene/N,N- 
dimethylaniline; (b): pyrene/trimethylamine. xEy stands for x- 10y.

Solvent D n ^ET (1) ^ET (2) Gt (2) M4) 
(a) b)

c6h12 2.0 1.42 - - - 2.2 E8 1.4 E7
CÄ 2.27 1.50 7.3 E8 1.9 E8 1.3 E10 — —
DIPE 3.55 1.37 — — — 9.9 E9 4.4 E9
Et2O 4.20 1.35 3.7 E8 1.4 E7 -
CHC13 4.81 1.45 — 2.3 E9 3.7 E9 - —
EtOAc 6.02 1.37 6.3 E8 2.1 E7 — — —
THF 7.58 1.41 1.3 E9 — 1.1 E10 8.3 E9 6.1 E8
MTHF 7.60 1.41 2.0 E7 — — -
CH2C12 9.14 1.42 — 8.1 E8 — — —
Me2CO 20.7 1.36 3.0 E7 — —
BuCN 20.3 1.38 — 1.3 E10 — —
PrCN 27.2 1.36 — 5.2 E7 1.1 E10 — —
MeCN 37.5 1.34 1.6 E8 5.1 E7 1.7 E10 1.0 E10 2.0 E9
DMF 36.7 1.43 - — — 5.7 E9 —
Me2SO 46.7 1.47 - 9.5 E9 - —
h-BuOH 17.5 1.40 - 2.4 E8 - - -
DIPE = diisopropyl ether; THF = tetrahydrofuran; MTHF = 2-methyltetrahydrofuran; DMF = IV,TV-dimethyl­
formamide.

approaches to the distance of van der 
Waals contact. This disturbance is a partial 
depolarization of the ion’s solvent shell; it 
is proportional to the solvent polarization 
energy (linear with y) but is expected to be 
much smaller than the total polarization 
energy. As the neutral molecule M and the 
ion M® come closer together the electric 
field of the ion will start to polarize the 
solvent around M, but this is an energeti­
cally downhill process since the ion (MM)® 
then becomes better solvated. The activa­
tion barrier is simply the disturbance of the 
ion’s solvation shell by the approaching 
neutral.

To sum up, this model of ET considers 
that there is no solvent reorganization 
prior to the ET step. Any change in the 
solvent’s orientation polarization must 
take place at some later time (solvent relax­
ation).

It is interesting to extend this model of 
the solvent effect on the rate constant of 
ET to the reaction between two neutral 
molecules, e.g. D*  + A -> D°® + Aoe. In 
this model solvent reorganization prior to 
ET is considered to be so unlikely as to be 
negligible, and the law of conservation of 
energy requires that the solvent should re­
tain its orientation polarization during the 
ET step (on the other hand, its induction 
polarization can adjust «instantly» to the 
displacement of the charges). The overall 
free energy change AG takes the full 
solvent polarization into account, but the

* FC stands for «Franck-Condon», from the names of 
the scientists who first considered the difference in elec­
tronic (fast) and nuclear (slow) relaxation times of 
molecules following an electronic transition.

Fig. 12. Solvent polarization effects in a self­
exchange ET reaction M® + M -> 
M + M®.

ion pair must be formed in an unrelaxed 
(FC)*  state of the solvent; the AG(FC) is 
therefore higher than the final AG by the 
energy of the solvent’s orientation po­
larization Eop, as shown in Fig. 13.

Some time after the ET step the solvent 
will relax to reach its final orientation po­
larization, but the missing Eop in the 
AG (FC) which determines the rate con­
stant of the ET process does not neces­
sarily appear as an activation barrier: so 
long as AG > £op the ET can occur without 
any solvent-imposed activation barrier. 
Should such a barrier exist (Ei > 0), then it 
can be lowered only by the solvent’s indu­
cation polarization if the solvent is totally 
unpolarized (orientationally) around the 
neutral precursors D*A;  then the activa­
tion barrier will be lower in highly po­
larizable solvents, that is in solvents of 
high refractive index (Fig. 14).

This may explain the rough correlation 
between photoinduced ET rate constants 
and the solvent’s refractive index alluded 
to above. To all events, this is no more 
than a rough correlation because the neu­
tral precursors are hardly ever truly non­
polar; their dipole moments will produce 
some orientation polarization of the sur­
rounding solvent which may (or may not) 
stabilize the ion pair to some extent.

4.1. Luminescence Quenching by 
E T in Solution

It has been shown before that in the case 
of a thermal self-exchange ET process the 
rate constant kET decreases with the 
solvent’s orientational polarizability (e.g. 
the function y), while in the cases of photo­
induced ET listed in Table 2 there is no 
such correlation; but it must be empha­
sized that the direct measurement of kEI 
may not be straightforward and it will be
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Fig. 13. Solvent polarization effects in a light-induced ET reaction between two neutral 
molecules.

MN

Fig. 14. Energy levels of ETprocesses: @ without, and ® with a solvent-imposed activation 
barrier.

hv (M;Nt)s

shown presently that the solvent effect on 
the observed rate constant of quenching of 
excited pyrene by amines for instance may 
involve some quite different influence of 
the solvent119“1.

The experimental rate constants of 
quenching of the fluorescence of pyrene by 
TV,TV-dimethylaniline and by triethylamine 
are listed in Table 2, from which it appears 
immediately that this quenching is rela­
tively inefficient in non-polar cyclohexane 
but approaches the diffusional limit in 
highly polar acetonitrile.

There can be no doubt that the quench­
ing process involves ET from the amine to 
excited pyrene (in its first singlet excited 
state, SJ; but the correlation of the rate 
constant of quenching kq with solvent po­
larity follows an opposite trend to that of 
the thermal self-exchange reaction.

This solvent effect can however be un­
derstood on the basis of the ET mechanism 
described above, according to which there 
can be no solvent reorganization prior to 
electron transfer. The actual ET step 
(M*N)->(Me N®) of rate constant k^

leads to the formation of a FC exciplex or 
contact ion pair which can subsequently be 
stabilized by solvent relaxation. In a non­
polar solvent there is no stabilization and 
the contact ion pair (Me N®) can return to

Fig. 15. Energy levels of a light-induced ET reaction through exciplex formation and ionic 
dissociation.

the neutral excited encounter complex 
(M*N) if the energy difference is small 
enough (Fig. 15).

In such a case the solvent relaxation 
leads to irreversibility of the quenching 
process; but the rate constant of quenching 
kq cannot be identified with the rate con­
stant of the ET step itself.

The first step (1) is the diffusional en­
counter of the excited molecule M* and the 
ground state molecule N to form an «en­
counter complex» M*N; electron transfer 
takes place within this encounter complex 
(2) to form a contact ion pair in an unre­
laxed solvent, assuming that no prior reor­
ganization of the solvent takes place. In a 
series of solvents of similar refractive index 
but different static dielectric constants this 
geminate ion pair may be stabilized by 
solvent relaxation (3); the solvent-equili­
brated ion pair or exciplex can then decay 
through radiative or non-radiative chan­
nels (4) to the dissociative pair of neutral 
species (5), (6) or it can dissociate into free 
solvated ions (7). This process of charge 
separation and ion solvation is discussed
further on, but the irreversibility of the ET 
process itself is determined by step (3), that 
is by the stabilization of the ion pair or 
exciplex from its initial non-relaxed (FC) 
state to the solvated (S) state. In a non-po­
lar solvent there is no such stabilization 
and the ET process itself may be reversible, 
depending on the energy gap involved in 
the forward and reverse ET (2).

In Figure 15 the wriggly arrows of the 
decay channel (4) are meant to represent 
both radiative and non-radiative processes 
other than charge separation; these are 
shown more explicitly as hve (exciplex fluo­
rescence) and km (exciplex non-radiative 
recombination) but they apply of course to 
both FC and solvated exciplexes.

The actual observation is the quenching
of the molecular fluorescence hvr, and this 
can be related to the ET process itself (to 
the rate constant kET) only if the ET step is 
practically irreversible, going strongly 
downhill to the FC geminate ion pair 
(MeN®)fc. If this ET step is reversible the 
quenching of the molecular fluorescence
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hvf relies on the further solvation step (3) or 
even on the charge separation step (7) and 
it is difficult to relate kET to solvent po­
larity. It is however clear that the overall 
quenching process is at least as efficient in 
highly polar solvents as in non-polar ones, 
and this is not expected according to the 
model of prior solvent reorganization.

4.2. Intramolecular ET between 
Insulated Chromophores

The most convincing results concerning 
the distance dependence of intramolecular 
ET between formally non-conjugated 
chromophores comes from a recent paper 
by Oevering et al.[19bl, in which a series of 
bichromophoric rigid molecules has been 
studied.

As seen in Fig. 16, electron transfer takes 
place between the photoexcited naph­
thalene moiety and the dicyanoethylene 
acceptor linked by rigid spacers of varying 
length. Efficient quenching of the naph­
thalene fluorescence is observed over cen­
ter-to-center distances of the order of 15 A 
and the rate constant of ET does not fol­
low an exponential decrease with the sepa­
ration of the chromophores. For this (and 
other) reasons it is suggested that ET takes 
place through the bonds of the rigid spacer 
which acts somewhat like an electron con­
ductor.

Fig. 16. Outline of a rigid bichromophoric 
molecule[19b|.

The solvent effect on the rate of ET 
shows again a rough correlation with the 
solvent’s refractive index, benzene in par­
ticular being remarkably efficient in pro­
moting this reaction (Table 2).

The rate constant is low in highly polar 
acetonitrile (which has however a low re­
fractive index), and no quenching is ob­
served in non-polar cyclohexane. This may 
result from adverse energetics but it is then 
difficult to understand the high quenching 
rate constant measured in benzene on the 
basis of the Marcus-Hush model.

According to these results concerning 
the through-bond interaction involving a 
rigid, saturated spacer it has been sug­
gested that the long non-conjugated chains 
of molecules organized in monolayers may 
play a similar role in promoting ET over 
considerable distances; and the phytyl 
chains of naturally occuring chlorophyll 
for instance could behave similarly. Al­
though the saturated chains which stabilize 
the monomolecular structures are not 
rigid, they are forced into an extended con­
formation in such ordered assemblies and 
they may then resemble rigid spacers. The

experimental evidence to date is however 
not at all clear on this point: When a por­
phyrin is linked to a quinone through a 
flexible spacer no photoinduced ET seems 
to take place in the extended conforma­
tion; in the folded conformation the donor 
and acceptor moieties probably come in 
close contact and quenching by ET oc­
curs1201.

4.3. Experimental Evidence about the 
Solvent’s Local Polarity Fluctuations

It has been mentioned already that in the 
Marcus-Hush model of ET reorganization 
of the solvent prior to ET is assumed, and 
that such reorganization can result only 
from the local thermal fluctuations of the 
solvent molecules’ orientations around the 
partner solute molecules. It is therefore im­
portant to gain some insight into the 
magnitude and the frequency of such fluc­
tuations, and one experimental approach 
relies on the measurement of the solva- 
tochromic shifts of non-polar solutes in 
polar solvents (the «solvent Stark ef­
fect») [21].

A polar molecule of dipole moment /z 
and radius a polarizes the solvent in its 
neighbourhood so that it experiences an 
electric field f: = fa3 £(D) which is called 
the reaction field, 1(D) being the Onsager 
polarity function. The solvatochromic 
shift between two solvents 1 and 2 results 
from the difference in dipole moments be­
tween the ground state (pe) and the excited 
state (jf)

A-Ei-s = PF ^~ 1$ « ’ Af(£>), 2 (18)

A non-polar solute molecule (ug = 0) pro­
duces no polarization of the solvent and 
therefore experiences no reaction field; 
however, if at any instant of time the 
solvent molecules should take up orien­
tations similar to that of the polarized 
solvent around a dipole pg an instanta­
neous electric field g will exist. This field 
will induce a dipole moment pig = age if ag 
is the solute molecule’s polarizability, and 
this induced dipole will interact with the 
inducing field to give a stabilization 
energy.

E = pig8 = aee2 (19)

Although the field e fluctuates both in 
magnitude and in direction and its average

Fig. 17. Principle of the solvent Stark effect; solvatochromic shift of the first absorption 
band of anthracene in solvents of different dielectric constants.

value is of course zero, the average stabili­
zation energy is finite because it depends 
on the square of the instantaneous field; 
the solvatochromic shift now depends on 
the difference of polarizability between the 
ground state (ag) and the excited state (ae)

A£j_2 = (ae — ag) g2 a 3 AffD), 2 (20) 

where g2 is the average value of the square 
of the fluctuating field (Fig. 17).

Solvatochromic shifts linear with f(D) 
are indeed observed for the first absorption 
bands of anthracene and; tetracene; but 
there are no shifts for the higher absorp­
tion bands which correspond to excitations 
to increasingly polarizable states. Also, no 
solvatochromic shift related to f(D) exists 
for any of the absorption bands of benzene 
or naphthalene. It therefore appears that 
the thermal fluctuations of the solvent shell 
of non-polar molecules are on the whole 
very small and that large departures from 
the equilibrium state of solvent po­
larization are very infrequent. Further 
work is required in this respect to produce 
quantitative estimates of the average abso­
lute value of such fluctuating electric fields, 
and from such data the frequency of fluc­
tuations of the magnitude implied by the 
model of solvent reorganization may be 
calculated on the basis of probabilities 
alone. An explanation for the exceptional 
solvatochromic shifts of the first absorp­
tion bands of some molecules such as an­
thracene will have to be sought; this is 
likely to involve the change in the quadru­
pole moment of these molecules and may 
have nothing to do with the solvent’s local 
polarity fluctuations. To all events, the 
more general observation of the absence of 
solvatochromic effects for non-polar sol­
utes in polar solvents reinforces the as­
sumption that no solvent reorganization 
can take place prior to ET, at least in light- 
induced processes which are limited in time 
by the excited state lifetimes.

4.4. Intermolecular ET in
Rigid Media

One example of electron transfer be­
tween two molecules codissolved in a rigid 
glass has been discussed in Section 3.1, 
namely the quenching of the luminescence
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of [Ru(bpy)3]2® by methylviologen in glyc­
erol. There are in fact many similar cases 
which show that ET can be very efficient in 
polar and non-polar glasses alike, pro­
vided a close contact of the partners is ob­
tained by the use of high quencher concen­
trations [121. The rate constants of ET can 
seldom be determined accurately, but an 
estimate can be made on the basis of the 
competition between ET quenching and 
luminescence; since fluorescences of ns 
lifetimes can be quenched in many cases, it 
follows that ET rate constants must be of 
the order of 10" s-1. In a rigid medium 
solvent reorganization as envisaged in the 
Marcus-Hush model is of course impossi­
ble, at least within the time scale of photo­
induced processes in the ns time domain. 
The efficiency of ET in rigid media is per­
haps the strongest piece of evidence con­
cerning the role of the solvent in the kinet­
ics of photoinduced ET: the solvent re­
mains fixed in the reactants’ equilibrium 
configuration, its induction polarization 
alone being able to follow the motion of 
the travelling electron.

4.5. Intramolecular ET in
Conjugated Molecules; TICT States

Electronic excitation of a molecule is 
accompanied by a redistribution of its elec­
trical charges. In conjugated molecules this 
charge transfer (CT) falls short of an actual 
ET, even though some states have over 
80% CT character: for example the first 
singlet excited state of 4-nitroaniline (a 
case of intramolecular CT) or the exciplex 
of anthracene and A,A-dimethylaniline (a 
case of intermolecular CT)[22]. The only 
well documented case of full ET in an ex­
cited state of conjugated molecules is that 
of the TICT states'231 which result from the 
loss of conjugation through the twisting at 
right angle of the donor and acceptor 
orbitals in molecules such as 4-(N,N- 
dimethylamino)benzonitrile (DMABN; 
Fig. 18).

Fig. 18. Intramolecular TICT state of 
DMABN.

The TICT state is not observable in the 
absorption spectrum of the ground state 
molecule because full ET can take place 
only after electronic excitation to the spec­
troscopic state S1 which can relax to the 
TICT (S[) state. This relaxation requires 
the participation of the solvent which must 
stabilize the large TICT dipole to bring Sj 
below S,; the rate of the twisting and of the 
concurrent electron transfer depends es­
sentially on the solvent’s viscosity and 
there seems to be no activation barrier 
related to the solvent’s polarity. The kinet­
ics of TICT state formation is peculiar in 
that the charge transfer increases gradually 
as the angle of twist increases; thus solvent

reorganization is in this case simultaneous 
with a slow ET, whereas in the Marcus- 
Hush model it is supposed to precede it 
and we have seen some evidence that it 
may actually follow it when ET is fast. The 
TICT fluorescence is characterized by an 
unusually large solvatochromie shift, as 
well as by large thermochromie shifts in 
single solvents (Fig. 19)[24].

These shifts are readily interpreted ac­
cording to the Onsager model of dipole 
solvation and the value of the dipole mo­
ment of the molecule in the TICT state can 
thereby be determined. It comes out to 
around 20 debye which corresponds to the 
separation of two full electronic charges 
over 4 Â, in accord with the model of a 
TICT state having a positive hole at the 
NMe2 group and an electron in the PhCN 
moiety.

It should be mentioned here that exci­
plex formation between the molecule 
DMABN and solvent molecules which 
contain lone-pair electrons has also been 
suggested to explain its unusual fluores­
cence properties'25', in particular the large 
solvatochromie effect; this possibility has 
been ruled out by the observation of the 
TICT emission in 1-fluoropentane since 
this emission is not observed in non-polar 
perfluorohexane which contains however 
many more lone-pair electrons'26'

5. Energetics and Kinetics of 
Charge Separation

In general the photoinduced ET reaction 
between two neutral molecules forms a 
contact ion pair, and these ions may either 
recombine in the solvent cage or may es­
cape to become free, solvated ions; it is 
well established that this process of charge 
separation depends greatly on solvent po­
larity.

The energy balance must consider both 
the electrostatic interaction (Coulomb 
term) and the solvation energies, as seen 
already in Scheme 4.

It turns out that in a highly polar solvent 
the solvation energy of the dipole made up 
of the ion pair in contact is exactly equal to 
the solvation energy of the two separate 
ions; this equality does not hold exactly for 
non-polar solvents, but as a good first ap­
proximation the energy balance of charge 
separation can be equated with the elec­
trostatic interaction energy. This is given 
by Eq. (13) since there is no screening by 
the solvent for the contact ion pair. The 
ions of opposite charges are therefore held 
in a potential well by their electrostatic in­
teraction. In the case of a highly polar 
solvent this well is rather narrow, since as 
soon as a molecule of solvent comes be­
tween the ions the dielectric screening re­
duces the electrostatic force; on the other 
hand this screening is much less effective in 
the case of a non-polar solvent and the ions 
are still held together at much greater dis­
tances. In principle Eq. (12) can be used to 
calculate the variation of the attraction

Fig. 19. Solvatochromie shift of the TICT 
fluorescence of DMABN. Solvents: ® 1- 
fluoropentane, @ methyl acetate, ® tetra- 
hydrofuran, @ 1-butanol, (5) acetonitrile, 
@ N, N-dimethylformamide. f(D) : 
Onsager polarity function 2(D — 1)/ 
(2D + 1) ; v: transition wavenumber at Amax 
in 103 cm.

energy with distance, and Fig. 20 gives a 
qualitative illustration of the depth and 
shape of two extreme potential wells.

The escape of the ions from the cage 
therefore requires an activation energy 
which corresponds to the Coulomb term, 
and this can be quite large even in polar 
solvents. The temperature-dependence of 
the free ion yield of some ET reactions in 
aqueous solution provides some qualita­
tive support for this prediction[27'.

It should not be forgotten, however, that 
the entropy term may be equally important 
for the separation of any two molecules in 
contact, since the probability of finding 
them in the entire available volume V is in 
general much greater than that of finding 
them in the contact volume v. The total 
volume available to any one molecule is 
related to the concentration, V = 1 /cNA (in 
liter); the volume restricted to two mole­
cules in contact is v « 32a3 if a is the molec­
ular radius, thus the entropy term is ap­
proximately
AS = -R In 32 c a3 NA (21) 

and this yields for example 30 cal/K for 
c = 10“6 m, that is a value for the energy

Fig. 20. Model of the potential wells for 
separation of ions in non-polar (np) and 
polar (p) solvents.
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T AS = 9 kcal/mol at 300K against a Cou­
lomb term of electrostatic attraction of 
about 18 kcal/mol from Eq. (13).

The Coulomb term increases with de­
creasing solvent polarity to reach a value 
of C w —e2/2r in a non-polar solvent such 
as a paraffin; this is of the order of 35 
kcal/mol and it is not surprising that 
charge separation is not observed in such 
conditions.

1. There are hardly any direct measure­
ments of the free energy change AG of

5.1. Charge Separation in a Non-Relaxed 
Solvent

The existence of an activation barrier 
against charge separation assumes that the 
geminate ion pair is surrounded by a re­
laxed solvent cage; this ion pair solvation 
energy balances the free ions’ solvation 
energy and the activation barrier is then 
the electrostatic attraction. Since is has 
been argued above that no solvent reorga­
nization takes place prior to electron trans­
fer, two neutral molecules M* and N will 
in the first place form a geminate ion pair 
(M®Ne) in a non-relaxed solvent cage; 
given time this system will be stabilized by 
the dipole solvation energy E^ = —efa if a 
is the molecular radius (assumed to be the 
same for M an N). If, however, the time of 
charge separation is shorter than the 
solvent relaxation time this dipole solva­
tion energy does not appear in the energy 
balance, and the charge separation process 
becomes activationless. There is unfortu­
nately little direct information concerning 
the rate of charge separation following the 
ET between two neutral molecules in polar 
solvents so that it is difficult to say in 
which cases the charge separation may oc­
cur prior to solvent relaxation.

6. Conclusions and Outlook
Although considerable progress has 

been made in the understanding of ET pro­
cesses in recent years, several problems re­
main concerning in particular the effect of 
the medium:

photoinduced ET reactions. There are of 
course measurements of the redox poten­
tials and the excited state energies are 
known from spectroscopic data, but when 
AG is then calculated from the Rehm-Wel- 
ler equation the result depends on the ex­
pression adopted for the Coulomb term. It 
is therefore highly desirable to have inde­
pendent experimental measurements of 
AG, for instance through heats of reaction. 
The experimental problems appear quite 
serious because of the transient nature of 
the processes involved, so that conven­
tional calorimetric methods cannot be 
used; there is however some hope in the 
development of a technique known as 
time-resolved photoacoustic calorimetry 
which is still in its infancy.

2. Many questions remain concerning 
the distance-dependence of the rate of ET 
in intermolecular and intramolecular sys­
tems. Although van der Waals contact of 
the partners seems to be the rule for inter­
molecular ET in the ns-to-ms time scale, 
there are some exceptions which must be 
investigated in detail. In the case of rigid 
media, this «rigidity» needs to be tested for 
the possibility of microscopic motions at 
longer times, of the order of seconds.

Intramolecular ET raises some quite dif­
ferent questions: some experiments show 
that certain rigid saturated spacers can 
lead to through-bond interaction between 
distant chromophores, but other experi­
ments suggest that only the folded confor­
mation of chromophores linked by a flexi­
ble chain can lead to ET. Such apparent 
contradictions will have to be resolved, 
particularly since it is increasingly felt that 
saturated chains can play an active role in 
electron transfer in biological systems as 
well as in man-made organized assemblies.

3. The role of the solvent in the kinetics 
of ET is likely to remain controversial; in 
particular the possibility of extensive 
solvent reorganization prior to the ET step 
will have to be probed in detail, perhaps 
with the help of computer simulations to 
assess the magnitude and the frequency of 
local solvent polarity fluctuations.
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