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The widely used nonadiabatic theory of electron transfer, which 
gives the reaction rate ktt as the product of an electronic coupling 
matrix element (V) and a Franck-Condon weighted density of 
states (FCWD) (eq la),1 has been particularly successful in 
explaining many aspects of electron-transfer kinetics.2 The 
FCWD term commonly includes the driving force for electron 
transfer (AGet), a reorganization energy associated with re
arranged low frequency modes (X5), and a reorganization energy 
(Xv) associated with a single, averaged, high-frequency mode (vv) 
(eq lb.c).1 

Table I. Emission Maxima, Electron-Transfer Parameters, and 
Calculated and Measured Rate Constants for Nonradiative Return 
Electron Transfer in Tetracyanobenzene Acceptor/Methylbenzene 
Donor Contact Radical-Ion Pairs in Chloroform 
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Despite the success of eq 1, it has been suggested that the 
driving force dependence, -AG_e,, of the rates of return electron 
transfer in contact radical-ion pairs (CRIP), fc_et, cannot be 
explained using such nonadiabatic theories and that these processes 
should be described using an alternate mechanism.3 In the present 
work, however, we show that the £_« for these reactions can be 
explained using eq 1, when properly applied, from a complete 
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V-XY, TMB, DUR, PMB, and HMB refer to p-xylene, 1,2,4-
trimethylbenzene, durene, pentamethylbenzene, and hexamethylbenzene, 
respectively. The numbers in parentheses are the oxidation potentials of 
thedonors,£ox(VvsSCE).2k b Frequency of the maximum ofthe reduced 
emission spectrum.8 c Obtained from CRIP radiative rate measurements.8 
dObtained from fitting the emission spectra.89 e Calculated using eq 1, 
using values for K and X5 given in the table and 0.31 eV and 1400 cm"1 

for Xv and i>v, respectively. / Measured values from time-resolved emission 
experiments. 

analysis of both the nonradiative and radiative return electron-
transfer processes in the CRIP. 

The electron acceptor used here is 1,2,4,5-tetracyanobenzene 
(TCB), and the donors are the methyl-substituted benzenes 
indicated in Table I. Excitation of TCB/methylbenzene ground-
state charge-transfer (CT) complexes results in the formation of 
TCB radical anion/methylbenzene radical cation CRIP.4 Al
though nonradiative return electron transfer dominates the decay 
processes of these CRIP, emissions can also be observed5 which 
correspond to radiative return electron-transfer processes.6'7 The 
spectral distributions of such emissions are controlled by the same 
FCWD that determine the dependence of fc_« on AG_ef6,7 Thus, 
the reorganization parameters Xs, Xv, and vv and also AG-tt for 
the nonradiative return electron-transfer process can be estimated 
from analyses of the corresponding emission spectra.7'8 

Emission spectra were measured for the TCB/methylbenzene 
CRIP in chloroform. With increasing donor oxidation potential, 
£0X

D, the energy ofthe CRIP increases (-AG_et increases), and a 
corresponding increase is observed in the emission energy j»max 
(Table I). However, a plot of vmax versus ^ 0 (not shown) has 
a slope that is substantially less than 1.00 (0.S9). In addition, 
with increasing E0X

D, an increase is observed in the Stokes shift 
between the reduced CT absorption and emission spectra. These 
observations indicate that the reorganization energy for electron 
transfer increases with increasing Em

D- Furthermore, the blue 
edges of the reduced emission spectra of the CRIP become less 
steep with increasing 2SOXD, suggesting an increase in X8.

6'7 This 
was confirmed by spectral fitting of the CRIP emissions, using 
the procedure described previously.8-9 The electron-transfer 
parameters used to fit the spectra are summarized in Table I. 
Values for the electronic coupling matrix elements Fwere obtained 
from measurements of the CRIP radiative rates.8 A small 
dependence on the structure of the donor is observed (Table I) 
for reasons which are not clear. Using the data of Table I together 
with eq 1, values for the nonradiative return electron-transfer 
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Figure 1. Plot of log measured return electron-transfer rate constant 
(k-ei, O s) versus driving force, -AG-et, for contact radical-ion pairs of 
1,2,4,5-tetracyanobenzene and methylbenzenes. The solid lines represent 
the calculated driving force dependencies for the reorganization parameters 
characteristic of each radical-ion pair (the slopes of the approximate 
straight lines are -4.6 eV-1). The dashed line represents the apparent 
driving force dependence of the data (slope of the approximate straight 
line -2.2 eV-1) if the variation of the reorganization parameters with the 
structure of the radical-ion pair is not taken into account. 
rate constants for the CRIP could then be calculated, (fc-et)caicd 
(Table I). 

Experimental values for the nonradiative return electron-
transfer rate constants (fc-et)measd, were obtained from emission 
lifetime measurements.8-10 When the log((fc_et)measd) data are 
plotted against -AG_et, the apparent driving force dependence is 
shallow (the slope of the approximately linear plot is -2.2 eV-1, 
Figure 1), in a similar manner to that reported previously for 
related CRIP.3 This weak and approximately linear dependence 
was previously taken as evidence against the applicability of eq 
1.3 However, the agreement between (fc_e,)measd and (fc_et)caicd is 
remarkably good (Table I). Why, then, is the driving force 
dependence so shallow? Analysis of the driving force dependence 
for a series of acceptor/donor pairs is valid only if the reorga
nization parameters for the different pairs are constant. This, 
however, is clearly not the case for the TCB/alkylbenzene CRIP 
(Table I). The predicted driving force dependencies for constant 
reorganization parameters are, in fact, steep, as indicated in Figure 
1 (the plots of the approximately linear plots are ca. -4.6 eV"1). 
The apparent driving force dependence is weak because the 
reorganization energies increase with increasing -AG_et. 

(10) (/c Ci)mMlli were obtained as (1 /T) , where T is the lifetime measured in 
time-resolved emission experiments." Intersystem crossing and emission were 
ignored since the contributions of these processes to the CRIP decays were 
less than 10% and 1%, respectively. Separation of the ions should not occur 
in the relatively nonpolar chloroform. The emission lifetimes were extrapolated 
to zero donor concentration where necessary. 

N W ? . 

a: p-xylene 

b:1,2,4-trimethylbenzene' 

c: durene 

d: pentamethylbenzene 

e: hexamethylbenzene 
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The increase in solvent reorganization energy with decreasing 
number of methyl substituents on the donor is consistent with the 
report that a plot of E°X

D versus gas-phase ionization potential 
has a slope which is less than 1.00 (ca. 0.7).'' This suggests that 
the solvent stabilization energy for the alkylbenzene radical 
cations, and presumably the X5 for the appropriate CRIP, increases 
with decreasing methyl substitution, i.e., increasing £0X

D. The 
solvent reorganization energies for all of the CRIP studied here 
are large in comparison to those estimated for related systems.26 

This presumably reflects the fact that the molecular dimensions 
of both the radical anion and the radical cation are small compared 
to those of most acceptor/donor pairs. 

The nonadiabatic theory appears to be valid for the present 
systems, despite the large values of V, which might suggest that 
an adiabatic approach is more appropriate.10 In previous work 
on CRIP electron-transfer reactions, however, we showed that 
nonadiabatic and adiabatic theories were in quantitative agree
ment when -AG-d » X8 + Xv,

2e which is the case here. We note, 
however, that when -AG_e, approaches X8 + Xv, the nonadiabatic 
theory should not apply. 

The results clearly demonstrate that the CRIP systems are not 
unusual in their electron-transfer behavior. It is anticipated that 
further studies of the quantitative relationship between radiative 
and nonradiative electron transfer will provide even more detailed 
insight into the factors controlling the rates of these important 
processes.812 
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