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The dynamics of electron transfer in the Marcus inverted region 
have been the subject of several recent papers.1-8 These highly 
exothermic processes are generally described as a radiationless 
transition, and the rate expression explicitly includes the vibra
tional modes of the reactants and products. Calculation of the 
rate constant requires knowledge of the vibrational modes that 
couple to the reaction coordinate. In many of the studies reported 
in the literature, skeletal modes are assumed to be dominant. In 
this communication, the intermolecular electron-transfer reaction 
following photoexcitation of the ClO-benzene donor-acceptor 
complex is examined.9 Owing to the relative simplicity of this 
system, a study of the effect of temperature and isotopic 
substitution on the reaction rate is able to provide new insight 
into the role of specific modes on the reaction rate constant. 

The photoinduced reaction dynamics of the ClO-benzene 
donor-acceptor complex are shown in Scheme 1. Excitation of 
the charge-transfer band ( \ ~ 450-600 nm) generates a contact 
ion-pair (CIP). Subsequently, back electron transfer, 

Aret, com
petes with ion-pair separation. 

The transient absorption dynamics at 556 nm following the 
excitation of the ClO-benzene complex at 5 32 nm at two different 
temperatures in acetonitrile solution are shown in Figure 1. 
Excitation forms the CIP and therefore causes a decrease in 
absorption at 556 nm at time t = 0. With increased time delay, 
the signal recovers but does not achieve the level observed at 
negative time delay. This indicates that ion-pair separation 
competes with electron transfer. The kinetic model shown in 
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Figure 1. Transient absorption dynamics at 556 nm plotted as a function 
of time following the excitation of the ClO-benzene donor-acceptor 
complex in acetonitrile solution at 295 and 310 K. The bleach in absorption 
observed at t = 0 corresponds to photogeneration of the ClCr benzene+ 
contact ion-pair. The recovery in signal reflects competition between 
back electron transfer and ion-pair separation. 
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Figure 2. Transient absorption dynamics at 556 nm plotted as a function 
of time following the excitation of the C10-benzene-A6 (solid curve) and 
ClO-benzene-ds (dotted curve) donor-acceptor complex in acetonitrile 
solution. Deuteration of the benzene ring accelerates the electron transfer. 

Scheme 1 can be solved analytically to determine ka from the 
transient absorption data. For the ClO-benzene complex in 
acetonitrile, a temperature-independent rate of fcet

 = 3.0 ± 0.3 
X 109 is found. A temperature-independent rate is expected for 
inverted electron-transfer reactions. 

Figure 2 compares the transient absorption data obtained 
following photolysis of the C10-benzene-/i6 and ClO-benzene-
di complexes in acetonitrile. Deuteration of the benzene ring 
accelerates )fcet by 30% (&« = (3.9 ±0.4) X 10'). This acceleration 
is reflected in the data both by a faster recovery of the initial 
bleach and by a 50% decrease in the yield of free ions. 

Calculation of rate constants for inverted charge-transfer 
reactions relies on the golden rule. This requires knowledge of 
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the vibrational modes of the complex that couple to the reaction 
coordinate. Identifying these modes has been a difficult problem. 
In practice, it is common to use a single vibrational mode to 
represent the appropriate vibrations of the molecule. A value of 
1500 cm-1 is commonly used to approximate skeletal ring modes, 
which were assumed to be the modes that dominate the kinetics.la 

However, recent work shows that higher frequency modes, C-H 
stretches (~3000 cnr1),30 and low-frequency intermolecular 
modes (~ 150 cm-1)3a may also be important. Clearly, assump
tions concerning the vibrational modes that control the reaction 
process affect the ability to elucidate quantitative information 
from kinetic measurements. 

For the ClO-benzene system, the vibrational frequencies of 
the individual molecules are very well characterized. For gas-
phase ClO, the bond length is 1.673 A, and the single vibrational 
mode occurs at 665 Cm-1.10" Generation of the neutral diatomic 
decreases the bond length to 1.569 A and blue-shifts the vibration 
to 853 cnr1.101* While these vibrational modes are of significantly 
lower energy than those commonly invoked in quantum-me
chanical theories, they could still be important.33 Evaluation of 
the classical expression for the inner-sphere reorganization energy 
shows that the ClO/ClO contribution to X1n is at most 0.12 eV.1' 
As there is partial charge transfer in the ground-state complex, 
it is reasonable to conclude that this particular vibrational mode 
does not make a substantial contribution to Xjn. The reorganization 
energy must be largely determined by the aromatic vibrations.12 

Deuteration of the benzene ring accelerates the rate of back 
electron transfer, see Figure 2. This effect can be understood by 
examining related results on the nonradiative electronic relaxation 
of molecular excited states.13,14 Both rate processes (inverted 
charge transfer and nonradiative decay) are generally treated in 
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terms of a golden rule expression. In this case, the rates depend 
on the interplay of the density of states and the Franck-Condon 
overlap. Their relative importance depends on the energy gap. 
Consider high-frequency modes that involve C-H stretches. When 
the energy gap between the two states is significantly large, the 
density of acceptor states is high; however, the overlap between 
the donor and acceptor modes is small. Decreased energy gaps 
result in a decrease in the density of states but larger Franck-
Condon factors. Deuteration lowers the frequency of these modes 
and, therefore, relative to the nondeuterated molecule, both 
increases the density of states and decreases the overlap for a 
given energy gap. The decrease in nonradiative rates observed 
upon deuteration for large energy gaps (3-4 eV) results from the 
fact that the reduction in the Franck-Condon overlap is more 
important than the increase in the density of states.13 On the 
other hand, for smaller energy gaps, deuteration can increase 
reaction rates. This so-called inverse isotope effect has been 
observed for nonradiative rates in molecules and indicates that 
under certain conditions the increased density of states outweighs 
the decreased Franck-Condon factors.13'14 

Based on the charge-transfer absorption, the energy gap in the 
ClO-benzene system is at most 1.5 eV. The observed isotope 
effects is consistent with the conclusion thatthedensityof acceptor 
states caused by deuteration dominates the rate. This results 
further supports the conclusion that modes involving C-H(D) 
displacement couple to the reaction coordinate. In analogy to 
the observation of deuterium isotope effects on molecular 
radiationless decay, the isotope effect on the ClO-benzene 
electron-transfer dynamics should be affected by a change in 
energy gap. One predicts that with an increase in the exother-
micity of reaction, the isotope effect should decrease and 
potentially reverse. Experiments on ClO-toluene-rfg (a more 
exothermic reaction) show no isotope effect (knfko = 1.0 ± 0.1, 
compared to 0.78 ± 0.08 for benzene). We are currently 
examining reactions with increased exothermicity to see if a normal 
isotope effect results (kH/kD > 1). This relatively simple donor-
acceptor complex also offers to be an excellent test case for 
multimode theories of electron transfer. This topic will be dealt 
with in detail in a later publication.7 
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