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A kinetic study of the electron-transfer reactions Ru(NH3)5pz2+ + Fe(CN)63- h Ru(NH3)5pz3+ + Fe(CN)64-

was carried out in several water-organic solvent mixtures at 298.2 K. The free energies of activation for these
thermal electron-transfer reactions were calculated from a combination of spectroscopic and thermodynamic data
and are compared with those obtained from the kinetic study. Quantitative agreement is found between the two
series of data. This shows the possibility of estimating activation free energies for electron-transfer reactions
from these (static) measurements.

Introduction

The interest in relating electron-transfer reaction rates to
spectroscopic measurements has been an area of growing interest
as a consequence of the recent progress in understanding
electron-transfer processes and the development of new spec-
troscopic techniques.1 The studies in this field have to do mainly
with electron transfer following optical excitation in contact
radical ion pairs formed by excitation of charge-transfer
complexes and nonradiative decay processes in metal to ligand
excited states2 and in vibronically excited binuclear complexes.3

However, studies in which optical electron transfers are related
to the correspondingthermalelectron transfer, when both the
donor and the acceptor are in their ground state, are rather scarce
and are of a qualitative character.4-6

The connection between rate constants for electron-transfer
processes and the corresponding optical spectra was derived
several years ago by Hush,7 who obtained the equations for the
reorganization energies,λ, and reaction free energies,∆G°′, from
band energies,Eop, and widths,∆υ1/2, and for the electronic
delocalization energies from the integrated band intensities.
These relationships can be seen by considering the schematic

(monodimensional) representation of the free energy surfaces
for an electron-transfer process depicted in Figure 1. If the
response of the solvent is supposed to be linear, the free energy
surfaces are parabolic. Indeed, it is frequently assumed, as Hush
did, that the parabolas of the reactant and product states have
the same curvature.8 In this simple approach, it follows (see
Figure 1) that9

and

Equations 1 and 2 pointed to the possibility of using spectrally
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∆S) R ln
Ωexc

Ωg

whereΩ is the spin multiplicity of the corresponding excited or ground
state. Thus, the corresponding free energy term should be∼RT, which
is small in comparison toEop andλ values. Consequently,λ and∆G°′
can be taken as free energies. Indeed, in a dielectric continuumEop
and∆Gop would be, strictly speaking, identical because a dielectric
continuum assumes a harmonic bath and energies and free energies
differencesare the same for such a bath; the reaction field energies
are also free energies of solvation (Bader, J. S.; Cortis, C. M.; Berne,
B. J. J. Chem. Phys.1997, 106, 2372).
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derived parameters to calculate the relevant parameters for
thermal electron transfer. Thus,Eop can be measured directly
andλ can be obtained from the full-width at half-height of the
band,∆υ1/2, through7

in such a way that the activation free energy for the (thermal)
electron-transfer process can be obtained from eq 2.

However, this approach is precluded from a practical point
of view because of the phenomena of inhomogeneous broaden-
ing.5,10-12 An alternative approach, used in this work, is to
employ a combination of spectroscopic and thermodynamic
measurements. This consists of determining the value ofEop

from the band and the reaction free energy from thermodynamic
measurements.

In this paper, following this approach, we have studied the
kinetics of the thermal electron-transfer processes

as well as the corresponding optical processes. The equilibrium
constants for the reaction as in different media were also
obtained. So, it was possible to compare the activation free
energies obtained from optical (and thermodynamic) measure-
ments with those directly obtained from kinetic data.

This comparison is of interest from different points of view:
First, it permits a check on the (real) possibility of obtaining
electron-transfer rate constants from static (optical and thermo-
dynamic) measurements. This possibility is interesting by itself.
Indeed, if∆Gq can be obtained from these measurements, this
opens the door to theexperimental(near-direct) estimation of
the preexponential term in the rate constants, as pointed out by
Weaver et al.13 and Bu et al.14 This term, as is well-known,

contains information on the electronic and dynamical solvent
effects on the electron-transfer reactions.

From another point of view, studies as the one presented in
this paper permit the testing of implicit approximations in the
Marcus-Hush model, viz., the idea that the free energy surfaces
for the reactant and product states are (or can be taken as)
parabolas of the same curvature.

Experimental Section

Materials. The complexes [Ru(NH3)5pz](ClO4)2 (pz) pyrazine) and
[Ru(NH3)5py](ClO4)2 (py ) pyridine) were prepared and purified
according to the procedures described in the literature.15,16 The other
reagents were all Anal. R. grade and used as purchased. The water
used in the preparation of solutions had a conductivity∼10-6 S m-1.

Spectra.The spectra corresponding to the MMCT bands within the
ion-pair Ru(NH3)5py3+/Fe(CN)64- were obtained with a Hitachi U-2000
UV-visible spectrophotometer at 298.2 K.

The solutions containing this ion pair were prepared by mixing equal
volumes of ruthenium(II) complex and hexacyanoferrate(III) solutions.
The concentrations of the complexes were always 3× 10-3 and 6×
10-3 mol dm-3, respectively. An excess of pyridine ([py]) 0.2 mol
dm-3) was added to the reactant solutions in order to avoid the formation
of cyano-bridged species.17

Electrochemical Measurements.The redox potentials of Ru(NH3)5-
pz3+/2+ and Ru(NH3)5py3+/2+ in water, in the presence of 0.3 mol dm-3

NaClO4, were obtained by cyclic voltammetry, using the apparatus,
electrodes, and procedure previously described.18 In these measurements,
a solution of the reduced component of the couple at 10-3 mol dm-3

concentration was employed. The estimated uncertainty in the measured
potentials is about 3 mV.

Equilibrium Measurements. The equilibrium constants,Q, for
reaction 4 were measured by a spectrophotometric technique. These
equilibrium constants were obtained from two different procedures. The
first one consisting of mixing equal volumes of a solution containing
Ru(NH3)5pz2+, at 1.04× 10-4 mol dm-3 concentration (ao), with another
containing both Fe(CN)6

4-, at 3.8× 10-4 mol dm-3 concentration (do),
and Fe(CN)63-, at a concentration (bo) ranging from 10-2 to 3.2× 10-2

mol dm-3 (depending on the solvent). These concentrations were
selected after preliminary experiments in order to produce a maximum
change in the absorbance of the solutions.

In the second procedure, the concentrations of iron complexes in
the first solution were the same as in the first case. The second solution
contained both, Ru(NH3)5pz2+ at concentration,ao, 1.72× 10-5 mol
dm-3 and Ru(NH3)5pz3+ at concentration,co, 8.8 × 10-5 mol dm-3

(the latter ruthenium complex was produced in situ by partial oxidation
of ruthenium(II) complex by S2O8

2- 19). All the solutions contained
NaClO4 at 0.3 mol dm-3 concentration.

Measurements were performed at 472 nm, corresponding to the
maximum of the absorption spectrum of Ru(NH3)5pz2+. The values of
Q were calculated from the measured absorbances at equilibrium,Aeq,
according to equations

the first one corresponding to procedure I and the second to procedure
II, where Ao is the initial absorbance of the solutions, andε1 and ε2
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Figure 1. Free energy surfaces (FES) showing the characteristic
magnitudes for the optical (vertical transition) and thermal (movement
of representative point along the reaction coordinate) electron transfer.
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represent the molar absorption coefficient of the complexes Ru(NH3)5-
pz2+ and Fe(CN)63- at λ ) 472 nm, respectively.20

Kinetic Measurements. Kinetics of the reactions in eq 4 were
studied by the temperature-jump technique using a Hi-Tech Model SF-
61 apparatus previously described.21 The concentrations of the solutions
of Ru(NH3)5pz2+ and Fe(CN)63- were 5× 10-5 and 2× 10-4 mol
dm-3, respectively (both of them containing NaClO4 at 0.3 mol dm-3

concentration). After both solutions were mixed, the absorbance was
recorded up to equilibrium (at 298.2 K) at 472 nm. Under our working
conditions, relaxation time is given by22

From this equation and from the values ofQ ) kf/kr, both rate constants
can be obtained easily.

All the experimental results were obtained in buffered solutions pH
) 5 ([AcO-] ) [AcOH] ) 5 × 10-3 mol dm-3).

Results

Table 1 gives the energies corresponding to the maxima of
absorption spectra of the MMCT band within the ion pair
Ru(NH3)5pz3+/Fe(CN)64-. Because of instrumental difficulties,
we obtained the band corresponding to the ion pair Ru(NH3)5-
py3+/Fe(CN)64- instead of that of the Ru(NH3)5pz3+/Fe(CN)64-

ion pair. From this band it is a straightforward matter to obtain
Eop for the ion pair of interest using the standard formal redox
potentials of the couples Ru(NH3)5py3+/2+ and Ru(NH3)5pz3+/2+

and the spin-orbit coupling contribution17,23(see details in Table
1).

Table 2 contains the values of the constants for the equilib-
rium in eq 4,Q. The relaxation times for this system are also

included in the table, as well as the values ofkf andkr obtained
as previously described.

Discussion

To use eq 2, the free energy for the thermal electron-transfer
processes,∆G°′, must be obtained from the data of equilibrium,
after correction of the work terms,24 through

and

wr in eq 8 represents the work corresponding to the precursor
complex formation from the separate reactants, andwp is the
equivalent for the formation of the succesor complex from the
separate products. These work terms were obtained using the
Eigen-Fuoss treatment.25 In calculation of the work terms, a
critical parameter is the distance of closest approach in the ion
pair (the precursor complex). This distance depends on the side
by which the ruthenium complex approaches the iron complex.
Given that there is some controversy involved,17,22,23we have
performed calculations corresponding to two possibilities, that
is, the approach from the ammonia or the pyrazine side. Better
results corresponded to the latter, in agreement with Haim’s
suggestion.22 The values of∆G°′ are given in Table 3.

From the data of∆G°′ andEop the values of the free energies
of reorganization and activation were obtained, using eqs 1 and
2, respectively, the latter modified in order to include the
influence of the coupling energy,Hab:26

where εmax is the molar absorption coefficient at the band
maximum andr is the distance separating the redox sites in Å.(20) The molar absorption coefficients of the complexes Ru(NH3)5pz2+ and

Fe(CN)63- areε1 ) 12 956 mol-1 dm3 cm-1 andε2 ) 14 mol-1 dm3

cm-1, respectively, at 472 nm in the presence of 0.3 mol dm-3 NaClO4.
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Table 1. Energy Corresponding to the Maximum of the Absorption
Spectra of the MMCT Band within the Ion Pair Ru(NH3)5pz2+/
Fe(CN)64- at 298.2 K in Several Aqueous Mixtures

% Wa DS Eop/kJ mol-1 b

Water/Ethylene Glycol
0.0 78.5 108

10.0 75.6 106
20.0 72.8 105

Water/Methanol
10.0 74.0 108

Water/Glucose
6.4 77.2 109

13.1 75.4 111

Water/Acetonitrile
10.0 74.7 107

a % weight of organic cosolvent.b Obtained from the experimental
values ofEop for the ion pair Ru(NH3)5py3+/Fe(CN)64- by the equation
(Eop)pz - (Eop)py ) E°py - E°pz (assuming that the reorganization
energies are the same for both ion pairs).E°py andE°pz are the standard
formal redox potentials of the couples Ru(NH3)5py3+/2+ and Ru(NH3)5-
pz3+/2+ (0.322 and 0.517 V in water, respectively). The differenceE°py
- E°pz was measured, resulting in independence of the reaction media.
Moreover, (Eop)pz was corrected from the spin-orbit coupling contribu-
tion using aλso value of 4.9 kJ mol-1.17,23

1
τ

) kr{Q([Ru(NH3)5pz2+]eq + [Fe(CN)6
3-]eq) +

[Ru(NH3)5pz3+]eq + [Fe(CN)6
4-]eq} (6)

Table 2. Equilibrium Constants,Q, Relaxation Times,τ, and the
Rate Constants for the Forward,kf, and the Reverse,kr, Processes
for the Reaction (Eq 4) at 298.2 K

% W a 102Q b τ/µs 10-7kf/M-1 s-1 10-9kr/M-1 s-1

Water/Ethylene Glycol
0.0 5.3 22 10.3 1.94

10.0 3.1 21 8.31 2.68
20.0 1.8 27 4.94 2.75

Water/Methanol
10.0 1.8 30 4.45 2.47

Water/Glucose
6.4 5.2 20 11.2 2.16

13.1 5.4 25 9.16 1.70

Water/Acetonitrile
10.0 1.3 34 3.34 2.57

a % weight of organic cosolvent.b Q values are the average of
equilibrium constants obtained from the two procedures mentioned in
the text. The uncertainty between the two sets of values was ca. 5%.

∆G° ) -RT ln Q (7)

∆G°′ ) ∆G° + wp - wr (8)

∆Gq )
Eop

2

4λ
- Hab (9a)

Hab ) 2.05× 10-2

r
(εmaxνmax∆ν1/2)

1/2 (9b)
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It is worth pointing out thatHab was calculated for the ion pair
Ru(NH3)5py3+/Fe(CN)64-. It was assumed that the value of this
parameter for the electron transfer within the ion pair Ru(NH3)5-
pz3+/Fe(CN)64- is the same. The value ofHab in pure water is
70 cm-1 ) 0.84 kJ mol-1 (εmax ) 33 mol-1 dm3 cm-1 and∆υ1/2

) 4614 cm-1). The value ofHab in other solvents is the same
as that in water because neitherεmaxnor∆υ1/2 showed significant
modifications in the medium. To calculate the free energy of
activation by eq 9a, a value ofHab was used, which is ca. 75%
of theHabvalue obtained from the MMCT. This difference arises
because the optical and thermal electron transfers occur at
different points along the reaction coordinate.27 The results of
these calculations appear in Table 3 as,λ and∆Gop

q .
Now the activation free energy will be obtained from kinetic

data. In this regard, obviously, the data appearing in Table 2
cannot be used directly, since the activation free energies
obtained from the data corresponding to the optical electron
transfer are those of the true electron-transfer rate constants,
ket. These rate constants are related tokf (or kr) through

Kos
i being the association constant corresponding to the forma-

tion of the ion pairs from the separate reactants or products.

Thus, theket values must be obtained. These values, appearing
in Table 4, were found by division ofki by Kos

i , the latter being
calculated as in ref 22.

From the ket values, the free energies of activation were
obtained using the semiclassical equation:24

Hereκel, νn and∆Gq are the electronic transmission coefficient,
the nuclear frequency factor, and the activation free energy,
respectively.

A value of κel ∼ 0.2 can be calculated fromHab using28

As to the nuclear frequency factor,νn, eq 14 was employed
in order to obtain it:29

In this equationνin and νout are the characteristic frequencies
for internal and external (solvent) reorganizations, andλin and
λout, the corresponding contributions toλ.

Calculations with this equation and the corresponding pa-
rameters appearing in it23,29-33 gave the values ofνn. Fromνn

and κel we have obtained values of the preexponential factor
ranging from 0.9× 1012 to 1.13 × 1012 s-1. Consequently,
(according to the suggestion of one of the referees) we used an
average value of 1× 1012 s-1 for this parameter. Using this
value, the free energies of activation corresponding to thermal
electron-transfer reactions were found. These values are given
in Table 4 as∆Gth

q .
A comparison of activation free energies in Tables 3 (optical)

and 4 (thermal) shows excellent agreement between both sets
of data. So, the possibility of using the developed approach to
estimate∆Gq seems adequate.

It is worth pointing out that the agreement between kinetic
and calculated free energies of activation is found in the case
of both the forward and reverse electron-transfer processes.
Taking into account that calculations were performed by using
the same value ofλ for both processes, the results obtained in
this work show that the approximation of taking the free energy
surfaces for the reactant and product states as parabola of the
same curvature is good enough. On the other hand, the value
of λ was calculated from optical (and thermodynamic) data. This
implies that part of the free energy curve corresponding to high
energy (that is, to a high value of reaction coordinate) is

(27) (a) Chou, M. H.; Creutz, C.; Sutin, N.Inorg. Chem.1992, 31, 2318.
(b) Song, X.; Marcus, R. A.J. Chem. Phys., 1993, 99, 7768.

(28) (a) Landau, L.SoV. Phys.1932, 1, 89. (b) Zener, C.Proc. R. Soc.,
Ser. A1932, 137, 696.

(29) Gennet, T.; Milner, D. F.; Weaver, M. J.J. Phys. Chem.1985, 89,
2787.

(30) Yastremskii, P. S.; Khar’kin, V. S.; Goncharov, V. S.; Lyashchenko,
A. K. Russ. J. Phys. Chem.1983, 57, 49.

(31) Bertolini, D.; Cassettari, M.; Salvetti, G.J. Chem. Phys.1983, 78,
365.

(32) Mashimo, S.; Miura, N.; Umehara, T.J. Chem. Phys.1992, 97, 6759.
(33) Davies, M. InDielectric Properties and Molecular BehaViour; Hill,

N. E., Vaughan, W. E., Price, A. H., Davies, M., Eds.; Van Nostrand
Reinhold: London, 1969.

Table 3. Free Energy Change,∆G°′, Reorganization Energy,λ, and
Free Energy of Activation, (∆Gi

q)op, for the Forward (i ) f) and the
Reverse (i ) r) Electron-Transfer Processes at 298.2 K Obtained
from Thermodynamic and Optical Data

% W a
∆G°r ′/

kJ mol-1 b
λ/

kJ mol-1 c
(∆Gf

q)op/
kJ mol-1

(∆Gr
q)op/

kJ mol-1

Water/Ethylene Glycol
0.0 -2.7 111.0 28.5 25.8

10.0 -3.9 111.2 29.2 24.8
20.0 -5.1 110.4 29.6 24.5

Water/Methanol
10.0 -5.2 113.5 30.4 25.2

Water/Glucose
6.4 -2.6 111.9 28.7 26.0

13.1 -2.5 113.8 29.1 26.6

Water/Acetonitrile
10.0 -6.1 113.4 30.8 24.8

a % weight of organic cosolvent.b ∆G°′f ) -∆G°′r.
c λf ) λr.

Table 4. Formation Constant of the Ion Pair,Kos
i , True

Electron-Transfer Rate Constant,ket
i , and Free Energy of Activation,

(∆Gi
q)th, for the Forward (i ) f) and the Reverse (i ) r)

Electron-Transfer Processes Obtained from Kinetic Data at 298.2 K

% W a
Kos

f /
M-1

Kos
r /

M-1
10-7ket

f /
s-1

10-7ket
r /

s-1
(∆Gf

q)th/
kJ mol-1

(∆Gr
q)th/

kJ mol-1

Water/Ethylene Glycol
0.0 6.5 41.7 1.59 4.65 27.4 24.7

10.0 6.6 44.2 1.25 6.07 28.0 24.1
20.0 6.8 46.8 0.72 5.88 29.4 24.2

Water/Methanol
10.0 6.7 45.6 0.66 5.42 29.6 24.3

Water/Glucose
6.4 6.5 42.8 1.71 5.05 27.2 24.5

13.1 6.7 44.4 1.37 3.83 27.8 25.2

Water/Acetonitrile
10.0 6.7 45.0 0.50 5.71 30.3 24.2

a % weight of organic cosolvent.

ki ) Kos
i ket

i (i ) f, r) (10)

ket ) κelνn exp(- ∆Gq

RT ) (11)

κel ) 2P
1 + P

(12)

P ) 1 - exp[-
Hab

2

hνn
( 4π3

kBTλ)1/2] (13)

νn ) [νin
2λin + νout

2λout

λin + λout
]1/2

(14)
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involved. Consequently, the agreement between optical and
thermal free energy of reaction implies that the parabolic
character of the free energy of activation is maintained (at least
as a good approximation) at these high values of the reaction
coordinate, implying that the response of the solvent is linear
in a good approximation. In fact, this result is in agreement
with those of Warshel34 and others35,36obtained from simulation
of electron-transfer processes.
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