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Activation energies and solvent effects for the intramolecular electron transfer reaction from a ligated p-nitrobenzoate radical 
anion to a cobalt(II1) center in the complexes formed by the reduction of I and I1 were measured. The rate of the intramolecular 
electron transfer reaction decreases with increasing solvent polarity. The activation energies range between 9.0 and 12.5 
kcal/mol for complex I and between 13.3 an& 19.5 kcal/mol for complex 11. The rates always followed Arrhenius temperature 
dependence, even with I O 4  changes in rate from room temperature to 203 K. Very large preexponential factors, 2 X 101'-1018 
s-l, are calculated for these rate constants. 

Introduction 
Recently several groups have reported the kinetics of in- 

tramolecular electron transfer, ET, reactions in complexes of 
the type M1LM?-l3 (where Ml and M2 represent the oxidizing 
and reducing metal cations with their ligand spheres and L 
is the bridging ligand). The study of such ET reactions is of 
importance as it represents one of the elementary steps in inner 
sphere intramolecular ET  reaction^'^,'^ and as it presents an. 
opportunity to study the factors affecting ET through ligands 
of different chemical nature. 

In some cases the ET reaction in MlLM2 is directly from 
M I  to M2 without a "coupling mechanism" through the lig- 

In these cases the ET reaction can be viewed as pro- 
ceeding via an outer sphere mechanism. The ligand L serves 
mainly to keep the two reacting centers in close proximity. 
However in most systems studied orbital coupling through the 
bond systems of the ligands supplies the route for the ET 
process. In many of these cases the ET can be described as 
a two-step process: reduction of L by M2 followed by the 
reduction of M1 by the anion radical L-.. This is known as 
the "chemical mechanism".15 
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Evidently the measurement of the kinetics of ET in the latter 
case supplies information on a relatively complex system. It 
is therefore of interest that recent studies have shown that it 
is possible to reduce Co"'L, where L p-n i t r~benzoate~~~"  or 
pyrazinecarboxylate18 bound to the cobalt through. the car- 
boxylate, by free radicals, e.g., ea;, C02-., (CH3)2COH via 
the mechanism 

(2) 

Co(I1I)L-- - C0"L (3) 

k2 
C0"'L + *R 4 Co"'L-- + R+ 

k3 

and that k3 can thus be directly measured. 
This and predictions, by modern radiationless transition 

theories of electron transfer, of non-Arrhenius b e h a v i ~ r l ~ ~ ~ ~  
stirred us to study reaction 3 over a wide temperature range. 
A hoped for result of decreased or even zero activation energies 
at low temperature, less than 150 K, was not found. The 
reactions we studied remained strongly activated and became 
too slow for our measurement techniques at about 200 K. 

The compounds chosen for this study (I  and 11) were pre- 

I 
L _I 

I1 

viously shown to be reduced by (CH3)2COH radicals via re- 
actions 2 and 3 . 1 6 3 1 7  The rate of reaction 3 was found to be 
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Table I 
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corn- temp k,(295 KLb AH,*, k,(295 K): AH,*, 
solven ta plex range, K M s-' kcal mol-' S-' kcal mol-' A , $  s-' AS, *, eu 

99% H,O + 1% 2-propanol I1 273-306 1.4 x lo9 3.1 t 2.0 2 .3x  lo3 1 8 . 4 t  1.0 1 X 10'' 19.4 
I 273-306 1.3 x io4 12.5 t 1.0 2 x 101, 2.9 

99% D,O + 1% 2-propanol I1 295 1.25 x 109 
90% H,O + 10% 2-propanol I1 273-306 1.3 X lo9 

I 273-306 
50% H,O + 50% 2-propanol I1 230-313 

I 230-313 
10% H,O t 90% 2-propanol I1 213-295 4.3 X 10' 

Ie 295 
50% H,O + 50%f ethylene glycol I1 203-295 8 X lo7 

I 203-295 

1.4 x io3 

1.3 x i o4  12.2 ?: 1.0 1.5  x ioi3 1.9 
3.2 i 2.0 3.5 X l o 3  19.5 t 1.0 1 X 1 O l 8  24.0 

1.0 X lo4 14.5 f 0.7 6 X 1014 9.1 

9.3 f 0.5 6.0 X lo4 13.3 f 0.4 5 X 1014 8.6 

5 .4+ 0.3 5.8X lo3 17.0 + 0.6 3 X 1 O I 6  16.5 
2.0 X lo3 10.7 f 0.5 2 X 10" -6.9 

s.ox io4 9 .0+  0.5 2 x  ioi1 -6.3 

-1.0 x 105 

a Expressed as v/v %. Accuracy i 1596, due mainly to uncertainty in temperature. 
Preexponential factor fork, .  e In this system very small signals were observed, it might be that k [complex] < k,, and/or that the re- 

Accuracy t25%, due to small amount weighed. 

ductant, (CH,),COH, reacts, under these conditions, faster with Co(II1) than with nitrobenzoate. ?Reducing radical HOCHCH,OH. 

very similar in aqueous solutions, though the structure of the 
complexes is different.17 It seemed therefore of interest to 
check whether the activation parameters were also similar for 
the two reactions. As our preliminary results also indicated 
that there was a strong solvent effect on reactions 2 and 3, this 
aspect was also studied. 
Experimental Section 

Materials. Complexes I and I1 were prepared as their perchlorate 
salts according to procedures decribed in the literature and charac- 
terized by elemental analysis and their UV-visible s p e ~ t r a . ' ~ ~ ~ '  All 
other chemicals used were of analytical grade and were used without 
further purification. Triply distilled water and D 2 0  were used 
throughout the study. 

Procedure. Evacuated solutions of 1-20 mM of I or I1 in different 
solvents in 1 X 1 cm optical quartz cells were irradiated by single 
10-40-ns pulses of 15 MeV electrons from the Argonne linear ac- 
celerator. The pulse produced 1-3 X M free radicals (e,; and 
(CH,)COH or HOCHCH~OH).  

Temperature control was provided by an Oxford CF204 cryostat 
in which the sample cell was immersed in 1 atm of helium exchange 
gas thermostated at  the temperature of interest. Analyzing light from 
a xenon arc lamp passed through monochromators both before and 
after the sample. The transmitted light fell on a photomultiplier tube 
whose anode current was digitized by a transient recorder (Biomation 

When the electron transfer rate became very slow (k3 << 1 s-'), 
it was necessary to reduce the intensity of our monochromatic ana- 
lyzing light to avoid photochemical contributions to the measured rate. 
For k3 > 1 s-l a 20-fold reduction in light intensity produced no change 
in the observed rate. 
Results 

When solutions containing I or I1 were irradiated, the 
formation and disappearance of an absorption due to unstable 
intermediates was observed (followed at 350 nm for compound 
I and at  370 nm for compound I1 in most experiments which 
contained 2 mM of I or 11). This absorption is attributed to 
the ligated p-nitrobenzoate radical a n i ~ n . ' ~ , ' ~  The kinetic data 
are summarized in Table I. k2 was calculated from the rate 
of formation of the unstable intermediates by the reaction of 
the free radicals (CH3)2COH or HOCHCH20H, with I or 
11. This reaction obeyed a first-order dependence on the 
concentrations of the complex and the free radical. The rate 
of the intramolecular electron transfer process, k3, was inde- 
pendent of pulse intensity or complex concentration. Plots of 
1 /T  vs. In k2 and In k3 for compound I1 in 10% H 2 0  + 90% 
2-propanol and in 50% H 2 0  + 50% ethylene glycol are given 
in Figure 1. 
Discussion 

Solvent Effect and Activation Energy for the Reduction of 
the Nitrobenzoate Group by Free Radicals. The results in 

8100). 
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Figure 1. Arrhenius plots are shown for 2 m M  solutions of complex 
I1 in 50% ethylene glycol-50% HzO (V and 0) and in 90% 2- 
propanol-10% H20 (A and 0). Measured rate constants, k2, for 
ligated p-nitrobenzoate anion formation are shown as A and 0. 
Measured rate constants, k3, for intramolecular electron transfer are 
shown as 0 and V. See Table I for the activation parameters cal- 
culated from the slopes of these and other Arrhenius pots. The values 
of kz were shifted six units down the ordinate. 

Table I, clearly indicate that the rate of reaction of the 
(CH3)2COH radical with compound I1 decreases with in- 
creasing concentration of 2-propanol. In parallel the activation 
energy for this reaction increases. These observations are in 
accordance with the fact that, due to stabilization of the ni- 
trobenzoate anion radical by solvation, the free energy gain 
in reaction 2 decreases with decreasing polarity of the solvent.22 
The observation that k2 is considerably slower for reactions 
of HOCHCHZOH than of (CH&COH, though measured in 
different media, is in accord with the fact that the former is 
a considerably weaker reducing agent.26 

~~ 

The reduction potential of nitrobenzene in water at neutral pH is -0.486 
V vs. compared to -1.147 V vs. SCE in acetonitrile.z3b The 
larger stabilization of the nitrobenzene radical anion by solvation in 
polar media can be also deduced from the effect on the UV-vis spectraz4 
and EPRZ4 spectra of C6H5NOz-- and on the self-exchange rate between 
C6H5NO2 and C6H5N0z-*25 on adding HzO to DMF solutions. 
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Solvent Effect on the Intramolecular Electron Transfer 
Reaction. The results in Table I clearly indicate that k3 in- 
creases with decreasing polarity of the solvent, Le., with in- 
creasing 2-propanol concentration. This increase in rate is 
accompanied by a parallel decrease in AH3*. Both these effects 
are attributed to an increased free energy gain, AG30, due to 
the lower redox potential of the - 0 2 C C 6 H 4 N 0 2 /  
-O2CC6H4No2-. couple in the less polar solvents and to de- 
creased solvent rearrangement energies in the less polar me- 
dia.27 If selective solvation occurs in the mixed solvents used, 
the local composition of the solvent around the cobalt and 
nitrobenzoate moieties would change less rapidly than the bulk 
solvent composition. 

Activation Parameters for the Intramolecular Electron 
Transfer Reaction. The results clearly indicate that the in- 
tramolecular ET reactions are strongly temperature activated 
and obey the Arrhenius law over a wide temperature range. 
The activation energies for compound I1 are larger than for 
compound I in a given solvent. 

Preexponential factors, A3, obtained by extrapolation to T - 03 of the expression k3 = A3 exp[-(AH3*/RT)] vary from 
2 X 10" to 2 X l O I 3  SKI for compound I and from 5 X l O I 4  
to 10l8 s-l for compound 11. (It should be mentioned that these 
preexponential factors are obtained by extrapolation over many 
orders of magnitude, assuming that & remains constant. It 
is, however, possible to envisage conditions under which A P  
is a function of temperature, thus causing a larger than evident 
error in AH3* or AS3'). By use of the preexponential factors, 
AS3* was calculated; see Table I. For compound I, AS3* is 
about 0 eu, whereas for compound I1 we find that AS3* has 
large positive values. The latter values are even more sur- 
prising if it is remembered that the carboxylate group binding 
the nitrobenzoate radical anion to the Co(II1) center is believed 
to act as an insulating group,16J8%2s a fact which might result 
in nonadiabacity and therefore negative contribution to AS3*. 

Kinetic data indicated that the intramolecular ET reactions 
reported here can be considered as an "outer sphere" ET 
process.I7 Therefore, the preexponential factors obtained can 
be also compared with those estimated from  experiment^^^^^^ 
and theoretical 19,20,31-36 consideration of ET processes in 
glasses. For exothermic reactions with Franck-Condon bar- 
riers, both experiments and theory point to preexponential 
factors of about lOI5  s-l for species in contact.30 Rates decrease 
about a factor of 10 for each - 1.5 8, separation, r ,  between 
the donor and acceptor.30 The rate constant according to this 
theory can be written as k3 = 10 U5W1 5)em*lRe-M/RT. If one 
assumes that in compounds I and I1 the electron is transferred 
over a distance of 3-4.5 8, from the aromatic ring to the 
Co(II1) center, then k3 = 10l2 5*0.5es*/Re-AH'/RT is obtained 
and AS* values similar to those derived from transition-state 
theory are found. 

Beitz et al. 

It is of interest to note that both the activation energies, 
AH3*, and the positive entropies of activation, AS3*, are con- 
siderably larger for compound I1 than for compound I. As 
it is reasonable to assume that AG3' is at least as large for 
I1 as for I, the results suggest that the larger activation pa- 
rameters are due to the more rigid structure of I1 which re- 
quires a larger reorganization accompanied by a larger AS3*. 
Large positive AS* values similar to those in Table I have been 
reported for intramolecular ET in complexes of the type 
MlLM2, where M1 = CO(I I I ) '~ J~ .  These large AS* values 
occurred for complexes with similar structures to 11, Le., having 
the structure 
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A!?* - 0 6 9 7 3 1 0 , 1 1  was reported for mononuclear cobalt complexes 
(with one e~cept ion '~) .  For both types of complexes larger 
activation energies, A F ,  than observed in this study were 
r e p ~ r t e d . ~ , ~ , ~ ~ ~ ~ , ~ ~  This observation is explained by the smaller 
free energy gain, AGO, in the MlLM2 processes. 

Mechanism of Reduction of Cobalt(II1) Centers. It should 
be pointed out that the present results clearly indicate that 
the previous observation that k3 has a similar value for com- 
pounds I in 99% H 2 0  + 1% 2-propanol16and I1 in 93% H 2 0  + 7% 2-propanol17 at room temperature was incidental. The 
ET reaction in complex I1 has about 6 kcal more activation 
energy. However, recently reported work'6J8,28 lends support 
to the idea that the carboxylate group is a poor lead-in group 
for an ET from a ligand to a cobalt(II1) center. 

Two alternative mechanisms have been suggested to explain 
the very slow electron-transfer reactions of cobalt(III/II) 
complexes: (a) activation of molecular vibrations to overcome 
large inner sphere rearrangements around the ~ o b a l t s ; ~ ' ~ ~  (b) 
a two-step mechanism in which an electronic excited state of 
Co(I1) (t2g6 egl configuration) is an intermediate.1',38,42 

The activation parameters found in the present study could 
not be used to distinguish which of these two mechanisms was 
operative. In principle, mechanism a leads to a tempera- 
ture-dependent AF,20331 in contrast to our observations. 
However, this temperature dependence is expected to be very 
small over the temperature range in which these reactions 
could be studied, due to the very low frequencies of the vi- 
brational modes involved.41 
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