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We have reviewed a number of correlations between kinetic parameters which 
characterize optical and thermal electron transfer between two molecular sites. 
The correlations involve directly observables such as the molar absorptivity and 
emitted spectral distribution for optical and the rate constants for the thermal 
processes. We have also discussed the possible direct optical detection of the tran- 
sition state configuration. This is feasible in principle by emission or Raman scat- 
tering from the first excited state in the adiabatic limit. The correlations can be 
extended both to optical and thermal electron transfer between metal or semicon- 
ductor electrodes and depolarizer molecules or molecular adsorbates, and to elec- 
tron transfer in three-level, superexchange systems. In the latter case relations 
between superexchange rate constants and Raman scattering profiles can be pointed 
out. 
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1. INTRODUCTION 

Transitions between two bound molecular or solid state Born- 
Oppenheimer electronic states can occur either by absorption or 
emission of light, or nonradiatively. In both cases the two states 
are coupled by an external perturbation and it has been recognized 
since the earliest theoretical approaches to electronic processes in 
molecules and solid state impurities that close formal relations 
between the two kinds of processes must therefore exist.’S2 The 
quantitative form of such correlations must incorporate the tran- 
sition probabilities of the processes, but in practical terms this must 
be extended to the appropriate observables. These are the rate 
constants for the thermal process, and either the molar absorptiv- 
ity, the luminescence rate constant, the emission spectral distri- 
bution, or the excited state radiative lifetime for the optical proc- 
ess. 

The correlations between optical and thermal processes acquired 
major new perspectives by extension to intervalence transitions in 
mixed-valence systems, reviewed and first classified by Allen and 
Hush3p4 and by Robin and Day.’ Weak near-infrared molecular 
intervalence transitions correspond to photo-induced electron 
transfer (ET) between the two sites and therefore represent a 
particularly close conceptual relation both to intramolecular ther- 
mal ET and to ET between mobile molecules in s~lution.~.’ The 
corresponding band intensity and shape in this way becomes a 
sensitive probe for solvent and distance effects on the electronic- 
vibrational coupling in both kinds of processes. 

Optical intervalence transitions often follow the behavior ex- 
pected from ET theory combined with specific models for the 
solute-solvent systems.6 Photo-induced ET would therefore in 
principle be an extremely powerful technique for the more elusive 
elements of ET theory such as the electronic exchange coupling 
and the inverted free energy range. Direct experimental docu- 
mentation for both optical and thermal ET in a given binuclear 
system is, however, restricted to very few systems,s-*2 including a 
recent report on electron exchange in the [Fe(CN)6]3-’4- system 
in concentiated  solution^.'^ This is due to the high thermal rate 
constants of the optically well characterized mixed-valence com- 
pounds and to the need for large concentrations of the “collision 
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complex” which primarily contribute to optical intermolecular ab- 
sorption in well-characterized thermal ET systems. In addition, 
well-characterized mixed-valence complexes always involve mo- 
lecular bridge groups. These endow the transition with superex- 
change character which both increases the electronic coupling to- 
wards the adiabatic limit and gives a different structure to the 
electronic coupling compared with direct ET. 

In this work we address in particular two aspects of the corre- 
lations between optical and thermal processes. The first concerns 
the nuclear configurations where the electronic transition occurs. 
Optical absorption and relaxed fluorescence proceeds primarily 
from the equilibrium nuclear configuration in the ground and ex- 
cited state, respectively (Fig. l), while the thermal process takes 
place at the saddle point region of the two potential surfaces. A 
central question is therefore the possible direct detection of the 
configuration at the saddle point by optical means, rather than 
indirectly via a rate constant or optical bandshape analysis. Such 
detection is obviously fraught with great technical difficulties caused 
by the strong vibrational excitation needed to reach the crossing 

Q 
FIGURE 1 Different locations of initial and final state potential surfaces showing 
radiative absorption and emission (dashed arrows) and thermal transitions (fully 
drawn arrows). 
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and the corresponding low concentrations of these transition state 
complexes. However, as noted by Bersuker,14 optical detection is 
also associated with a principal quantum mechanical problem, as 
detection requires that the state which interacts with the electro- 
magnetic field is ~tationary.’~ This condition is only valid for po- 
tential wells whose depth approaches the kinetic energy of the 
system and applies only “inside” the reactants’ and products’ po- 
tential wells. On the other hand, the first excited state correspond- 
ing to two-site electronic transitions always has a pronounced po- 
tential minimum at the crossing. Detection of this region is therefore 
in principle feasible in the adiabatic limit by excited state emission, 
rather than ground state absorption. 

The second point to be discussed is the extension of known 
correlations between “direct” optical and thermal ET to bridge 
group systems where the role of the bridge orbitals is explicitly 
specified. Such extension is possible by introducing bridge group 
or superexchange ET formalism and leads to interesting correla- 
tions between thermal superexchange ET rate constants and both 
single-photon absorption and Raman scattering probabilities. 

We first provide a brief summary of some elements of ET theory 
and correlations between optical and thermal ET in direct tran- 
sitions, based on observable quantities. Then we proceed to a 
discussion of the observability of the transition region, and we 
conclude by extensions of the correlations to electrochemical proc- 
esses and to three-level processes as in superexchange ET and 
Raman scattering. 

2. ELEMENTS OF DIABATIC ET THEORY AND 
CORRELATIONS BETWEEN THERMAL ET RATE 

ABSORPTION AND EMISSION PROCESSES 
CONSTANTS AND OBSERVABLES IN SINGLE-PHOTON 

2.1. Correlations Between Thermal Rate Constants and Optical 
Single-Photon Observables 

The most general form of the diabatic first order transition prob- 
ability between the two electronic states “i” and “f” is, in the 
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Born-Oppenheimer and Condon approximations,16- 

i= 1- Tr[p,(l - e)p,(e)l exp( - POAGO) (2.1) 

where pi( 1 - 0) and pk0) are the vibrational density matrices of 
the states ‘7’’ and ‘If” at the temperatures T(l  - 0) and T/0, 
respectively, where T is the real temperature. AGO is the free 
energy gap (Fig. l ) ,  p = (kBT)-l, where kB is Boltzmann’s con- 
stant, h is Planck’s constant divided by 21r, Vfi(Q:,) is the nondi- 
agonal electron exchange matrix element at the saddle point of 
the potential surface crossing, Q&, and the integration with respect 
to 0 is along a contour parallel to the imaginary axis ([Reel < 1). 
Gi is finally the total vibrational energy in the state “2’. Equation 
(2.1) can be converted to more specific forms by introducing ex- 
plicit representations of the vibrational density matrices, to some 
of which we shall return below. The transition probability for op- 
tical single-photon absorption or spontaneous emission corre- 
sponding to the same two states, W;!‘, requires that the photon 
field characteristics are specified. By taking these as those of a 
narrow photon beam of random polarization we can give W;?‘ the 
following form analogous to Eq. (2.1)19+20: 

I= 

x 1 dB Tr[p,(l - e)p,(e)l exp[ -p0(AG, * hv)] (2.2) 
- jx 

where u is the frequency of the absorbed or emitted light, corre- 
sponding to the “minus” and “plus” sign, respectively, and 
Mfi(Qzpt) is the transition dipole matrix element at the nuclear 
configuration QZp,. In general Q&‘ is close to the equilibrium con- 
figuration of the ground and excited state for absorption and emis- 
sion, respectively. The difference between QZpt and Q:h is impor- 
tant for intersite electronic transitions where the electronic wave 
functions are exposed to environmental nuclear configurational 
 fluctuation^.*^-^^ 
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Equations (2.1) and (2.2) provide a simple general correlation 
between the transition probabilities for the two kinds of processes. 
Such correlations are, however, more useful if they apply to the 
observables of the processes. This is so much the more important 
as Eq. (2.2), although formally analogous to Eq. (2.1), is not 
directly comparable to the latter since W;: is a rate constant while 
W;Ft contains an additional energy density. The optical absorption 
process is suitably characterized by the molar absorptivity, K,,(v) 
while emission is characterized either by the emitted spectral den- 
sity distribution in all directions, Is ,em(v), or by the radiative life- 
time 7,. The relation between W;$(u) and K,~(v) is thusZo 

2T 
3c K,~(v) = - hv W;/”(v) 

where c is the light velocity in the medium and accounts for the 
environmental modulation of the incoming electromagnetic field. 
The relations between W;Ft and Zrp,cm(u) or 7, are, respectively, 

4 
Tc3 Isp,cm(~) = - u4 Auh2W;,!”(u), 

where Au is to be viewed as an instrument property. 
Combination of Eqs. (2.1)-(2.5) provides the following corre- 

lations between the observables for the thermal and optical proc- 
esses 

4 ”  
P C 3  0 

T ; ~  = -\ (~U)U’[M~(Q~~:,,)IV~(Q~)]~ W$(AG, + hv)dv, (2.8) 
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where the combination of electronic factors may in principle also 
depend on v when substantial charge displacements exposed to 
solvent configurational fluctuations accompany the process.21-23 

2.2. Specific Bandshape Expressions for Diabatic Electronic 
Transitions in Vibrationally Dispersive Media 

As a frame of reference we introduce a specific but broadly 
representative model for the solute-solvent system. The intra- 
molecular and solvent coordinates are regarded as separate nor- 
mal mode sets, the former represented by a set of displaced har- 
monic oscillators, the latter as a linear, frequency dispersive me- 
d i ~ m , ' ~ . ~ ~ . ~  the dispersion being in principle essential to ensure 
convergent rate expressions.26 W;ih(AGo) then takes the form 

- F,(e)]Tr[exp(PFl'))pj')(l - e ) p ( e ) ]  (2.9) 

where the superscript "(c)" refers to the molecular modes only. 
The solvent function F,(O) has the form 

(2.10) 

where gS(w) is the solvent reorganization free energy density. In 
its most general quantum mechanical form, %,(w) is given by the 
Fourier transform of the retarded Green's function of the inertial 
polarization fluctuations, i .e. ,24-27 

1 
dr dr'AE,(r) AEp(r') - ImCR(r,r'; w), (2.11) 

I T  W 

where a and P (= x,y,z)  are space coordinates, r and r' are space 
vectors and AE(r) is the difference between the vacuum fields of 
the molecular charge distribution in the initial and final states. 
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The Green’s function is specifically the quantum statistical av- 
erage of the inertial polarization components Pa,e(r,t),27 

i 
fL  Gze(r,r‘; t , t ’ )  = -- e(t - t’)([Pa(r,t)Pe(r’,t’)]), (2.12) 

O(t - t ’ )  being the step function. For practical use of Eq. (2.11) 
the field terms and Gc,Jr,r‘; w) are, however, more conveniently 
brought to rest on specific electrostatic models and models for the 
solvent frequency dispersion, respectively. For example, if the sol- 
vent is homogeneous and isotropic, then24-26 

1 Ime(w) 2E, Ime(w) ImCR(o) = --* c&,(o) = - -* 
4Tr lE(U)I2’ Trwc 1&(0)12’ (2.13) 

where E(W) is the dielectric permittivity function, E~ is the optical 
and E, the static dielectric constant, while E, is the total solvent 
reorganization free energy. 

ImCR(w) or E(W) contains all information of the real solvent 
vibrational spectrum. For water this is well represented by a com- 
bination of Debye and resonance bands? 

E - E  
ED(w) = E” + 

1 - i w D ’  (2.14) 

1, (2.15) 
1 - iwJ, 

1 - i(w + wR)TR 
1 + iwJ,  

1 - i(w - wR)TR 
+ ER(o) = E~ + f ( ~ ,  - E,,) 

T E *  being the Debye and wR the resonance frequency, and rR is 
the damping coefficient. 

Further conversion to specific bandshape forms are conveniently 
referred to the crucial limits of weak and strong solute-solvent 
coupling. For broad bands these are determined by the  condition^'^ 

(E,lhw,)cth ((1/2)phw,) > 1 and < 1, (2.16) 

204 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
9
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



respectively, where om is the maximum of the resonance. The 
“coupling strength” thus depends on T, the low- and high-T limits 
being EJhw, and 2 E J p ( h ~ , ) ~ ,  respectively. The strong-coupling 
limit is what prevails for all real thermal and optical ET processes, 
but for the sake of completion we provide both limiting bandshape 
forms. We consider first coupling solely to the medium. 

2.2.1. The Weak-Coupling Limit 

The following bandshape form emerges at all T2? 

277 1 Y2 
A Y  (AGO)* + y2’ 

W;ih(AGo) = - - (V,,)’ 
(2.17) 

1 

In the weak-coupling limit the solute-solvent interaction thus gives 
a Lorentzian band which does not depend on the detailed solvent 
spectral features. The bandwidth, y, is determined by the tem- 
perature and the coupling strength and vanishes as T + 0. The 
maximum for the corresponding optical transition, hv,, is at 

hw, = AGO, (2.18) 

giving also, for a narrow band, the form 

2.2.2. The Strong-Coupling Limit 

In this limit the bandshape is more sensitive to the details of the 
solvent spectrum. This is illustrated if we invoke the simplifying 
assumption that the whole spectrum can be divided into a low- 
frequency, classical group of bands and a group of high-frequency 
bands, with a small density of states in the frequency range kBT/h. 
We then obtain, close to the maximum of the optical process 
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or to the activationless free energy range of the thermal proc- 
ess, 19.203 

where G‘ and @‘ refer to the low- and high-frequency parts of 
the spectrum, respectively, and oqu is the center of the high- 
frequency distribution. More specifically 

(2.21) 

(2.22) 

Moreover, for the optical process, 

hum = AGO + E:‘ + E:”. (2.23) 

As shown el~ewhere,’~ the Gaussian form in Eq. (2.20) is only 
valid close to the maximum, cubic and higher terms in the exponent 
being important in the band wings. In the normal free energy range 
( W o l  << EJ9 

. (2.24) 1 (EZ’ + 
exp[ - ( 4 f ) 2  
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Equations (2.20)-(2.24) give the following correlation between 
the activation (free) energy for the thermal process, E A ,  and the 
maximum for radiative absorption 

EA = (hum - E,4")2/4(h~m - AGO - EY). (2.25) 

The corresponding equation for the fully classical solvent behavior 
(@" = 0), first obtained by is 

E i  = ( h ~ , ) * / 4 ( h ~ ,  - AGO). (2.26) 

Vibrational dispersion thus gives a different correlation which in 
principle could serve as a basis for determination of the high- 
frequency contribution to E,. 

2.3. Intramolecular Mode Reorganization and Bandwidth 
Temperature Dependence 

The effects of intramolecular reorganization on the optical band- 
shape features and thermal free energy relations have been dis- 
cussed in detail This extends to a variety of 
representations of these modes including mode displacement and 
distortion, anharmonicity, and normal mode mixing. Presently we 
invoke only a single element of importance directly to the corre- 
lations between optical and thermal two-level processes. This re- 
lates to the temperature dependence of the Gaussian bandwidth 
and constitutes an additional consistency check of Eqs. (2.24)- 
(2.26). 

In the presence of displaced harmonic modes all equations in 
Section 2.2 maintain full validity except that E;' is everywhere 
replaced by the total classical reorganization free energy in both 
the solvent and the low-frequency molecular modes, and ET 
similarly by the high-frequency reorganization free energy in both 
mode sets, @'. Ef' and can then be separated in a twofold 
fashion, namely either by Eq. (2.26) or by the temperature de- 
pendence of the Gaussian bandwidth, since the square of the latter 
depends linearly on T and the extrapolated value at T + 0 is 
2hw,,@'. This separation is sharp for vanishing @" but somewhat 
blurred for finite values of the high-frequency solvent contribution 
due to the large widths of the solvent absorption bands. 
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2.4. Cross Correlations 

One of the most widely used frames for correlating thermal elec- 
tron transfer data is the Marcus cross r e l a t i ~ n ~ ’ ” ~  

where kl l  and k,, are the rate constants of the two exchange re- 
actions, while k12 is the rate constant and K12 the equilibrium 
constant for the cross reaction. 2 is the total pre-exponential factor 
in the high-temperature rate constant. Equation (2.27) rests on a 
range of assumptions including: (a) high-temperature and har- 
monic behavior of all nuclear modes; (b) adiabatic limits of the 
rate constants; (c) cancellation of intermolecular work terms, and 
(d) the total reorganization free energy of the cross reaction being 
the arithmetic average of those for the exchange reactions. 

Correlations between rate parameters of thermal and optical 
processes offers an extension of cross relations to the latter and a 
way of relaxing most of the conditions on which Eq. (2.27) rests. 
Provided that only the high-frequency part of the combined solvent 
and molecular modes satisfies the cross condition E Z , )  = 
$(E&) + E Z 2 J  where the subscripts refer to the different reac- 
tions, then the following correlation between the rate parameters 
of the optical and thermal processes is valid: 

This form rests on no conditions regarding the classical reorgani- 
zation free energy and the electronic factor. If the assumption that 
E& = (1/2)(E& + E&) is also invoked, then Eq. (2.28) takes 
the simpler form 
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3. THE ADIABATIC LIMIT OF ELECTRON TRANSFER 

Most of the considerations in Section 2 refer to the diabatic limit 
of small splittings at  the crossing of the two potential surfaces. In 
this section we consider briefly the opposite, adiabatic limit which 
is particularly important in possible attempts to detect this region. 

The adiabatic limit prevails when the electron exchange integral 
is large, i.e., when the following inequalities are valid for low- and 
high-frequency modes, respectively: 

oeff is the effective frequency of the multi-dimensional potential 
surfaces,33 4‘ is the total classical reorganization free energy, AF 
is the difference in the gradients of the potential surfaces at the 
crossing, and w is the velocity for motion along the surface in the 
crossing region. 

The relations between the thermal activation energy and the 
maximum energy for radiative absorption are different in the adi- 
abatic and diabatic limits. We assume here that the exchange cou- 
pling is sufficient to ensure full electronic adiabaticity but small 
enough that a significant barrier on the lower potential surface 
remains (Fig. 2) .  Most of the potential surface distortion occurs 
near the crossing. The activation energy is thus lowered by 
2 d a ( l  - a) Vfjr16917933 where a is the transfer coefficient of ET 
theory, i.e., 

a = - kBT dlnW$’ldAGo. (3.2) 

If the potential surface distortion near the minima can be disre- 
garded, then the relation between the maxima for optical absorp- 
tion from the reactants’ part of the ground state potential surface 
and the activation energy for the thermal process is 

where a can be obtained in a straightforward manner from Eqs. 
(2.20)-(2.23) or a similar formalism once the representation of 
the various system parts is specified. 
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a 

FIGURE 2 Potential surface splitting in the crossing region for adiabatic ET. 

4. OPTICAL DETECTABILITY OF THE CROSSING 
REGION 

The electron exchange matrix element, V,, is at the same time 
one of the most important and most elusive parameters of ET 
theory. Direct determination of V, could in principle be achieved 
if radiative absorption or emission in the crossing region could be 
brought to occur. This is, however, excluded in the diabatic limit 
for which the transition state is a transient, non-stationary config- 
uration. The same applies to absorption in the adiabatic limit, but 
if the ET system could be prepared in the first excited electronic 
state of the two adiabatic surfaces, it would then be located in a 
stationary state with a deep potential well and minimum close to 
the transition state configuration. The lifetime of this state is de- 
termined by the splitting of the surfaces, the fluorescence lifetime, 
the spectrum of solvent relaxation times, and-for bimolecular 
transitions- by the intermolecular diffusion time. All these quan- 
tities can take suitable values and could lead to long enough life- 
times for observation, as shown by the following points which can 
be substantiated by the formalism in Section 2: 
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(A) The splitting in the crossing region determines the rate of 
non-radiative relaxation. The relaxation probability on multiple 
passage of the crossing region is, in semiclassical approximation, 

where y is the Landau-Zener parameter 

In the diabatic limit Wrcl = 1 - 2ny = 1, i.e., the system rapidly 
relaxes to the ground state. On the other hand, in the adiabatic 
limit Wre, = 112. The non-radiative decay channel is here rather 
inefficient, and unless other decay channels are important, the 
excited state can remain sufficiently populated for detection. 

(B) The excited state may decay radiatively to the ground state. 
The radiative lifetime is given by Eqs. (2.2) and (2.5) and the 
formalism in Section 2.2. Radiative decay is unimportant for es- 
tablishment of vibrational equilibrium in the excited state if T; is 
significantly smaller than the effective inverse excited state relax- 
ation time, ( T : & ~ ) - ’ ,  

in which case the excited state population has still only dropped 
to 50% by non-radiative relaxation after equilibrium. Even if Eq. 
(4.3) is not valid, a smaller but still detectable equilibrated excited 
state population may remain. 

(C) A final condition for a significant excited state population 
relates to intermolecular transitions between mobile molecules. 
Diffusive motion may lead to a configuration where 2ny is unfa- 
vorable and approaches the diabatic limit of fast non-radiative 
relaxation. This effect is unimportant if the diffusion time is long 
compared with the excited state vibrational relaxation time. 

A significant excited state population can be prepared by inten- 
sive radiation or optical pumping. Provided that vibrational relax- 
ation is fast and the splitting of the potential surfaces in the crossing 
region large, a substantial part of the population can be expected 
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to survive at equilibrium, the configuration of which corresponds 
to the transition state. The equilibrium excited state configuration 
can then be coupled radiatively to the ground state in a twofold 
fashion both of which in principle can lead to determination of the 
exchange matrix element. Spontaneous or stimulated light emis- 
sion leads to emission with a minimum frequency, v;Ynn, at 

This radiation can in principle extend to the far infrared region 
since adiabaticity already prevails at V,i 2 kBT (= 200 cm-’ 
at T = 298 K). Alternatively, Raman scattering in the excited 
state potential well of effective vibrational frequency wzf  = 
( T ; ; , , ~ )  - l may lead to a sequence of anti-Stokes-like scattered line 
frequencies 

hv = (n  + t)hotff + 2Vfi (4.5) 

corresponding to scattering from a manifold of excited state vi- 
brational levels {n} into the electronic ground state (Fig. 3). 

Q 

FIGURE 3 Adiabatic potential surfaces which show the minimum frequency for 
light emission from the excited state and a conceivable electronic-vibrational Ra- 
man scattering process. 
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We conclude by emphasizing that this discussion addresses the 
principal question of detecting the transition state region by in- 
frared or visible luminescence or by Raman scattering. The con- 
clusion is that such an observation is in principle possible, but no 
such experiment has yet been carried out. 

5 .  SINGLE-PHOTON TRANSITIONS BETWEEN 
MOLECULES AND METAL OR SEMICONDUCTOR 
ELECTRODES 

The formalism in Sections 2 and 3 can be extended to interfacial 
electrochemical ET where electrons are photo-excited from a de- 
polarizer molecule or molecular adsorbate into the continuous 
electronic spectrum of the metal or semiconductor electrode, or 
vice versa. The observables here are the cathodic and anodic dark 
currents, and the photocurrents for a given incoming light intensity 
in a narrow frequency interval. These observables are quantities 
integrated over the entire electronic spectrum of the electrode. 
The cathodic dark current density at given overvoltage, q, is34 

1 
A f:= ipk (q) = e C -  6x ~ E P ( E ) ~ ( E )  W$::k (E,T) (5.1) 

where e is the electronic charge, C the depolarizer concentration, 
A the electrode area, 6x the extension of the reaction zone per- 
pendicular to the electrode surface, P(E) the electrode level density 
and n ( ~ )  the Fermi function. W$:k is finally the probability per 
unit time for transition from a given level E to the depolarizer 
molecule. A similar expression applies to the anodic currents in 
which n ( ~ )  is replaced by 1 - .(E) and W$ik by the probability 
for ET from the molecule to the electrode, WRLk. 

All electronic levels are suitably referred to the Fermi level E~ 

The cathodic reaction free energy at a given overpotential is then 

AGS (~,q) = AGSF - (E - EF) - eq (5 .2 )  

with an analogous combination for the anodic process, ACg, being 
the reaction free energy for transition at the Fermi energy at equi- 
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librium. Wgfk(E,q) is then obtained directly from Eqs. (2.1) and 
(2.9) or (2.20)-(2.24) by insertion of Eq. (5.2). 
The cathodic photocurrent is 

where the transition probability for the photoelectrochemical event, 
W;hc(&,qJ), is 

is the incoming light intensity in a narrow wave number interval 
around k and W 2 J ~ , q , u )  is given by Eq. (2.2) by replacing 
AGO ? hu with AGoF - (E - E ~ )  - eq - hu. 

Equations (5.1)-(5.4) also provide the action spectrum for the 
photo-induced electrochemical process in a form analogous to Eqs. 
(2.6)-(2.8). If we can disregard the dependence of the electronic 
factor on E , ~ ~  then the correlation between the photoelectrochem- 
ical and the dark current densities is 

where i,"".'(eq - hu) is obtained from Eq. (5.1) by replacing eq  
by eq  - hu. 

The following special form of Eq. (5.5) emerges at the equilib- 
rium potential for the dark current: 

In other words, the effect of photo-excitation is equivalent to an 
overpotential shift of eq = hu. 

Further specification of the correlations between the photocur- 
rent and dark currents at both metal and semiconductor electrodes 
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can straightaway be carried out by combining the formalism in 
Section 2 with Eqs. (5.1)-(5.6). When the maximum light fre- 
quency hv, = E, + AGO, is large, it may, however, approach the 
plasma frequency for semiconductors which is low for small charge 
carrier densities. The surface electronic structure and image forces 
then no longer respond adiabatically to changes in the molecular 
electronic states, and the transition acquires an altogether different 
character. 

6. LIGHT-INDUCED TRANSITIONS IN THREE-LEVEL 
SUPEREXCHANGE ET SYSTEMS 

The electronic factor in intramolecular ET between donor and 
acceptor groups separated by “assisting” molecular bridge groups 
is composed of the molecular orbitals of both donor and acceptor 
groups and of all the intermediate bridge group orbitals. The re- 
sulting overall ET proceeds as a multi-electron transition, in the 
higher order perturbative limit denoted su~e rexchange~~-~O which 
clearly dominates over both direct ET and superexchange E T  via 
solvent bridge group molecules. Intervalence light-induced ET in 
molecules and solid state systems also always involves donor and 
acceptor groups covalently linked to bridge group molecules. Light- 
induced transitions can therefore also be expected to possess a 
higher channel. We conclude our overview of correlations between 
thermal and optical ET by a short investigation of such correlations 
for higher order processes. We restrict ourselves to second order 
processes in which the donor, the acceptor, and a single bridge 
group level are all strongly coupled to the environments, and for 
which a comprehensive formalism is now a ~ a i l a b l e . ~ ~ , ~ ~  We also 
restrict our considerations to classical nuclear motion. Handling 
of the relaxation of this restriction is available e l s e ~ h e r e . ~ ~ * ~ ~ , ~ ~  

We first overview briefly some elements of superexchange E T  
theory in a three-level system. We then proceed to an analysis of 
the correlation between the superexchange rate constant and var- 
ious single-photon absorption processes, and we conclude by briefly 
addressing Raman scattering processes in such systems. 
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FIGURE 4 Potential surfaces of three-level transitions through high-energy inter- 
mediate electronic states. The thermal process is indicated by the fully drawn 
arrows. The maximum frequencies for the i + d and i ---* f transitions are u,$ and 
uE, respectively, and the transitions are indicated by dashed arrows. (a) u,$ < 
uE; (b) u; > uE.  

6.1. Thermal Superexchange ET 

The thermal superexchange ET rate constant is39*41.42 
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where Vlif,) and V$) are the first order matrix elements which cou- 
ple the intermediate state “d” with the initial (“i”) and final (‘7’) 
states. ti>, Id> and I f >  represent the complete manifolds of mo- 
lecular and solvent vibrational wave functions in the three elec- 
tronic states, while En,, End, E,,, and ni, nd, nf are the corresponding 
sets of vibrational energies and quantum numbers, respectively. 

The superexchange rate constant exhibits a more entangled pat- 
tern than first order transitions due to the manifold of vibrational 
levels in the denominators of Eq. (6.1). Quasi~lassical ,~~” trajec- 
tory,3gd and quantum mechanical calculations39c show that two ma- 
jor patterns emerge depending on whether the intermediate state 
energy is “high” or “low” in the sense of Figs. 4 and 5. We consider 
in turn these two limits. For the sake of simplicity we restrict 
ourselves to diabatic transitions in three one-dimensional displaced 
harmonic oscillators of frequency o, but generalization to multi- 
dimensional surfaces and to adiabatic processes can be achieved 
by procedures reported e l ~ e w h e r e . ~ ~ ~ . ~ ~  

6.1.1. Superexchange ET via “High-Energy’’ Intermediate States 

In this limit (Fig. 4) W~(*)(AC,) coincides with that for direct ET 
at the crossing between the initial and final state surfaces except 
that the electronic factor is of second order and involves coupling 
to the high-energy intermediate state. The energy denominator 
depends weakly on the coordinate Q and can be replaced by its 
value at the crossing, QZ. Using also the closure relation for the 
intermediate states, C,,,ld)(dl = 1, we obtain, from Eq. (6.1), 

Apart from the electronic factor this form coincides with the rate 
constant for first order transitions at the point Gi, and we obtain 
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where superscripts have been added to AGO and the reorganization 
energy to characterize the particular transitions. 

6.1.2. Superexchange ET via “Low-Energy” Intermediate States 

In this limit the activation energy is determined by the crossing 
point of highest energy involving the intermediate state. The rate 
constant, derived el~ewhere,)~ is 

where U* is the highest crossing point energy involving the inter- 
mediate state, i.e., 

1 
4E{d 

I/* = U;d = AG$ + - (E;d + AG{d)2 if < U;d. 

Equation (6.4) can be written in a form which contains two 
Landau-Zener factors, say for u d i  > u,&: 

where 

The velocity at the point of highest energy, Vdi ,  corresponds to 
thermal velocity, the transition at the lower point to a higher ve- 
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locity where the difference between the potential energies at the 
two points has been converted to kinetic energy, i.e., 

This form is notable, and together with the appearance of two 
electronic coupling factors in Eqs. (6.4) and (6.7) it emphasizes 
the vibrationally unrelaxed nature of the intermediate state and 
the character of the overall process as a single elementary act. 

We now take Eqs. (6.2)-(6.8) as a basis for correlations between 
thermal superexchange ET and optical single- and two-photon 
processes in electronic three-level systems. 

6.2. Single-Photon Absorption in Electronic Three-Level 
Systems and Relations to Thermal Superexchange ET 

We consider optical single-photon absorption separately for sys- 
tems with high- and low-energy intermediate states. It is assumed 
that the overall photo-induced transition from the initial to the 
final state can occur either by absorption resonances directly be- 
tween the “i” and “f” states or by i + d resonances. 

6.2.1. High-Energy Intermediate States 

The levels may be located in the two ways shown in Figs. 4(a) and 
4(b) where the latter is representative of the large group of well 
characterized mixed-valence ruthenium complexes. The i +. f tran- 
sition may also be induced by two-photon processes where Fig. 
4(a) would correspond to two-photon absorption and Fig. 4(b) to 
Raman scattering. We finally assume that the system is initially 
equilibrated in the state “2’ so that absorption only from this state 
needs to be considered. The following cases can then be distin- 
guished: 

6.2.1.1. Direct transition between the initial and final states. This 
case is fully covered by the formalism in Section 2 and is normally 
what is considered for intervalence transitions in binuclear tran- 
sition metal complexes. The energies of the metal-to-bridge group 
transitions in these systems are high and correspond to Fig. 4(b). 
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6.2.1.2. Indirect transition via resonance between initial and in- 
termediate states. The i --* f transition may also be induced by i + 
d resonance absorption corresponding for example to the strongly 
allowed donorhridge group charge transfer bands in mixed-val- 
ence complexes. This is followed by nonradiative electronic relax- 
ation of the intermediate state. Such a path corresponds to the 
second ET mechanism described in Section 6.1.2. The molar ab- 
sorptivity is (cf. Eqs. (2.2) and (6.1)) 

2n 
3c 

K~’ (u )  = - huW;pt(2’(u), (6.9) 

x 6(En, - En, - A e  + hv)  (6.10) 

in other words, the states li) and Id) are coupled radiatively, Id) 
and If) nonradiatively. With reference to Fig. 4 and Sections 6.1.1 
and 6.1.2, Eqs. (6.9) and (6.10) can straightaway be recast into 
forms identical to Eqs. (6.4)-(6.8) except that Vs:) is now every- 
where replaced by ML!?, AG$ by AG$ - hu, and AG by AG?j - 
hu. Specifically (cf. Eq. (2.6)) 

21T 
3c K:~’(u) = - hu [ ~ ~ ’ ( Q , * , , ) l V ~ ’ ( Q : ) ] 2 W ~ ~ ( 2 )  (Act - hu). (6.11) 

6.2.1.3. Indirect transition via resonance between initial and final 
states. Due to the poor direct overlap between the donor and 
acceptor states, the i + f resonance transition may proceed more 
favorably by off-resonance coupling to a high-energy intermediate 
state, i.e., “virtually.” This case corresponds to Fig. 4(b) and the 
off-resonance case in Section 6.1.1. The electronic factor has the 
same form as in Eq. (6.10) where the energy denominator can also 
be written as 

En, - En, - AG$ + hv  h v g  - hug. (6.12) 
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The correlation between the optical and thermal superexchange 
parameters is again given by Eq. (6.9) where 

It is of interest to compare the molar absorptivities for the direct 
and off-resonance superexchange light-induced processes. By Eqs. 
(2.4), (6.3), (6.9) and (6.13) we obtain 

hvi - h 4  is not likely to exceed VJi) by more than an order of 
magnitude. Since >> Mj,?) the ratio in Eq. (6.14) can therefore 
be significant and the superexchange transition expected to be fully 
competitive or dominate. 

6.2.2. Low-Energy Intermediate States 

In contrast to the cases in Section 6.2.1, the i -+ d transition is 
now always at much lower energies than the i --* f transition, and 
we only need to consider optical resonance with the intermediate 
state. When U:i > U;d we obtain straightaway, by the procedures 
in Section 6.2.1, 

K$’(v) = - 2ll ~ U [ ~ ~ ’ ( Q ~ ~ ~ ) / V ~ ~ ’ ( Q : , ) J Z  W;!(2’(AG$ - h ~ )  (6.15) 
3c 

(cf. Eqs. (2.4) and (6.9)). For this potential surface location Eq. 
(6.15) applies also when the d 4 f transition belongs to the adi- 
abatic limit. 

In the opposite case when U2i < U&, efficient ET only occurs 
when light absorption brings the new location of U$ to a value 
below the new Uzi, in which case Eq. (6.15) remains valid. If Ufd 
is too high for the two crossing points to be inverted on light 
absorption then the photo-excited electron returns to the initial 
ground state rather than proceeding to the acceptor state (cf. the 
surfacer in Fig. 5(b)). 
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We note in conclusion that the ET path represented by Eq. 
(6.15) constitutes a most efficient mechanism for charge separation 
over large distances. In relation to the primary events of bacterial 
p h o t o ~ y n t h e s i s ~ ~ - ~ ~  and very recent data pointing to population of 
an electronic state on auxiliary bacteriochlorophyll monomer,46 
the mechanism could be a suitable representation of the overall 
primary ET from photo-excited bacteriochlorophyll dimer to pheo- 
phytin. The initial, intermediate and final states then correspond 
to “excess” electron localization on bacteriochlorophyll dimer, on 
the monomer, and on pheophytin, respectively. 

7. CORRELATIONS INVOLVING RAMAN SCATTERING 
CROSS SECTIONS AND SUPEREXCHANGE ET RATE 
CONSTANTS 

It can be expected that suitable locations of the potential surfaces 
in a three-level ET system can also serve as a basis for correlations 
between the superexchange ET rate constant and differential cross 
sections for Raman and resonance Raman scattering. Such cor- 
relations have indeed been investigated recently in considerable 
detail.41 We conclude our discussion of correlations between op- 
tical and thermal processes by an example of such correlations 
involving off-resonance Raman scattering. 

The observable in Raman scattering of a narrow beam of in- 
coming photons centered at the frequency u into the solid angle 
element An and frequency range A d  centered at u’ is the differ- 
ential scattering cross section 

A2a - = -  c-4h2v(vf)3 w y ( Y , u ’ ) .  
Av‘AR 6rr2 

The transition probability, given by second order perturbation the- 
OrYl 

x 6(En, - En, - A q  + h~ - hv’) (7.2) 
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reveals that conceptual and formal relations to superexchange ET 
rate constants must exist. The appearance of the incoming light 
frequency in both the energy denominator and the delta function 
of Eq. (7.2) means, however, that the correlations are only simply 
derived for off-resonance scattering where the energy denominator 
depends weakly on u and the vibrational excitation in the three 
electronic states. As hu approaches resonance between the initial 
and intermediate states, the summation with respect to all the nd- 
states in Eq. (7.2) requires a special analysis, details of which are 
given el~ewhere.~’ 

The following simple relation between the differential Raman 
scattering cross section and the superexchange ET rate constant 
is valid for off-resonance Raman scattering in representative three- 
level systems of “high” intermediate state energy (Fig. 4): 

This equation and a range of other correlations for resonance and 
off-resonance Raman scattering in electronic three-level systems 
strongly coupled to the nuclear motion41 opens exciting new pos- 
sibilities of combining superexchange ET theory with the theory 
of Raman scattering in solute molecular systems. 

8. CONCLUDING REMARKS 

We have overviewed several correlations between the kinetic pa- 
rameters of thermal and optical two-site ET reactions. The cor- 
relations rest on the observables of the various processes, such as 
the molar absorptivity for light absorption, and the spectral dis- 
tribution or radiative lifetime for spontaneous emission, rather 
than solely on the transition probabilities. Two main outcomes 
emerge from the discussion. The first is that the transition state 
nuclear configuration and the electron exchange integral in this 
region are in principle observable by optical emission or Raman 

224 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
9
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



scattering from the first excited electronic state, but only in the 
adiabatic limit. Secondly, we have extended the correlations to 
superexchange ET rate constants in electronic three-level systems. 
These correlations link the superexchange rate constants to the 
molar absorptivity of single-photon processes involving the same 
three levels. The variety of ET mechanisms that the correlations 
represent could have some wider implications relating to optical 
bandshape analysis, to photo-induced reactions in vibrationally 
unrelaxed multi-level systems, and to long-range charge separation 
such as in photobiological processes. 
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