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F. Sánchez*

Received (in Montpellier, France) 29th June 2005, Accepted 15th February 2006

First published as an Advance Article on the web 9th March 2006

DOI: 10.1039/b508755d

Taking into account the relationship between optical and thermal electron transfer processes, that

is, the relation between kinetic and spectroscopic data, the reaction and reorganization free

energies for the reaction: [FeII(CN)5pzCo
III(NH3)5] - [FeIII(CN)5pzCo

II(NH3)5] have been

obtained for different reaction media constituted by water þ co-solvent mixtures. A comparison

of data for this reaction and another closely related process, the oxidation of [Fe(CN)6]
4� with

[Co(NH3)5pz]
31, is made. From this comparison it is concluded that the coupling of the iron(II)

and cobalt(III) centers, through the pyrazine ligand, has a strong influence on the rate of the

intramolecular electron transfer at the binuclear complex.

Introduction

Electron transfer reactions are processes of paramount im-

portance in physics, chemistry and biology. The study of

this kind of reaction is stimulated by the fact that, since the

seminal papers of Marcus1 and Hush,2 there has been a

good theoretical framework for the interpretation of kinetic

data in this field. The Marcus–Hush ideas, classical in nature,

have been enriched since then through semiclassical3 and

quantum4 formulations. All the treatments emphasize the

outstanding importance of the solvent in electron transfer

reactions. Thus, the solvent influences both the pre-exponen-

tial and the exponential terms of the electron transfer rate

constant.

When this parameter is written as:5

ket ¼ kelune�DG
6¼=RT ð1Þ

kel is the electronic transmission coefficient, un the nuclear

frequency factor and DGa the activation free energy, which is

given by:

DG6¼ ¼ ðlþ DG�
0 Þ2

4l
�HAB ð2Þ

In this equation, l is the reorganization free energy, DGo0 is the

free energy of the electron transfer reaction and HAB is the

electronic coupling matrix element.6

In fact, the solvent influences all the parameters appearing

in eqn (1).7 However, except for extremely rapid processes,

that is, processes in which dynamic solvent effects8,9 are

important,10 the main influence of the solvent on the electron

transfer reaction comes mainly from the effect of the solvent

on l and DGo0.

For this reason, the study of the solvent effects on these

free energies is of importance. However, this kind of study

requires the selection of suitable experimental systems. The

obvious selection in order to accomplish this task is to

study intramolecular electron transfer processes, such as the

reaction studied in this work. In this way, the kinetic data is

directly ket, as given in eqn (1). However, in order to avoid

back electron transfer it is convenient to use binuclear com-

plexes containing a cobalt(III) center. In this way once this

center is reduced, the cobalt(II) complex resulting from this

reduction decomposes rapidly in such a way that back electron

transfer is precluded. Nevertheless, this fact makes it impos-

sible to obtain the free energy of the reaction, DGo0, through

conventional electrochemical measurements. Moreover, even

if the redox potentials of the two centers in a binuclear

complex could be measured, these measurements would give

the comproportionation free energy, rather than the reaction

free energy.11 It should be mentioned that Haim12 has devel-

oped a method to circumvent this problem. In other respects,

this method cannot be applied in all cases, such as the one

presented here, in which one of the centers is electrochemically

irreversible.

For this reason we have used here a new procedure

that permits us to get both l and DGo0 for intramole-

cular electron transfer in binuclear complexes, even in

the case of one of the centers being electrochemically irrever-

sible. The method is based on the connection existing

between the rate constant for thermal electron transfer pro-

cesses and the corresponding optical spectra. This connection

was established several years ago by Hush,13 who obtained the

equations for the reorganization and the reaction energies

from spectra band energies (Eop) and spectra band widths

(Du1/2).
These relationships can be seen by considering the schematic

(one-dimensional) representation of the free energy surfaces

for an electron transfer process depicted in Fig. 1. It is clear
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from the figure that:

Eop ¼ lþ DG�
0 ð3Þ

In such a way that:

DG6¼ ¼
E2
op

4l
�HAB ð4Þ

HAB is given by:13

HABðcm�1Þ ¼
1:995� 10�2

RAB
ðemaxumaxDu1=2b

�1Þ1=2

Du1=2 ¼ð2295lÞ1=2 in cm�1 at 298K

ð5Þ

In this equation, umax is the wave number corresponding to the

absorption band maximum, Eop (in cm�1), emax is the absorp-

tion coefficient at this wave number in mol�1 dm3 cm�1 and

Du1/2 is the full width at half-height of the band (in cm�1). The

degeneracy term, b, is equal to 2.0 and it accounts for the

possibility of optical transition from either of two equivalent

donor orbitals of the Fe(II) center (dxz or dyz) and RAB is the

geometric distance between the redox sites in Å.

From eqn (4)–(5), the results are:

DG6¼ðcm�1Þ ¼
E2
op

4l
� dðemaxEopb

�1Þ1=2ð2295lÞ1=4

d ¼ 1:995� 10�2

RAB

ð6Þ

Thus, having DGa from kinetic data and Eop from optical

data of the MMCT band, it is possible to calculate l from eqn

(6) by using an iterative numerical procedure and then DGo0

from eqn (3).

Using this approach we have obtained the free energies for

the following reaction:

[FeII(CN)5pzCo
III(l.s.)(NH3)5] -

[FeIII(CN)5pzCo
II(h.s.)(NH3)5] (7)

where (l.s.) and (h.s.) refer to the spin state (low and high,

respectively) of the cobalt center in the reactant and product

states.

It is worth pointing out that intramolecular electron trans-

fers in binuclear and polynuclear complexes are of interest on

their own. In fact, numerous recent reviews dealing with

electronic and energetic factors of relevance to thermal and

optical electron transfer processes have appeared, offering an

overview of experimental, theoretical and computational

methods of probing these systems.14 Interest in this kind of

process arises from their multiple potential applications.15

Finally, the study of the reaction in eqn (7) has additional

interest for us: we have previously considered the kinetics of

the reaction:16

[Fe(CN)6]
4� þ [Co(NH3)5pz]

31 - [Fe(CN)6]
3�

þ [Co(NH3)5pz]
21 - Co21 þ 5NH3 þ pz (8)

in the same reaction media considered here. In this way the

comparison of reactions (7) and (8) will permit us to study the

influence of the coupling between the Fe(II) and Co(III) centers

through the pyrazine ligand on the kinetics of the electron

transfer process.

Experimental

Materials

The complexes [Fe(CN)5H2O]3�, [Co(NH3)5pz]
31 and

[Ru(CN)5H2O]3� were prepared and purified following the

procedures described in the literature.17–19 The co-solvents

(methanol, ethylene glycol and tert-butyl alcohol) were com-

mercial products and were used as received. Water was ob-

tained from a Millipore Milli Q water system, its conductivity

being less than 10�6 S m�1. It was deoxygenated before use.

Kinetic measurements

In order to follow the reaction in eqn (7), the binuclear

complex was prepared ‘‘in situ’’ using solutions of

[Fe(CN)5H2O]3� and [Co(NH3)5pz]
31:

[Fe(CN)5H2O]3� þ [Co(NH3)5pz]
31 -

[FeII(CN)5pzCo
III(NH3)5] (9)

As this reaction is rapid in relation to the subsequent electron

transfer reaction (eqn (7)), their kinetics are well separated, in

such a way that they can be followed without mutual interference.

Kinetic runs were carried out in a stopped flow spectro-

photometer from Hi-Tech, monitoring the absorbance

changes at 620 nm, which is the wavelength corresponding

to the maximum absorbance of the binuclear complex. The

concentrations of the precursor reactants, [Fe(CN)5H2O]3�

and [Co(NH3)5pz]
31, after mixing, were 5 � 10�5 mol dm�3

and 5 � 10�4 mol dm�3, respectively. In preliminary experi-

ments we checked that these concentrations ensured complete

formation of the binuclear complex.

The water–co-solvent mixtures were prepared by weight.

The bulk static dielectric constants of these solutions at

Fig. 1 Free energy surfaces for the reactant and product states

showing the characteristic magnitudes for optical and thermal electron

transfer.
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298.2 K were 78.5 (pure water), 76.0, 74.0, 70.0, 66.0, 64.0 and

60.0. The suitable molar fractions of the organic component in

the mixtures corresponding to these values of dielectric

constant were taken from the literature,20 and they are include

in Tables 1–4.

Spectra

In order to obtain the MMCT bands corresponding to the

optical transition in the mixed valence complex [FeII(CN)5pz-

CoIII(NH3)5] in the different reaction media at 298.2 K we

used a HP-8452A Diode Array spectrophotometer coupled to

a manual mixing system from Hi-Tech. The binuclear complex

was prepared in situ by mixing equal volumes of

[Fe(CN)5H2O]3� and [Co(NH3)5pz]
31 solutions at the concen-

tration 1.2 � 10�4 mol dm�3.

It is interesting to mention that the band does not corre-

spond exactly to the same electron transfer as the thermal

process, but to the process:

[FeII(CN)5pzCo
III(l.s.)(NH3)5] -

[FeIII(CN)5pzCo
II(l.s.)(NH3)5] (10)

that is, the spin of the cobalt center is conserved in the optical

transition. Thus, the energy corresponding to the maximum of

the band needs to be corrected before using it in eqn (3)–(6).

These corrections include: (i) correction for the spin–orbit

coupling in the iron center,21,22 (ii) corrections for the differ-

ences of the cobalt center spin in optical and thermal electron

transfer.22 The procedure followed in order to perform these

corrections is described in detail by López-López et al.23

Results and discussion

Tables 1 and 2 contain the results of the experiments. Table 1

shows the rate constant (ket) corresponding to the electron

transfer studied here (eqn (7)) and Table 2 contains Eop values,

which are the energies of the band maxima corresponding to

the process in eqn (10). In order to obtain Ecorr
op we did not use

the experimental Eop values, but the values of this energy

resulting from the fit of these experimental values to:24

Eop ¼
Ew
op þ KEs

opx

1þ Kx
ð11Þ

where x represents the ratio between the mole fractions of the

methanol and water.

These energies were corrected as previously mentioned in

such a way that Ecorr
op values are obtained (see Table 2). Thus,

Ecorr
op values correspond to the optical process equivalent to the

thermal process in eqn (7), which are the values to be used in

eqn (3)–(6) in order to obtain information on the parameters

controlling the electron transfer process.

In order to advance in this direction, it is necessary to derive

DGa from ket. The pre-exponetial term in ket is of the order of

the (average) vibratory frequency promoting the activation of

the binuclear complex, except for strong non-adiabatic pro-

cesses. Thus, a value of 1012–1013 s�1 seems to be a reasonable

one and in our calculations, a value of 6.62 � 1012 s�1 was

used. This value corresponds to the value of the pre-exponen-

tial term in the equation of the rate constant given by the

classical Transition State Theory (kBT/h) at our working

temperature. In this way DGa can be obtained for ket as

follows:

DG6¼ ¼ �RT ln
ket

6:62� 1012
ð12Þ

Table 1 Rate constants (ket) for the intramolecular process
[FeII(CN)5pzCo

III(l.s.)(NH3)5] - [FeIII(CN)5pzCo
II(h.s.)(NH3)5] in

several solvents at 298.2 K

Solvent
Mole fraction
of organic solvent Da 102 ket/s

�1

Water 0.000 78.5 5.3
Water–methanol 0.034 76 7.6

0.064 74 11.0
0.126 70 19.0
0.191 66 25.6
0.248 64 31.4

Water–ethylene glycol 0.029 76 7.2
0.054 74 9.4
0.117 70 12.6
0.211 66 19.7
0.267 64 20.6
0.409 60 33.2

Water–tert-butyl alcohol 0.007 76 6.3
0.013 74 8.3
0.027 70 11.7
0.042 66 13.9
0.049 64 14.8
0.066 60 16.1

a Bulk static dielectric constant.

Table 2 Values of energies associated with the processes
[RuII(CN)5pzCo

III(l.s.)(NH3)5] - [RuIII(CN)5pzCo
II(l.s.)(NH3)5],

(Eop), and [FeII(CN)5pzCo
III(l.s.)(NH3)5] - [FeIII(CN)5pz-

CoII(h.s.)(NH3)5], (E
corr
op )a, in several solvents at 298.2 K

Solvent
Mole fraction
of organic solvent

Eop/
kJ mol�1

Ecorr
op /

kJ mol�1

Water 0.000 220.1 246.2
Water–methanol 0.034 220.2 246.6

0.064 220.7 246.9
0.126 220.9 247.1
0.191 220.7 247.3
0.248 221.3 247.4
0.362 221.4 247.6

Water–ethylene glycol 0.029 220.2 246.3
0.054 220.1 246.5
0.117 220.6 246.7
0.211 220.7 246.9
0.267 220.9 247.0
0.409 220.9 247.2

Water–tert-butyl alcohol 0.007 221.1 247.2
0.013 221.3 247.7
0.027 222.1 248.3
0.042 222.7 248.3
0.049 222.5 248.9
0.066 222.9 249.0

a Ecorr
op values have been calculated using the following equation:

Ecorr
op = Eop � lso � DEi þ dli, where lso is the spin–orbit correction

for a Fe(III) center in an excited state (5.38 kJ mol�1),21,22 DEi is the

difference between free energies of thermally equilibrated high and low

spin cobalt(II) centers (79.5 kJ mol�1)22 and dli is the inner shell

reorganization free energy owing to the differences in the spins of

Co(II) centers (111.1 kJ mol�1).30
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Once, DGa has been obtained, it is easy to get l through eqn

(6), with emax = 1600 mol�1 dm3 cm�1 and RAB = 6.8 Å,22

then,DGo0 can be calculated using eqn (3). The values of these

parameters are shown in Table 3.

It is important to realize that the values of the pre-expo-

nential factor are not critical for the calculation of l and DGo0,

because a value higher (or lower) than the real one by a factor

of 10 would produce only an error of about 5% in DGa.

The results shown in Table 3 deserve some comments. First

of all, DGo0 has a positive sign which could imply that, in the

binuclear complex, the equilibrium would be displaced to-

wards the reactant state. Thus, after the electron transfer,

dissociation of the cobalt center is the cause of the

complete disappearance of the reactant state in the binuclear

complex.

A second comment concerns the value of l appearing in

Table 3. These values include a solvent contribution (ls) and
an internal contribution (li), arising from the internal reorga-

nization of the donor and the acceptor. The latter is usually

considered as independent of the reaction media. Conse-

quently, as the solvent reorganization free energy is propor-

tional to Pekar’s factor, g = (1/n2) � (1/D), and this factor

decreases as the molar fraction of the co-solvent is increased

(see Table 3), both ls and l would decrease when the amount

of the co-solvent in the reaction mixture is increased. How-

ever, the l values shown in Table 3 change in the opposite

sense.

In order to explain the increase of l values, it is important to

realize that our data correspond to solvent mixtures instead of

neat solvents. In these mixtures, when the electron transfer

occurs, both reactants change their charges, and consequently,

a modification of the composition of their solvation shells is

expected (this modification, of course, is absent in neat

solvents). This change in the composition of the solvation

shells will produce an extra solvent reorganization, caused by a

translational movement of some solvent molecules, because at

the transition state the positions of the molecules of the two

solvent components (and not only the solvent polarization)

must be intermediate between the positions corresponding to

the (preferential) solvation of the precursor and successor

complexes. It is important to note that the cause of the extra

component in l is not the preferential solvation itself, but the

changes in this preferential solvation in the activation process,

which implies a movement of solvent molecules in the activa-

tion step.

It is worth pointing out that this component of the reorga-

nization energy has been observed by some of the present

authors in previous works16,25 as well as by other authors.

Thus, Curtis et al.26 suggested this extra contribution from the

result obtained through thermodynamic (redox) measure-

ments corresponding to some inorganic complexes in solvent

mixtures. A similar conclusion was reached by Hupp et al.27

from the study of the spectra of some complexes in solvent

mixtures. Moreover, the existence of this extra component of

the solvent reorganization energy in solvent mixtures has been

predicted theoretically by Matyushov28 and corroborated by

computer simulations.29

An interesting point for us has to do with the comparison

between the kinetic data of the reaction studied in this work

and those previously obtained for the reaction shown in eqn

(8). In order to compare these results, data obtained for the

intramolecular reaction are given in Table 4. First of all, it is

interesting to note that reaction 8 is more rapid than reaction

7, which is somewhat surprising. According to the Marcus–

Hush treatment, l should be greater for the intermolecular

process (eqn 8) and the pyrazine, acting as a bridging ligand,

would produce a better electronic connection between donor

and acceptor centers in the intramolecular reaction (eqn (7)).

In fact, an estimation of HAB from eqn (5) for both reactions

gives Hintra
AB E 10.8 kJ mol�1 (903 cm�1) and Hinter

AB E 5.6 kJ

mol�1 (468.2 cm�1),16 which confirms this point of view.

Parameters used in eqn (5) for the intramolecular process in

Table 3 Reorganization (l) and reaction (DGo0) free energies corre-
sponding to the process [FeII(CN)5pzCo

III(l.s.)(NH3)5] -
[FeIII(CN)5pzCo

II(h.s.)(NH3)5] in different solvents at 298.2 K (g �
Pekar factor)

Solvent

Mole
fraction
of organic
solvent g

l/kJ
mol�1

DGo0/
kJ mol�1

Water 0.00 0.5505 167 80
Water–methanol 0.034 0.5486 169 78

0.064 0.5472 171 76
0.126 0.5445 174 74
0.191 0.5419 175 72
0.248 0.5406 176 71

Water–ethylene glycol 0.029 0.5421 168 78
0.054 0.5369 169 77
0.117 0.5253 171 76
0.211 0.5139 173 73
0.267 0.5086 174 73
0.409 0.4991 176 70

Water–tert-butyl alcohol 0.007 0.5474 169 79
0.013 0.5459 171 77
0.027 0.5401 173 75
0.042 0.5364 174 75
0.049 0.5347 175 74
0.066 0.5295 175 74

Table 4 Rate constants (ket), reorganization energy (l) and reaction
free energy (DGo0) for the intermolecular process: [FeII(CN)6]

4� þ
[CoIII(l.s.)(NH3)5pz]

31 - [FeII(CN)6]
3� þ [CoII(h.s.)(NH3)5pz]

21 in
several solvents at 298.2 K

Solvent

Mole fraction
of organic
solvent ket/s

�1
l/
kJ mol�1

DGo0/
kJ mol�1

Water 0.00 0.17 284 13
Water–methanol 0.034 0.28 291 7

0.064 0.36 291 6
0.126 0.52 291 4
0.191 0.82 290 2
0.248 1.10 290 1

Water–ethylene glycol 0.029 0.26 287 10
0.054 0.34 286 9
0.117 0.57 285 7
0.211 0.79 286 5
0.267 1.13 284 4
0.409 1.25 286 2

Water–tert-butyl alcohol 0.007 0.25 290 8
0.013 0.27 289 8
0.027 0.34 290 7
0.042 0.43 288 6
0.049 0.48 287 6
0.066 0.52 286 6
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water are: emax = 1600 mol�1 dm3 cm�1, umax = 20 589 cm�1,

Du1/2 = 5655 cm�1 and RAB = 6.8 Å.22 A comparison of l
values in Tables 3 and 4 also corroborate the prediction of the

Marcus–Hush treatment.

It is clear from data shown in Tables 3 and 4 that the cause

of the greater rate for the intermolecular process, as compared

with the intramolecular one, is the higher free energy of the

intramolecular reaction. Thus, the coupling of the donor and

acceptor centers produces a more favorable electronic connec-

tion but a more unfavorable driving force. This fact is relevant in

the molecular electronic field because the interest is normally

focused on the electronic conductivity of the participant

medium between the donor and the acceptor, which is the

electronic bridge. But, this property is not the only one to be

considered because the bridge can also produce changes in the

driving force that can overwhelm the effect of the conductivity.

In conclusion, a method to obtain the main parameters of

electron transfer reactions, namely l and DGo0, has been

presented. The method is based on the connection between

optical and thermal electron transfer processes and has been

applied to the study of an intramolecular electron transfer

reaction in which DGo0 can not be directly obtained by using

any other approach. Furthermore, comparison of the data

presented in this work with those previously obtained for the

intermolecular process shown in eqn (8) allows us to conclude

that an increase in the electronic conductivity between the

donor and the acceptor centers involved in the reaction does

not necessarily produce an increase of the electron transfer

rate, because the increase of the conductivity can be accom-

panied by an unfavorable change in the driving force.
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