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Highly exothermic electron transfer rates were measured by semiconductor electrochemical techniques. Ex- 
periments demonstrate that the decreases in the electron transfer rates with the exothermicity of the reactions 
in so-called abnormal regions are much more moderate than the classical predictions, and that this is probably 
due to the effects of intramolecular vibrations such as C-H stretching and/or bending. 

Introduction 
Progress in charge transfer kinetics in condensed phases 

is mainly due to the theoretical works by Marcus,l Levich? 
and J ~ r t n e r . ~  However, the kinetics of highly exothermic 
charge transfer remains to be clarified. Experimentally, 
impressive results were obtained by Rehm and Weller4 and 
Miller and his group.5 Those results show that in the 
highly exothermic region, in which the reaction free energy 
changes are more negative than its reorganization energy, 
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the electron transfer rates do not always obey classical 
predictions. 

The experiments conducted so far had homogeneous 
conditions. The reaction free energy changes were con- 
trolled by the selection of proper donor and acceptor pairs. 
But, in our case, by the heterogeneous nature of the ex- 
periments, it is possible to continuously change the free 
energy of the electron transfer reactions with the electrode 
potential. So, the semiconductor electrochemical approach 
enables one to evaluate the electron transfer rate profile 
as a function of its free energy change.6 

Experimental Section 
Our experimental model was constructed with a ZnO 

electrode as the electron source and the monocation radical 
of normal and/or deuterium-substituted thianthrene as 
the electron acceptors. Normal thianthrene was purchased 
from a commercial source and deuterium-substituted 
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thianthrene was prepared by the recommended synthetic 
routese7 These chemicals were purified at  least 5 times 
by recrystallization from ethanol and final sublimation. 
The purities of these compounds were checked by the 
usual cyclic voltammetric measurements with a Pt elec- 
trode. The cation radicals were produced by preelectrolysis 
on a Pt electrode, and were found to be stable with life- 
times over 1 h under our experimental conditions. All 
electrochemical experiments were conducted in oxygen- 
and water-free acetonitrile-TBAP electrolyte. 

The removal of water from the solvent was conducted 
by repeated vacuum distillation over the desiccant, P4Ol0. 
The removal of oxygen was carried out by freeze-pump- 
thaw cycles. All of these operations and the final prepa- 
rations of the samples were performed under a vacuum 
line. The cell for electrochemical measurements was totally 
sealed from the ambient atmosphere. 

A description of the system for measuring the electron 
transfer rate has been published previously.6 Essentially, 
the electrode potentials had been found to drop in the 
Helmholtz layer in the liquid phase in the potential region 
E < -0.5 vs. Ag. This confirms that changing the electrode 
potential in this region (E < -0.5 vs. Ag) makes it possible 
to vary the free energy change of the electron transfer 
reaction from the conduction band of ZnO to the electron 
acceptor in the liquid phase. To estimate the electron 
transfer rate, potential step chronoamperometry was em- 
ployed in a time domain of about 1 ms. The time-de- 
pendent current profile had been found to obey the fol- 
lowing equation6 
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where the first term is the non-Faradaic one, and the 
second term is the linear-approximated Faradaic term for 
the irreversible electron transfer. AV, R,  and C are the 
potential step height, resistance, and capacitance of the 
cell, respectively. k, c,b, and Do are the electron transfer 
rate constant, the bulk concentration, and the diffusion 
constant of the electron acceptors, respectivley. Other 
symbols have the usual meanings. 

The time-dependent current responses by the potential 
step perturbations were measured with a potentiostat and 
recorded in a transient memory for each electrode poten- 
tial. From these results, electron transfer rates at different 
potentials were extracted by the curve-fitting procedures 
for the theoretical equation above. 

Results and Discussion 
The theory of electron transfer reactions in condensed 

media predicted by Marcus1 was rearranged by Gerische? 
through the idea of the density of states in the liquid phase. 
The context permits the well-matched electronic model 
between the solid phase and the liquid phase. The het- 
erogeneous electron transfer rate from the conduction band 
of ZnO to the electron acceptor in the liquid phase is 
confirmed to be represented as follows:8 

where Z is the collision frequency of the reactant molecule 
upon the electrode surface, K(E) ,  p(E), and f ( E )  are the 
adiabatic parameter, the density of states in the solid 
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Figure 2. Plots of the logarithm of the rate constant for the reductlon 
of the cation radicals of thianthrene and of 9, lO-dIphenylanthracene 
on a ZnO electrode vs. the electrode potential. 

it must be considered that the intramolecular vibrational 
effects of the reactants are indispensable in abnormal 
electron transfer reactions; the decreases of the electron 
transfer rate in abnormal region are expected to be mod- 
erated by the vibrational excited products. Figure 1 sug- 
gests that C-H stretching or bending is one of the major 
contributions to these intramolecular vibrational effects, 
since the rate decreases are quite different between the 
normal and the deuterium-substituted thianthrene mon- 
ocation radicals. 

The rate decrease profiles in Figure 1 were found to be 
changed in the region more cathodic than -1.5 V vs. Ag. 
This may be caused by another electron transfer path 
being open at  -1.5 V vs. Ag, which is assigned to electron 
transfer from the valence band of the ZnO electrode to the 
electron acceptors in the liquid phase, since at this po- 
tential the overlap between the acceptor density of states 
in the liquid phase and the donor density of states in the 
valence band of the electrode is expected to start, ener- 
getically. 

Figure 2 shows the comparison between the normal 
thianthrene monocation radical and the 9,10-diphenyl- 
anthracene monocation radical, which had been measured 
by the same experimental procedures and reported pre- 
viously.6 These two redox couples have the same redox 
potential and their solvent reorganization energies are 
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Figure 3. Schematic representations of the correlation between 
classical model (a) and vibronic model (b). (a) Upper solid branch 
shows the acceptor line shape function, and lower solid branch shows 
the donor line shape function. (b) Upper solid branch shows the 
acceptor line shape function, and lower solid branch shows the donor 
line shape function. Dashed lines (parabolas) show the line shape 
functions for each molecular vibrational state (v). Solid lines show the 
thermally averaged summation of each parabola (Le., each molecular 
vibratlonal state). 

assumed to be similar. The rate decrease profiles between 
the two seem to be the same in the region more anodic 
than -1.5 V vs. Ag. This leads to the conclusion that the 
vibrational modes of the two phenyl groups attached to 
the anthracene structure have little effect on the electron 
transfer rate in the abnormal region although, as is well- 
known, the molecular conformation of the thianthrene 
structure is slightly different from anthracene.1° 

Conclusion 
Through the above discussion, intramolecular vibrations, 

such as C-H vibrations, are considered to play a decisive 
role in electron transfer kinetics in the abnormal region. 
To include these effects, Figure 3a, which is equivalent to 
the classical theory, must be corrected to Figure 3b, which 
shows the slow rate decreases in the abnormal region 
through the intramolecular vibrational assisted line shape 
function of the density of states in the liquid phase. We 
suppose that Figure 3b must be indispensable for the 
semiconductor photoelectrochemical point of view as well 
as simple electron transfer kinetics. 
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